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Abstract

:

A portable OH radical scavenging demand analyzer that can be installed and operated on site was developed to measure water quality indicators that influence the generation of OH radicals from UV/hydrogen peroxide reactions to determine the UV dose and the hydrogen peroxide injection concentration. Rhodamine B (RhB) was used as an indicator for the continuous measurement of the OH radical scavenging demand of four samples with different water quality parameters using the rapid, easy, and real-time UV-Vis spectrophotometer method. The results demonstrated that the estimated rate constant for the RhB color decay rate resulting from direct UV photolysis was low enough to verify its suitability as a probe compound. The mean values of the OH radical scavenging demand for target water samples at different organic concentrations were 20,659 s−1 for plant N, 42,346 s−1 for plant C, 32,232 s−1 for plant Y, and 81,669 s−1 for plant B. Variations in the monitoring results for the target water treatment plants suggest that on-site OH radical scavenging demands should be considered to determine the UV dose and the hydrogen peroxide injection concentration for the UV advanced oxidation process.
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1. Introduction


The advanced oxidation process (AOP) is a promising and attractive water treatment technique that reduces organic chemicals to trace levels [1,2]. The AOP generates OH radicals, the transient species which play a key role in aqueous photochemistry [3].



OH radical, which has strong oxidizing potential and non-selectivity, is a major oxidation species in the AOP [4,5]. However, the non-selective property of OH radical could result in a significant radical water matrix demand, which negatively impacts the efficiency of AOPs. OH radicals must be analyzed quantitatively to predict the removal rate of the target compound in the AOP process.



The primary species known for OH radical scavenging in water are dissolved organic matter (DOM) and carbonate, bicarbonate, nitrite, bromide ions, and halide species [6,7,8]. A higher concentration of scavengers has a negative impact on the oxidation potential and decreases the exposure of OH radical that can react with the target organic contaminants. To model and predict the removal rate of target substances in the AOP process, OH radical must be quantitatively analyzed and the effective OH radical scavenging demand calculated because OH radical scavenging demand varies with the water source [9,10].



Rosenfeldt and Linden [11] reported a measuring method for the OH radical scavenging demand using the ROH,UV concept. ROH,UV is defined as the OH radical exposure per UV dose.



Para-chlorobenzoic acid (pCBA) is widely used as a probe for measuring OH radical scavenging factors in AOP because of its high reactivity with OH radical and low reactivity with direct pyrolysis [11,12]. However, this method is difficult to continuously analyze because it uses high-pressure liquid chromatography (HPLC) to estimate the pCBA concentration. Other methods that use fluorescein or methylene blue as a probe have also been reported [10,13,14,15].



Kwon et al. [16] have proposed a spectrophotometric method based on the ROH,UV concept that uses Rhodamine B (RhB) to measure the OH radical scavenging demand. This method has the advantage of involving relatively simpler and faster measurements than the ROH,UV-pCBA method. The ROH,UV-RhB method procures the OH radical scavenging demand by determining the second order rate constant for the OH radical reaction and quantitatively measuring OH radical using RhB as a probe. A method to measure OH radical scavenging demand using the ROH,UV-RhB method has been proposed in previous studies [17,18].



The RhB evaluation method has been used to verify the accuracy and effectiveness of fast spectrophotometry in predicting the removal efficiency of a target compound using the UV/H2O2 process [19]. The decay rate of the probe compound is used to determine the OH radical scavenging demand using various calculation methods and is expressed as follows [10]:


   ∑   k  s , OH     [ S ]  i  =  k   H 2   O 2  ,  OH    ×  m b  −  k  RhB , OH    [  RhB  ]   



(1)




where      Σ k    S , OH     [ S ]  i    is the OH radical scavenging demand (s−1); kH2O2,OH is the second order rate constant of OH radical and H2O2 (2.7 × 107 M−1s−1); kRhB,OH is the second order rate constant (2.5 × 1010 M−1s−1) ) of OH radical and RhB; [RhB] is the initial concentration (mol/L); m is the slope of the graph between 1/H2O2 (x-axis) and 1/ROH,UV (y-axis); and b is the y-intercept of the graph.



This method measures the decay rate of RhB, using a bench-scale low-pressure collimated beam UV device (LP-UV CBD), when the OH radical in water is exposed to it. The ROH,UV-RhB spectrometric method used in previous studies is inconvenient because the RhB decay rate must be measured by collecting samples over time using a UV-Vis spectrophotometer in the laboratory. Another disadvantage is that a large sample volume of over 250 mL is required because samples used to measure the RhB decay rate must be discarded after measurement.



