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Abstract

:

The present research was focused on the determination and removal of sulfur-containing compounds in industrial emissions of liquefied petroleum gas purification processes in petrochemical plants located in the USA, Brazil, Colombia, Spain, and Italy. For the analysis of volatile sulfur compounds (VSCs), an improved analytical methodology was implemented. The performance of the method was evaluated for eight VSCs in a linear dynamic range between 0.1 and 50 ppm. The concentrations of the eight VSCs in the deethanizer affluents ranged from 11 to 49 ppm for all the studied plants, which exceed the limits specified by institutions and administrations in occupational health and safety. The concentrations of the eight VSCs in the splitter affluents were lower than 4 ppm for all the considered plants. The emissions from each column depended upon its operating rate, with the highest concentrations estimated at 45 TM kg−1 and the lowest ones at 25 TM kg−1. A zeolite-packed prototype column was fitted at the outlet of the splitter and deethanizer columns to reduce the environmental effect of the examined VSCs. This technique was verified and put into practice on an industrial scale, obtaining VSC removal percentages of between 85 and 91%.
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1. Introduction


Volatile sulfur compounds (VSCs) are colorless compounds with different levels of toxicity and odor thresholds depending on their chemical composition. Dimethyl sulfide ((CH3)2S), carbon disulfide (CS2), hydrogen sulfide (H2S), ethylmercaptan (CH3CH2SH), methylmercaptan (CH3SH), propylmercaptan ((CH3(CH2)2SH), carbonyl sulfide (COS), and butylmercaptan ((CH3(CH2)3SH) belong to the above-mentioned family of compounds. They represent pollutants produced in many industrial facilities such as paper mills and wastewater treatment plants (WWTPs). They are also found in refineries, plants devoted to food and natural gas processing, as well as in the purification of liquefied petroleum gas (LPG), petroleum, and crude [1]. Some of these compounds are used in the intermediate stages of insecticides, syngas, plastics, and antioxidant manufacturing and as a natural odorizer warning [2,3].



There is no information on the emission levels of VSCs in the LPG purification stages on an industrial scale. This absence stimulated the effort to develop analytical methodologies, as well as sampling plans and procedures to measure their environmental impact of LPG-related operations that are primarily focused on refineries and a wide range of petrochemical businesses, which use petroleum as a raw material. Petrochemical and petroleum refineries generate a variety of pollutants into the atmosphere (nitrogen oxides (NOx), lead (Pb), sulfur oxides (SOx), carbon monoxide (CO), air particulate matters (PM), ozone (O3), and volatile organic compounds (VOCs)) that can have a significant impact on human health, particularly for those who live nearby [4,5,6,7].



Some of these reduced sulfur compounds are frequently detected in the environment (e.g., H2S, CH3SH, (CH3)2S and dimethyl disulphide (DMDS)) [8], generating a strong noxious odors, even at concentration levels below ppb [9], and the exposure to low concentrations of VSCs causes headache, fatigue, and irritation of the eyes, nose, and throat, and can even cause death from respiratory paralysis [10]. As a result, it is vital to monitor and manage the processes that make these compounds. Air pollution is a serious environmental public health issue, according to epidemiological research, which has been proven by several studies that have indicated that exposure to VSCs in the air is related to various adverse effects such as asthma, lung cancer, chronic obstructive pulmonary, and cardiovascular disease [11,12].



Different investigations were carried out in areas surrounding petrochemical sectors to evaluate the impact of their emissions on the health of the nearby population. Thus, Xu et al. [13] found that pregnant women who live near a big petrochemical complex that generated H2S emissions in Beijing have a higher chance of miscarriage. Camargo et al. [14] compared the frequency of chronic autoimmune thyroiditis between those who lived near the Capuava petrochemical complex and those who lived in a control region (São Bernardo do Campo), both urban districts in the São Paulo metropolitan area, Brazil, and found a higher prevalence of thyroiditis in those people. White et al. [15] found that asthma symptoms of children living near a petrochemical plant (Cape Town-South Africa) were associated to exposure to refinery pollutants. Moraes et al. [16] carried out cross-sectional research on children’s wheezing (0–14 years old) who lived near the Guamaré-Brazil petrochemical plant and found that respiratory symptoms were related to living in the plant vicinity. In Italy, Rusconi et al. [17] evaluated the oxidative stress, lung function, and inflammation and in children aged from 6 to 14 years old living in an area contaminated by petrochemicals in Sarroch, Italy. They reported that the older children, who had lived more time near that polluted zone, presented reduced lung function and increased inflammation. Rovira et al. [18] identified respiratory symptoms and asthma in children aged from 6 to 7 years old and in adolescents aged from 13 to 14 years old who lived near the Tarragona petrochemical complex in southern Europe. Additionally, in Sarroch, Italy, Barbone et al. [19] found that children of 8–14 years old who lived near a refinery had short-term effects of reduced lung function and increased inflammation of the respiratory tract by exposure to VSCs (e.g., SO2). In Korea, the prevalence of hypertension in 69.2%, coronary artery disease in 13.9%, cerebrovascular disease in 24.8%, diabetes in 24.5%, arrhythmia in 1.3%, psychoneurotic disorder in 65.7%, and nervous system and sensory organ disorders in 72.4% of the workers exposed to concentrations higher than 10 ppm of CS2 was observed [20].



The maximum exposure concentration allowed by United States Occupational Health and Safety Administration (OSHA) is of 20 ppm for H2S and CS2. An exposure of 10 ppm [21] was recommended by the United States’ National Institute for Occupational Safety and Health (NIOSH). The threshold limit value recommended by the American Conference of Governmental Industrial Hygienists (ACGIH) is 1.0 ppm/8-h and 5.0 ppm for a short-term exposure limit. In the case of CH3 (CH2)3SH, CH3(CH2)2SH, CH3CH2SH, and CH3SH, their allowed maximum concentrations in the environment are less than 10.0 ppm in their liquid phase and should not exceed 1.1 ppm in their gas phase according to NIOSH [22,23].



The removal of VSCs is of significant practical importance for both industrial production and environmental protection, which has driven research interest in the development of new measurement methodologies and sustainable disposal systems on an industrial scale. The techniques traditionally used by industry for desulfurization include adsorption [24,25], cryogenic processes [26], absorption [21,27], and more recent techniques combine biological oxidation and electrochemical purification processes [23,28]. However, all the above-mentioned techniques suffer from several drawbacks such as large capital outlays and severe secondary environmental pollution generated by other chemicals present in the environment when they react with the compounds released from industrial processes and cumbersome equipment. Desulfurization is a common part of LPG purification, and it may reduce H2S levels to below 10 ppm [29]. However, this process has no effect upon the removal of organic sulfur like CH3SH and COS [30]. The organic sulfur molecule CH3SH is the most difficult to remove from gas. Adsorbents such as iron oxides, zinc, zeolites and activated carbon are frequently employed to remove CH3SH [31,32].



