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Abstract

:

Chlorine dioxide is a safe, environmentally friendly disinfecting agent. In this study, aqueous chlorine dioxide (ACD) was used to improve the water quality of dental chairs. However, chlorine dioxide is readily released from ACD solutions under open atmosphere conditions. Described herein is a water purification and disinfection system using ACD. The system was designed, fabricated, and integrated into an existing dental chair water system. This system is referred to as an ACD dental chair. Because ClO2 readily degasses from ACD, there needs to be a way to maintain and measure the ACD solution in real time. In our studies, we found that pH and oxidation-reduction potential (ORP) change as a function of chlorine dioxide concentration and are easily controlled and measured. The dosing of the ACD was designed to begin at 800 mV and stop dosing at 810 mV in the ACD dental chair. Through use of this continuous monitoring and automatic dosing system, the water ORP was controlled between 800 and 860 mV. This range is the effective concentration of chlorine dioxide that is without chlorine-like odor and microorganism growth. The ACD dental chair controlled the total bacterial count to <5 CFU/mL and the chlorite concentration was less than 0.0004 mg/L, meeting legal standards of Taiwan, the USA, and China. In addition to the application of ACD in dental chairs, it may also be used in closed water systems for food, cosmetics, beverages, and other industries.
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1. Introduction


Infection prevention when treating oral diseases in dental patients is an important and difficult task. Infection during dental treatment can come from a variety of sources and materials, including equipment and treatment water used in clinical practice [1]. Hence, a clean environment and water source are basic requirements. Preventative measures include personnel protective measures, disinfection and sterilization of non-disposable instruments, and management and monitoring of water sources for the treatment chairs. Among all infection sources, the water sources used during dental treatments is easily ignored and difficult to manage [2]. The water supply pipeline to the dental chair is usually narrow and difficult to clean. When the clinic is closed, the water in the pipeline is stagnated because the dental chair is not in use. In this situation, bacteria have the opportunity to attach to the water piping walls and initiate cell growth. Bacteria are able to grow and form biofilms after a long period of time. As the biofilm grows to a certain size, bacteria are gradually released into the water, becoming a source of infection [3]. The aerosol and splatter generated with contaminated water by the dental chair hand pieces could also pose a risk for both dental personnel and patients [4]. The water source cannot easily be examined because the water pipeline is deeply buried in the dental chair. Unless the water produces a visible suspension or sediment, bacterial contamination is not easy to detect.



Reverse osmosis (RO) water is often used as a water source in Taiwan’s dental hospitals and clinics. RO water is usually sterile because the bacteria is removed through filtering. However, the RO water supply tank can become contaminated with bacteria. Due to stagnation in the pipeline when the clinic is closed, bacteria can grow in the supply water tank or water pipeline. Although regular cleaning, disinfection, and monitoring of water quality are currently performed manually in dental clinics, there are still many water management defects that can cause the water to be contaminated.



In order to achieve an effective aseptic environment and improve water management and quality, we chose ACD as the disinfectant. ACD was chosen in part due to its environmental friendliness. We developed an automatic detection and disinfection system using ACD for improving the quality of water from dental chairs (referred to as the ACD dental chair). The ACD is maintained at a specified concentration range of chlorine dioxide in the water supply piping system to prevent bacteria growth and maintain a sterile state.



Chlorine dioxide (ClO2) is an extremely active oxidizing gas with a boiling point of 11 °C and a melting point of −59 °C [5]. Gaseous ClO2 is not easily preserved at room temperature, and it is quickly decomposed into chlorine and oxygen in the air [6]. ClO2 is highly soluble in neutral or near neutral water. Under these conditions, ClO2 is relatively stable and retains its high oxidizing power [5]. ACD can efficiently remove bacteria, fungi, and viruses in the environment [7,8,9,10,11,12]. In contrast, higher concentrations of ClO2 are harmful to human cells (IC50 765 ± 18 ppm) [10]. Chronic exposure of ClO2 and its byproducts (chlorite and chlorate) present no clinically physiological effects [13,14,15]. ClO2 can remove biofilms from water pipes [16,17] and stainless steel [18].



