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[bookmark: _Toc472418691]Summary
In this study the oxidation efficiency of the PMI method is improved by optimizing the oxidation time, concentration of sulphuric acid (H2SO4) and addition of silver nitrate (AgNO3). AgNO3, which served as a catalyst, was also added to neutralize the interference of chloride. The optimization is performed by determination of the increase in the recovery of three standards, resorcinol, glucose and potassium hydrogen phthalate (KHfT), at 1 and 10 mg O2/l. 
With the optimized PMI method the oxidation time is 60 minutes, the concentration of H2SO4 is 8 M and the added amount of AgNO3 (60 g/l) is 2.5 ml, equal to 95 mg Ag+. When 500 mg/l chloride is present in a sample an additional 1.5 ml AgNO3 is required to neutralize the chloride interference with preservation of the catalytic properties of silver.
The comparison of real samples and standard solutions of fourteen compounds showed that recoveries of the compounds with the optimal PMI method are higher compared with the standard PMI method, except for acetone. Eight compounds have comparable recoveries compared to the COD method. 

For samples, the oxidation efficiency of the PMI method was improved by one and a half times, to 52%, with a relative standard deviation (RSD) of ±25%. Due to the relative high RSD the PMI method is not considered to be an alternative method  at this moment for the COD method.

[bookmark: _Toc472418692]Samenvatting
In dit onderzoek wordt de oxidatie efficiëntie van de PMI methode verbeterd door het optimaliseren van de oxidatietijd, de concentratie zwavelzuur en toevoeging van zilvernitraat. Zilvernitraat, dat als katalysator wordt gebruikt, wordt tevens toegevoegd om de chloride interferentie te neutraliseren. De optimalisatie is uitgevoerd door het bepalen van de toename van de recovery van drie standaarden, resorcinol, glucose en kaliumwaterstofftalaat (KHfT), bij 1 en 10 mg O2/l
Met de geoptimaliseerde PMI methode is de oxidatie tijd 60 minuten, de concentratie van zwavelzuur 8 M en de hoeveelheid zilvernitraat (60 g/l) 2.5 ml, wat gelijk is aan 95 mg Ag+. Bij een concentratie van 500 mg/l chloride in een monster is 1.5 ml extra zilvernitraat nodig om de chloride interferentie te neutraliseren met behoud van de katalytische werking van zilver.
De vergelijking van echte monsters en standaardoplossingen van veertien verbindingen laat zien dat recovery’s van de verbindingen met de optimale PMI methode hoger zijn vergeleken met de standaard PMI methode, met uitzondering van aceton. Acht verbindingen hebben vergelijkbare recovery’s vergeleken met de CZV methode.

Voor monsters is de oxidatie efficiëntie van de PMI methode met anderhalf keer verbeterd, tot 52%, met behoud van de relatieve standaarddeviatie (RSD), ±25%. Door de relatief hoge RSD wordt de PMI methode op dit moment nog niet beschouwd als een alternatieve methode voor de COD methode.
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[bookmark: _Toc472418695]Rijkswaterstaat
[image: Rijkswaterstaat Organogram ENGLISH]Rijkswaterstaat (RWS) is part of the Dutch Ministry of Infrastructure and the Environment. RWS is responsible for the design, construction, management and maintenance of the main infrastructure facilities in the Netherlands. These include the main road network, the main waterway network and water systems. The main water system in the Netherlands consists of the main rivers, the coast, the IJsselmeer region, the Southwest Delta, the Wadden Sea and the North Sea [1]. To sustain and improve the quality of the water systems surface- and waste-water are, among others, analyzed to monitor and preserve the water quality. Part of the analyses is performed by local measuring stations and an internal laboratory which fall within the CIV (Central Information Services) of RWS. An organogram of the corporate structure of RWS is shown in Figure 1.1 [0].
 
One of the requirements of the laboratory is to analyze all samples, however the majority of the analyses are being outsourced. The analyses that are not outsourced require most of the time a too low detection limit, that can’t be achieved by commercial laboratories. Another task of the laboratory is to adjust and develop new methods with less toxic chemicals and obtaining increasingly lower detection limits in order to meet the ever lower requirements.					    Figure 1.1 Organogram of RWS [0].

[bookmark: _Toc472418696]An alternative method
A method that still uses toxic chemicals is COD (chemical oxygen demand) of (waste-) water [2,7,19]. In this method chromium (VI) and mercury are used. Chromium (VI) is carcinogenic, mutagenic, toxic to reproduction, respiratory sensitization and/or skin sensitization [3]. Mercury is neurotoxic and toxic to reproduction [4]. For this reason an alternative method for the COD is required.

The permanganate index (PMI) method [6] could be an alternative method since no chromium(VI) and mercury are used. The PMI method is primarily intended for estimating the COD of relatively clean water, drinking water and natural mineral water. It is not recommended for quantitative use since many organic compounds are only partially oxidized by this method. Therefore, the PMI method is not commonly used.
Recently, the PMI method was automated by Metrohm to improve the accuracy of the method [20]. In another study the automated method was modified to increase the oxidation efficiency [5]. Despite the oxidation efficiency was improved significantly, it was still too low compared to the COD method, 34%. Also the results in this study were affected by the presence of chloride in the wastewater samples. Moreover, the relative standard deviation (RSD) of the procedure was too high, 29%. However, this study showed also that improvements are possible by further optimization of the automated PMI method, by optimizing the sulphuric acid concentration and by adding silver ions to precipitate chloride and to catalyze the oxidation. 

[bookmark: _Toc472418697]Goal of this study
The goal of this study is to improve the oxidation efficiency and the relative standard deviation of the automated PMI method and to neutralize the interference of chloride. The sub goal is to investigate whether the optimized PMI method can be an alternative method for the COD method.
[bookmark: _Toc472418698]Approach
To increase the oxidation efficiency the influence of the oxidation time, the addition of silver nitrate and the sulfuric acid concentration will be investigated. It is expected that when increasing the oxidation time the oxidation efficiency increases, as the organic compounds have more time to oxidize. Silver nitrate can serve as a catalyst which increases the rate of oxidization and can be used as a neutralizing agent by binding with chloride to form a precipitate of silver chloride. It is also expected that the oxidation efficiency increases by increasing the concentration of sulfuric acid.
To investigate whether the oxidation efficiency of the optimized PMI method has improved, the results of real samples and standard solutions of fourteen compounds will be compared with (a) the automated and modified PMI method [5] and (b) the COD method [2]. To examine if the optimized method could be a real alternative method for the COD standard method the oxidation efficiency of the PMI method for the tested fourteen compounds as well as the samples must be within 80-120% of the COD method with a RSD of ≤10%.


[bookmark: _Toc471398157][bookmark: _Toc472418699][bookmark: _Toc455999094]Theoretical background
[bookmark: _Toc465237493][bookmark: _Toc471398158][bookmark: _Toc472418700]Chemical oxygen demand
The chemical oxygen demand (COD) is ‘The mass concentration of oxygen equivalent to the amount of dichromate consumed by dissolved and suspended matter when a water sample is treated with that oxidant under defined conditions’ [2]. Next to the biochemical oxygen demand (BOD) and the total organic carbon (TOC) analyses, the COD is one of the analyses to determine the oxygen consumption by micro-organisms in water. Micro-organisms use dissolved oxygen in water to break down organic compounds. More oxygen is consumed when an increase is observed in bacteria and organic compounds. Most of the organic compounds originate from wastewater of the industry, agriculture and households. When too many oxygen is consumed the level of dissolved oxygen comes under the minimum level to sustain aerobic organisms in water, such as fish, 4-5 mg O2/l [10, 11]. Thereby the quality of the water decreases. The COD is used to determine the tax of the wastewater discharged by factories.

To determine the COD of water a strong oxidant in an acidic solution is used to ‘chemically’ oxidize the organic compounds. Next the mixed solution is heated to convert the organic compounds to CO2, H2O and other remaining components. Afterward the COD is determined by a titrimetric or photometric method. When the concentration of all compounds in a solution are known the theoretical oxygen demand (ThOD) can be calculated, see Formula 2.1 [12]. Thereby it is assumed that all components are converted to CO2, H2O and other remaining components.

Formula 2.1 Calculation of the theoretical oxygen demand (ThOD) in mg O2/l.



Where X is the sum of all halogens.