We used a systematic sampling method to obtain gas samples from five industrial LPG purification procedures for this investigation of 5 different polypropylene production petrochemical plants with similar operating technologies located in Spain, the USA, Brazil, Italy, and Colombia. The samplings were carried out in the deethanizer and splitter columns where the pollutants are released into the environment, and the concentrations of VSCs, corresponding to H2S, COS, CS2, (CH3)2S, CH3(CH2)3SH, CH3(CH2)2SH, CH3CH2SH, and CH3SH, were measured. Further, a prototype quartz tube column packed with synthetic zeolite was built to improve the removal of VSCs. The emission profiles of the VSCs were evaluated in the facilities to know their formation mechanism. The emission factors and emission amounts of H2S, COS, CS2, (CH3)2S, CH3(CH2)3SH, CH3(CH2)2SH, CH3CH2SH, and CH3SH under a toxic equivalence scheme (TEQ) were estimated to provide a first data on VSC emissions from LPG purification plants in Spain, the USA, Brazil, Italy, and Colombia.




2. Materials and Methods


2.1. Calibration


In the present investigation we have worked with 8 primary standards and 40 secondary standards. A standard for mixing of VSCs was certified by Airgas USA LLC (Sacramento, CA, USA), with concentrations of 50 ppm CH3(CH2)3SH (STDA 1), 50 ppm CS2 (STDA 2), 50 ppm COS (STDA 3), 50 ppm (CH3)2S (STDA 4), 50 ppm CH3CH2SH (STDA 5), 50 ppm H2S (STDA 6), 50 ppm CH3SH (STDA 7), and 50 ppm CH3(CH2)2SH (STDA 8), in propylene gas balance.




2.2. Calibration Curve


The multi-point calibration curve was created using a VSCs mix standard. The desired concentration ranges in propylene gas balance are presented in Table 1.




2.3. Sampling Points and Sample Collection


The samplings were carried out in 5 petrochemical polypropylene producing plants located in Spain, the USA, Brazil, Italy, and Colombia. Each of these plants has independent processes for the purification of LPG, represented in Figure 1, which will be used later as raw material in the synthesis of polypropylene. The present investigation focused on the stages 2 and 3 which corresponded to the deethanizing column, which separates the most volatile components from LPG, and the splitter column, which separates propylene from propane respectively. In Figure 1 the sampling points are identified with the image of the metal cylinder. These sampling points (deethanizer column affluents valve, splitter column affluent valve, zeolite–deethanizer column valve, and zeolite–splitter column valve) are not monitored with high frequency in the process controls, and water and metallic particles are observed. To eliminate the particles in the samples of interest, a filter from the NUPRO–Swagelok family was installed [33]. The NUPRO “F” from 7 to 15 microns were used in the gaseous samples and the NUPRO “FW” from 2 to 7 microns were used for the liquefied samples [34]. The gas samples were obtained isokinetically with an Isostack G4 1.4 mc automated sampler, according to Method 23 (US EPA, 2017) (Tecora, Cogliate, Italy). A quartz filter and a 1000-mL stainless steel cylinder, both deactivated and with an interior coating of sulfinert to inhibit VSCs adsorption and absorption, were used to collect both particle and gas phases for each gas sample. The cylinder was configured with a relief valve for pressures between 300 and 400 psi [34]. The sample volumes were adjusted to meet standard conditions of 25 °C, 760 mmHg, dry gas basis, and operational oxygen concentration. The isokinetic for the gas sample in this investigation varied from 94 to 103 percent, which is within the US EPA Method 23 permissible limit. Gas samples were obtained from the splitter columns and the top of the deethanizer. The investigation was carried out when the deethanizer and splitter columns operated at 25, 35, and 45 TM kg−1. The samples from the deethanizer column, the zeolite column coupled to the deethanizer, the splitter column, and the zeolite column coupled to the splitter column for the plants in Spain, the USA, Brazil, Italy, and Colombia were identified as DS, ZDS, SS, ZSS, DU, ZDU, SU, ZSU, DB, ZDB, SB, ZSB, DI, ZDI, SI, ZSI, DC, ZDC, SC, and ZSC, respectively. Each identification was numbered 25, 35, and 45 depending on its operating rate at the time of sampling. The basic information on the operational conditions of the columns in the investigated plants and the identification of each sampling point are shown in the Supplementary Information (Table S1). Each monitoring was carried out in triplicate and the study involved a total of 180 samples. The cylinders were promptly transported to each plant’s quality assurance laboratory for LPG analysis. The gas sample was done under the industrial plants’ typical working circumstances. The sample time was usually between 3 and 4 h.




2.4. Chemical Analysis


The chemical analysis of the samples was carried out by chromatography following the method developed by [35]. The analyses were performed using an Agilent 7890B C (Santa Clara, CA, USA), which worked with 1 detector, 4 valves, 5 columns, and front and back split/splitless injection ports. The inlet front operating conditions were: 7.88 psi, 250 °C, and 33 mL min−1. The inlet back operating conditions were 11.73 psi, 250 °C, and 13 mL min−1 [35]. The GC worked with He as flow of 2.8 mL min−1. The total chromatographic run to identify the VSCs was 37.14 min. A dynamic blender, Wasson-ECE instrument (series # 150911DB) (Fort Collins, CO, USA), with a gas sample intake (1/16” A-lok bulkhead), a gas sample vent, a diluent gas controller, a 2u union filter (part number 1526), and blank capillary tubing of 50 cm × 0.05 mm (part number S0168), was used to dilute LPG standards [34]. The oven temperature starts at 40 °C × 3 min, increasing to 60 °C at 10 °C min−1 × 4 min and finally, increasing to 170 degrees at a rate of 35 °C min−1 for 25 min.



In the Supplementary Information (Figure S1), the chromatographic system’s configuration is presented. The valves 6, 7, 8, and 9 were involved in the VSC trace analysis. Valves 7 and 8 had 0.25 mL loop capacity. The columns are specified in Table 2 and follow the process described by [34]. Total ion current (Scan) and the select ion monitoring (SIM) were used to record the chromatogram [36].



In the Supplementary Information (Figure S1), it can be observed that at the “off” position, the dynamic blender samples were routed via the R column and the vaporizer to purge the loops of valves (6, 7, 8, and 9). In columns 1 to 5, and the particle trap, compounds that may cause interference in the VSC detection and quantification system were retained. The analysis began by turning valve 6 to the ON position, allowing the sample to access the system. Then, in order for the sample to flow to column 1, valve 7 was switched to the ON position. This kept the LPG and other chemicals with similar or higher boiling temperatures from affecting the MS’s tungsten filaments’ sensitivity or life duration. The valve 8 was switched on a few seconds later, allowing the material to be delivered to column 3 [34]. After a few minutes, the valve 9 was opened, enabling the mixture to proceed to column 5, where the VSCs were separated. The detector’s solitary turn-on time was 32 min. The chromatogram for MS is shown in Figure 2.




2.5. Validation Method


The linearity of the working ppm of the VSCs was determined. Because the quality of the data was dependent on the dynamic blender’s operation and functionality, its operation was confirmed based on its linearity. Six concentration levels were used for each of the VSCs of interest to assess linearity. Linearity was tested visually as analyte ppm vs response, and it was expressed using the R2 [34].



