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Abstract

:

Standard gases are often prepared using high-pressure gas cylinders. However, it is difficult to accurately prepare a known concentration of hydrogen chloride (HCl) gas using this method because HCl is highly corrosive and adsorptive. In this study, a simple method for the continuous generation of HCl gas was developed using a diffusion tube containing hydrochloric acid and a nitrogen carrier gas. The concentration of HCl produced from this system was almost unstable, but constant gas generation was realized for several hours when azeotropic hydrochloric acid (20.6% HCl in water) and a temperature near the azeotropic point (108.5 °C) were used, resulting in the generation of 103.6 ppm (mean, n = 5) of HCl gas with a relative standard deviation (RSD) of 2.34%. In this case, the percentage of HCl present in the entire gas mixture of HCl and water vapor was 22.5%, which is almost equivalent to the HCl content in the azeotropic hydrochloric acid (20.6%). The HCl concentration could also be controlled by changing the flow rate of the carrier gas. This work demonstrates a simple technique based on the diffusion theory that allows for the constant, controllable generation of a known concentration of HCl gas using an azeotropic hydrochloric acid system.
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1. Introduction


Hydrogen chloride (HCl) is a pungent, highly corrosive, and toxic substance [1]. It dissolves easily in water and exists in gaseous or aerosol forms in the atmosphere [2]. Gaseous HCl is directly released into the atmosphere from volcanos [3], waste incineration [4], coal combustion [4,5], biomass burning [6], and manufacturing processes [4]; it is also produced from the sea-salt dechlorination of the marine boundary layer [7]. HCl in the atmosphere is the main cause of the stratospheric chlorine reservoir [8] and triggers a series of chemical reactions that cause ozone depletion [9]. In many industries, HCl is often used in an aqueous form as hydrochloric acid to produce materials such as fertilizers, textiles, rubbers, and electronics [10]. The concentration of gaseous HCl used in such workplaces is often on the scale of ppm [11,12]; this is dangerous because when HCl gas is inhaled and contacts moisture in the upper respiratory tract it rapidly dissociates [13]. Exposure to HCl is also responsible for chronic gastritis, dental discoloration, and erosion (from prolonged exposure) [14]. Prolonged exposure to trace amounts of gaseous HCl also affects products such as semiconductors, electrical appliances, and museum exhibits due to its highly corrosive properties [15]. Therefore, the monitoring of gaseous HCl both in indoor and outdoor environments is strongly required, and removal of HCl is necessary to prevent its direct, negative influence on human health and consumer products. A standard gas containing trace amounts of HCl (below the ppm level) is typically required for the calibration of instruments that are used to accurately monitor HCl. Such a standard gas is also applicable as a test gas to evaluate the performance of materials designed for HCl removal and/or the durability of materials exposed to HCl.



Standard gas is usually prepared using a high-pressure gas cylinder [16,17]. However, this method is not suitable for preparing HCl because this gas is highly absorptive and corrosive; HCl molecules could easily adhere to the cylinder wall, which would decrease the overall concentration of HCl. Meanwhile, dynamic generation, permeation [18,19,20], and diffusion [21,22,23] methods allow for the accurate preparation of HCl gas. Several studies regarding the dynamic generation of HCl were conducted using the permeation [24,25,26], and diffusion [25] methods with hydrochloric acid. In these methods, HCl gas is evaporated from hydrochloric acid in a permeation tube or diffusion tube kept at a constant temperature. The standard gas is then continuously prepared by mixing the evaporated gas with a specific amount of carrier gas, such as air, nitrogen, or helium, at a constant rate, allowing for HCl gas to be prepared in concentrations ranging from ppb to ppm. Since hydrochloric acid is a binary compound, HCl gas is obtained as a mixture with water vapor. Therefore, the use of an azeotropic hydrochloric acid solution (approximately 20% (w/w)) is preferable for the generation of HCl/water-vapor gas mixtures with constant compositions over time. However, a previous study by Norton et al. [25] reported that the concentration of HCl emitted from a permeation tube did not agree with the value provided by the manufacturer, even when using an azeotropic hydrochloric acid solution (approximately 20% (w/w)).