[bookmark: _Toc471398159][bookmark: _Toc472418701]The dichromate method
History
[bookmark: _Toc465237494]Around 1850 the first attempts to determine the COD of water were performed. This was done by looking at the color change of potassium permanganate, though it was not very accurate [13]. It was not until 1949 before a quantitative analysis for the determination of the COD in waste and sludge waters was developed. This method was based on potassium dichromate as oxidant instead of potassium permanganate [14]. Later in 1951 silver sulfate, to catalyze the oxidation reactions [15], was added to the method. In 1963 mercury sulfate, to eliminate the chloride interference [16], was also added. Under natural conditions chloride is not oxidized. However, under the acidic conditions, such as used in the COD method, chloride is completely oxidized. Mercury binds chloride to form mercury chloride to form a water-soluble but non dissociative complex, see equation 2.1 [3]. Before mercury was used a correction for the chloride interference was needed [13].

Equation 2.1 Reaction of mercury with chloride to form mercury chloride.



Today
Today, the standard methods to quantitatively determine the COD in wastewater,  ISO 6060:1989 [2], NEN 6633:2006 [3] and ISO 15705:2002 [4], are still based upon the use of dichromate, silver sulfate and mercury sulfate. The difference between the first two methods mainly consists of the tolerated maximum chloride concentration of the samples and the COD ranges of the methods. With ISO 15705 a closed cuvette is used with a reduced amount of toxic chemicals. With ISO 6060:1989 samples with a COD value between 30 and 700 mg/l and a chloride concentration lower than 1000 mg/l can be measured. With NEN 6633:2006 samples with a COD from 5 mg/l and a chloride concentration of a factor 100 relative to the COD can be measured. Both methods  have to be performed manually and for every sample a reflux apparatus must be assembled. The samples are refluxed for two hours with an amount of dichromate, silver and mercury. Part of the dichromate is reduced by the organic compounds in the sample. An example of the reduction of dichromate by potassium hydrogen phthalate (KHfT), commonly used as a standard, is shown in equation 2.2 [3]. After two hours the remaining dichromate is titrated with ammonium iron(II) sulfate, see equation 2.3 [3].

Equation 2.2 Reduction of potassium dichromate by potassium hydrogen phthalate.



Equation 2.3 Reaction of potassium dichromate with ammonium iron(II) sulfate.



ISO 15705:2002, also referred to as the small-scale sealed-tube (ST-COD) method and the cuvette method, is derived from NEN 6633 and ISO 6060. The cuvette method has a COD range between 6 and 1000 mg/l with a maximum tolerable chloride concentration of 1000 mg/l. It is less dangerous for the analyst since all required chemicals are within a sealed tube. Only 2 ml of a sample has to be added and oxidized for two hours at 148 ± 3 oC . No reflux apparatus has to be assembled. After the oxidation the COD is photometrically determined. The sealed tubes with a maximum COD of 150 mg/l, the COD is determined by measuring the absorbance of the remaining chromium(VI) at 440 nm. The sealed tubes with a maximum COD of 1000 mg/l are determined by measuring the absorbance of the formed chromium(III) at 600 nm. The COD concentration is directly readout from the instrument.
The cuvette method is the frequently used because the major amount of wastewater samples fall with-in the chloride and COD range of this method. It also uses a smaller amount of toxic chemicals. The equipment and devices for this method are shown in Figure 2.1. Before the reduction of dichromate the chloride concentration of the samples has to be determined with chloride test strips, range 30-600 ppm or 300-6000 ppm.

[image: ]
Figure 2.1 Photo of the equipment and devices for the cuvette method. From left to right: Chloride test strips (30-600mg/l and 300-6000mg/l), sealed-tubes (LCl 500, max 150 mg O2/l and LCl 400, max 1000 mg O2/l) including eight tubes with increasing COD concentrations after two hours heating (red caps: red to green, bleu caps: yellow to white), Heating unit and Spectrophotometer.

Toxic chemicals
Today it is well known that dichromate and mercury are mutagenic and neurotoxic [5,6]. These com-pounds are listed on the ZZS of the RIVM [17] and dichromate is also listed on the authorization list (Annex XIV to REACH) of REACH [5]. Since January 2016, by law, they must be minimized [18]. Though the cuvette method uses a smaller amount of chemicals it is desired to eliminate the need of compounds as dichromate, in the form of chrome(VI), and mercury, in the form of mercury sulfate. Therefore studies are performed to find an alternative method for the analysis of the COD in waste waters without compromising the precision or accuracy of the results of the cuvette method. 
Many alternative methods are investigated including a mercury free method [19], methods based on electro- and photo catalysis [20], a method based on chemiluminescence [21,22], on photolysis [23] and on the oxidation of permanganate [9]. Although the determination of the COD by permanganate was considered to be only a qualitative method instead of a quantitative method. However, current developments give hope that the COD methods can be replaced.

[bookmark: _Toc465237497][bookmark: _Toc471398160][bookmark: _Toc472418702]The PMI method
Development
The permanganate index (PMI), as described by NEN-EN-ISO 8467:1995, is primarily intended for estimating the COD of water for human consumption and domestic use. It is not recommended for quantitative use since many organic compounds are only partially oxidized. The PMI (of water) is “The mass concentration of oxygen equivalent to the amount of permanganate ion consumed when a water sample is treated with that oxidant under defined conditions” [7]. In this standard the sample with an amount of potassium permanganate and sulfuric acid is heated in a water bath at 96-98 oC for 10 minutes. The organic compounds are reduced by permanganate. After 10 minutes an excess amount of oxalate is added, followed by a titration with permanganate. Under acidic conditions sodium oxalate is converted to its acidic form, oxalic acid, see equation 2.4 [24]. Therefore, when sodium oxalate reacts with potassium permanganate under acidic conditions the equation can be described as shown in equation 2.5 [24,25].

Equation 2.4 Reaction of sodium oxalate with sulfuric acid.



Equation 2.5 Reaction of potassium permanganate with sodium oxalate under acidic conditions.



The PMI in mg O2/l, equal to the COD in mg O2/l, is calculated with formula 2.2 [7,8]. The value for the standardization, k, was calculated with formula 2.3 [8].

Formula 2.2 Calculation of the permanganate index (PMI).



Where PMI is the Permanganate index in mg O2/l, Vep1.sample the titrated volume till the first equivalence point of the sample in ml, Vep1.blank the average titrated volume for the blank in ml, VNa2C2O4 the volume of added oxalate in ml (5.5), CNa2C2O4 the concentration of added oxalate in mmol/l (5), MO2 the molar mass of oxygen in mg/mmol (15.999), Vsample the volume of the sample in ml (25) and k the average titrated volume for the standardization in ml.



Formula 2.3 Calculation of the standardization (k).



Where k is the average titrated volume for the standardization in ml, Vep1.std. the titrated volume till the first equivalence point of the standardization in ml, Vend.std. the total titrated volume for the standardization in ml and Vep1.blank the average titrated volume for the blank in ml.

In 2015 NEN-EN-ISO 8467:1995 was automated by Metrohm [8]. Similar results were obtained for tap water with the automated method. The automated method was adapted by L.E. Sijtsma [9] for the analyses of wastewater. The major adjustments were the increased concentration of sulfuric acid, from 2 M to 4 M, the oxidation and titration temperature and the increased duration of the oxidation time, from 10 minutes at 96-98 oC to 30 minutes at 80-82 oC. The recovery[footnoteRef:1], which can be compared to the oxidation efficiency of a method, was calculated relative to the ThOD. For eight of the fourteen tested compounds the recovery increased considerably compared to the automated method of Metrohm. The recovery of wastewater samples was 34% ± 10%. Though it cannot be a replacement at this moment for the cuvette method it shows promising results that could lead to a method which, in time, could replace the cuvette method. [1:  In this report with ‘recovery’, ‘oxidation efficiency’ is meant.] 


By further optimization of the automated PMI method, it is expected that the oxidation efficiency increases. Also a solution for the interference of chloride must be found before the PMI method can be an alternative method for the COD. To accomplish this the influence of silver as a catalyst and suppressor will be investigated in this study. Also the optimal acidity as well as the influence of the oxidation time on the recovery of the PMI method will be investigated.