Precision was measured as a relative standard deviation in terms of repeatability and intermediate precision. Repeatability for 0.1, 2.24, 5, 10, 20, and 50 ppm CH3(CH2)3SH; 0.1, 1.93, 5, 10, 20, and 50 ppm CS2; 0.1, 1.48, 5, 10, 20, and 50 ppm COS; 0.1, 1.56, 5, 10, 20, and 50 ppm (CH3)2S; 0.1, 1.56, 5, 10, 20, and 50 ppm CH3CH2SH; 0.1, 0.85, 5, 10, 20, and 50 ppm, H2S; 0.1, 1.22, 5, 10, 20, and 50 ppm CH3SH; and 0.1, 1.88, 5, 10, 20, and 50 ppm CH3(CH2)2SH was accomplished by injecting three degrees of concentration into the LPG matrix six times. Each injection was carried out on the same day, by the same operator, using the same apparatus. The results of six injections for all standards during ordinary operation of the system over ten days were used to compute intermediate precision. The relative error was used to indicate measurement precision. If the total average calibration levels were less than 20%, analyte intra- and inter-day accuracy was declared verified [37]. The accuracy and veracity of most validation techniques described in the literature were calculated by making at least six measurements per concentration. As a criterion of approval, a deviation of less than 15% from the predicted value is indicated [37]. The calculations were made using relative errors (Er). Accuracy was considered good if the bias was <15% and acceptable if it was between 15–20%.




2.6. Prototype Zeolite Column and Removal of VSCs


A zeolite R3-12 (BASF) with a composition of 40% CuO, 40% ZnO, and 20% Al2O3 was used. This zeolite was in the form of 5 × 3 mm tablets and had an apparent density of 1250 kg m−3. Its thermal stability was higher than 350 °C. Therefore, in order to avoid degradation of the zeolite, operating conditions lower than 250 °C were defined. For the removal the VSCs, 150 mg of R3-12 was placed in the center of a quartz-tube and held in place by quartz wool plugs at both ends. The length of the tube was 89 mm, its outer and inner diameter were of 6 and 4 mm [33]. Prior to use, the zeolites were purged with He a 20 mL min−1 for 25 min and 35 °C. The gases released did not contain VSC residues, leading to the conclusion that these contaminants were absent in the zeolites. The removal efficiency of the VSCs for the prototype zeolite columns coupled to the deethanizer column and the splitter column in the plants of Spain, the USA, Brazil, Italy, and Colombia was independently evaluated to guarantee the correct performance of the zeolites. Blanks were prepared for all 6 concentration levels of each VSC, and the RSD was evaluated in triplicate. Successive blank analyzes let you know if there are desorption or chemical releases over time, as the bed or column can shed impurities over time, and this procedure lets you know how stable the bed is.





3. Results


3.1. Precision, Accuracy, and Linearity of the Chromatographic Method: Intra-Day and Inter-Day/Inter-Country Measures


The intra-day and inter-day inter-country accuracy of the chromatographic technique was investigated. To conduct the intra-day precision investigation, 6 duplicates of each VSC of interest were analyzed on the same day. Inter-day inter-country precision was evaluated employing distinct people, on different days in Spain, the USA, Brazil, Italy, and Colombia. The ppm values were determined according to Table 3. The results showed the precision of the method used for all the concentration ranges. For all the VSCs the intra-day precision was lower than 2.42%, and the inter-day inter-country precision was lower than 2.77%. External influences had no substantial impact on the procedure, according to the results. The intra-day and inter-day inter-country accuracy, for all concentration ranges and for all VSCs, was lower than 1.66%. This indicated that the measurements in Spain, the USA, Brazil, Italy, and Colombia were dependable and not affected by external factors or other non-instrumental differences.



The calibration curves of the 8 concentration levels for each VSC showed linearity between 0.1 and 50 ppm. The correlation coefficients (R2) in the plants of Spain, the United States, Brazil, Italy, and Colombia were all greater than 0.9999, suggesting remarkable linearity and independence of the matrix component. Detailed results for each analyte concentration are included in the Supplementary Information (Figure S2).




3.2. Performance Evaluation of Zeolite Filled Column Prototype Using Multiple VSC Standards


Efficiency was evaluated for each of the VSCs, and the concentrations indicated in Table 4 ranged between 80 and 89% for concentration ranges from 0.1 to 50 ppm. In a previous study, it was reported that the performance of the zeolite used in the present study showed a maximum percentage removal of arsine and phosphine of 99.9% [33]. The removal efficiencies achieved for the studied VSCs were also much higher than the 24 and 40% values obtained by terbuthylmercaptane in other investigations when using the hybrid polymers NaY/CA and UiO-66 (Zr)/CA as adsorbents, respectively [12].




3.3. Quantification and Removal of VSCs


The mass concentrations of VSCs in the tested gas samples from the LPG purification industries are summarized in Table 5.



3.3.1. Deethanizer Column


In general, as shown in Table 5, the VSC concentrations in the gases of the LPG purification process were in the order deethanizer column > splitter column > zeolite column attached to the deethanizer > zeolite column attached to the splitter. The highest levels of VSCs were found in the emissions generated in the deethanizing columns in all the studied plants. The deethanizing columns worked at 25, 35, and 45 kg h−1 rates. Under these conditions, the highest VSC emissions were obtained at 45 kg h−1. Thus, at this 45 kg h−1 rate, the deethanizer columns in the plants in the United States and Italy showed the highest VSC values, with a concentration of 46.52 ppm for the DU 45 and DI 45 samples. Hence, they exceeded the maximum exposure limits (10 and 20 ppm) allowed by NIOSH, OHSA, and ACGIH [10,21,22]. The results of VSCs obtained in the deethanizer shows the importance of implementing a removal system that minimizes the impact of VSCs towards the environment and the health of workers and surrounding communities. The lowest concentrations of VSCs were found at operating rates of 25 kg h−1 in the production plant in Spain (DS 25; 4.25 ppm), followed by the US plant (DU 25; 6.25 ppm), then the Brazil plant (DB 25; 7.35 ppm), followed by the Italy plant (DI 25; 7.89 ppm) and finally by the Colombia plant (DC 25; 10.24 ppm). VSC concentrations showed significant reductions after coupling the zeolite column prototype to the top of the deethanizer column. These reductions were observed in all the rates operating the spine (i.e., at 25, 35, and 45 kg h−1) and in each of the countries where this research was carried out. The lowest values of VSCs were observed when the column worked at a rate of 25 kg h−1 in the plants of Colombia, Italy, and Spain, with values of 0.24 (ZDC 25), 0.42 (ZDI 25), and 0.51 ppm (ZDS 25), respectively.



The efficiency in the plants in Italy and Colombia showed the highest removal efficiencies of VSCs with average values of 92% at an operating rate of 25 kg h−1. These values were related to the high selectivity of the zeolites and the absence of impurities or inhibitors of a polar chemical nature in the raw material (GLP) of each country. The increase in the operating rate up to 35 kg h−1 showed the best efficiencies for VSC removal in the plants of Brazil, Italy, and Colombia, with removal values of approximately 90%. At 45 kg h−1 the highest VSC removal efficiencies were 88% in the plants in Brazil, Italy, and Colombia. Statistical evaluation of the removal efficiency of VSC in plants in Spain, the USA, Brazil, Italy, and Colombia showed RSD values of 0.24, 4.41, 0.72, 1.56, and 2.39, respectively, indicating that the spinal operating rate did not exert a strong effect on the removal of the VCSs. This reflects the great variability in the emissions of these pollutants and shows that their level of environmental impact is dependent upon the operating rate of these columns.