The present study aimed to develop a diffusion tube preparation method for standard HCl gas based on the azeotrope theory. The diffusion tube method simply employs the molecular diffusion process of a target gas in a tube and subsequent dilution with a carrier gas; the concentration of the prepared gas tends to become constant within a relatively short time, only a few hours after initiation. This is a much faster rate than that of the permeation tube method. In the work reported herein, gaseous HCl was prepared using azeotropic hydrochloric acid and other concentrations of hydrochloric acid at several temperatures, including the azeotropic point. Time courses monitoring the concentration and composition of the prepared HCl gas were also conducted. The influence of the flow rate of the carrier gas on the HCl concentration was also investigated. The developed method employing an azeotropic system based on the diffusion theory was found to provide the constant, controllable generation of HCl gas.




2. Materials and Methods


2.1. Reagents


All reagents used in this experiment were of analytical grade. Aqueous reagent solutions were prepared using deionized water.



Azeotropic hydrochloric acid (Super Special Grade, Fujifilm Wako Pure Chemical Corp., Osaka, Japan) with a concentration of 20.6% (certified by the manufacturer) and non-azeotropic hydrochloric acid (Super Special Grade, Fujifilm Wako Pure Chemical Corp., Osaka, Japan) with a concentration of 35.9% (certified by the manufacturer) were used as the sources of gaseous HCl.



A sodium chloride solution suitable for volumetric analysis (0.05 M, Fujifilm Wako Pure Chemical Corp., Osaka, Japan) was used as a chloride ion standard for the determination of HCl. Working standard solutions of chloride ions were prepared by diluting the standard sodium chloride solution to the desired concentration with deionized water. Mercury(II) thiocyanate (Wako Special Grade), perchloric acid (guaranteed reagent), and methanol (guaranteed reagent) were purchased from Fujifilm Wako Pure Chemical Corp. (Osaka, Japan). Ammonium iron(III) sulfate 12-water (guaranteed reagent) was purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). A 0.50% (w/w) mercury(II) thiocyanate solution was prepared by dissolving mercury(II) thiocyanate in methanol, and 2.2% (w/w) ammonium iron(III) sulfate solution was prepared in 52% (w/w) aqueous perchloric acid. Both solutions were used for the determination of HCl.




2.2. Preparation of Diffusion Materials


The diffusion device comprised a conventional diffusion tube made of Pyrex® glass (D-02, Gastec Corp., Kanagawa, Japan) that contained a reservoir (0.6 mL volume, 7.6 mm inner diameter, and 13 mm length) for pooling the source reagent; the gas diffusion pathway had an inner diameter of 2.6 mm and a length of 50 mm. Three gaseous HCl sources were prepared from different concentrations of hydrochloric acid and are as follows: (a) a 20.6% (w/w) azeotropic solution, (b) a 14.8% (w/w) solution prepared by diluting the azeotropic solution with deionized water, and (c) a 26.3% (w/w) solution prepared by diluting 35.9% (w/w) hydrochloric acid with deionized water. Three diffusion tubes were used, to which approximately 0.45 g of solution (a), solution (b), or solution (c) was added; the upper surfaces of each solution were 3 mm from the top of the reservoir of their respective tubes. Figure 1 shows an outlined diagram of the diffusion tubes.




2.3. System for HCl Gas Generation


A schematic of the apparatus used for the continuous generation of HCl gas is shown in Figure 2. The generator system was composed of a glass chamber, thermostat, diffusion tube, flow meter, flow-regulated needle valve, pressure gauge for the carrier gas, and a two-way branch chamber. A diffusion tube containing a hydrochloric acid solution (a–c) was placed at the bottom of the chamber. The diffusion chamber and the two-way branch chamber were placed in the thermostat (±0.1 °C, PU-1K PH, ESPEC Corp., Osaka, Japan) and kept at a constant temperature of 70.0, 90.0, or 108.5 °C. Nitrogen gas from a cold evaporator (Air Liquide Japan Ltd., Tokyo, Japan) was used as the carrier gas for the dilution of the generated gas and was continuously introduced into the diffusion chamber from the bottom, flowing upward, after it was heated with the thermostat. The flow rate of the nitrogen gas was controlled at a constant rate using a flow meter with a precision needle valve (RK1500, KOFLOC Corp., Kyoto, Japan) that exhibited a precision of ±2% relative to the full-scale valve.