When ACD is implemented as a disinfectant, the gaseous ClO2 oxidizes and inactivates bacteria, fungi, and viruses. The gaseous ClO2 molecules in water easily escape into the atmosphere, reducing the gaseous ClO2 concentration in the water. Hence, after treatment and a specified amount of time, the gaseous chlorine dioxide molecules reduce or disappear in water and decrease its cleaning power. In order to improve this shortcoming, gaseous ClO2 molecules must be maintained to a certain effective concentration in the water, so that the effect of gaseous ClO2 molecules can be sustained. We developed a system where ACD is used in conjunction with several devices to achieve a continuous effective ClO2 concentration. The ACD dental chair achieves the cleanliness of regulation standards and solves the problem of improper water management.



In this study, the ACD dental chair was designed, fabricated, and studied. The effective concentration of ClO2 can be maintained in the ACD dental chair system to clean the water and keep it in a sterile state. In addition to the application of ACD in dental systems, this new system may also be implemented in the water control of closed pipeline systems, such as food and cosmetic factories.




2. Materials and Methods


2.1. Materials


ClO2 aqueous solutions were obtained from Guangdong ZD Aquatic Environmental Technology Co., Ltd, Zhongshan 528411, China. The water purification and disinfectant system, composed of a control unit, sensing unit, dosing unit, and mixed disinfectant water supply unit were provided by Lian Medical Protection Equipment Co., Ltd., Kaohsiung 813328, Taiwan. DPD1 reagent solution M and DPD1 buffer solution were purchased from ProMinent Fluid Controls, Inc., Im Schuhmachergewann 5-11, Heidelberg 69123, German.




2.2. ClO2 Measurement


DPD1 is a mixture containing sulfuric acid (5–10%) and N,N-diethyl-14-phenylenediamine sulfate (2.5%). Two drops of DPD1 reagent solution M (ProMinent, Im Schuhmachergewann 5-11, Heidelberg 69123, German) are mixed with six drops of DPD1 buffer solution (ProMinent). Next, 10 mL of ACD of various concentrations was added, mixed, and measured using a DT1B Photometer (ProMinent).




2.3. Oxidation Reduction Potential (ORP) Measurement


Aqueous solutions of various ClO2 concentrations (0, 5, 10, 25, 50, 100, 200 ppm) were prepared by 2000 ppm ACD diluted with RO water. The ORP6041 detector (CLEAN Instruments Co., LTD., New Taipei 23570, Taiwan) was calibrated using standardized solutions. The various concentrations of ACD were then determined its ORP using data produced by the ORP6041 detector.




2.4. pH Measurement


Aqueous solutions of various ClO2 concentrations (0, 5, 10, 25, 50, 100, 200 ppm) were prepared by 2000 ppm ACD diluted with RO water. The pH30 detector (Chi Jui Instrument Enterprise CO., LTD., Taichung City 40254, Taiwan) was calibrated using standardized solutions. The pH values of various concentrations of ACD were determined using a pH30 detector.




2.5. Chlorine-like Odor Measurement


The characteristic pungent chlorine-like odor of ACD comes from ClO2. The testing subject took 10 mL of different pipeline water sources containing various concentrations of ClO2 into the mouth for 30 s. The subject then immediately indicated the chlorine-like odor on a scale from 0 to 3; 1—very weak chlorine-like odor, 2—slight chlorine-like odor, and 3—strong chlorine-like odor. Each test had 20 replicates.




2.6. Chlorite Measurement


The chlorite measurement method was detailed in a previous report [19]. One milliliter phosphate buffer (pH 7.0) was added into 200 mL water samples in a special bottle. The bottle was connected to a well-sealed pipeline and aerated with nitrogen for 15 min. One gram of potassium iodide was added while stirring and titrating with sodium thiosulfate to the end point. To this solution was added 2 mL of 2.5 N hydrochloric acid, which was then left to stand in the dark for 5 min, and sodium thiosulfate was titrated to the end point.


Chlorite concentration = D × N × 16,863








D: Number of mL of sodium thiosulfate titration; N: Equivalent concentration of sodium thiosulfate.