3.3.2. Splitter Column


As can be seen in Figure 1, the splitter columns received the flow of LPG from the deethanizing column. Therefore, operationally, it was expected that this flow of LPG had a lower VSC content. As shown in Table 5, all concentrations detected in Spain, the USA, Brazil, Italy, and Colombia, at the operating rates of 25, 35, and 45 kg h−1, were lower than the maximum permit limits and below the minimum values established by OSHA, NIOSH, and ACGIH [10,21,22]. Thus, the highest values were 4.45 ppm (EU 45), and the lowest concentrations were 0.86 ppm (EC 25).



The efficiency of columns with zeolite in all plants showed high removal efficiencies of VSCs with average values of 90% at all operating rates. For these emissions from the prototype column coupled to the splitter column lowest values of VSCs were observed when the column worked at a rate of 25 kFg h−1 in the plants of Spain, the USA, Brazil, and Colombia with values of 0.07 ppm (ZES 25, ZEU 25, ZEB 25, and ZEC 25). These effluents presented a much lower risk to the environment and the health of the personnel, demonstrating a significant commitment to the preservation and conservation of the environment and health.





3.4. Industrial Emission Profiles of VSC


As far as we know, VSC profiles in emissions from different LPG purification processes of multiple industrial sectors in Spain, the USA, Brazil, Italy, and Colombia were not reported before this study. H2S, COS, and CS2 were the most important contributors to VSC concentrations in most samples and their concentration levels depended on the operating rate of each column. For the deethanizing columns of Spain, the USA, Brazil, Italy, and Colombia, the VSC profile maintained the following order COS ˃ H2S ˃ CS2 ˃ (CH3)2S ˃ CH3SH ˃ CH3CH2SH ˃ CH3(CH2)2SH ˃ CH3(CH2)3SH. The contributions of the 8 VSCs and the concentrations in the gas samples are presented in Figure 3. The most important contributors of H2S in the samples of interest ranged between 19 and 24%. A contribution of 19.3 ± 4.2% was identified in the samples from Spain, the USA, and Italy when the column worked at an operating rate of 45 kg h−1 (DS 45, DU 45, D I45, and ZDS 35), contributions of 21.4 ± 8.2% in samples ZDS 45, ZDB 45, ZDI 45, ZDC 35, and ZDC 45 corresponding to the plants in Spain, Brazil, Italy, and Colombia. A contribution of 22 ± 6.1% was found in the Brazilian sample ZDB 35. The highest contribution was 24 ± 7.5% in the ZDU 45 sample at the USA plant. In the deethanizer columns and at the three operating rates, the concentrations of H2S in the plants of the 5 countries varied between 11.25 and 45.51 ppm, as shown in Figure 4. These concentrations exceeded the maximum exposure limits of 10 and 20 ppm allowed by NIOSH, OHSA, and ACGIH [10,21,22,38]. These results also exceeded the baseline values of H2S in the air which ranged between 0.00011–0.00033 ppm, and in urban areas it was as high as 0.001 ppm [39]. These emissions from the deethanizer also exceeded the values of 0.09 ppm identified in places near cities [40]. They also exceeded the maximum reported measurements of 7.31 × 10³ ppm in animal feeding operations, 1.11 × 10³ ppm in wastewater, 2.64 × 10³ ppm for decomposition, 7.98 × 10 ppm in geothermal, 4.37 × 102 ppm in energy production, and 3.80 × 10³ ppm for plant emissions and sulfur-bituminous concrete emissions [39,41,42]. In order to minimize the impact to the environment and health that such VSC concentrations could cause, a column of zeolites was coupled to each deethanizer and splitter column.



The H2S values in samples from the splitter column were lower than 3.2 ppm, at all sampling points. The highest values prevailed when the column operated at 45 kg h−1 (EU45: 3.2 ppm; EI45: 3.2 ppm), and the lowest concentrations were found at 25 kg h−1 (ES25: 1.5 ppm; EB25:1.3 ppm) rate, see Figure 4. These ranges of 1.3–3.2 ppm were lower than those established by OSHA, NIOSH, ACGIH, but even so, the zeolite column was coupled to guarantee cleaner emissions and less impact on the health and the environment.



The COS at all the sampling points indicated three trends in its contribution to the samples, a contribution between 10 and 20%, the next between 20 and 30%, and the last one higher than 30%. The contributions higher than 30% were identified in the samples from Spain (DS25), Brazil (DB25), Italy (DI25, ZDI35), and Colombia (DC25). In the deethanizers and at the operating rates of 25, 35, and 45 kg h−1, the COS concentrations in the 5 petrochemical plants varied between 22.31 and 46.52 ppm. These concentrations exceeded the values of 10 and 20 ppm as well as the maximum exposure limits allowed by NIOSH, OHSA, and ACGIH [10,21,22,38]. During our research, we discovered that seven surface sites in the northern hemisphere, spread across America and Europe, had the greatest COS concentration in comparison to the average value of 0.00048 ppm [43]. They were also higher than that found in Brazil (All Saints Bay region) where COS concentrations during 1996 were approximately 0.008 ppm when originating from a petrochemical complex. The values of our research exceeded those obtained for southern Europe (0.00022 ppm) in samples taken between 1996 and 1998 [44]. The concentration of the studied sampling points also exceeded the annual mean COS in Ahmedabad (India) of 0.00083 ppm, which was much higher than the free troposphere measurements for the northern hemisphere at the time [45]. The behavior of COS in the splitter column presented a trend similar to that obtained in the affluents of the deethanizer column after being treated in the zeolite column. All H2S values obtained were less than 5.0 ppm. The lowest emissions were quantified in Spain and Brazil (ES25: 3.48 and EB 5: 3.21 ppm) and the highest emissions in Italy and the USA (EI45: 4.35 and EU45: 4.45 ppm) at operating rates of 45 kg h−1. These value ranges of 3.2–4.4 ppm of COS were higher than those established by OSHA, NIOSH, ACGIH, but higher than 0.00022 ppm, 0.00048 ppm, and 0.00083 ppm in Brazil (All Saints Bay region), Ahmedabad (India), and southern Europe [43,44,45]. These low concentration levels reported in the literature led to the implementation and coupling of the zeolite column in the splitter column to guarantee cleaner emissions.



CS2 and (CH3)2S were identified at all sampling points and the highest concentrations were detected in the USA and Colombia plants with values of 35.94 (DU 45) and 39.56 ppm (DC 45), respectively (see Figure 4). With values of such as those identified for CS2, the generation of daily explosions in viscose production industries has been reported in the literature [46,47]. In Europe (5 ppm) and the United States (20 ppm), these CS2 exposure levels were significantly beyond the allowed threshold limit (TWA). Experts now advocate even lower limit limits, ranging between 1 and 10 ppm, based on multiple epidemiological research [48,49]. These CS2 compounds can generate toxic effects such as neurofilament axonopathies [50], affecting both sensory and motor neurons [51,52,53] as well as vascular complications [54,55,56]. Emissions generated by petrochemical plants and rayon manufacturing in Korea showed that in workers occupationally exposed to levels of CS2 ≥ 10 ppm, the prevalence of diabetes was 24.5% among 633 workers, indicating that a long-term exposure to CS2 could result in an increased risk of diabetes [20]. The contributions of CS2 and (CH3)2S to each sample depended on the sampling point and the country where the sample was taken. In Figure 3, it is observed that the maximum and minimum contribution of CS2 in the deethanizing columns were identified in the samples from the plant in Italy (DI25: 16 ± 2.8% and DI35: 12 ± 2.3%). For the (CH3)2S, the highest contribution was in the Colombia plant (DC45: 17 ± 5.1%) and the lowest contribution in the samples from the Brazil plant (DB35: 10 ± 3.4%). The maximum and minimum CS2 emissions were quantified in Colombia (EC25: 0.86 ppm and EC45: 4.12 ppm, respectively). For (CH3)2S, the lowest emissions were observed in Italy (EI25: 2.41 ppm) and the highest ones were observed in the USA (EU 45: 4.21 ppm). The concentration generated by the splitter columns was lower than the recommended value of 10 ppm [48,49] and those established by OSHA, NIOSH, and ACGIH, but higher than 0.00022 ppm, 0.00048 ppm, and 0.00083 ppm [43,44,45].