2.4. Measurements of Gaseous HCl Produced from the Generation System


The HCl concentration obtained from the azeotropic solution (solution (a)) that was heated at 108.5 °C (nearly the azeotropic point) was determined with mercury(II) thiocyanate spectrophotometry [27]. The nitrogen gas flow rate was maintained at 500 mL min−1. A 30 mL gas impinger (G-1, Sibata Scientific Technology Ltd., Tokyo, Japan), which housed 20 mL of deionized water as an absorbing solution, was used for the collection of HCl. The gas impinger was placed outside the thermostat and was kept at an ambient temperature of approximately 20 °C. The effluent gas from the branch chamber was directly introduced to the gas impinger as one side of the outlet of the branch was closed, and the target gas was collected by bubbling for 2 min. After collection, 2 mL of the ammonium iron(III) sulfate solution, 1 mL of the mercury(II) thiocyanate solution, and 10 mL of methanol were added to 10 mL of the absorbent. The mixture was left for 5 min at room temperature and then its absorbance was measured at 460 nm with a UV spectrophotometer (UVmini-1240, SHIMADZU Corp., Kyoto, Japan). The background concentrations of HCl were determined by collecting the carrier gas.



The gaseous HCl concentration was also determined using the detector tube method; this was carried out to cross-check the values obtained via mercury(II) thiocyanate spectrophotometry measurements. The gas inlet of a detector tube for hydrogen chloride (14 M, Gastec Corp., Kanagawa, Japan) was placed outside of the thermostat and connected to the gas flow path from one side of the outlet of the branch chamber; the other outlet of the chamber was open and a fixed amount of the gas was aspirated to the detector tube by a sampling pump (GV-100, Gastec Corp., Kanagawa, Japan).



The detector tube method (14 M or 14 L, Gastec Corp., Kanagawa, Japan) was also used to determine the HCl gas concentrations obtained from the experiments that employed the other conditions (i.e., those that used the diffusion tubes containing the other hydrochloric acid solutions ((b) and (c)) and temperatures of 70.0, 90.0, or 108.5 °C, and the azeotropic solution (a) and temperatures of 70.0 or 90.0 °C).




2.5. Measuring the Changes in the Masses of the Diffusion Materials


To estimate the content of HCl gas in the entire gas mixture diffused from the tube, the mass changes in the diffusion tube during the generation, which corresponds to the sum of masses of HCl and water diffused from the tube during the period, were measured. The mass of the tube was weighed before and after gas generation using an electronic balance (XS205, Mettler Toledo International Inc., Greifensee, Switzerland), and the difference between them was obtained. After gas generation, the diffusion tube was removed from the diffusion chamber and left in the balance room for 30 min to determine its weight.





3. Results and Discussion


3.1. Stability of Gaseous HCl


HCl gas was generated for approximately 5 h using a generation system with azeotropic hydrochloric acid at 108.5 °C (nearly the azeotropic point), and its concentration was measured every hour with both mercury(II) thiocyanate spectrophotometry and the detector tube method. The background concentration of HCl in the carrier gas was less than 0.10 ppm. Figure 3 shows the time courses that were conducted with both analyses to monitor the concentration of gaseous HCl that was obtained when using azeotropic hydrochloric acid (solution (a)) at 108.5 °C. The mean HCl concentration determined from five measurements taken during the course of gas generation was determined by spectrophotometry to be 103.6 ppm (v/v; converted to the value at 20 °C) (2.35% of relative standard deviation (RSD)) and by the detector tube method to be 106.7 ppm (v/v at 20 °C) (2.49% RSD). The variation in the HCl concentrations determined by both analyses was less than 3%. The five spectrophotometry measurements obtained during gas generation agreed with each other within the expanded uncertainty that was below 3.58% (coverage factor of k = 2). These results indicate that HCl gas could be constantly generated for more than 4 h after the equilibrium of diffusion was achieved, which occurred within 1 h of the tube being introduced into the apparatus. The known HCl gas concentration could be provided when using the azeotrope solution (solution (a)) at 108.5 °C. The values determined by spectrophotometry and the detector tube method only differed by 2.99%, demonstrating that either method could be used to properly conduct the measurements.