2.7. Total Bacteria Measurement


RO water samples (undiluted) were evenly smeared on a Petri dish (1 g glucose, 5 g tryptone, 2.5 g yeast extract, 15 g agar/1000 mL H2O) (Xinxin Chemical, Tainan 70169, Taiwan) and placed in a 35 ± 1 °C incubator for 48 h. Between 30 to 300 bacteria colonies were observed and counted. The detection limit is <5 CFU/mL.




2.8. ClO2 Aqueous Solution Application in Dental Clinics


The ACD was setup in 12 dental clinics where the water purification and disinfectant system was integrated into the dental chair. The water ORP was monitored and total bacteria of water were examined before and after installation.





3. Results and Discussion


3.1. Water Purification and Disinfectant System


The ACD dental chair includes an RO water filter appliance, control unit, sensing unit, dosing unit, and mixed disinfectant water supply unit (Figure 1). The ACD was stored in the dosing unit. The water ORP was measured by the ORP sensor of the ORP sensing unit and output the ORP value on the display. The dosing unit ORP was set at 800 mV to begin dosing and 810 mV to stop dosing. The ORP sensor can automatically measure the ORP value of the mixed disinfectant water supply unit and display it on the screen. When the ORP of the water quality drops to 800 mV, the ORP sensing unit informs the control unit, and the control unit gives instructions to require the dosing unit to administer the ACD to the water body of the mixing chamber. When the ORP sensor automatically detects that the ORP rises to 810 mV, it notifies the control unit, and the control unit gives instruction to the dosing unit to stop dosing the ACD.




3.2. ClO2 Concentration in ACD and pH


Aqueous solutions of various ClO2 concentrations (0, 5, 10, 25, 50, 100, 200 ppm) were tested using a pH meter. The relationship between the ClO2 concentration of the ACD and pH is shown in Figure 2. The higher the concentration of ClO2 in water, the lower the pH. The pH of RO water is approximately 6.0 at 25 °C. When ClO2 was added, the pH value dropped rapidly. The pH was 3.62 at 25 ppm and 2.65 at 200 ppm, showing high acidity. In general, microorganism growth was inhibited when the pH is less than 4.




3.3. ClO2 Concentration in ACD and ORP


Aqueous solutions of various ClO2 concentrations (0, 5, 10, 25, 50, 100, 200 ppm) were tested using an ORP meter. The relationship between the ClO2 concentration of the ACD and the ORP is shown in Figure 3. The higher the concentration of ClO2, the higher the ORP value. The ORP of RO pure water is approximately 250 ± 10 mV. When ClO2 was added, the ORP rose rapidly. Above 25 ppm, the ORP rose slowly. The ORP at 10 ppm ClO2 reached 820 mV or more. The ACD at 0.1–10 ppm and 20–50 ppm can destroy most bacteria and fungi, respectively [10].




3.4. Dosing Disinfectant between 800 and 900 mV ORP


3.4.1. ORP and Chlorine-like Odor of Water in an Open System


The 800 mV water (ORP at initiation) was prepared by adding 2.5 mL of 2000 ppm ClO2 to 1 L of RO water. The 800 mV ORP solution was then filled with 2000 ppm ACD and dosing was stopped at the indicated specific ORP, as shown in Table 1 (ORP at stop). After ACD dosing was stopped, the water ORP continued to rise and then stopped at specific values given in Table 1 (ORP at stabilization). Hence, the table demonstrates ORP at stop and ORP at stabilization. The chlorine-like odor of ORP at stabilization was examined. There was no odor found in the ACD when the ORP was below 860 mV. However, when the ORP value reached more than 860 mV, a chlorine-like odor emerged. The solution had a very weak chlorine-like odor when the ORP value was between 863 and 874 mV, a slight chlorine-like odor when the ORP was between 885 and 893 mV, and a strong chlorine-like odor when the ORP was between 898 and 901 mV.




3.4.2. ORP and Chlorine-like Odor of Water in a Closed-Tube System


The prototype closed-tube system included a control unit, ORP sensing unit, disinfectant dosing unit, and an 18 L mixed water supply unit. In order to maintain the 800 mV ORP of water in a closed-tube system, the 2000 ppm ACD under 1.2 L/min water supply was dosed into the water system when the water ORP was less than 800 mV. When the ORP sensor detected 801, 805, 810 mV, the dosing of the ACD was stopped and the water supply continued to circulate. The ORP was stable at 826, 838, 854 mV, respectively. Under these conditions, no chlorine-like odor was found (Table 2). Therefore, the control system was set to start dosing at 800 mV and stop dosing at 810 mV. When the ORP sensor sensed 810 mV, the dosing was stopped, and the water supply continued to circulate. The ORP stabilized at 854 mV. The chlorine-like odor began to appear as the ORP reached above 860 mV. Therefore, the setting to achieve a stable ORP is where it does not exceed 860 mV.