The mercaptan family CH3SH, CH3CH2SH, CH3(CH2)2SH, and CH3(CH2)3SH was quantified at all sampling points of the deethanizer. The species with the highest concentration was CH3SH with 28.42 ppm in a sample from the plant in the USA (DU45), while the one with the lowest concentration was CH3(CH2)3SH in the plant in Spain (DS45: 4.25 ppm). The concentration range of CH3SH, CH3CH2SH, CH3(CH2)2SH, and CH3(CH2)3SH in Spain were 7.15–21.87, 5.32–12.78, 5.34–11.19, and 4.25–10.73 ppm, respectively (Figure 4). It was observed that CH3SH was the compound present in the highest concentration and CH3(CH2)3SH was the most diluted one. In the USA, the ranges of CH3SH, CH3CH2SH, CH3(CH2)2SH, and CH3(CH2)3SH were 10.12–28.42, 8.25–16.45, 9.41–15.24, and 6.25–14.25 ppm, respectively. The highest concentration observed was 28.42 ppm for CH3SH and the lowest one was 6.25 ppm for CH3(CH2)3SH. In Brazil, the ranges determined were 10.14–24–95, 9.45–19.24, 10.12–18.19, and 7.35–15.35 ppm, respectively. As in the previous plants, CH3SH and CH3(CH2)3SH were the ones with the highest and lowest concentration. In Italy, the ranges were 10.35–24.35, 11.32–18.65, 9.21–17.73, and 7.89–18.71 ppm for CH3SH, CH3CH2SH, CH3(CH2)2SH, and CH3(CH2)3SH, respectively. In this plant, CH3SH and CH3(CH2)3SH also presented the highest and lowest concentration, with values of 24.35 and 7.89 ppm. In Colombia, the values of these mercaptans were as follows: 10.24–25.16, 11.25–17.35, 15.45–15.36, 10.25–20.12 ppm. CH3SH presented the highest concentration in Colombia (DC45: 25.16 ppm) and the lowest concentration in the USA (DU25: 10.12 ppm). These mercaptan families are characterized by their odor thresholds. As a result, the olfactory threshold for CH3SH is extremely low, and it may be detected at only 0.00002 ppm in air [9]. However, higher odor thresholds from 0.001 to 0.002 ppm have also been reported [57,58]. The permissible exposure limit (PEL) for CH3SH set by the Occupational Safety and Health Administration (OSHA) is 10 parts per million, and the threshold limit value–time weighted average (TLV-TWA) set by the American Conference of Governmental Industrial Hygienists (ACGIH) is 0.5 parts per million [59]. Methylene mercaptan levels in the air at waste landfills and community waste treatment facilities have been found to be close to the NIOSH REL and ACGIH TLV-TWA values [60]. The values obtained in the present research exceeded these thresholds reported in the literature, which indicated that the perception of odor by plant workers and the surrounding communities will be greater, as well as the risk for their physical and mental health. The literature offers relatively little information on the effects of mercaptans on live beings, some of these effects are neurotoxicity due to general intoxication with paralysis of the locomotor muscles and of respiration [61], death by inhalation of vapors [62], and liver injuries [63]. This scientific evidence led to the urgency of installing the zeolite catalytic system at the outlet of this deethanizer column and evaluate its removal efficiencies of mercaptans.



This family of mercaptans were also identified and quantified in all splitter columns. All these values were lower than the 10 ppm (see Figure 4) established as the permissible exposure limit, but higher than that of 0.5 ppm recommended by NIOSH, ACGIH, and the TLV-TWA [59]. Therefore, the zeolite column was installed at the outlet of the affluents of the splitter to ensure the emission of lower mercaptan concentrations (see Supplementary Information, Figure S1).




3.5. VSCs Removal Efficiency


The concentrations of the sulfur compounds in the effluents of the coupled zeolite columns after the splitter column and the deethanizer column were evaluated. The zeolite column showed excellent efficiencies during its validation process on an industrial scale at three operating rates of 25, 35, and 45 kg h−1. In Figure 5, the measurements in the samples from Spain, ZDS 25, ZDS 35, and ZDS 45 showed H2S values between 1.55 and 5.31 ppm, finding the lowest concentration at a rate of 25 kg h−1 and the highest at a rate of 45 kg h−1. The removal efficiencies ranged between 85 and 86% for these three measurement points.



After the implementation of the column with the zeolite catalyst in each of the plants, very significant removals were observed for COS. After the catalytic treatment with zeolite, removal efficiencies between 88 ± 6.6% and 94 ± 2.9% were generally observed at all sample points in this column. Removal efficiencies in Spain ranged between 89 ± 4.3% and 93 ± 2.5%, for the samples ZES25: 93 ± 4.5%, ZES 35: 89 ± 5.2%, and ZES 45: 89 ± 3.5%. Removals in the USA samples were between 90 ± 6.4% and 94 ± 4.9% for the samples of interest (i.e., ZEU 25: 90 ± 3.5%, ZEU 35: 90 ± 5.8%, and ZEU 45: 94 ± 4.8%). In the samples from Brazil, the removals were 87 ± 3.3%, 90 ± 6.2%, and 89 ± 5.6% for the 3 samples (ZDB25; 0.42 ppm, ZDB35; 0.42 ppm, and ZDB45; 0.43 ppm).



A decrease in the environmental impact generated by CS2 and (CH3)2S was observed after the coupling of the zeolite column at the top of the deethanizing column. The selectivity of zeolite showed removal efficiencies in plants in Spain, the USA, Brazil, Italy, and Colombia of 86 ± 3.8%, 84 ± 5.2%–89 ± 4.7%, 88 ± 7.2%–92 ± 5.1%, 84 ± 3.7%–94 ± 3.9%, and 88 ± 4.5%–95 ± 6.3%, respectively, for CS2, while for (CH3)2S, removal efficiencies were 86 ± 5.6%, 85 ± 4.8 %–86 ± 7.3%, 85 ± 3.9%–91 ± 3.8%, 86 ± 4.7%–92 ± 7.3%, and 90 ± 5.3%–92 ± 3.7%, respectively. The range of removal efficiencies for CH3SH ranged between 84 ± 3.6% (ZDU35: 2.24 ppm) and 95 ± 5.1% (ZDI25: 0.55 ppm). For CH3CH2SH, their ranges were equal to that of CH3SH and ranged between 84 ± 2.7% (ZDU25: 1.35 ppm) and 95 ± 4.3% (ZDI35: 0.58 ppm), for CH3(CH2)2SH the removal percentages ranged between 85 ± 3.5% (ZDU 25: 1.45 ppm) and 96 ± 3.7% (ZDC25: 0.55 ppm), and the removal of CH3(CH2)4SH ranged between 84 ± 3.5% (ZDU25: 0.99 ppm) and 98 ± 3.7% (ZDC25: 0.24 ppm).