Figure 4 shows the time courses where the HCl concentration was measured with the detector tube method under all conditions of varying temperature and hydrochloric acid concentration, as described in the experimental section. The variations (RSD) in the five measurement points for 14.8% hydrochloric acid were 12.5%, 13.0%, and 34.6% at 70.0, 90.0, and 108.5 °C, respectively, and those for 26.3% hydrochloric acid were 3.2%, 14.8%, and 48.3% at 70.0, 90.0, and 108.5 °C, respectively. The variations (RSD) in the measurements for the azeotropic solution were 20.6% and 9.7% at 70.0 °C and 90.0 °C, respectively. Unstable HCl gas generation was observed at all temperatures when using non-azeotropic hydrochloric acid; it was also observed for the azeotropic solution at temperatures other than the azeotropic point. In these cases, the time courses for monitoring HCl concentration were not uniform. Therefore, constant HCl gas generation could not be performed under all conditions except when employing the azeotrope at a temperature near the azeotropic point.




3.2. Evaluation of the Azeotrope System for HCl Gas Generation


To evaluate the diffusion with the azeotrope system for HCl, the content of gaseous HCl in the entire HCl/water-vapor gas mixture that was diffused from the tube was estimated by comparing the amount of HCl diffused from the tube to the total amount of gases diffused from the tube. First, the rate of mass loss (Drm, µg min−1) of the diffusion tube was determined by weighing the tube before and after gas generation using Equation (1) [17,28].


  D  r m  =    M 2  −  M 1   t   



(1)




where t is the period before and after generation (min) and M1 and M2 are the masses of the diffusion tube (µg) before and after gas generation.



Next, the rate of HCl diffusion (DrHCl, µg min−1), which is the mass of diffused HCl per unit of time, was calculated using the measured concentration of gaseous HCl and the carrier gas flow rate (Equation (2)).


  D  r  HCl   =   C × F × M   24.04 ×   10  3     



(2)




where C is the concentration of gaseous HCl determined by the detector tube method (ppm), F is the flow rate of the carrier gas (mL min−1), and M is molar mass of HCl (g mol−1).



Finally, the ratio of DrHCl to Drm was determined. Table 1 shows the rate of mass loss for the tubes, the rate of HCl diffusion at the first measurement point (1 h after gas generation began), and the percentage of the HCl diffusion rate in the mass loss rate of the tube. The value of DrHCl was 0.48 to 261.57 µg min−1. Aoyagi et al. [28] reported that the diffusion rate of formaldehyde and methanol was observed in the range of 0.2 to 8 µg min−1, that is equivalent level to that of HCl in the present study, showing that these values of DrHCl are appropriate.



The percentage of gaseous HCl in the total amount of gas diffused from the tube was significantly different for each hydrochloric acid solution under all experimental conditions, except when employing the azeotrope at 108.5 °C. In this case, the HCl diffusion based on the azeotropic hydrochloric acid system was not performed.



Meanwhile, the azeotrope at 108.5 °C produced HCl gas with a percentage of 22.5% in the entire gas mixture of HCl and water diffused from the diffusion tube, which is almost equivalent to the HCl content of the azeotrope solution (20.6%). In fact, the concentration of gaseous HCl generated under this condition remained constant. This implies that considerable HCl diffusion from the azeotrope occurred at 108.5 °C. The estimated HCl percentage obtained using the azeotrope at 108.5 °C was slightly higher than the HCl content of the azeotrope solution. This is probably due to the underestimation of the total amount of gases (HCl and water) diffused from the tube. The value of t in Equation (1) includes both the time it took for the target temperature of 108.5 °C to be reached after placing the tube in the chamber and the time it took to cool the tube back to ambient temperature once it was removed from the chamber; the mass loss during these periods was lower than that during the diffusion at 108.5 °C. As a result, the calculated mass loss rate would be lower than the actual mass loss rate, which would result in the percentage of gaseous HCl being overestimated.



In contrast with our results above, Norton et al. [25] employed an azeotrope of HCl under a condition except the azeotopic point. This is probably the main cause of undesired generation. Conclusively, the diffusion of the azeotrope at the azeotropic point is strongly required for the precise preparation of HCl.




3.3. Preparation of Gaseous HCl with Different Carrier Gas Flow Rates


All of the present examinations of HCl generation mentioned above were conducted at the carrier gas flow rate of 500 mL min−1. To evaluate whether the gas concentration correlates with changes in the carrier gas flow rate, the measurement of HCl was conducted using the detector tube method under varying carrier gas flow rates (from 200 to 2200 mL min−1). The relationship is expressed in Equation (3), which is derived from Equation (2) assuming the diffused HCl was correlatively diluted by the carrier gas. In this case, the relationship between the concentration of gaseous HCl and the reciprocal of the carrier gas flow rate gave a straight line without an intercept when plotted.