To address these issues, this study developed a real-time spectrophotometric portable OH radical scavenging demand analyzer that can detect the decay rate of RhB on field. The variability in the OH radical demand was compared with the results obtained from a long-term monitoring of the OH radical demand of different sand-filtered waters using newly designed equipment.




2. Materials and Methods


2.1. Portable OH Radical Scavenging Demand Analyzer


This study was carried out to develop a portable OH radical scavenging demand analyzer that detects the RhB decay rate as shown in Figure 1. In this equipment, the detector part of a typical collimated bead device equipped with low pressure ultraviolet (LP-UV CBD) used in a previous study was improved and a post-processing part was added to continuously measure the RhB decay rate and analyze the acquired data [16]. The size of this equipment was 50 × 40 × 56 cm (L × W × H). The quartz reaction module was manufactured at a size of 7.5 × 6 × 5.5 cm (L × W × H). A magnetic stirrer was attached to the bottom of the reaction module for mixing during the reaction. Two mercury lamps (TUV 4W/G4T5, Philips, Eindhoven, the Netherlands) were used as UV ray sources. The distance from the UV lamp to the light (path length, L), which influences accuracy, was 14 cm. The UV dose (mW/cm2) was measured with a UV254 detector (UVX radiometer, UVP Co., Upland, CA, USA), and was found to be 0.5 mW/cm2. Two fans and temperature sensors were installed to maintain the temperature at 25 °C. A sliding door was installed in the quartz cell reactor to facilitate the injection of samples and reagents.



A VIS-NIR Tungsten halogen light (360–2000 nm, Ocean Optics, Largo, FL, USA) was used as a light source for the detector in a small UV/Vis spectrophotometer (200–850 nm, Flame, Ocean Optics, Largo, FL, USA). The changing RhB concentration was measured by connecting the detector with a fiber (Single patch cord, Ocean Optics, Largo, FL, USA) and the fiber with a sensor. The data measured were analyzed using the OceanView spectroscopy software with a graphical user interface (Ocean Optics, Largo, FL, USA).



Photoreactions were induced by irradiating UV rays from the quartz reaction module. Outside the reaction module, the absorbance between reactions was measured continuously by a sensor unit connected to the Ocean Optics visible light source and a detector. RhB was injected into the sample with an initial concentration of 1 μM, and H2O2 was added at five different concentrations to collect data. The RhB absorbance was then measured and saved once every minute at the wavelength of 554 nm. The RhB absorbance measured at 554 nm was converted to concentration by the RhB calibration curve and was used to calculate the RhB decay rate.




2.2. Chemicals and Analysis Methods


Every solution used in the experiment was prepared with 18 MΩ distilled water. RhB (95%, Sigma-Aldrich, St. Louis, MO, USA) and hydrogen peroxide (30wt % solution, Merck, Darmstadt, Germany) were also used. The hydrogen peroxide concentration was measured using test kits (Merck, Darmstadt, Germany). The dissolved organic carbon (DOC) of the target sample was measured using a total organic carbon (TOC) analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan) and UV254 was measured with a UV/Vis spectrophotometer (DR 5000, HACH, Loveland, CO, USA). Alkalinity was titrated using Standard Method 2320B. Total dissolved solids (TDS) was measured using a conductivity meter (ORION 3 STAR, Thermo, Waltham, MA, USA).




2.3. Test Water


This study used filtered water from four different types of water treatment plants (N, C, Y, and B) in South Korea; the water quality parameters are listed in Table 1. The water quality parameters of the sand filtrate used at the four water treatment plants were different, with TOC and UV254 values showing the largest deviations. The TOC and UV254 of the filtrate at plants C and Y were both 1.5 times higher than those of plant N. The TOC and UV254 of the filtrate at plant B were 3.8 and 8.0 times higher than those of the filtrate at plant N and 2.5 and 5.3 higher than those of plants C and Y, respectively. Furthermore, the filtrate at plant C had the highest alkalinity and TDS values, which indicate the presence of inorganic species such as carbonates, bicarbonates, nitrites, and bromide ions that influence the •OH scavenging demand [20].




2.4. Test Method


RhB standard solutions were prepared at concentrations of 0, 0.0625, 0.125, 0.25, 0.5, and 1 μM and kept in a quartz cell reactor. Calibration curves were created at 554 nm using an RT RhB detector. RhB was injected at 1 μM, and H2O2 was injected at 0, 0.29, 0.44, 0.88, 1.03, and 2.06 mM into each sample from the four water treatment plants. The changes in RhB absorbance were monitored. The absorbance value at 554 nm of the real-time RhB detector was scanned 10 times, and the mean value was stored once every minute.