4. Conclusions


H2S, COS, CS2, (CH3)2S, CH3SH, CH3CH2SH, CH3(CH2)2SH, and CH3(CH2)3SH were discharged during the purification of liquefied petroleum gas, posing human health and environment at risk. Therefore, such compounds should be removed and monitored. However, they are at trace or even at ultra-trace levels, which makes their determination challenging. For this, an improved analytical methodology was developed that coupled a dynamic blender to a gas chromatograph with a mass spectrometer. The concentration of these compounds in the affluents of the deethanizer in plants located in Spain, the USA, Brazil, Italy, and Colombia was higher than the minimum limits permitted for health and the environment according to OSHA, NIOSH, and ACGIH. However, when a column with zeolites was coupled to the deethanizer, such compounds were removed between 85 and 90%. The effluents from the splitter column in the five petrochemicals plants presented sulfur and thiol concentrations much lower than those established by OSHA, NIOSH, and ACGIH. Even so, when the column filled with zeolites was included, a reduction between 90 and 91% was achieved. The results of this study indicated that the environmental impact of five splitter columns, two in Latin America, one in the United States, and two in Europe, were similar. As a result, the approach created might be extended to many nations where petroleum is changed to see if the effects are comparable, allowing the remedial actions currently in place in the locations investigated to be more universally applicable.
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Figure 1. Summary of the liquefied petroleum gas (LPG) purification process and sample locations of interest in Spain, the United States, Brazil, Italy, and Colombia, as well as a design for a zeolite packing column prototype. 
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Figure 2. Chromatogram of sulfur standards: (1) COS, (2) H2S, (3) CS2, (4) CH3SH, (5) CH3CH2SH, (6) (CH3)2S, (7) CH3(CH2)2SH, (8) CH3(CH2)3SH. 
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Figure 3. Profiles of mass concentrations of volatile sulfur compounds (VSCs) in gas samples from different LPG industrial facilities in Spain, the USA, Brazil, Italy, and Colombia. 
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Figure 4. COS, H2S, CS2, (CH3)SH, CH3SH, CH3CH2SH, CH3(CH2)2SH, CH3(CH2)3SH concentration in 2 sampling points of each industrial facilities in Spain, the USA, Brazil, Italy, and Colombia. 
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Figure 5. COS, H2S, CS2, (CH3)SH, CH3SH, CH3CH2SH, CH3(CH2)2SH, CH3(CH2)3SH concentration in 2 sampling points of each industrial facilities in Spain, the USA, Brazil, Italy, and Colombia. 
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Table 1. VSCs standard concentration.
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Compounds

	
Concentration (ppm)




	
Name

	
Formula

	
1

	
2

	
3

	
4

	
5






	
Butyl mercaptan

	
CH3(CH2)3SH

	
0.1

	
2.238

	
5

	
10

	
20




	
Carbon disulfide

	
CS2

	
0.1

	
1.929

	
5

	
10

	
20




	
Carbonyl sulfide

	
COS

	
0.1

	
1.477

	
5

	
10

	
20




	
Dimethyl sulfide

	
(CH3)2S

	
0.1

	
1.556

	
5

	
10

	
20




	
Ethyl mercaptan

	
CH3CH2SH

	
0.1

	
1.595

	
5

	
10

	
20




	
Hydrogen sulfide

	
H2S

	
0.1

	
0.847

	
5

	
10

	
20




	
Methyl mercaptan

	
CH3SH

	
0.1

	
1.223

	
5

	
10

	
20




	
Propyl mercaptan

	
CH3(CH2)2SH

	
0.1

	
1.88

	
5

	
10

	
20
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Table 2. Column specifications.






Table 2. Column specifications.











	Column
	Specifications
	Dimension
	Functions





	A
	HP-1
	3 m × 0.1 mm
	



	1
	HP-PLOT Q
	15 m × 0.53 mm × 40 μm
	Used for the retention of GLP and those compounds with the same boiling point or higher



	2
	HP-PLOT Q
	15 m × 0.53 mm × 50 μm
	Had the function of separating CO2 and VSCs



	3
	HP-PLOT Q
	15 m × 0.53 mm × 40 μm
	Was used to retain the CO2 and VSCs



	4
	HP-PLOT Mole Sieve
	30 m × 0.53 mm × 50 μm
	Had the required resolution to separate the molecules CO2, H2, Ar/O2, N2, CH4, and CO in the same sequence, but left the VSCs mixed



	5
	DB-1, 100%

dimethylpolysiloxane
	60 m × 320 μm × 0.25 μm
	Where the VSCs were separated
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Table 3. Precision and accuracy of volatile sulfur compounds (VSCs) standards intra-day and inter-day/inter-country by nation.






Table 3. Precision and accuracy of volatile sulfur compounds (VSCs) standards intra-day and inter-day/inter-country by nation.





	

	
Intra-Day

	
Inter-Day/Inter-Country




	

	
Theoretical

(ppm)

	
Found a ± SD

(ppm)

	
RSD

	
Er

(%)

	
Theoretical

(ppm)

	
Found b ± SD

(ppm)

	
RSD

	
Er

(%)