Oxidation efficiency 
The oxidation efficiency of a method depends on the duration and the temperature of the oxidation. Since potassium permanganate, slowly, decomposes to manganese dioxide at a temperature above 60 oC, resulting in a positive interference, the oxidation temperature is critical [26,27,28]. In this study a temperature of 80 oC is used, despite the fact that manganese dioxide may be formed at this temperature. In equation 2.6 the decomposition of potassium permanganate to manganese dioxide is shown [28]. 

Equation 2.6 Decomposition reaction of potassium permanganate to manganese dioxide.



Increasing: The duration of the oxidation
Since the oxidation temperature remains constant, the influence of the duration of the oxidation is investigated. With the PMI method most organic compounds are not completely oxidized. It is expected that this is partially due to the short oxidation time at the low oxidation temperature of 60 oC. Increasing the oxidation time,  it is expected that many compounds are better oxidized.
Addition of silver: Catalytic activity
To increase the speed of the oxidation a catalyst is required. In the dichromate method silver is used as a catalyst. This study will examine whether silver nitrate catalyzes the oxidation reactions of organic compounds. If so than the minimum required amount of Ag will be determined.
Increasing: The concentration of sulfuric acid
Another way to increase the speed of the oxidation reactions is by increasing the acid concentration of the solution. Since more free H+ ions are present in the solution, reduction and oxidation reactions are more likely to take place.
Interferences
With the (automated) PMI method interferences are not prevented. Since chloride is the main interference, this ion must be eliminated. With the dichromate method mercury is used to suppress the interference of chloride. In this toxic-free method this is not desirable.
Addition of silver: Complexation of chloride 
Since mercury is neurotoxic, studies have been carried out in order to investigate an alternative compound or method to suppress or eliminate the interference of chloride. Silver is one of the alternative compounds that can be used. It binds with chloride to form silver chloride, which precipitates in solutions. Though silver is not as toxic as mercury it can be used in high quantities. However, it is expensive. Silver is also a catalyst for many organic compounds. The silver (Ag+): chloride (Cl-) ratio at which the chloride interference is neutralized depends on the circumstances of the reaction. Therefore the Ag+:Cl- ratio to neutralize the chloride interference and catalyze the oxidation reactions will be determined.

Comparison PMI method with cuvette method
To investigate whether the oxidation efficiency of the improved PMI method is increased, the recoveries of fourteen compounds and twelve real samples will be compared to the automated PMI method [9]. The improved method will also be compared to the cuvette method [4] to examine if it could be an alternative method for the COD. The fourteen compounds (4-aminobenzoic acid, acetic acid, acetone, aniline, ascorbic acid, ethanol, glucose, glycerol, nicotinic acid, phenol, tartaric acid, tryptophan, resorcinol, KHfT) represents a wide range of possible complications. Including different molecular groups, as acids, alcohols and ketones and different melting and boiling ranges of compounds. The samples chosen represents 80-95% of wastewater samples. Thereby taking the chloride concentration, the COD and the COD to chloride ratio into account as these can greatly influence the results.



[bookmark: _Toc472418703]Experimental
[bookmark: _Toc455999095][bookmark: _Toc472418704]Chemicals and materials
[bookmark: _Toc455999096]Equipment and materials
Pump unit (772), Sample processor (778), Swing Head with transfer arm dextro-rotatory (786), Dosinos 5x (800), Dosing units (807) (10ml (4x), 50ml (1x)), Titrando(809), Magnetic stirrer (801), Titration vessel with thermostat jacket (20-90 ml), Pt-titrode, Pt-1000 sensor, Sample rack (24x75 ml), Sample glasses (75 ml (24x)) and TiamoTM (software) from Metrohm. Roundel-holders and aluminum roundels (80 mm). Water bath (SE-12) from Julabo. Chloride test strips (30-600 ppm Cl- and 300-6000 ppm Cl-) from Quantab titrators. Pipettes (20-200 µl, 100-1000 µl and 1-10 ml) from Socorex. Automatic pipet (0.2-5.0 ml) from DR-Lange. COD cuvette test (LCl 500), Heating unit (LT 200) and Spectrophotometer (CADAS 200) from Hach Lange. Analytical balance; Sartorius, ME254S.

Chemicals and samples
DL-tryptophan and sodium oxalate form Alfa Aesar. 4-Aminobenzoic acid from Dr. Ehrenstorfer. Resorcinol from Fluca. Potassium hydrogen phthalate (KHfT) and sodium chloride (crystal) from J.T. Baker (Baker analyzed). (2R,3R)-(+)-Tartaric acid, acetic acid (glacial), acetone, aniline, D(+)-glucose, ethanol, heating bath fluid, nicotinic acid, phenol, potassium permanganate and sulfuric acid form Merck. Ultra-pure water from Milli-Q system (Millipore, Milli-Q Advantage). Glycerol, L(+)-ascorbic acid and silver nitrate from VWR.
All samples were provided by RWS. The specifications of the these chemicals and samples are listed in Appendix I, Table I.I and Table I.II.

[bookmark: _Toc472418705]Method
Standard instrumental settings
TiamoTM was used for the control of the equipment. The instrumental settings [1] for the analysis of a blank, standard and sample are shown in Table 3.1. These settings are identical to those used by Metrohm [5]. 

Table 3.1 The instrumental settings for the analysis of a blank, standard and sample [1, 5].
	Settings
	Blank
	Standard
	Sample

	Mode DET U
	DET U
	DET U
	DET U

	Signal drift (mV/min)
	50
	50
	50

	Pause (s)
	10
	10
	20

	Stirrer
	6
	6
	6

	Min. waiting time (s)
	10
	2
	10

	Max. waiting time (s)
	26
	26
	26

	Meas. point density
	1
	1
	1

	Min. increment (µl)
	10
	10
	10

	Max. increment (µl)
	50
	100
	50

	Stop volume (ml)
	2 or 10
	2 or 10
	2 or 10

	EP criterion
	5
	5
	5



Standard method
The water bath was set to 86.0 oC to obtain a temperature of 80 oC in the reaction vessel. For the analysis of a blank, a sample glass was filled with 30 ml Milli-Q and closed by an aluminum roundel and a roundel holder. For the analysis of a standard/sample  30 ml of the standard/sample was used.
Of the solution 25 ml was transferred into the titration vessel. 5 ml H2SO4 4 M was added and the mixed solution was heated to ±80 oC. At 80 oC 5 ml KMnO4 (0.002 M) was added while stirring. The oxidation took place during 30 minutes. An excess, 5.5 ml, of sodium oxalate (0.005 M) was added. After a color change the excess of the oxalate was titrated with potassium permanganate (0.002 M) and an equivalence point was obtained.
For the standardization an additional 5.5 ml sodium oxalate (0.005 M) was added to the titrated blank solution. A second titration with potassium permanganate (0.002 M) was performed. After titration, the titration vessel was emptied and rinsed with Milli-Q [9]. The PMI was calculated with Formula 2.2 and 2.3. In Figure 3.1 the devices use for the PMI method are shown.

[image: ]
Figure 3.1 Photo of the devices for the PMI method. From left to right: Water bath, sample processor (778) with swing head with transfer arm (786) and sample rack (24x75 ml), magnetic stirrer (801) and titration vessel with Pt-titrode and Pt-1000 sensor, 5 dosinos (800) with dosing units (4x10 ml, 1x50 ml) including titrando (807). Left behind sample processor: Pump unit (772).

The methods described in 3.2.1 and 3.2.2 were used as starting point. Several adjustments were made and tested as described in the sections below. All solutions (samples) were analyzed in duplicate. The recoveries were determined by comparison with the ThOD unless stated otherwise. The ThOD was calculated with Formula 2.1.

Standard solutions
For the titration solution of KMnO4 (0.002M) 50ml KMnO4 (0.02M; 3.1.3) was pipetted into a volumetric flask of 500ml and filled to the mark with Milli-Q. For the titration solution of oxalate (0.005M) 50 ml sodium oxalate (0.05M; 3.1.3) was pipetted into a volumetric flask of 500 ml and filled to the mark with Milli-Q. For the H2SO4 (4 M) a volumetric flask was placed in a water bath and filled with 350 ml Milli-Q. 111 ml H2SO4 (18 M) was added slowly. KMnO4 was added dropwise till a slightly pink color was formed, where after the flask was filled to 500 ml with Milli-Q.