  C =   D  r  HCl   × 24.04 ×   10  3   M  ×  1 F   



(3)







These relationships are shown in Figure 5. The concentration of gaseous HCl and the reciprocal of the carrier gas flow rate were found to follow a distinctly straight line with an intercept of zero. This allows for the term on the right side of Equation (3), except the “1/F” term, to be regarded as a constant, which demonstrates that the rate of HCl diffusion is not dependent on the carrier gas flow rate. This result indicates that the HCl concentration could be controlled by adjusting the carrier gas flow rate, allowing for the constant generation of a desired concentration of HCl gas.





4. Conclusions


A simple gas preparation method for HCl was developed using a diffusion tube containing hydrochloric acid and nitrogen as the carrier gas. The constant generation of HCl gas was observed for several hours when using an azeotropic hydrochloric acid at a temperature (108.5 °C) that was very close to the azeotropic point. Meanwhile, the HCl concentration was not stable when other combinations of temperature and solution concentration were used. In the case of constant gas generation, the percentage of gaseous HCl present in the entire HCl/water-vapor gas mixture was close to that present in the azeotropic solution. These results indicate that constant HCl gas generation can be successfully performed using an azeotrope system. Due to the independence of the HCl gas diffusion rate from the carrier gas flow rate, the concentration of the generated HCl gas could be controlled by adjusting the carrier gas flow rate; therefore, this technique can easily provide known concentrations of HCl gas.
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Figure 1. Schematic diagram of the diffusion tube. 
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Figure 2. Schematic diagram of a series of apparatuses for hydrogen chloride (HCl) gas generation. 
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Figure 3. The time courses conducted by mercury(II) thiocyanate spectrophotometry and the detector tube method to monitor the concentration of gaseous HCl generated when using an azeotropic hydrochloric acid at 108.5 °C. The error bars show the expanded uncertainty (k = 2) for the spectrophotometry method and the standard deviation of three samples for the detector tube method. 
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Figure 4. The time courses measured by the detector tube method to monitor the concentrations of gaseous HCl diffused from the diffusion tube containing 26.3%, 20.6%, or 14.8% hydrochloric acid: (a) 70.0 °C; (b) 90.0 °C; (c) 108.5 °C. The error bars show the standard deviation of three samples. 
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Figure 5. Relationship between the concentration of HCl gas measured with the detector tube method and the reciprocal of the carrier gas flow rate using an azeotropic hydrochloric acid at 108.5 °C. The error bars show the standard deviation of three samples. 
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Table 1. The rate of mass loss for the diffusion tube, the diffusion rate of HCl gas at the first measurement point during the generation, and the comparison of the HCl diffusion rate and the mass loss rate at the carrier gas flow rate of 500 mL min−1.
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Temperature

	
Concentration for Hydrochloric Acid

	
Drm

	
DrHCl

	
DrHCl/Drm






	
(°C)

	
(%)

	
(µgmin−1)

	
(µgmin−1)

	
(%)




	
70.0

	
14.8

	
36.12 ± 0.96

	
0.48 ± 0.00

	
1.3




	
20.6

	
35.03 ± 0.96

	
1.61 ± 0.05

	
4.6




	
26.3

	
43.09 ± 0.96

	
12.81 ± 0.23

	
29.7




	
90.0

	
14.8

	
89.13 ± 0.86

	
3.17 ± 0.00

	
3.6




	
20.6

	
79.68 ± 0.86

	
8.72 ± 0.00

	
10.9




	
26.3

	
101.05 ± 0.86

	
56.78 ± 2.29

	
56.2




	
108.5

	
14.8

	
327.19 ± 0.80

	
15.85 ± 0.00

	
4.8




	
20.6

	
365.85 ± 0.80

	
82.40 ± 2.74

	
22.5




	
26.3

	
386.62 ± 0.80

	
261.57 ± 3.65

	
67.7








The numbers following the symbol ± denote the expanded uncertainty with a coverage factor of k = 2 for Drm, and the standard deviation of the three samples for DrHCl.
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