3.4.3. Automatic Monitoring of Water ORP by Dosing ACD in a Closed-Tube System


A chlorine-like odor was detected when the water ORP reached above 860 mV. Therefore, the control system was set to start dosing at 800 mV and stop dosing at 810 mV. When the ORP sensor detected 810 mV, the dosing was stopped and the water supply continued to circulate until the ORP stabilized at 854 mV. Figure 4 shows the actual experimental curve of water ORP monitored at 800 and 810 mV in the closed-tube system, confirming that the system can control the water ORP between 800–860 mV with appropriate settings.





3.5. Clinical Verification


3.5.1. Clinic On-Site Installation


The ACD dental chair set up in a dental clinic shown in Figure 5.




3.5.2. ORP Monitoring of Water System in Clinic


The control system was set to start dosing at 800 mV and stop dosing at 810 mV. The ORP was detected every 30 s/per time per record stored in the system storage device. In total, 13,080 records were collected and the ORP data were graphed as shown in Figure 6. The graph shows the actual experimental curve of water ORP monitored at 800 and 810 mV in the ACD dental chair for five consecutive days. This evidence supports the notion that the device can control the water quality between 800–860 mV at correctly predefined settings.



Manual ORP Detection of Water Quality at the Clinic System Outlet


The water effluent was collected for five consecutive days and manually measured using an ORP meter. The ORP value was controlled between 800–860 mV (Table 3).




Water Quality in the Dental Clinic


Water samples were collected to determine the total bacterial colony counts and chlorite concentration (Table 4). The total bacteria count was less than 5 CFU/mL. The chlorite concentration was less than 0.0004 mg/L. Chloroxyanions, such as ClO2−(aq) or ClO3−(aq), can be harmful to human health [20]. Drinking water regulations of Taiwan now require chlorite to be less than 0.7 ppm [21].






3.6. Application of the ACD Dental Chair


The ACD dental chair includes a dental treatment water purification and disinfectant system and clinic table (chair). The appropriate addition of the ACD can be used for disinfection of water, pipelines, and medical equipment. The ORP measures the oxidation disinfection rate caused by the addition of all the oxidants in the water. The ORP can be used as an indicator of bacterial inhibition. The higher the ORP, the stronger is the bactericidal power [22]. This study shows that 800–875 mV can be obtained by maintaining a ClO2 concentration of 5–10 ppm in the RO water system. Based on this information, the ORP was controlled between 800 and 860 mV. When the ORP was lower than 800 mV, the sensor detected it and informed the dosing device to adjust the ORP to 860 mV. Hence, the effective inhibitory concentration of ClO2 was maintained in the dental chair water.



The Centers for Disease Control and Prevention (CDC) of the United States and the American Dental Association (ADA) stipulate that the total number of bacterial colonies in drinking water should be below 500 [23] and 300 CFU/mL [24], respectively. The Sanitary Standard for Drinking Water (GB5749–2006) in China provides that the total bacterial colonies in drinking water does not exceed 500 CFU/mL [25]. Taiwan requires that the drinking water standard is below 100 CFU/mL [21]. In 2018 and 2019, 14 dental clinics installed water purification and disinfectant systems incorporating them into dental chairs, as shown in Figure 7. The ACD was added for dental chair water disinfection. The disinfection effects were examined before use (before installation) and after use (after installation). There were 11 dental clinics whose total colony count was higher than 500 CFU/mL before installation, so therefore did not meet the regulatory standards and needed to be improved. After installation, the total colony counts of the 14 clinics were all less than 5 CFU/mL, in line with regulatory standards (Table 5). Figure 8 shows that the section of the pipeline before use is filled with biofilm (Figure 8a), and the section of the pipeline after use has no biofilm (Figure 8b). The chlorine dioxide produced by acidifying the sodium chlorite solution is corrosive due to the existence of excess acid. Chlorine dioxide will not hydrolyze in water to form acidic compounds. Thus, the ACD, pure chlorine dioxide in water, is not corrosive. Pure chlorine dioxide in water will not corrode stainless steel [26]. In our experience, the application of 4–5 ppm ClO2 to the pipes made of carbon, iron, polyvinyl chloride (PVC), and copper did not cause corrosion. For pipes made of stainless and PE were used in the ACD dental chair, no corrosion was observed.