Reproducing of the PMI method
The improvement of the oxidation efficiency was tested with respect to the PMI method. Therefore it was necessary to repeat the results (within 5%) as given by the PMI method.
For these experiments, solutions of resorcinol (4.969 ml O2/l) and glucose (5.022 ml O2/l) were analyzed. The results are discussed in 4.1.

Duration of the oxidation time
To improve the recovery a longer oxidation time turned out to be beneficial. In these experiments the optimal oxidation time was examined.
Solutions of resorcinol and glucose with a high (10 mg O2/l) and low (1 mg O2/l) COD value and a blank were oxidized with oxidation times of 30, 40, 50, 60, 90 and 120 minutes. Also solutions of KHfT with a high (10 mg O2/l) and low (1 mg O2/l) COD value were oxidized with oxidation times of 30 and 60 minutes. The results are discussed in 4.2.

The optimal amount of Ag+
To further improve the recovery the optimal amount of Ag+ was determined.
First, solutions of resorcinol, glucose and KHfT (1 and 10 mg O2/l) were analyzed with addition of 0 and 5  ml of a 60 g/l AgNO3 solution and Milli-Q up to a total volume of 5 ml. (a) 1.5 ml of 18 M H2SO4 was added to the solution (34 ml) in the sample glass, (b) 5 ml of 4 M H2SO4 was added to the sample in the titration vessel.
Second, 0.5, 1.5, 2.5 and 5 ml of a 60 g/l AgNO3 solution and Milli-Q up to a total volume of 5 ml, and 5 ml of a 180 g/l AgNO3 solution, were added to the solutions of resorcinol, glucose and KHfT (1 and 10 mg O2/l).
Because in the first experiment (a) the samples were diluted, compared to the previous experiments, a correction for the volume was needed, see Formula 3.4. The results are discussed in 4.3.

Formula 3.4 Correction of the recovery for the dilution of the sample in the first experiment (a).

Recoverycor.1 = Recovery / (Vsample / (Vsample + VH2SO4)) x 100

Where Recoverycor.1 is the corrected recovery in %, recovery the calculated recovery in %, Vsample the volume of sample in ml (34) and VH2SO4 the volume of added H2SO4 in ml (1.5).

The optimal molarity of H2SO4
To even further improve the recovery the influence of the molarity, i.e. acid concentration, of the added H2SO4 on the recovery was investigated.
Therefore, solutions of resorcinol, glucose and KHfT (1 and 10 mg O2/l) were analyzed with addition of 2.5 ml of a 60 g/L AgNO3 solution and Milli-Q up to a total volume of 5 ml. All solutions were analyzed with addition of 5 ml 4, 8, 12, 16 and 18 M H2SO4. The results are discussed in 4.4.

The optimal Ag+:Cl- ratio
In order to eliminate the Cl- interference, the optimal Ag+:Cl- ratio to suppress the chloride interference was determined, taking into account the maintaining of the catalytic properties of the silver ions. Since the interference of chloride was greater for low COD values only a resorcinol standard with a low COD value was used.
The recovery of a resorcinol standard (1  mg O2/l)  with a 500 mg Cl-/l and a known Ag+:Cl- ratio was determined. The Ag+:Cl- ratios tested were 3.0:1.0 and 4.0:1.0. The results are discussed in 4.5.

Comparison of methods
For the comparison of the final, i.e. optimal, PMI method of this study with the standard method [9] and the cuvette method [6] fourteen compounds (4-aminobenzoic acid, acetic acid, acetone, aniline, ascorbic acid, ethanol, glucose, glycerol, nicotinic acid, phenol, tartaric acid, tryptophan, resorcinol, KHfT) and twelve wastewater samples were analyzed with each method in duplicate. The results are discussed  in 4.6.1 for the fourteen compounds and in 4.6.2 for the wastewater samples.


Fourteen Compounds
Of each of the fourteen compounds a stock solution was prepared. From each stock solution a standard solution of 5 mg O2/l was prepared for the optimal and the standard PMI method. For the cuvette method standard solutions of 100 mg O2/l were prepared. See Appendix I Table I.II for the weighed masses, stock concentrations and the dilution scheme  of the fourteen compounds. 

Samples
The samples were chosen to fit in the two sets representing most of the waste-water samples. One set with different ranges of the COD and different ranges of the chloride concentration of the samples. Another with different ranges of the COD and different ranges of the ratio between the chloride concentration and the COD of the sample, see Table 3.3 and Table 3.4. These samples were selected according to data from an external laboratory, see Appendix I Table I.III.

Table 3.3 Grid of samples; First number: range of COD in mg O2/l determined by the external laboratory, Second number: range of chloride concentration in mg/l determined by the external laboratory.
	1st Number
	COD
	2nd Number
	CCl-

	1
	20 - 30
	1
	0 - 500

	2
	30 - 40
	2
	501 - 1000

	3
	40 - 50
	3
	1001 - 1500

	
	
	4
	1501 - 2000



Table 3.4 Grid of samples; First number: range of COD mg O2/l determined by the external laboratory, Third number: range of the ratio between  the chloride concentration in mg/l and the COD in mg O2/l determined by the external laboratory.
	1st Number
	COD
	3nd Number
	CCl-/ COD

	1
	20 - 30
	1
	0 - 10

	2
	30 - 40
	2
	10 - 20

	3
	40 - 50
	3
	20 - 30

	
	
	4
	30 - 50



Of each sample the chloride concentration was determined by using a chloride test strip (30-600 ppm Cl- / 300-6000 ppm Cl-). The samples were diluted, if necessary, to fit in the appropriate range. For the optimal and standard PMI method eight samples, starting with number 1 or 3, were five times diluted and four samples, starting with number 2, were four times diluted. For the cuvette method only three samples, with number 234, 244 and 344, were twice diluted.

Analyses
For the standard and optimal PMI method the sample glasses were filled with 60 ml of the solutions. A sample sequence was created and started. In the optimal PMI method the optimal duration of the oxidation time (60 minutes), the optimal  molarity of H2SO4 (8M) and the optimal volume of AgNO3 (60 g/l) (4 ml) were used. See 3.2.2 for the full description of the standard PMI method and Appendix II for the optimal method. The schematics of the standard and optimal PMI method are shown in Appendix III Figure III.I - III.IV.

Before the cuvette test (LCl 500) was used, the cuvettes were homogenized. Next 2 ml of a homogenized solution was pipetted into the cuvette and homogenized again. The cuvettes were cleaned and placed into a heating unit at 148 oC.  After two  hours the cuvettes were cooled to 60 oC in the air and homogenized again. After cooling to room temperature the yellow color of the not reacted Cr(VI) was determined at 440 nm with a spectrophotometer. The results are discussed in 4.6.



[bookmark: _Toc455999103][bookmark: _Toc472418706]Results and discussion
[bookmark: _Toc472418707]Reproducing of the PMI method
Of two measured sequences, (1) and (2), only one blank meets the set limits of 0.5-0.6 ml. The mean of the blanks in both sequences are above this limit, see Appendix IV Table IV.I. This was unexpected since the same Milli-Q is used as by L.E. Sijtsma, who reproduced values within these limits. This may probably be due to the aging of the used filter in the Milli-Q apparatus. However, when correcting for the titrated volume of standardization the results were good, within 5% of the expected value of 5.5 ml. No further effort was put into lowering the blank value because of the minor benefit. The values for the corrected standardization show only a slight variance around 5.50 ml. This is due to the inaccuracy of the method.
The recovery of the resorcinol standard measured in the first sequence (1) is slightly below the recovery of the reference PMI method [9], 86.3%, see Appendix IV Table IV.II. This might be due to the fact that an older standard, of four months old, was used. A new resorcinol standard showed a recovery within the range of the reference method. Therefore, results for the resorcinol standard can be reproduced.
The average recovery of the glucose standard, 48.8%, was within 5% of the recovery of the glucose standard of the PMI method [9], 53.5%, see Appendix IV Table IV.III for the individual results.

Summary
The results obtained by the PMI method can be reproduced for the resorcinol and glucose standard. Therefore, the aim to reproduce the results of the PMI method [9] is met.

