Analytical quantification of aqueous permanganate: direct and indirect spectrophotometric determination for water treatment processes
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ABSTRACT
Three spectrophotometric methods have been developed and compared for the quantification of low concentrations (0.03-63 µM) of aqueous permanganate in neutral pH conditions. Although permanganate is a widely used oxidant in drinking water and wastewater treatment, no widely accepted method of quantification has been reported to date. While one method presented does not require the need for any reagent chemicals (direct spectrophotometric analysis), it yielded a relatively low molar absorption coefficient of 3340 M-1 cm-1 at 525 nm and a level of detection (LOD) and quantification (LOQ) of 0.45 and 1.51 µM, respectively. Some instability of permanganate species during direct quantification was found to occur over 60 minutes, with a total decrease of 0.002 (arbitrary units) of absorbance, equivalent to a decrease in concentration of 0.6 µM. Beyond 60 minutes, no further degradation was observed. Indirect spectrophotometric analyses using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and sodium iodide (NaI) provided a significantly more sensitive method for permanganate quantification, yielding molar absorption coefficients of  140,030 and 61,130  M-1 cm-1, respectively. The LOD and LOQ were determined to be 0.01 and 0.03 µM for the ABTS method and 0.02 and 0.08 µM for the NaI method, respectively. Although conservative and accurate limits of quantification for both the ABTS and NaI methods are presented, which should be sufficient of most practical applications, lower limits may be possible with further refinement of the methods.
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1. Introduction 
Permanganate (Mn7+/Mn(VII)/MnO4-) is a chemical oxidant that is widely used in drinking water and wastewater treatment, where it is applied typically as a solution of potassium permanganate (KMnO4). It is used commonly for the control of reduced manganese (II) (Yu et al., 2015) and iron (II) (Cleasby, 1975), by their conversion to insoluble metal-ion species for precipitation and separation, and for the treatment of odour compounds (Omoike and Harmon, 2019), phenol-type contaminants (Jiang et al., 2014), pesticide and antibiotic organic micropollutants (Hu et al., 2011, 2010; Liu et al., 2009) and algal toxins (Rodríguez et al., 2007). Permanganate has been described as a “green oxidant”, due to its largely benign reduction product of insoluble manganese dioxide (Singh and Lee, 2001).
Potassium permanganate, characteristically purple in colour at high aqueous concentrations, has also been used as an indirect method for the quantification of pharmaceutical substances such as oxfendazole (Rajendraprasad and Basavaiah, 2016) and norfloxacin (Rahman et al., 2004), as well as other organic compounds like nicotine (Al-Tamrah, 1999). In this application, permanganate oxidises the respective chemical species in a highly alkaline solution and reduces to form a green coloured manganate (Mn6+), which is then quantified by spectrophotometry at its peak absorbance of 610 nm. The amount of manganate formed is used as an indirect quantification of the chemical species in question. It is noted that these processes involve high-to-very high concentrations of permanganate (0.006-0.125 M) in high pH conditions.
Although permanganate has been used extensively in water and wastewater treatment processes, no widely accepted or cited method for its analytical quantification exists. While the quantification of manganate, the reduction product of permanganate in high pH conditions, has been used as an indirect quantification method for pharmaceutical and other micro-organic species, only a single method has been recently reported for aqueous permanganate quantification, which involves the use of graphene nanoplatelets (GNP) silver core-shell nanoparticles with dark-field optical microscopy (Ye et al., 2018). While this method provides a sensitive method of permanganate detection with a reported level of detection (LOD) of 0.05 µM (no reported level of quantification), it is highly labour-intensive and complicated, requiring the fabrication of GNP@Ag nanoparticles, and the vortexing and incubation of samples prior to optical microscopic analysis. In view of these limitations, this paper summarizes an evaluation of three alternative spectrophotometric methods for the quantification of low levels of permanganate (< 10 mM) in neutral pH conditions, which should be more practical for water treatment research and monitoring, by reducing the requirements for chemicals and special analytical equipment. 
Since permanganate is often used as a pre-oxidant early in a treatment process for the control of reduced manganese (II) and iron (II) (Cleasby, 1975; Yu et al., 2015), the highlighted quantification methods could provide water operators with a highly sensitive and efficient process for the detection and quantification of residual permanganate, prior to final disinfection steps (e.g. chlorination, chloramination, etc.). This in turn could help provide feedback to operators for permanganate dosage requirements, as excessive permanganate residual entering the distribution system should be avoided (Willhite et al., 2013). While one method is a direct spectrophotometric process, the other two methods are indirect using ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) and sodium iodide (NaI) reagents, respectively, which can provide accurate quantification of permanganate at much lower concentrations. The development and testing of the three spectrophotometric methods are described in detail in the following sections. 