3. Results


3.1. Analysis of RhB Standard Solutions


In the quartz cell reactor, RhB standard solutions were injected at concentrations of 0, 0.0625, 0.125, 0.25. 0.5, and 1 μM. Figure 2 shows the calibration curves for these different concentrations. The standard deviation and the detection limit calculated from 5 replicate tests were 0.29 and 0.02, respectively.




3.2. UV Photolysis Experiments for Target Samples


When 100 mL of the sample was input to the quartz cell reactor of the developed portable OH radical scavenging demand analyzer, the depth was 3.5 cm. Figure 3 shows the color decay rates for four different water treatment plant filtration samples when the UV dose was changed from 0 to 300 mJ/cm2. RhB was injected at 1 uM, and H2O2 was changed from 0 to 2.06 mM. The first-order rate constants for the color decay rates of RhB in the direct UV photolysis condition, where H2O2 was not injected, were 0.000085 cm2/mJ (plant N), 0.000208 cm2/mJ (plant C), 0.000229 cm2/mJ (plant Y), and 0.000128 cm2/mJ (plant B) for first-order reactions. The estimated rate constant for the RhB color decay rate by direct UV photolysis was low enough to verify its suitability as a probe compound, which is consistent with the previous studies [16].



The results showed that the UV doses of the color decay rate of RhB in the four water treatment plant samples according to the H2O2 injection concentration were all different. In plants N, C, and Y, changes were observed in the RhB color decay rate until the UV dose of 300 mJ/cm2 for the H2O2 injections at 0.29, 0.44, and 0.88 mM. When H2O2 was injected at 1.03 mM and 2.06 mM, the variations in the RhB color decay rate until the UV dose of 300 mJ/cm2 were observed not to affect the slope of the curve.



In plant B, when H2O2 was injected at 0.29 mM, 0.44 mM, 0.88 mM, 1.03 mM, and 2.06 mM, the variations in the RhB color decay rate at the UV dose of 300 mJ/cm2 were observed not to affect the slope of the curve.



The data continuously measured by the portable OH radical scavenging demand analyzer are shown as a graph in Figure 4. The RhB decay rate increased with increasing H2O2 concentration because additional OH radicals were generated in the reaction by UV. RhB cannot be decomposed by UV alone. The reaction rate of OH radicals and RhB was 2.5 × 105 M−1s−1. The results suggest that RhB is a suitable probe compound for measuring the OH radical scavenging demand, which is consistent with previous studies [16]. In this study, the continuous measurement of RhB decay allowed the calculation of OH radical scavenging demand.




3.3. Monitoring of OH Radical Scavenging Demand


The result of calculating the OH radical scavenging demand for four samples using the portable OH radical scavenging demand analyzer using Equation (1) is shown in Figure 5 and Table 2. The m and b values for the X and Y axes obtained for each sample and the OH radical scavenging demand calculated using Equation (1) were 42,346 s−1, 20,659 s−1, 32.232 s−1, and 81,669 s−1 for plants C, N, Y, and B, respectively. These are the mean values of five measurements from different samples.



The results from the monitoring of OH radical scavenging demand for filtrates from plants N and C using the advanced low-pressure collimated beam for real-time RhB decay developed in this study are shown in Figure 6. The monitoring period for the OH radical scavenging demand was approximately one year.



The mean OH radical scavenging demand measured using the portable analyzer was 20,659 s−1 with a range of 16,765 s−1 to 32,397 s−1 for plant N; 42,346 s−1 with a range of 32,548 s−1 to 67,638 s−1 for plant C; and 32,232 s−1 with a range of 27,324 s−1 to 38,424 s−1 for plant Y. The measurement data showed that the OH radical scavenging demand fluctuated during the monitoring period. As shown in Figure 6a, the OH radical scavenging demand began to increase in early January to March in most cases, with the highest observed in March and April. The demand for plant C decreased gradually after that, increased again in November, and decreased again in December. No significant variations were seen for plants N and Y, although these tended to show a slight increase in November and decrease in December.



As shown in Figure 6b, the difference in OH radical scavenging demand values for plants N and Y was more than 1.55 times the average. Plant C showed higher values and significant variations in the OH radical scavenging demand. The average OH radical scavenging demand between C and N water plants showed a difference of more than 2.05 times. The difference in OH radical scavenging demand values for plants C and N was more than twice the average as well. This difference appeared to have resulted from the effects of water quality change including organic matter or algae concentrations in the influent raw water [21,22,23,24]. Therefore, plant C showed significant variations regardless of the season, and the measurement of the OH radical scavenging demand is necessary for optimal process operation.