[bookmark: _Toc472418708]Duration of the oxidation time
According to ISO 8467 [4], with an oxidation time of 10 minutes, the blank value must be lower than 0.1 ml. Since 5.5 ml of sodium oxalate was used instead of 5.0 ml the blank value would be 0.5 ml higher with a limit of 0.6 ml. Figure 4.1 shows that the blank value at an oxidation time of 10 minutes could lie below 0.6 ml. The blanks at 30 minutes are just above the limit. All blanks with an oxidation time ≥30 minutes are above the limit and therefore should not be used [6].
It can also be observed that a positive linear relation is present between the duration of the oxidation time and the increase in the titrated volume of KMnO4. Therefore, all blanks, although not reliable according to the standard, are considered to be good. See Appendix V Table V.I for the titrated volume of each blank.

[image: ]
Figure 4.1 The values of the blank with an oxidation time of 0, 30, 40, 50, 60, 90 and 120 minutes. Y = 0.538 (± 0.027) + 0.003 (± 0.000) x; BI = 95%; n = 14; sr = 0.025; R2 = 0.9514. Red line: maximal blank value (0.6 ml) according to ISO 8467 [4].

At a low ThOD (1 mg O2.l-1) the relative deviation was in most cases 5%-25%, and with a high ThOD (10 mg O2.l-1) the relative deviation was <5%. For both resorcinol standards (1 and 10 mg O2.l-1)  and the glucose standard (10 mg O2.l-1), see Figure 4.2 A and B, no significant influence on the recovery, due to the duration of the oxidation time, was observed. See Appendix V Table V.II and IV.III for the recoveries.
For the glucose standard (1 mg O2.l-1) the recovery increased form 26.8 % to 81.2 % when the oxidation time increased from 30 to 90 minutes, see Figure 4.2 A. Because the duplicate at 40 minutes does not seem correct, this result is neglected. Though the recovery at 90 minutes is considerable there is only a small benefit for the recovery at 90 minutes, relative to 60 minutes. Therefore, the optimal oxidation time for resorcinol and glucose is 60 minutes.

[image: ]
Figure 4.2 The recovery of resorcinol ([image: ]), glucose ([image: ]) and KHfT ([image: ]) A: 1mg O/l, B: 10mg O/l. Green line, 100%ThOD; red lines, maximal deviation of 20%.

Summary
The recovery for the glucose standard (1 mg O2.l-1) increased form 26.8 % to 81.2 %. The optimal oxidation time for resorcinol and glucose is 60 minutes.

[bookmark: _Toc472418709]The optimal amount of Ag+
First experiment
In experiment (a) 1.5 ml of 18 M H2SO4 was added to the sample glass. 5 ml of 60 g/l AgNO3 was added to the titration vessel. The excess amount of AgNO3 increased the average recovery of resorcinol, glucose and KHfT (1 mg O2/l) from 117.6% to 135.4% (to high, >120%), from 51.3% to 74.3% and from -2.5% to 10.4% respectively. For 10 mg O2/l the recovery increased from 94.9% to 96.0%, from 60.4% to 63.5% and from 2.8% to 4.7%.
In experiment (b) 5 ml of 4 M H2SO4 was added to the titration vessel. 5 ml of 60 g/l AgNO3 was added to the titration vessel. The recovery of resorcinol decreased to 102.0% and of glucose and KHfT increased to 65.1% and 5.4% for 1 mg O2/l. For 10 mg O2/l the recovery decreased for resorcinol to 86.1% and increased to 60.4% and 6.5% for glucose and KHfT, see Figure 4.3. 
All PMI values of  KHfT were below the quantification limit of the method except for the duplicate of KHfT 10 mg O2/l (b).
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Figure 4.3 Y-as: The recovery of resorcinol ([image: ]), glucose ([image: ]) and KHfT ([image: ]) A: 1mg O/l, B: 10mg O/l. X-as: The method with an oxidation time of 60 min.(1, 2) instead of 30 min. (0), with addition of H2SO4 in the sample glass (first experiment (a)) and with addition of H2SO4 in the titration vessel (first experiment (b)). Green line, 100%ThOD; red lines, maximal deviation of 20%.
The highest recoveries were obtained by addition of H2SO4 to the sample glass, when an excess amount of AgNO3 was added. The difference between the recoveries of resorcinol (1 mg O2/l) are not considerable since the variance of the recovery is greater at a lower ThOD. Though it seemed that a smaller variation of the results was obtained when H2SO4 was added to the titration vessel. This could be explaind by smaller variances in the acidic concentration, due to more accurate addition of H2SO4 and a more precise sample volume. Therefore the H2SO4 will be added in the titration vessel.

Second experiment
In the second experiment the H2SO4 was added in the titration vessel. Also 5 ml 0, 6, 18, 30, 60 or 180 g/l AgNO3 was added before the oxidation reaction. The recovery for glucose (1 mg O2/l) increased from an average of 55.8% to 83.4% when adding 30g AgNO3. No great influence of the added AgNO3 was observed on the recovery of resorcinol and KHfT at (1 mg O2/l). Only a small increase in the recovery was observed for resorcinol, glucose and KHfT (10mg O2/l), see Figure 4.4.
Up to an addition of 30 g/l AgNO3 a small increase was obtained for the recovery. For glucose (1 mg O2/l) a large increase of the recovery was observed. Almost no increase in the recovery was observed when more AgNO3 was added. Therefore the optimal excess of AgNO3 for resorcinol, glucose and KHfT is 5 ml (30 g/l) AgNO3 for 25 ml sample.
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Figure 4.4 Y-as: Recovery of resorcinol ([image: ]), glucose ([image: ]) and KHfT ([image: ]) A: 1mg O/l, B: 10mg O/l. X-as: Added amount of Ag+ in mg.

Summary
The optimal excess of Ag+ for resorcinol, glucose and KHfT is 2.5 ml of 60 g/l AgNO3 which corresponds to 95 mg Ag+.

[bookmark: _Toc472418710]The optimal molarity of H2SO4
The recovery for resorcinol, glucose and KHfT (1 mg O2/l) increased when 8 M H2SO4 was used instead of 4 M H2SO4. A decrease in the recovery for resorcinol, glucose and KHfT (1 mg O2/l) was  observed when the molar concentration of H2SO4 further increased. For resorcinol, glucose and KHfT (10 mg O2/l) a small steady increase in the recovery was observed up to 16 M H2SO4, see Figure 4.5 on the next page.
The blank value increased considerably when adding 16 M and 18 M H2SO4. The blank value of the used method in generaly is between 0.7 ml and 0.8 ml, however, the blank value at 16 M was 1.0 ml and at 18 M 1.9 ml. Therefore the results for resorcinol, glucose and KHfT at 16 M and 18 M H2SO4 were not considered reliable and not used. The values of the blank when adding  8 M or 12 M H2SO4 did not differ from those of 4 M H2SO4, see Appendix VI Table VI.I for the blank values.
From a molar concentration of 12 M H2SO4 the recovery of resorcinol, glucose and KHfT (1mg O2/l) decreases although an increase is observed for resorcinol, glucose and KHfT (10mg O2/l) up to 16 M. Therefore the optimal molar concentration of H2SO4 for resorcinol, glucose and KHfT is 8 M H2SO4.

Summary
The optimal molar concentration of sulfuric acid for resorcinol, glucose and KHfT is 8 M H2SO4.
[image: ]
Figure 4.5 Y-as: Recovery of resorcinol ([image: ]), glucose ([image: ]) and KHfT ([image: ]) A: 1mg O/l, B: 10mg O/l. X-as: Molar concentration of H2SO4.

[bookmark: _Toc472418711]The optimal Ag+:Cl- ratio
The recoveries of the resorcinol standard (1 mg O2/l) with 500 mg Cl-/l and a Ag+:Cl- ratio of 3.0:1.0 and 4.0:1.0 are shown in figure 4.6 B. The titrated volumes of the blanks are shown in figure 4.6 A. The average of the reference blank without chloride with silver nitrate was 0.7254. The average of the blank with chloride (500 mg Cl-/l) without silver nitrate was 3.7594, which correspond to a COD value of 10.24, corrected for the reference blank. Thereby the positive influence of chloride on the COD was confirmed.
Though the recovery of the resorcinol standard at a Ag+:Cl- ratio of 3.0:1.0 corresponded to the recovery of the reference, the values of the blanks differed considerably from each other. Therefore  a Ag+:Cl- ratio of 3.0:1.0 was not sufficient. 