2. Experimental 
2.1. Permanganate standards preparation
The water matrix used for all experiments was a phosphate buffer (pH = 7.1, 0.1 M) composed of ultrapure reverse osmosis water, NaH2PO4 and Na2HPO4 (Fisher Scientific). A phosphate buffer solution was used to ensure that no absorbance variations due to pH variations existed. A stock MnO4- solution with a concentration of 633 µM was made initially using commercially supplied KMnO4 (AnalaR, BDH) and phosphate buffer. Subsequent standard solutions were prepared by serial dilution. A new stock solution and standards were produced for each quantification experiment to minimise any reduction by self-decomposition of MnO4- to lower oxidation state species of manganese (e.g. MnO2). 

2.2. Apparatus
Absorption measurements for all quantification methods were carried out using a Shimadzu UV-4201PC spectrophotometer, using a 1 cm quartz cuvette. Both spectral (190-800 nm) and single-wavelength absorbance readings were taken, depending on the quantification method being evaluated. 

2.3. Direct spectrophotometric determination
This method involves the direct spectrophotometric quantification of permanganate in solution. Immediately after preparation, permanganate standards were transferred to a 1 cm quartz cuvette for UV-visible absorption analysis. All recorded absorbances were data corrected with an absorbance blank, composed of the same water matrix (phosphate buffer), without the addition of permanganate. A UV-visible scan covering the spectrum of 190-800 nm was applied to the analysis of all standards, together with measurements at single-wavelength absorbances of 525 and 545 nm. 

2.4. ABTS spectrophotometric determination
The indirect ABTS method was previously developed for the quantification of ferrate, a highly oxidized and reactive species of iron (Lee et al., 2005). In a similar manner to ferrate, permanganate in the presence of excess ABTS produces a highly light-absorbing radical cation product. The reaction between permanganate and ABTS has a 1:1 molar ratio, as follows:

	Mn7+ + ABTS  Mn6+ + ABTS•+
	(1)



The green radical cation product (ABTS•+) has a large molar absorption coefficient (for ferrate 32,000 M-1 cm-1 at 415 nm, cf. 520 M-1 cm-1 at 510 nm and pH 6.2 directly (Lee et al., 2005)), so the reaction between permanganate and ABTS provides potentially a more sensitive detection method, when compared to the direct spectrophotometric determination of permanganate (direct molar absorption coefficient of 3340 M-1 cm-1 at 525 nm). 

2.4.1. Reagent preparation
An acetate buffer (pH = 4.1) was used in the ABTS method and prepared in 1 L batches of ultrapure reverse osmosis water containing the following compounds: 34.3 mL glacial acetic acid (CH3COOH) (Sigma-Aldrich), 7.8 g sodium phosphate monobasic dihydrate (NaH2PO4•2H2O) (Fisher Scientific) and 26.67 g sodium phosphate dibasic dihydrate (Na2HPO4•2H2O) (Fisher Scientific). The ABTS reagent solution was produced in small batches, to avoid long storage periods, and reagent loss due to self-decomposition. Two 10 mg ABTS tablets (Sigma-Aldrich) were added to the buffer solution in a 20 mL volumetric flask to yield a 1 g/L solution, which was stored at 4°C.