3.7. Future Study


The efficacy and safety of injecting ClO2 in water systems to prevent hospital-acquired Legionnaires disease has been extensively evaluated [27,28]. After the ClO2 system was installed, a significant decrease in Legionella organisms was observed. However, an extended period of ClO2 exposure was needed to achieve this reduction. The delayed reduction in the rate of Legionella positivity is more likely caused by the low residual concentration of ClO2 in the hot water. Therefore, in order to achieve eradicating bacteria in water and to keep the water sterile, the effective ClO2 concentration must be maintained in the water body. In the future, the water purification and disinfectant system using ACD described herein should be further studied in hospital water systems.





4. Conclusions


The gaseous ClO2 molecule is a highly active oxidizing molecule with excellent disinfection power. Compared with other disinfectants, ACD is highly safe to the human body and has a low impact on the environment. Therefore, ACD is an excellent disinfectant, but it has the disadvantage of not being easy to store, limiting its applicability. In order to expand the applicability of the ACD, we built an ACD device for use in real-life settings. Here, we studied the application of ACD to the dentist chair water supply system and investigated its related usage parameters.



When ACD is added to RO water, the ORP increases and the pH decreases. Above 25 ppm ClO2, the rate of increase in the ORP tends to slow down. Above 200 ppm ClO2, its pH value is 2.65, which is highly acidic. The pH of RO water is approximately 6.0 at 25 °C. The ACD was controlled between 810 and 860 mV, which corresponds to 5–10 ppm of ClO2. The pH of 5–10 ppm ClO2 is 5.86–4.91, which is also a factor inhibiting the microorganism growth.



The ORP fluctuation and chlorine-like odor of ACD was investigated. The ORP of ACD has no chlorine-like odor below 860 mV and the chlorine-like odor reappears at a ORP over 860 mV. Fourteen dental clinic chair systems were improved by incorporating the ACD dental chair. The ACD dental chair started dosing at 800 mV and stopped dosing at 810 mV. The water ORP is controlled between 800 and 860 mV by continuous monitoring and automatic dosing. The water solution was sampled and examined. Using our system on a dental chair water source, the total bacterial count of the water was less than 5 CFU/mL and the chlorite concentration was less than 0.0004 mg/L, which meet the regulatory standards. Our ACD dental chair can effectively prevent microorganism growth when the solution ORP was controlled between 800 and 860 mV. The ACD dental chair was successfully used in dental treatment water quality systems as a closed-tube system. In the future, this ACD dental chair may also find use in the disinfection of closed pipelines used in the food, cosmetics, beverage, and animal husbandry industries.
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Figure 1. ACD dental chair including control unit, ORP sensing unit, disinfectant dosing unit, and mixed disinfectant water supply unit. 
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Figure 2. The relationship between the ClO2 concentration of ACD and pH in water. 
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Figure 3. The relationship between the ClO2 concentration of ACD and ORP in water. 
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Figure 4. ORP change by starting and stopping ACD in closed-tube system. 
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Figure 5. Fully installed water purification and disinfectant system. 
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Figure 6. ORP change by starting and stopping ACD in water purification and disinfectant system for five consecutive days. 
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Figure 7. The locations of 14 dental clinics with installed ACD dental chairs in Taiwan. 






Figure 7. The locations of 14 dental clinics with installed ACD dental chairs in Taiwan.



[image: Water 13 03442 g007]







[image: Water 13 03442 g008 550] 





Figure 8. The ACD is added to RO water to clean the pipeline of the ACD dental chair. (a). The section of the pipeline before use is filled with biofilm. (b). The section of the pipeline after use has no biofilm. 
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Table 1. Chlorine-like odor at 801–896 mV ORP of dosing stop in open system.