	
H2S

	
0.100

	
0.099 ± 0.001

	
0.98

	
0.17

	
0.100

	
0.100 ± 0.001

	
1.26

	
0.00




	
0.847

	
0.845 ± 0.014

	
1.72

	
0.14

	
0.847

	
0.842 ± 0.017

	
1.99

	
0.65




	
5.000

	
5.015 ± 0.013

	
0.26

	
−0.30

	
5.000

	
5.027 ± 0.018

	
0.36

	
−0.54




	
10.000

	
10.053 ± 0.101

	
1.01

	
−0.53

	
10.000

	
10.080 ± 0.108

	
1.07

	
−0.80




	
20.000

	
20.060 ± 0.055

	
0.28

	
−0.30

	
20.000

	
20.089 ± 0.064

	
0.32

	
−0.44




	
50.000

	
50.051 ± 0.044

	
0.09

	
−0.10

	
50.000

	
50.078 ± 0.057

	
0.11

	
−0.16




	
COS

	
0.100

	
0.100 ± 0.001

	
1.21

	
−0.33

	
0.100

	
0.099 ± 0.002

	
2.06

	
1.17




	
1.477

	
1.460 ± 0.025

	
1.72

	
−0.92

	
1.477

	
1.470 ± 0.033

	
2.22

	
−1.55




	
5.000

	
5.014 ± 0.017

	
0.35

	
−0.29

	
5.000

	
5.015 ± 0.020

	
0.41

	
−0.29




	
10.000

	
10.031 ± 0.124

	
1.24

	
−0.31

	
10.000

	
10.001 ± 0.119

	
1.19

	
−0.01




	
20.000

	
20.055 ± 0.062

	
0.31

	
−0.28

	
20.000

	
20.050 ± 0.098

	
0.49

	
−0.25




	
50.000

	
50.001 ± 0.063

	
0.13

	
−0.003

	
50.000

	
50.039 ± 0.091

	
0.18

	
−0.08




	
CS2

	
0.100

	
0.099 ± 0.001

	
1.43

	
1.00

	
0.100

	
0.099 ± 0.002

	
1.79

	
0.75




	
1.929

	
1.920 ± 0.028

	
1.44

	
0.48

	
1.929

	
1.923 ± 0.031

	
1.62

	
0.31




	
5.000

	
4.994 ± 0.051

	
1.02

	
0.11

	
5.000

	
4.989 ± 0.059

	
1.19

	
0.23




	
10.000

	
10.002 ± 0.014

	
1.4

	
−0.02

	
10.000

	
10.061 ± 0.145

	
1.44

	
−0.61




	
20.000

	
20.073 ± 0.107

	
0.53

	
−0.37

	
20.000

	
20.033 ± 0.134

	
0.67

	
−0.61




	
50.000

	
54.945 ± 0.194

	
0.39

	
0.11

	
50.000

	
50.062 ± 0.233

	
0.47

	
−0.12




	
(CH3)2S

	
0.100

	
0.099 ± 0.001

	
1.66

	
1.33

	
0.100

	
0.101 ± 0.002

	
2.21

	
−0.75




	
1.556

	
1.539 ± 0.037

	
2.42

	
1.07

	
1.556

	
1.542 ± 0.043

	
2.77

	
0.89




	
5.000

	
5.011 ± 0.737

	
1.47

	
−0.22

	
5.000

	
4.979 ± 0.103

	
2.06

	
0.43




	
10.000

	
10.085 ± 0.157

	
1.56

	
−0.85

	
10.000

	
10.011 ± 0.168

	
1.68

	
−0.11




	
20.000

	
20.102 ± 0.152

	
0.76

	
−0.51

	
20.000

	
20.005 ± 0.161

	
0.8

	
−0.02




	
50.000

	
49.961 ± 0.206

	
0.41

	
0.08

	
50.000

	
50.010 ± 0.256

	
0.51

	
−0.02




	
CH3SH

	
0.100

	
0.099 ± 0.001

	
0.83

	
0.32

	
0.100

	
0.100 ± 0.001

	
0.92

	
−0.08




	
1.223

	
1.228 ± 0.010

	
0.83

	
−0.41

	
1.223

	
1.229 ± 0.013

	
1.02

	
−0.5




	
5.000

	
5.007 ± 0.021

	
0.42

	
−0.15

	
5.000

	
5.007 ± 0.034

	
0.68

	
−0.14




	
10.000

	
10.057 ± 0.067

	
0.67

	
−0.57

	
10.000

	
10.038 ± 0.076

	
0.76

	
−0.38




	
20.000

	
20.102 ± 0.152

	
0.76

	
−0.51

	
20.000

	
20.111 ± 0.170

	
0.85

	
−0.55




	
50.000

	
49.961 ± 0.206

	
0.41

	
0.07

	
50.000

	
49.981 ± 0.277

	
0.55

	
0.04




	
CH3CH2SH

	
0.100

	
0.099 ± 0.001

	
0.76

	
1.17

	
0.100

	
0.100 ± 0.001

	
0.8

	
0.083




	
1.595

	
1.568 ± 0.030

	
1.67

	
1.66

	
1.595

	
1.568 ± 0.027

	
1.72

	
1.6




	
5.000

	
5.027 ± 0.027

	
0.54

	
−0.54

	
5.000

	
5.009 ± 0.029

	
0.58

	
−0.18




	
10.000

	
10.053 ± 0.07

	
0.69

	
−0.53

	
10.000

	
10.049 ± 0.093

	
0.92

	
−0.48




	
20.000

	
20.070 ± 0.137

	
0.68

	
−0.33

	
20.000

	
20.111 ± 0.173

	
0.86

	
−0.55




	
50.000

	
50.034 ± 0.099

	
0.20

	
−0.07

	
50.000

	
49.984 ± 0.260

	
0.52

	
0.03




	
CH3(CH2)

2SH

	
0.100

	
0.099 ± 0.001

	
1.05

	
1.33

	
0.100

	
0.010 ± 0.001

	
1.43

	
0.42




	
1.880

	
1.855 ± 0.024

	
1.30

	
1.3

	
1.880

	
1.855 ± 0.036

	
1.93

	
1.34




	
5.000

	
5.010 ± 0.044

	
0.89

	
−0.2

	
5.000

	
5.020 ± 0.043

	
0.85

	
−0.40




	
10.000

	
10.020 ± 0.10

	
1.01

	
−0.2

	
10.000

	
10.093 ± 0.118

	
1.17

	
−0.93




	
20.000

	
20.041 ± 0.158

	
0.79

	
−0.21

	
20.000

	
20.111 ± 0.179

	
0.89

	
−0.55




	
50.000

	
50.077 ± 0.149

	
0.30

	
−0.15

	
50.000

	
50.009 ± 0.276

	
0.55

	
−0.02




	
CH3(CH2)

3SH

	
0.100

	
0.099 ± 0.001

	
1.37

	
0.33

	
0.100

	
0.102 ± 0.001

	
1.41

	
−1.58




	
2.238

	
2.215 ± 0.032

	
1.47

	
1.03

	
2.238

	
2.211 ± 0.041

	
1.85

	
1.20




	
5.000

	
5.054 ± 0.057

	
1.14

	
−1.1

	
5.000

	
5.073 ± 0.092

	
1.81

	
−1.47




	
10.000

	
9.964 ± 0.153

	
1.54

	
0.357

	
10.000

	
9.994 ± 0.166

	
1.66

	
0.06




	
20.000

	
20.088 ± 0.154

	
0.77

	
−0.44

	
20.000

	
20.111 ± 0.163

	
0.81

	
−0.55




	
50.000

	
50.129 ± 0.204

	
0.41

	
−0.26

	
50.000

	
50.254 ± 0.238

	
0.47

	
−0.51








SD, standard deviation; RSD, relative standard deviation; Er, relative error; a Means of values calculated from the standard calibration curves for six determinations within a day; b Means of values calculated from the standard calibration curves for three determinations per day over then days.
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Table 4. Performance comparison, Spain, the USA, Italy, Brazil, and Colombia: The operation of zeolite-based prototype columns for the removal of sulfides and thiols from standards at six concentration levels.
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Theoretical

(ppm)

	
Mean Measured (Spain, the USA, Italy, Brazil, and Colombia) a

(ppm)

	
RSD (Spain, the USA, Italy, Brazil, and Colombia) b

(ppm)

	
Mean Removal (Spain, the USA, Italy, Brazil, and Colombia) c

(%)