2.4.2. Method procedure
5 mL of acetate buffer and 1 mL of ABTS reagent, both at 4°C, were added to a 25 mL volumetric flask. The remainder of the flask was filled with the permanganate standard and phosphate buffer to reach the desired final concentration, between 0 and 63 µM. The addition of the permanganate to the ABTS reagent and acetate buffer yields a green colour, characteristic of the ABTS•+. Immediately after preparation of the standards, each solution was transferred to a 1 cm quartz cuvette for UV-spectrophotometric analysis, for both spectral and specific wavelength absorbances. All recorded absorbances were data corrected with an absorbance blank composed of the same water matrix (phosphate buffer, acetic acid buffer and ABTS reagent), but without the addition of permanganate.
For quantification of permanganate with an unknown concentration, similar procedures would be carried out, whereby in a 25 mL volumetric flask, 5 mL of acetate buffer and 1 mL of ABTS reagent would be added. Samples for testing would be added to the volumetric flask (< 19 mL) and then analysed with the UV-spectrophotometer at a wavelength of 415 nm, as determined by the maximum peak yielded from the spectral analysis (discussed in the Results, section 3). The resulting permanganate concentration was then calculated as follows:

	
	
	(2)



Where ΔA415, Vf, Ɛ, l and Vs represent the sample absorbance at 415 nm (corrected with a blank matrix of acetate buffer, ABTS, phosphate buffer and deionized water), the final sample volume (25 mL), the molar absorption coefficient, the cell path length (1 cm) and the volume of the sample extracted from the test solution (5-19 mL), respectively.

2.5. NaI spectrophotometric determination
An alternative to the ABTS method is the indirect spectrophotometric method employing sodium iodide (NaI), which has the advantage of not producing organic waste associated with the reagent solution (as with the ABTS method). When NaI is present in excess, permanganate species react with I- to produce the anionic triiodide product I3-, which has a characteristic yellow colour. This method has been applied previously for the quantification of other oxidative species, such as ferrate (Luo et al., 2011) with an absorbance peak at 351. For the quantification of ferrate, the resulting I3- solution was found to be very stable and appropriate for applications in a pH range of 5.5-9.3 (Cataldo-Hernández et al., 2017; Luo et al., 2011).

2.5.1. Reagent preparation
The reagent solution is prepared using the phosphate buffer (pH=7.1, 0.1M), as described earlier, and NaI (BDH Chemicals Ltd), to achieve a final concentration of 0.1 M NaI. Reagent solutions were prepared freshly for each set of quantification experiments in 500 mL batches and stored at 4°C between UV-visible absorbance analyses.

2.5.2. Method procedure
In a 25 mL volumetric flask, 4 mL of NaI reagent was added. The remainder of the flask was filled with the permanganate standard and phosphate buffer to reach a desired final concentration, between 0 and 63 µM. The addition of the permanganate to the NaI reagent yields a yellow colour, characteristic of the I3-. Immediately after preparation of the standards, each solution was transferred to a 1 cm quartz cuvette for spectrophotometric analysis, for both spectral and specific wavelength absorbances. Absorbance measurements were taken immediately after the addition of permanganate standards to the NaI reagent solution in order to minimise any quantification inaccuracies due to the instability of I3-. All recorded absorbances were data corrected with an absorbance blank, composed of the same water matrix (phosphate buffer and NaI reagent), but without the addition of permanganate. For quantification of permanganate in solutions of unknown concentration, the absorbance at 352 nm was used, as determined from the linear calibration curve obtained from standard solutions. 

2.6. Level of detection and level of quantification determination
For each of the three permanganate quantification methods described previously, the level of detection (LOD) and level of quantification (LOQ) were determined using standard procedures for linear calibration curves (Shrivastava and Gupta, 2011). In this method, the sensitivity of each quantification technique are determined as follows:
	
	
	(3)

	
	
	(4)


Where σ is the standard deviation of blank sample absorbances (with respect to each quantification method) for 20 replicates, and b is the slope of the yielded calibration curve. 

3. Results and Discussion 
3.1 Direct spectrophotometric determination
Permanganate standards were prepared in the range of 0-63 µM (0-7.5 mg/L), using potassium permanganate, and analysed immediately after preparation to avoid possible decomposition by UV-visible spectrophotometry in a spectral range of 190-800 nm. Fig. 1 shows that three major absorbance peaks were observed at 507, 525 and 545 nm. The latter two wavelengths were the most pronounced, with the 525 nm peak having the greatest absorbance (λmax). As both peaks (525 and 545 nm) were present in the spectra of all the standards tested, both wavelengths were investigated further for their sensitivity in the determination of permanganate. 


Figure 1. Absorption spectra of permanganate in the range of 0.6 – 63.3 µM (pH=7.0) by direct spectrophotometry.