[image: ]
Figure 4.6 A: The values of the blank at 0 (reference) 3 and 4 ml AgNO3 representing Ag+:Cl- ratios of 0.0:0.0 (reference) 0.0:1.0, 3.0:1.0, 3.5:1.0 and 4.0:1.0. X-as, Added volume of AgNO3, Y-as, added volume of KMnO4 for the blank. Red line: maximal blank value (0.6 ml) according to ISO 8467 [4]. B: The recoveries of the resorcinol standards (1mg O/l) Y-as: Recovery of resorcinol ([image: ]) 1mg O2 /l, X-as: added volume of AgNO3.

The recovery of the resorcinol standard at a Ag+:Cl- ratio of 4.0:1.0 was slightly higher than the reference recovery. The value of the blank was slightly lower. Since the blank value was lower at a Ag+:Cl- ratio of 4.0:1.0 and the recovery of the resorcinol standard did not decrease the optimal Ag+:Cl- ratio was 4.0:1.0.

Summary
The optimal Ag+:Cl- ratio is 4.0:1.0.

[bookmark: _Toc472418712]Comparison of methods
For the comparison of the optimal PMI method of this study with the standard method [9] and the cuvette method [6] fourteen compounds (4-aminobenzoic acid, acetic acid, acetone, aniline, ascorbic acid, ethanol, glucose, glycerol, nicotinic acid, phenol, tartaric acid, tryptophan, resorcinol, KHfT) and twelve samples were analyzed with each method in duplicate.
Fourteen compounds
The recoveries of the fourteen compounds relative to the ThOD with the standard PMI method, the optimal PMI method of this study and the cuvette method are shown in Table 4.1. Also the recoveries of the original PMI method [6] and the standard method obtained by L.E. Sijtsma [9], as well as the recoveries of the optimal PMI method relative to the cuvette method are shown.
With the original PMI method only resorcinol had a recovery comparable to the recovery of the cuvette method. Seven of the compounds are below the LOQ, 0.5 mg O2/l, which corresponds to a recovery of 10 % concerning solutions of the fourteen compounds with a ThOD of 5 mg O2/l. Six compounds have a recovery lower than the recovery of the same compound with the cuvette method. Compared to the standard PMI method the recoveries and number of detectable compounds increased from seven to ten with the optimal PMI method. Thereby confirming the improvement of the recovery observed in the previous experiments.
Comparing the recoveries of all fourteen compounds obtained with the standard PMI method [9] with those obtained with the (duplicate) standard PMI method in this study only the recovery of one compound, ethanol, was not within 5 % of the same compound, see Table 4.1. This might be due to less evaporation in the sample vessel, since it was filled with 60 ml instead of 30 ml.
All recoveries of the compounds with the optimal PMI method are higher compared to the standard PMI method, except for acetone since it has a recovery below the LOQ. This might be due to evaporation in the titration vessel, before the addition of the reduction agent, KMnO4. Since the titration vessel was not fully closed, compounds that have a boiling point lower than or around 80 oC could evaporate before they are completely oxidized. This would results in a lower recovery. Of the fourteen tested compounds the recovery of acetone, ethanol and acetic acid with boiling points of  56 oC, 78 oC and 118 oC were considerably lower, presumably by evaporation. 

Table 4.1 The recoveries in % of the fourteen compounds relative to the ThOD of each compound for the original PMI method [1,2], the standard PMI method [1] both obtained by L.E. Sijtsma [1], the duplicate standard PMI method, the optimal PMI method end the cuvette method [4]. In the last column the recoveries of the fourteen compounds with the optimal PMI method relative to the recoveries of the cuvette method are listed. All numbers in red are below the LOQ of the used method. All underlined numbers are comparable with the cuvette method. For the PMI methods a concentration of 5 mg O2/l was used where as for the cuvette method a concentration of 100 mg O2/l was used.
	 Compound
	PMIorg. 
[1,2]
	PMIstandard [1]
	PMIstandard duplicate
	PMIoptimal
	Cuvette 
[4]
	PMIoptimal/
Cuvette [4]

	4-aminobenzoic acid
	73.7
	81.3
	81.9
	102.1
	91.6
	111.4

	aniline
	80.7
	84.4
	85.7
	100.1
	93.2
	107.4

	phenol
	76.5
	83.5
	85.3
	98.8
	94.5
	104.6

	resorcinol
	84.9
	86.3
	86.6
	95.4
	87.6
	108.9

	dl-tryptophan
	71.0
	82.4
	82.1
	90.0
	89.9
	100.2

	tartaric acid
	70.0
	71.9
	75.9
	88.3
	91.4
	96.7

	ascorbic acid
	60.0
	75.9
	80.6
	86.4
	92.3
	93.6

	glycerol
	4.2
	19.2
	20.8
	86.3
	99.4
	86.8

	glucose
	4.2
	53.5
	52.2
	73.2
	97.8
	74.9

	acetic acid
	0.0
	0.1
	0.6
	47.6
	81.1
	58.8

	ethanol
	0.0
	0.1
	14.0
	39.5
	80.3
	49.2

	nicotinic acid
	9.5
	21.5
	23.6
	37.6
	7.7
	488.1

	KHfT
	2.9
	6.4
	4.2
	13.3
	96.4
	13.8

	acetone
	-0.1
	-0.5
	1.5
	2.9
	86.3
	3.3



Despite the fact that KHfT has a low recovery as it is poorly oxidized with the optimal PMI method, at 5 mg O2/l the recovery was above the LOQ. With the Cuvette method nicotinic acid was poorly oxidized while with the optimal PMI method the recovery was almost five times higher. The recovery of glucose was with the optimal PMI method 74.9 % relative to the cuvette method. 
Of the fourteen compounds eight have a recovery >80% relative to the ThOD and relative to the cuvette method. Thereby these eight compounds (4-aminobenzoic acid, aniline, phenol, resorcinol, dl-tryptophan, tartaric acid, ascorbic acid and glycerol) have a similar recovery and oxidation efficiency as the cuvette method. 

Summary
All recoveries of the compounds with the optimal PMI method improved relative to the standard PMI method, except for acetone which has a recovery below the LOQ due to evaporation. Nine compounds, =64 %, have a similar (4-aminobenzoic acid, aniline, phenol, resorcinol, dl-tryptophan, tartaric acid, ascorbic acid and glycerol) or better (nicotinic acid) recovery/oxidation efficiency compared to the cuvette method. 

Samples
The chloride concentration and the COD of each sample with the cuvette and PMI method is shown in Table 4.2. Also the ratio’s between the chloride concentration, the COD and the recovery for each sample with the optimal and standard PMI method relative to the cuvette method are shown.
The average, standard and relative standard recovery of the samples of the standard PMI method relative to the cuvette method are 33.6 %, 8.3 % and 24.8 % respectively. Compared to the reference [9] average, standard and relative standard recovery of similar samples, 34 %, 10 % and 29 %, the average recoveries are comparable. The standard and relative standard recovery are slightly higher with the reference method. Thus, the used samples are representative for this study.

Table 4.2 The results of the samples with; The chloride concentration of the samples in mg/l for the cuvette and PMI method. The COD of the samples in mg O2/l determined with the cuvette method. The COD of the samples in mg O2/l for the PMI method. The ratio between the chloride concentration and the COD of the samples. The recovery of the samples in % with the optimal and standard PMI method relative to the cuvette method. The average recovery, standard deviation (std.) and relative standard deviation (RSD) of the recovery of the samples analyzed with the optimal and standard PMI method, relative to the COD of the diluted sample.
	Sample number
	Cl-
Cuvette
	Cl- a
PMI
	COD 
Cuvette
	COD c
PMI
	Cl-/COD
	Recovery
PMIoptimal/Cuvette
	Recovery
PMIstandard/Cuvette

	111
	384
	77
	18.0
	3.60
	21.3
	74.9
	31.7

	124
	665
	133
	17.6
	3.51
	37.9
	65.1
	42.8

	211
	99
	25
	22.7
	5.68
	4.4
	64.0
	50.9

	112
	332
	66
	23.8
	4.75
	14.0
	61.2
	19.6

	322
	413
	83
	43.0
	8.59
	9.6
	59.1
	30.5

	123
	608
	122
	20.7
	4.13
	29.4
	54.5
	38.1

	222
	458
	115
	22.3
	5.58
	20.5
	51.4
	30.6

	234
	597a
	299
	31.7b
	7.93
	37.7
	45.2
	34.0

	344
	827a
	331
	36.4b
	7.27
	45.5
	40.9
	38.3

	311
	555
	111
	31.7
	6.33
	17.5
	38.2
	25.5

	323
	791
	158
	35.5
	7.09
	22.3
	37.8
	26.4

	244
	716a
	381
	29.5
	7.38
	51.6
	32.6
	35.1

	Average
	
	
	
	
	
	52.1
	33.6

	Std.
	