	
H2S

	
0.100

	
0.085–0.083

	
1.02–1.05

	
85–83




	
0.847

	
0.756–0.735

	
1.24–1.34

	
89–87




	
5.000

	
4.38–4.29

	
2.42–2.86

	
88–86




	
10.000

	
8.79–8.67

	
3.25–3.45

	
88–87




	
20.000

	
17.77–17.21

	
3.75–3.98

	
89–86




	
50.000

	
43.876–42.875

	
5.14–5.24

	
88–86




	
COS

	
0.100

	
0.082–0.08

	
0.97–1.24

	
82–80




	
1.477

	
1.292–1.263

	
1.24–1.45

	
87–86




	
5.000

	
4.466–4.388

	
2.36–2.59

	
89–88




	
10.000

	
8.279–8.058

	
2.89–2.97

	
83–81




	
20.000

	
17.159–17.032

	
4.15–4.48

	
86–85




	
50.000

	
42.848–42.39

	
5.53–6.01

	
86–85




	
CS2

	
0.100

	
0.082–0.0081

	
2.12–2.34

	
82–81




	
1.929

	
1.575–1.541

	
2.85–4.23

	
82–80




	
5.000

	
4.236–4.188

	
4.02–4.96

	
85–84




	
10.000

	
8.249–8.062

	
4.85–5.12

	
82–81




	
20.000

	
16.855–16.171

	
5.24–5.48

	
84–81




	
50.000

	
42.842–42.791

	
5.56–5.59

	
86




	
(CH3)2S

	
0.100

	
0.088–0.085

	
2.45–2.97

	
88–85




	
1.556

	
1.337–1.357

	
2.88–3.28

	
86–87




	
5.000

	
4.314–4.346

	
3.46–4.33

	
86–87




	
10.000

	
8.411–8.476

	
4.56–5.49

	
84–85




	
20.000

	
17.316–17.0226

	
5.36–5.58

	
87–85




	
50.000

	
41.82–41.65

	
5.76–5.58

	
84–83




	
CH3SH

	
0.100

	
0.087–0.085

	
1.23–1.12

	
87–85




	
1.223

	
1.028–1.01

	
2.85–3.01

	
84–83




	
5.000

	
4.313–4.285

	
3.91–4.12

	
86




	
10.000

	
8.703–8.718

	
4.18–4.26

	
87




	
20.000

	
17.14–17.076

	
4.96–5.08

	
86–85




	
50.000

	
42.91–43.001

	
5.53–5.47

	
86




	
CH3CH2SH

	
0.100

	
0.084–0.082

	
2.48–2.39

	
84–82




	
1.595

	
1.401–1.394

	
3.19–3.29

	
88–87




	
5.000

	
4.279–4.215

	
4.26–4.16

	
86–84




	
10.000

	
8.505–8.499

	
8.505–8.499

	
85




	
20.000

	
17.366–17.303

	
17.366–17.303

	
87




	
50.000

	
43.62–43.703

	
43.62–43.703

	
87




	
CH3(CH2)2SH

	
0.100

	
0.083–0.085

	
2.56–2.49

	
83–85




	
1.880

	
1.599–1.564

	
3.45–3.52

	
85–83




	
5.000

	
4.327–4.301

	
4.82–4.97

	
87–86




	
10.000

	
8.17–8.201

	
5.67–5.77

	
82




	
20.000

	
17.24–17.181

	
6.73–6.98

	
86




	
50.000

	
42.82–42.676

	
8.43–8.12

	
86–85




	
CH3(CH2)3SH

	
0.100

	
0.082–0.084

	
3.40–3.37

	
82–84




	
2.238

	
1.811–1.787

	
4.33–4.28

	
81–80




	
5.000

	
4.086–4.175

	
5.91–6.12

	
82–84




	
10.000

	
8.346–8.266

	
6.67–6.77

	
83




	
20.000

	
16.33–16.501

	
7.55–7.41

	
82–83




	
50.000

	
41.66–41.754

	
8.79–8.68

	
83–84








a Means of values calculated from the standard calibration curves (n = 6). b Relative standard deviation. c Removal (%) = [(Mean measured conc, -initial conc.)/added conc.] × 100.
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Table 5. Concentration ranges of volatile sulfur compounds (VSCs) in affluents of each separation technology and in effluents treated with zeolites in Spain, the USA, Brazil, Italy, and Colombia.
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Technologies for Separation of VSCs




	
Dethanizer

	
Splitter




	
Afluents

(n = 3)

	
Total VSCs

	
Efluents Zeolite

(n = 3)

	
Total VSCs

	
Afluents

(n = 3)

	
Total VSCs

	
Efluents Zeolite

(n = 3)

	
Total VSCs






	
DS25

	
9.45 (4.25–22.31)

	
ZDS25

	
1.30 (0.51–3.21)

	
ES25

	
2.11 (1.01–3.48)

	
ZES25

	
0.21 (0.07–0.35)




	
DS35

	
14.12 (6.19–32.24)

	
ZDS35

	
1.96 (0.84–4.52)

	
ES35

	
2.71 (1.75–3.97)

	
ZES35

	
0.27 (0.09–0.42)




	
DS45

	
23.32 (10.73–41.21)

	
ZDS45

	
3.30 (1.33–6.07)

	
ES45

	
3.57 (2.83–4.25)

	
ZES45

	
0.35 (0.23–0.45)




	
DU25

	
13.17 (6.25–26.45)

	
ZDU25

	
2.27 (0.99–4.56)

	
EU25

	
2.21 (0.88–3.89)

	
ZEU25

	
0.21 (0.09–0.39)




	
DU35

	
17.30 (8.15–34.26)

	
ZDU35

	
3.64 (1.95–5.78)

	
EU35

	
2.66 (1.33–4.21)

	
ZEU35

	
0.31 (0.14–0.42)




	
DU45

	
28.57 (14.25–46.52)

	
ZDU45

	
3.90 (1.01–7.48)

	
EU45

	
3.61 (2.45–4.45)

	
ZEU45

	
0.26 (0.18–0.39)




	
DB25

	
13.52 (7.35–26.63)

	
ZDB25

	
1.43 (0.55–3.78)

	
EB25

	
2.17 (1.19–3.21)

	
ZEB25

	
0.24 (0.07–0.42)




	
DB35

	
19.10 (10.32–38.45)

	
ZDB35

	
1.98 (0.55–5.01)

	
EB35

	
2.81 (1.75–4.15)

	
ZEB35

	
0.24 (0.15–0.42)




	
DB45

	
28.41 (15.35–43.45)

	
ZDB45

	
3.30 (1.25–5.55)

	
EB45

	
3.50 (2.83–4.02)

	
ZEB45

	
0.36 (0.21–0.47)




	
DI25

	
15.27 (7.89–29.45)

	
ZDI25

	
1.30 (0.42–3.52)

	
EI25

	
2.32 (0.95–4.12)

	
ZEI25

	
0.23 (0.12–0.42)




	
DI35

	
20.47 (10.65–38.82)

	
ZDI35

	
1.98 (0.55–5.01)

	
EI35

	
2.67 (1.36–4.21)

	
ZEI35

	
0.23 (0.12–0.46)




	
DI45

	
29.62 (15.62–46.52)

	
ZDI45

	
3.36 (1.20–6.23)

	
EI45

	
3.65 (3.18–4.35)

	
ZEI45

	
0.36 (0.18–0.46)




	
DC25

	
15.29 (10.24–25.48)

	
ZDC25

	
1.26 (0.24–3.19)

	
EC25

	
2.19 (0.86–3.62)

	
ZEC25

	
0.22 (0.08–0.42)




	
DC35

	
19.61 (11.31–37.45)

	
ZDC35

	
2.15 (0.95–4.75)

	
EC35

	
2.54 (1.23–3.55)

	
ZEC35

	
0.28 (0.15–0.43)




	
DC45

	
26.03 (15.36–40.12)

	
ZDC45

	
3.23 (1.25–5.45)

	
EC45

	
3.42 (2.35–4.12)

	
ZEC45

	
0.39 (0.22–0.51)
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