Standards of the same permanganate concentration were analysed at both 525 and 545 nm, allowing calibration curves to be made for each wavelength and the determination of molar absorption coefficients. For both wavelengths, a linear standard curve was obtained with a high coefficient of determination (R2 > 0.99) (see Fig. 2). Although a high coefficient of determination was observed for both wavelengths, at MnO4- concentrations below 6.3 µM (0.75 mg/L), the linear regression variance increased significantly to R2 = 0.91 and 0.90, for 525 and 545 nm wavelengths, respectively. This decrease in the coefficient of determination at low concentrations indicated that the direct spectrophotometric method for permanganate quantification would be unsuitable practically for samples containing less than 6.3 µM (0.75 mg/L) of MnO4-, but suitable for more concentrated samples. Tests to determine the sensitivity of the direct spectrophotometric quantification method yielded an LOD and LOQ of 0.45 and 1.51 µM, respectively. It should be noted, however, that the accuracy of permanganate quantification between the determined LOQ and 6.3 µM may be compromised, based on the decreased coefficient of determination observed for MnO4- concentrations in the range of 0-6.3 µM. For the calibration curve at 525 nm wavelength, a molar absorption coefficient of 3340 (±40) M-1 cm-1 was yielded, while at 545 nm wavelength the molar absorption coefficient was 3220 (±40) M-1 cm-1. 

  
Figure 2. Absorbance – concentration correlation for the direct spectrophotometric analysis of Mn(VII) at 525 nm (left) and 545 nm (right) (pH = 7.0, [Mn(VII)] = 0 – 63.3 µM).

To better understand the time sensitivity of the direct spectrophotometric quantification method, further tests were conducted on a permanganate sample (28 µM) over 120 min, at 15 min intervals. As shown in Fig. 3, a slight reduction in absorbance was observed, which occurred within the first 60 minutes (no further reduction beyond 60 min). The initial λmax absorbance (at 525 nm) was 0.085 cm-1, which reduced to 0.083 cm-1 after 60 minutes, resulting in a change in the corresponding permanganate concentrations from 28.3 to 27.6 µM. The results highlight the time sensitivity associated with the direct spectrophotometric analysis. While at greater concentrations, this instability may not yield a relatively significant error in permanganate concentrations, however at lower concentrations, direct spectrophotometric analysis may not provide a good representation of concentrations at the time of sampling is more than 15 minutes has elapsed (between sampling and UV-analysis). This permanganate instability must also be considered for the two indirect spectrophotometric methods presented in the following sections, as permanganate degradation (reduction) may occur prior to addition of reagent chemicals. 

[image: ]
Figure 3. Time dependence of absorption spectra for permanganate by direct spectrophotometry (28 µM, pH = 7.0).

The results show that direct spectrophotometric analysis provides a simple method of permanganate quantification for MnO4- an LOD and LOQ of 0.45 and 1.51 µM respectively, requiring no additional reagent chemicals, as well as producing no harmful waste by-products. While no significant advantage was evident in the selection of either 525 or 545 nm for the MnO4- analysis, the former wavelength demonstrated the largest absorbance peak and consequently, a slightly larger absorption coefficient. 

3.2 Indirect ABTS spectrophotometric determination
While the direct spectrophotometric determination provides an accurate analytical method for MnO4- quantification >1.51 µM, the indirect ABTS method was evaluated as a more sensitive analytical method for lower permanganate concentrations. The method employed was similar to that which has been used for ferrate (Fe6+) quantification (Lee et al., 2005). Preliminary tests in the selected spectral range (380-500 nm) indicated that peak absorbance values for permanganate concentrations above 25 µM (3 mg/L) were unreliably large for the spectrophotometer and therefore the method was not practical for use at such high MnO4- concentrations without dilution prior to analysis. However, the sensitivity of the ABTS method indicated its suitability for lower concentrations of permanganate (Fig. 4).


Figure 4. Absorption spectra for the indirect ABTS analysis of permanganate (0.6 – 12.7 µM, pH=7.0).