4. Discussion


The types and concentrations of inorganic species such as DOM, carbonates, bicarbonates, nitrites, and bromide ions are critical water quality parameters that influence the design and operation of the UV/hydrogen peroxide process. DOM can be analyzed easily using a device for continuous DOC measurement or UV254 absorbance, but OH radical scavenging demand cannot be measured continuously on site. The methods to measure OH radical scavenging demand are divided into those that measure individual water quality parameters or use alternative indicators for the water samples that contain various components. Methods that measure various water quality parameters at individual sites are time-consuming. To address this issue, a method of measuring the OH radical scavenging demand by measuring the ROH,UV using pCBA has been proposed. This is an effective method with the advantage of using an analytical model with a smaller error than the method of measuring and analyzing individual water quality parameters. However, the method using pCBA as an indicator must be conducted in a laboratory given that an HPLC analysis system is needed. This study proposed an on-site continuous measurement method using a separate RT UV-Vis spectrometer with an RhB indicator and developed a portable OH radical scavenging demand analyzer. This analyzer can be carried to a site and used to measure OH radical scavenging demand easily and quickly. The results from monitoring water samples on-site using this analyzer suggest that the OH radical scavenging demand should be measured in the field and used to determine process operating parameters because there are wide deviations in the former depending on the season and site. The proposed portable OH radical scavenging demand analyzer can perform on-site measurements quickly and easily within an hour. The measured OH radical scavenging demand can be used as the input parameter for a process optimization reaction model to determine UV dose and hydrogen peroxide concentration required to achieve a target removal rate of the target compound.




5. Conclusions


This study proposed an on-site measurement method for measuring OH radical scavenging demand, an important parameter in the determination of the UV dose and hydrogen peroxide concentration for the UV/hydrogen peroxide process. As a result of applying the proposed method in the field, the following conclusions were obtained:




	
A portable system of continuously measuring the RhB indicator via a real-time UV-Vis spectrometer enabled the on-site evaluation of the OH radical scavenging demand.



	
The spectrometric method using the visible light region of the RhB indicator is simple and quick and does not require a separate HPLC, unlike the method using the pCBA indicator.



	
The mean OH radical scavenging demand for plants C, N, Y, and B were 42,346 s−1, 20,659 s−1, 32,232 s−1, and 81,669 s−1, respectively. The OH radical scavenging demand tended to increase with DOC.



	
Plant C showed the most significant variations in OH radical scavenging demand, probably because it was affected by other water quality indicators, such as algae influx that did not affect plants N and Y.
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Figure 1. Development of a portable OH radical scavenging demand analyzer: (a) schematic diagram; (b) advanced collimated beam system; (c) quartz reaction module. 
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Figure 2. Calibration curve for RhB standard solutions at concentrations of 0, 0.0625, 0.125, 0.25, 0.5, and 1 μM for the portable OH radical scavenging demand analyzer. 
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Figure 3. Color decay rate of RhB at different hydrogen peroxide concentrations by UV fluence ([RhB]0 = 1 μM) of samples from plants: (a) C; (b) N; (c) Y; (d) B water treatment. 
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Figure 4. RhB color decay by adding H2O2 using the portable OH radical scavenging demand analyzer. 
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Figure 5. The 1/ROH,UV values for four plants at different hydrogen peroxide concentrations (0, 0.29, 0.44, 0.88, 1.03, 2.06 mM) and ([RhB]0 = 1 μM). 
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Figure 6. Variation of OH radical scavenging demand of plants C, N, and Y: (a) monthly variation; (b) box plot. 
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Table 1. Water quality parameters of four water treatment plants in South Korea.
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Parameter

	
Water Treatment Plant




	
Plant C

	
Plant N

	
Plant Y

	
Plant B






	
pH

	
7.1 ± 0.2

	
7.2 ± 0.3

	
7.5 ± 0.3

	
6.9 ± 0.3




	
Turbidity (NTU)

	
0.34 ± 0.18

	
0.23 ± 0.18

	
0.12 ± 0.10

	
0.31 ± 0.25




	
UV254 (abs./cm)

	
0.038 ± 0.008

	
0.021 ± 0.005

	
0.032 ± 0.002

	
0.17 ± 0.050




	
DOC (mg/L)

	
2.80 ± 0.30

	
1.84 ± 0.60

	
2.76 ± 0.40

	
6.96 ± 0.80




	
TDS (mg/L)

	
150 ± 7

	
115 ± 3

	
135 ± 3

	
133 ± 3




	
Alkalinity (mg/L as CaCO3)

	
45 ± 7

	
43 ± 5

	
40 ± 2

	
30 ± 3
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Table 2. OH radical scavenging demand measured using the portable analyzer.






Table 2. OH radical scavenging demand measured using the portable analyzer.





	Plants
	Scavenging Demand (s−1)





	Plant C
	42,346 ± 12,422



	Plant N
	20,659 ± 4907



	Plant Y
	32,183 ± 7327



	Plant B
	81,669 ± 12,668
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