	
	
	
	
	13.2
	8.3

	RSD
	
	
	
	
	
	25.4
	24.8


a Chloride concentration in diluted samples.
b COD after correction for the dilution.
c COD in diluted samples, calculated form the COD of the samples determined with the cuvette method.

The average recovery of the optimal PMI method, 52.1 %, was 1.5 times better compared to the average recovery of the optimize PMI method. Comparable results were obtained between the relative standard recoveries of both methods. Therefore the goal of this study, to improve the recovery of the PMI method without increasing the relative standard deviation of the method, was achieved.
In order to compare the optimal PMI method with the COD method the oxidation efficiency of the PMI method for the tested fourteen compounds as well as the samples must be within 80-120 % of the COD method with a RSD of ≤10 %. This is not the case and therefore the optimal PMI method is not comparable with the COD method.

Summary
The recovery of the optimal PMI method was increased one and a half times without increasing the relative standard deviation of the method. Yet, the optimal PMI method is not comparable with the COD method.


[bookmark: _Toc455999104][bookmark: _Toc472418713]Conclusion
The oxidation efficiency is successfully improved by increasing the oxidation time from 30 to 60 minutes and increasing the concentration of sulphuric acid from 4 to 8 M. Also 2.5 ml of a 60 g/l silver nitrate solution is added to serve as a catalyst. An additional volume of 1.5 ml of 60 g/l silver nitrate should be added to a solution containing 500 mg/l chloride to suppress the interference of chloride.

For 1 mg O2/l the oxidation efficiency of resorcinol, glucose and KHfT increased from 97.4 %, 26.8 % and <LOD to 115.1 %, 102.1 % and 116.4 %. For 10 mg O2/l the oxidation efficiency of resorcinol, glucose and KHfT increased from 81.0 %, 55.4 %, <LOD to 86.6 %, 62.0 % and 6.7%.

All recoveries of the compounds with the optimal PMI method increased relative to the standard PMI method, except for acetone, which is due to evaporation. Eight compounds had a similar recoveries, 80 - 120%, relative to the cuvette method. For samples the oxidation efficiency of the PMI method was improved with by one and a half times, to 52%, with preservation of the relative standard deviation (RSD), ±25%. However, at this point the PMI method is not considered an alternative method for the COD method since the oxidation efficiency is less than 80% for 6 of the compounds and for all samples the RSD is >10%.

The conclusion is that the oxidation efficiency of the PMI method is improved by one and a half times with preservation of the relative standard deviation and neutralization of the chloride interference. Therefore, the main goal of this study, to improve the oxidation efficiency and the relative standard deviation of the automated PMI method and to neutralize the interference of chloride, is achieved. 
The sub goal, to investigate whether the optimized PMI method can be an alternative method for the COD method, is answered negatively. It is concluded that the PMI method is not an alternative method for the COD method.


[bookmark: _Toc472418714]Recommendations
· Investigating the maximum amount of chloride that can be tolerated by the method. A higher concentration of Ag+ could be used for this purpose but it is expected that this amount is limited. The main benefit to increase the amount of silver is the variety of samples that can be measured with the PMI method. Also less dilution would be necessary.
· Investigating a higher oxidation temperature, 96-98 oC instead of 80 oC [2]. This could increase the  oxidation efficiency. Since the used heating bath can’t cool quickly enough, a second heating bath with a higher temperature would be necessary. Thereby automatically switching the solution of the titration vessel from one to the other heating bath.
· Investigating different concentrations of KMnO4 and Oxalate to increase the range of the method. For example, by increasing the concentration of both solutions (with a factor ten) a possible higher range of the COD could be achieved. Less dilution of samples would be necessary.
· Investigating the linearity of the recovery of all fourteen compounds by, for example, analyzing all  at a COD of 1, 5 and 10 mg O2/l.
· Closing the inlet of the titration vessel to minimize the evaporation of volatile components such as acetone, ethanol and acetic acid.
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[bookmark: _Toc472418717]Appendix I: Chemical and sample specifications
The specifications, molecular formula, purity in %, brand, batch or lot number and CAS number, of the used chemicals are listed in Table I.I. The weighed masses, stock concentrations and the dilution scheme  of the fourteen compounds are listed in Table I.II. The specifications, sample number (RWS) and (Study) and the chloride concentration, COD and ratio of the chloride concentration relative to the COD (determined by an external laboratory), of the samples are listed in Table I.III.

Table I.I The molecular formula, purity in %, brand, batch or lot number and CAS number of each chemical.
	Chemical
	Molecular formula.
	Purity (%)
	Brand
	Batch/Lot no.
	CAS no.

	(2R,3R)-(+)-Tartaric acid
	C4H6O6
	≥99
	Merck
	S4867331 919
	87-69-4

	4-Aminobenzoic acid
	H2NC6H4CO2H
	99.8
	Dr. Ehrenstorfer
	40721
	150-13-0

	Acetic acid (glacial)
	CH3COOH
	≥99.8
	Merck
	K42722963 135
	64-19-7

	Acetone
	CH3COCH3
	≥99.8
	Merck
	K44911820 337
	68-64-1

	Aniline
	C4H8NH2
	≥99.5
	Merck
	K38994761 922
	62-53-3

	D(+)-Glucose
	C6H12O6
	97.5 - 102.0
	Merck
	K39431537 920
	50-99-7

	DL-Tryptophan
	C11H12N2O2
	99
	Alfa Aesar
	10151131
	54-12-6

	Ethanol
	C2H5OH
	≥99.9
	Merck
	K47249283 546
	64-17-5

	Glycerol (bidistilled)
	C3H8O3
	99.5
	VWR
	09G080505
	56-81-5

	Heating bath fluid a 
	-
	-
	Merck
	K48033465 626
	31694-55-0

	L(+)-Ascorbic acid
	C6H8O6
	99.0-100.5
	VWR
	09I030014
	50-81-7

	Milli-Q
	H2O
	-
	Millipored
	F6mN71216H
	-

	Nicotinic acid
	C6H5NO2
	≥99.0
	Merck
	S5752414 604
	59-67-6

	Phenol
	C6H5OH
	99.0-100.5
	Merck
	A934006 851
	108-95-2

	Potassium hydrogen phthalate (KHfT)
	1-KOCOC6H4-2-COOH
	99.95-100.05
	J.T. Baker (Baker analyzed)
	E05604
	877-24-7

	Potassium permanganate b
	KMnO4
	
	Merck
	HC673049
	7722-647

	Resorcinol
	C6H6O2
	>98
	Fluca
	410248/1
	108-46-3

	Silver nitrate
	AgNO3
	≥99.5
	VWR
	16D074109
	7761-88-8

	Sodium chloride (crystal)
	NaCl
	≥99.0
	J.T. Baker (Baker analyzed)
	1534901839
	7647-14-5

	Sodium oxalate c
	C2Na2O4
	
	Alfa Aesar
	Z22B052
	62-76-0

	Sulfuric acid
	H2SO4
	95-97
	Merck
	K47478331 604
	7664-93-9


a (contains: polymer of ethylene, glycol and glycerin)
b (for 1000 ml, c(KMnO₄) = 0.02 mol/l (0.1 N) Titrisol®)
c 0.1N Standardized Solution
d Apparaat: Milli-A advantage