From the spectral analysis, an absorbance maxima at 415 nm was observed for all the permanganate concentrations analysed. This peak wavelength has been reported and used elsewhere for the determination of ferrate using ABTS (Cataldo-Hernández et al., 2017; Lee et al., 2005; Luo et al., 2011) and is characteristic of the absorbance peak of ABTS•+, the oxidation product of ABTS, and which corresponds to the solution turning a green colour. In view of this, the precision and sensitivity of the indirect ABTS reagent method was investigated using the peak absorbance at 415 nm. While manganate (Mn5+) also has a characteristically bluish-green colour in solution, no interference with ABTS•+ absorbance is expected because in circumneutral pH conditions, the manganate species is highly unstable and will quickly reduce to lower oxidation state manganese species such as Mn4+ (MnO2), Mn3+ (Mn2O3), Mn2+ or other stable manganese oxides (e.g. Mn3O4). Furthermore, although empirically similar in colour, previous research has shown that manganate has a UV absorbance maxima at 610 nm (Al-Tamrah, 1999; Rahman et al., 2004; Rajendraprasad and Basavaiah, 2016).




Figure 5. Absorbance – concentration correlation for the indirect ABTS spectrophotometric analysis of permanganate at 415 nm (pH = 7.0, [Mn(VII)]= 0 – 12.7 µM).

Fig. 5 shows the linear standard curve generated for MnO4– concentrations < 12.7 µM using the peak ABTS absorbance at 415 nm (R2 > 0.99). From the standard curve, the molar absorption coefficient was determined to be 140,030 (±1600) M-1 cm-1, a value far greater than that yielded by direct spectrophotometric analysis, indicating a much more sensitive quantification method. The sensitivity of the ABTS method was further indicated by the yielded LOD and LOQ of 0.01 and 0.03 µM, respectively. The same LOQ was observed previously for the quantitative determination of Fe(VI) using the ABTS method (Lee et al., 2005). Although the ABTS method appears to be more suitable for determining low MnO4– concentrations, it should be noted that the ABTS reagent has been reported to be unstable at room temperature, which can result in its self-decomposition with time, leading to changes in the measured absorbance and loss of method accuracy. While the ABTS reagent solution can be instable if stored at higher temperatures (if stored at 4˚C, stoked solution can be stored for a month (Lee et al., 2005)), the resulting ABTS•+ solution has been found to be stable in a number of aqueous matrices, including phosphate buffer and natural waters in similar application for ferrate quantification (Lee et al., 2005; Luo et al., 2011). The stability of both the stock ABTS solution, as well as the resulting ABTS•+ solution is expanded upon in Section 3.4. 
Further analysis was undertaken to understand the relevance of the ABTS method in a water treatment context, whereby quantification of permanganate would be performed on a water matrix containing various other ions. Permanganate analysis would likely be needed at a water treatment works after treatment (as it is commonly used as a pre-oxidant), but just prior to final chlorine (or other disinfectant) addition. To understand the interference that may occur, tap water (London, UK – Thames Water Utilities Ltd.) was analysed using the ABTS method. Thames Water Utilities Ltd. Does not incorporate the use of permanganate in the treatment process, therefor it would be expected that no detectable permanganate be yielded. Tap water, left to stand for 24 hours to allow for the evaporation of any chlorine residual (representative was treatment water), was analysed in triplicates an average concentration of 0.004 µM, for below the calculated LOD of the method. This indicates that any co-existing ions may have a limited effect on absorbances, however they would not significantly affect permanganate values. 

3.3 Indirect NaI spectrophotometric determination
Similar to the previously described ABTS method, the NaI method was explored as a potential method with greater sensitivity for the quantification of low levels of permanganate, when compared to direct spectrophotometry. A spectral analysis (380-500 nm) was conducted for the same range of permanganate concentrations previously investigated. As observed with the ABTS method, it was found that at higher permanganate concentrations, inaccurate absorbance values were evident above 48 µM, indicating that it was a slightly less sensitive method to the ABTS method. One clear maxima was observed at 352 nm, characteristic of the absorbance peak of I3- anions, and corresponding to the solution having a faint yellow colour. 


Figure 6. Absorption spectra of the indirect NaI analysis of permanganate in the range of 0.6-48µM (pH=7.0).