Table 1. Chlorine-like odor at 801–896 mV ORP of dosing stop in open system.





	ORP at Stop

(mV)
	ORP at Stabilization

(mV)
	Chlorine-Like Odor





	801
	811
	0



	810
	818
	0



	820
	826
	0



	830
	837
	0



	840
	844
	0



	850
	853
	0



	860
	863
	1



	870
	874
	1



	880
	885
	2



	890
	893
	2



	895
	898
	3



	896
	901
	3







The initial values of the ORP were found to be 800 mV. The ORP was increased by slow addition of a 2000 ppm of ClO2 in water.
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Table 2. Chlorine-like odor at 801–810 mV ORP of dosing stop in closed-tube system.
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	ORP at Dosing Stop (mV)
	ORP at Stabilization

(mV)
	Chlorine-Like Odor





	801
	826
	0



	805
	838
	0



	810
	854
	0







Note 1:0- no chlorine-like odor.
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Table 3. Stabilization of water ORP in dental clinic.
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Sampling Time/Date

	
Day, ORP (mV)




	
1

6/3

	
2

6/4

	
3

6/5

	
4

6/6

	
5

6/7






	
10:00

	
816

	
832

	
807

	
--

	
839




	
11:00

	
801

	
820

	
850

	
--

	
827




	
12:00

	
840

	
806

	
839

	
--

	
815




	
15:00

	
834

	
847

	
831

	
828

	
807




	
16:00

	
819

	
833

	
809

	
812

	
842




	
17:00

	
802

	
819

	
846

	
850

	
826




	
18:00

	
845

	
803

	
833

	
840

	
809




	
19:00

	
836

	
849

	
825

	
823

	
803




	
20:00

	
815

	
840

	
804

	
815

	
846




	
21:00

	
848

	
825

	
844

	
849

	
830








Note: --: clinic closed; 6/3–6/7, 2019, opening hours (morning-09:30–12:00; afternoon-14:30–18:00; evening-18:30–21:30; 6/6 (Thursday) closed in the morning, not sampled).
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Table 4. Water quality in the dental clinic.
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	Sample
	Sampling Time
	Total Bacterial Colony

(CFU/mL)
	Chlorite

(mg/L)





	1
	5 June 2019 08:50
	<5
	<0.0004



	2
	5 June 2019 11:50
	<5
	<0.0004



	3
	5 June 2019 15:00
	<5
	<0.0004



	4
	10 June 2019 08:50
	<5
	<0.0004







1. Before opening, 2. Noon before closing, 3. Open in the afternoon, 4. Before opening after a holiday (every two days).
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Table 5. Comparison of total colony counts before and after water quality improvement in dental clinics.
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Clinic Number

	
Before System Improvement

	
After System Improvement




	
Sampling Time

	
Total Number of Colonies

(CFU/mL)

	
Sampling Time

	
Total Number of Colonies

(CFU/mL)






	
1

	
25 May 2018

	
1400

	
25 July 2018

	
<5




	
2

	
01 June 2018

	
1300

	
20 June 2018

	
<5




	
3

	
01 Aug. 2018

	
640

	
08 Aug. 2018

	
<5




	
4

	
07 Aug. 2018

	
1300

	
27 Aug. 2018

	
<5




	
5

	
10 Sep. 2018

	
510

	
06 Oct. 2018

	
<5




	
6

	
25 Jan. 2019

	
200

	
12 Apr. 2019

	
<5




	
7.1

	
22 July 2019

	
380

	
26 Aug. 2019

	
<5




	
7.2

	
22 July 2019

	
690

	
21 Aug. 2019

	
<5




	
8

	
22 July 2019

	
430

	
21 Aug. 2019

	
<5




	
9

	
22 July 2019

	
980

	
21 Aug. 2019

	
<5




	
10

	
29 July 2019

	
890

	
05 Aug. 2019

	
<5




	
11

	
26 Aug. 2019

	
1300

	
02 Sep. 2019

	
<5




	
12

	
26 Aug. 2019

	
1500

	
02 Sep. 2019

	
<5




	
13

	
26 Aug. 2019

	
1400

	
02 Sep. 2019

	
<5
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