Table I.II The dilution scheme of the fourteen compounds. For de dilutions for the cuvette method volume flasks of 50 ml were used and for the PMI method 200 ml.
	 Compound
	Weighed (mg)
	ThODstock 
(mg O2/l)
	Vpipetted cuvette (ml)
	Vpipetted PMI (ml)
	ThODCuvette 
(mg O2/l)
	ThODPMI
(mg O2/l)

	resorcinol
	131.5
	497
	10.00
	2.00
	99
	4.97

	4-aminobenzoic acid
	61.3
	501
	10.00
	2.00
	100
	5.01

	DL-tryptophan
	108.8
	980
	5.00
	1.00
	98
	4.90

	glucose
	188.5
	1005
	5.00
	1.00
	100
	5.02

	KHfT
	176.9
	1005
	5.00
	1.00
	100
	5.02

	tartaric acid
	378.0
	1007
	5.00
	1.00
	101
	5.04

	nicotinic acid
	141.3
	1010
	5.00
	1.00
	101
	5.05

	ascorbic acid
	225.3
	1023
	5.00
	1.00
	102
	5.12

	glycerol
	169.4
	1030
	5.00
	1.00
	103
	5.15

	acetic acid
	377.4
	2011
	2.50
	0.50
	101
	5.03

	aniline
	170.0
	2044
	2.50
	0.50
	102
	5.11

	phenol
	214.2
	2549
	2.00
	0.40
	102
	5.10

	ethanol
	475.2
	4951
	1.00
	0.20
	99
	4.95

	acetone
	918.0
	10120
	0.50
	0.10
	101
	5.06




Table I.III The chloride concentrations, the COD and the ratio of the chloride concentration relative to the COD of the used samples determined by an external laboratory.
	Sample number (RWS)
	Sample number (Study)
	CCl- (mg/l)
	COD (mg O2/l)
	CCl-/COD

	7186
	111
	20.0
	25.0
	0.8

	1711
	112
	350
	29
	12.1

	870
	123
	740
	27
	27.4

	862
	124
	730
	23
	31.7

	6538
	211
	110
	39.0
	2.8

	717
	222
	530
	34.0
	15.6

	1808
	234
	1500
	37.0
	40.5

	4776
	244
	1700
	34.0
	50.0

	751
	311
	400
	47.0
	8.5

	715
	322
	740
	43
	17.2

	724
	323
	990
	49
	20.2

	1864
	344
	1800
	46.0
	39.1





[bookmark: _Toc472418718]Appendix II: Description of the optimal PMI method
The water bath is set to 86.0 oC to obtain a temperature in the reaction vessel of 80 oC. For the analysis of a blank, a sample glass is filled with 60 ml Milli-Q and closed by an aluminum roundel and a roundel holder. For the analysis of a standard/sample  60 ml of the standard/sample is used in order to perform a duplicate analysis.
Of the solution 25 ml is transferred into the titration vessel. 5 ml Of H2SO4 8 M, 4 ml of AgNO3 60 g/l and 1 ml of Milli-Q is added and the mixed solution is heated to ±80 oC. At 80 oC 5 ml KMnO4 (0.002 M) is added while stirring. The oxidation takes place during 60 minutes. An excess, 5.5 ml, of sodium oxalate is added. After a color change the excess of the oxalate is titrated with potassium permanganate (0.002 M) and an equivalence point is obtained.
For the standardization an additional 5.5 ml sodium oxalate (0.005 M) is added to the titrated blank solution. A second titration with potassium permanganate (0.002 M) is performed. After the second titration the titration vessel is emptied and rinsed with Milli-Q [1]. The PMI is calculated with Formula 3.1 and 3.2.



[bookmark: _Toc472418719]Appendix III: Schematics of the standard and optimal PMI method
The schematics of the standard PMI method is shown in Figure II.I, for the blank and standardization, and Figure II.II, for the sample. The schematics of the optimal PMI method is shown in Figure II.III, for the blank and standardization, and Figure II.IV, for the sample. 
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Figure III.I The schematics of the standard PMI method; Blank and standardization 2
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Figure III.II The schematics of the standard PMI method; Sample
[image: ]
Figure III.III The schematics of the optimal PMI method; Blank and standardization 2

[image: ]
Figure III.IV The schematics of the optimal PMI method; Sample


[bookmark: _Toc472418720]Appendix IV: Duration of the oxidation time
The titrated and average volumes for the blank determinations are listed in Table IV.I, The (average) recoveries of resorcinol and glucose standards (1 and 10 mg O2/l) are listed in Table IV.II and Table IV.III.

Table IV.I The titrated and average volumes of KMnO4 for the determination of the blank
	
	VEP1.Blank (ml)
	VEP1.Std. (ml)
	k (ml)

	1.1
	0.5840
	5.3050
	5.4880

	1.2
	0.6288
	5.2318
	5.4939

	Average
	0.6064
	
	5.4910

	2.1
	0.6380
	5.4156
	5.5116

	2.2
	0.6321
	5.4007
	5.4935

	Average
	0.6351
	
	5.5026



Table IV.II Results of the resorcinol standards.
	No.
	EP 1 (ml)
	PMI (mg O2/l)
	ThOD (mg O2/l)
	Recovery (%)

	1.1
	1.8613
	4.0221
	5.014
	80.2

	1.2
	1.8644
	4.0319
	5.014
	80.4

	Average
	
	
	
	80.3

	2.1
	1.9613
	4.2416
	4.969
	85.4

	2.2
	1.9277
	4.1340
	4.969
	83.2

	Average
	
	
	
	84.3



Table IV.III Results of the glucose standards.
	No.
	EP 1 (ml)
	PMI (mg O2/l)
	ThOD (mg O2/l)
	Recovery (%)

	2.1
	1.4104
	2.4795
	5.022
	49.4

	2.2
	1.3918
	2.4201
	5.022
	48.2

	Average
	
	
	
	48.8




[bookmark: _Toc472418721]Appendix V: Duration of the oxidation time
The titrated and average volumes for the blank determinations are listed in Table V.I. The (average) recoveries of resorcinol and glucose standards (1 and 10 mg O2/l) are listed in Table V.II and Table V.III.

Table V.I The titrated and average volumes of KMnO4 for the determination of the blank with an oxidation time of 0, 30, 40, 50, 60, 90 and 120 minutes (n=2).
	Blank
	0 min.
	30 min.
	40 min.
	50 min.
	60 min.
	90 min.
	120 min.

	1
	0.5335
	0.5956
	0.6585
	0.7073
	0.7223
	0.7588
	0.9115

	2
	0.5525
	0.6027
	0.6318
	0.7040
	0.7372
	0.7599
	0.8694

	Average
	0.5430
	0.5992
	0.6452
	0.7057
	0.7298
	0.7594
	0.8905



Table V.II The recovery’s of the resorcinol standards at an oxidation time of 30, 40, 50, 60, 90 and 120 minutes (n=2).
	ThOD
	30 min.
	40 min.
	50 min.
	60 min.
	90 min.
	120 min.

	1 mg/l  1
	93.1
	102.9
	84.2
	121.7
	108.9
	91.8

	1 mg/l  2
	101.6
	95.1
	79.0
	105.9
	102.4
	97.3

	Average
	97.4
	99.0
	81.6
	113.8
	105.7
	94.5

	10 mg/l  1
	82.9
	80.8
	78.0
	84.4
	82.2
	75.8

	10 mg/l  2
	79.1
	77.2
	79.9
	82.7
	82.0
	76.6

	Average
	81.0
	79.0
	78.9
	83.6
	82.1
	76.2



Table V.III The recovery’s of the glucose solutions at an oxidation time of 30, 40, 50, 60, 90 and 120 minutes (n=2).
	ThOD
	30 min.
	40 min.
	50 min.
	60 min.
	90 min.
	120 min.

	1 mg/l  1
	24.7
	82.3
	60.8
	59.4
	93.6
	73.0

	1 mg/l  2
	29.0
	45.8
	43.7
	61.7
	68.8
	63.9

	Average
	26.8
	64.1
	52.2
	60.6
	81.2
	68.5

	10 mg/l  1
	55.0
	52.6
	55.8
	57.5
	60.7
	59.0

	10 mg/l  2
	55.8
	55.8
	56.4
	58.3
	57.0
	58.9

	Average
	55.4
	54.2
	56.1
	57.9
	58.9
	58.9





[bookmark: _Toc472418722]Appendix VI: The optimal molarity of H2SO4
The titrated and average volumes for the blank determinations are listed in Table VI.I.

Table VI.I The titrated and average volumes of KMnO4 for the determination of the blank with an oxidation time of 60 minutes and a H2SO4 concentration of 4, 8, 12, 16 and 18 mol/l (M)  (n=2).
	Blank
	4 M.
	8 M
	12 M
	16 M
	16 M

	1
	0.7911
	0.7253
	0.6673
	0.9696
	1.9743

	2
	0.7538
	0.7255
	0.8171
	1.0276
	1.7931

	Average
	0.7725
	0.7254
	0.7422
	0.9986
	1.8837
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