A linear standard curve was yielded at 352 nm (R2 = 1.000), as seen in Fig. 7. From this, a relatively high molar absorption coefficient of 61,130 (±330) M-1 cm-1 was determined. When compared to the molar absorption coefficient of ABTS, the sensitivity of the NaI method was significantly lower, but still much greater than for the direct spectrophotometric analysis. However, it has been reported previously for other processes that the stability of the NaI reagent is greater than the ABTS reagent (Cataldo-Hernández et al., 2017; Luo et al., 2011), due to ABTS self-decomposition when not stored at 4°C and under acidic conditions (buffered at pH = 4.1).  The sensitivity of the NaI method was characterized by an LOD and LOQ of 0.02 and 0.08 µM, respectively. Although not as sensitive as the ABTS method, the NaI method provides an accurate method of quantification for low concentrations of MnO4-, without the need for an unstable organic reagent (ABTS).

Figure 7. Absorbance – concentration correlation for indirect NaI spectrophotometric analysis of permanganate at 352 nm (pH = 7.0, [Mn(VII)] = 0-48µM).

Further analysis was once again undertaken to evaluate the relevance of the NaI method for a practical application in a water treatment process. Once again using tap water like that describe in the previous section, NaI analysis was conducted in triplicates. An ambient absorbance indicating a concentration of 0.006 µM was yielded, once again significantly below the method’s LOD of 0.02 µM. Similar to the ABTS method, these results indicate that any co-existing ions in the water matrix may have a very limited interference effect on permanganate quantification. 

[bookmark: _GoBack]3.4 Reagent Solution Stability
The stability of both the ABTS and NaI reagent solutions have had conflicting outcomes reported in the literature. While some researchers found that both the ABTS and resulting ABTS•+ solutions to be stable (Lee et al., 2005; Luo et al., 2011), some concerns of ABTS instability (when not stored at 4˚C) have been reported (Cataldo-Hernández et al., 2017). The NaI reagent and resulting I3- species after oxidant addition have been generally regarded to be stable solutions (Cataldo-Hernández et al., 2017; Luo et al., 2011). To investigate the stability of both the ABTS and NaI stock solutions, as well as the resulting ABTS•+ and I3- solutions (after permanganate addition), a spectral-UV analysis between 300-500 nm was conducted. 
The ABTS stock solution was found to be extremely stable over 90 minutes, stored in ambient conditions (21˚C) and light, over the entire UV-spectrum analysed. At 415nm, the absorbance was found to slightly increase with time, from an initial absorbance of 0.285 (arbitrary units, AU) to 0.288 AU after 90 minutes. Although the stock ABTS reagent was found to be stable, the resulting ABTS•+ solution after permanganate solution was found to be relatively unstable over 90 min, in ambient temperature and light. With an initial absorbance of 0.315 AU (2.96 µM), after 45 minutes the absorbance had decreased to 0.288 (2.70 µM). Beyond 45 minutes, further degradation was minimal with a final absorbance of 0.285 (2.68 µM) at 90 minutes.
The stock NaI reagent solution was found to be even more so stable than that of ABTS, whereby over 90 minutes, so change in absorbance was yielded. Moreover, only very slight reductions in absorbance was observed at 352 nm for the I3- solution (after permanganate addition). Similar to the ABTS method, reductions in absorbance occurred over the first 45 minutes, whereby a reduction from 0.155 to 0.151 AU was observed, corresponding to a permanganate concentration of 3.02 and 2.94 µM, respectively. Between 45 and 90 minutes, no further reductions in absorbance were observed. 
 
3.5 Comparison of quantification methods
All three spectrophotometric methods provided reliable results for the determination of permanganate, but for varying concentration ranges. Table 1 summarises the results from the direct, indirect ABTS and indirect NaI methods. In general, all three methods provided a clear and distinct absorbance peak, appropriate for a linear standard curve. While the ABTS method provided the greatest sensitivity (molar absorbance coefficient), the NaI method also provided an accurate determination method for low permanganate concentrations with an absorption coefficient roughly half that of ABTS. 

Table 1 Summary of spectrophotometric methods for quantifying permanganate in buffered solution.
	
	Direct
	Indirect – ABTS
	Indirect – NaI

	λmax
	525 nm
	415 nm
	352 nm

	Abs. Coeff.
	3340 M-1 cm-1
	140,030 M-1 cm-1
	61,130 M-1 cm-1

	R2
	0.998
	0.998
	1.000

	LOD
	0.45 µM
	0.01 µM
	0.02 µM

	LOQ
	1.51 µM
	0.03 µM
	0.08 µM




Although direct spectrophotometry had a significantly lower molar absorptivity, it was found to be an accurate method for MnO4– concentrations > 7 µM and generates no waste materials from the analysis. In contrast, both the ABTS and NaI methods generated roughly 4-25 mL of waste, per sample, with the former being an organic chemical waste. The direct and NaI methods did not suffer from instability of chemicals in the method, as was the case with the ABTS reagent, which decomposes at room temperature. When using the ABTS method, stock reagent solutions were observed to be somewhat unstable over 90 minutes and therefore storage of the ABTS reagent should be avoided, but when necessary prior to quantification assays, it should be stored at 4°C.  Additionally, the reacted ABTS•+ solution was found to be unstable and therefore UV-analysis should be conducted soon permanganate addition. The stock NaI solution was observed to be extremely stable, as well as the resulting I3- solution after permanganate addition. While high MnO4– concentrations above 25 and 48 µM were found to yield inaccurate absorbance data for the ABTS and NaI methods, respectively, these methods could still be used for high concentrations, but samples would require dilution prior to mixing with the reagent chemicals. Finally, the costs associated with each method may be a factor in the selection of the preferred method. While no chemical costs are associated with direct spectrophotometry as no reagents are involved, the other two methods require the purchase of ABTS and NaI reagents, respectively.  

4. Conclusion 
In this study, three alternative spectrophotometric methods of determining aqueous permanganate at low concentrations were compared. In the direct spectrophotometric method, two wavelengths were determined as suitable for quantification from a spectral analysis. Although absorbance at λ = 545 nm accurately determined concentrations above 6.3 µM, with a molar absorption coefficient of 3220 M-1 cm-1, the absorbance at λ = 525 nm produced the greatest peak in the UV-visible range and had a slightly higher molar absorption coefficient of 3340 M-1 cm-1. The other two methods were indirect, involving the chemical reaction of MnO4- with either ABTS or iodide ion, which improved the sensitivity of analysis by exploiting the greater molar absorption coefficients associated with ABTS•+ and I3-, the oxidation products of ABTS and I-, respectively. In the former method, ABTS is added in excess (1 g/L reagent) to the permanganate sample and the solution analysed at 415 nm. The results indicated a molar absorption coefficient of 140,030 M-1 cm-1, with an LOD and LOQ of 0.01 and 0.03 µM, respectively. Similarly, for the NaI method, the reagent chemical and permanganate sample were mixed and the absorbance at 352 nm was measured. Compared to the ABTS method, the NaI method had a lower molar absorption coefficient of 61,130 M-1 cm-1, but nevertheless MnO4- concentrations as low as 0.08 µM were accurately quantifiable, with an LOD of 0.02 µM. While ABTS was observed to have the greatest sensitivity, the reagent chemical is costly when compared to NaI, and produced an organic chemical waste. Furthermore, ABTS is was observed to be an unstable chemical in aqueous solutions at room temperature, so this method is time sensitive and requires constant preparation of new reagent solutions and UV-analysis soon after permanganate addition.  
Although this study has presented three accurate and simple methods for aqueous permanganate quantification, further work is recommended to explore ways of improving the sensitivity and limit of quantification for both the ABTS and NaI methods. For example, more precise quantification of permanganate at levels well below 0.03 µM could be possible, through the employment of longer absorbance path lengths using 4 and 10 cm cuvettes. 
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Absorbance, cm-1





0	0.63314554780122767	1.8994366434036825	3.165727739006138	4.4320188346085923	6.331455478012276	12.662910956024552	3.0000000000000001E-3	9.1999999999999998E-2	0.26500000000000001	0.42399999999999999	0.63	0.93600000000000005	1.75	MnO4-, µM


Absorbance, cm-1
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Absorbance, cm-1





0.63377932712835594	1.9051520997027909	3.1816359185991332	4.4632616662725013	6.3954095737497738	12.921337710229135	26.381064491717815	47.656116501167666	3.5999999999999997E-2	0.11700000000000001	0.20200000000000001	0.27900000000000003	0.41	0.81599999999999995	1.639	2.8879999999999999	MnO4-, µM


Absorbance, cm-1
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