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			INTRODUCTION

			Inorganic Trace Analysis: What do you mean?

			“... minute precautions, maniacal cleanliness purity with eight zeroes, are things which make me suffer. I know very well that in some cases it is a matter of necessary measures, but I also know that, more than often mania prevails over common sense...”

			Primo Levi, The Periodic Table

			The role of the analytical chemist has not changed since the inception of the discipline. However, the questions for which society wants answers have become more challenging, demanding and the range of materials requiring analysis has changed dramatically. In a recent paper de Galan discussed this trend by pointing out that in the 1960´s we worked with mg/L range and a typical analytical challenge was the determination of lead in gasoline, in the 1970´s we moved to µg/L range and the determination of polycyclic aromatics represented a typical analytical task of this period, and in the 1980´s we reached ng/L when determining by dioxine in milk.1 Another clear demonstration of the current demands on analytical chemists is the downward trend in the maximum allowed concentration of sulfur in diesel fuel correlated with the evolution and ability of inductively coupled plasma mass spectrometers (ICP-MS) to measure ppb levels on a routine basis.2 Recently, the United States Pharmacopeia Convention (USP) and the U.S. Food and Drug Administration (FDA) have initiated steps to replace the 100 year old colorimetric method (USP 231) for determination of heavy metal impurities with a new inductively coupled plasma-atomic (optical) emission and mass spectroscopy based methods (USP 232 and 233) by January 1, 2018.3

			Based on these considerations, it seems more effective to look for a definition of trace analysis not directly correlated with a certain concentration range as was done in the past but one based on the limitations of obtaining reliable results. In this sense, Prichard et al. pointed out that trace analysis “would be defined more generally as applying to an analysis where the concentration of the analyte is low enough to cause difficulty in obtaining reliable results”.4 This definition was graphically illustrated by Horwitz et al. by showing the decreasing reliability of chemical analyses at lower concentration levels.5 This graph became known as “Horwitz trumpet” (Figure 1).
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			Figure 1. Horwitz Trumpet

			These authors clearly show how coefficients of variation changes from 2 % for major nutrients to as large as 30-50 % for chemical species present in µg/kg range. This difficulty for reaching accurate and precise results was also highlighted by Howard and Stathan by expressing that trace analysis is “an analytical procedure requiring special steps to be taken because of the low concentration of analyte which is present”.6

			In this sense it is important to have a clear knowledge about sensitivity, limits of detection and limits of quantification. A reading of IUPAC definitions is strongly recommended and it becomes clear that sensitivity is directly the variation of the analytical signal with analyte concentration, i.e. in mathematical language the slope of the analytical calibration curve; on the other hand, limits of detection and quantification also involve the standard deviation for measurements of the blank and the method blank must be considered.6 According to Howard and Stathan “the method blank assesses contamination which is introduced during the sample preparation and analysis. It is normally carried out by performing these operations on either no sample or a dummy sample which is known to be free of the analyte.” The method blank is more critical than both the instrument blank and the calibration blank. The former allows evaluating either memory effects or instrument fluctuations caused by different sources. The latter is related to impurities present in the reagents used for preparing analytical calibration solutions. Howard and Stathan also pointed out that the analytical blank is a cumulative factor and all efforts should be done for minimizing the number of handling steps in an analytical procedure.6

			The level of contamination control that analysts have applied to their measurements in the past is often insufficient to meet the needs of these new measurement challenges. The analysis can be no better than the analyst performing the measurement. The decisions, judgments, and performance of the analyst all impact the quality and validity of the reported results. The critical point in inorganic trace analysis is to strive for a better understanding of the analytical task we are dealing with, but where do the analytical difficulties come from? The major contributors are:

			
					contaminations caused by reagents, apparatus, analysts and laboratory environment;

					interferences caused by complex matrices;

					losses during sample preparation step.

			

			A better understanding about these difficulties will lead to better control, better control implies better analytical blanks. Better blanks make it realistically feasible to reach low concentrations achievable by modern analytical instrumentation. This book focuses on helping today’s analytical chemist understand and overcome these difficulties by learning how to THINK BLANK.

		

	
		
			CHAPTER 1

			The Analytical Blank: How bad could it be?

			“...sensitivity and trouble are proportional”. 

			Primo Levi, The Periodic Table.

			This analytical blank is a measure of all external sources of elemental contamination and is used to make a correction to the measured sample concentration. “The analytical blank may be considered the “Achilles’ heel” of trace analysis. Modern methods of analysis have lowered the threshold of determining trace elements to the low parts per billion for many elements but the inability to control the analytical blank has seriously affected the accuracy of these methods.”7 The variability of the analytical blank and not the absolute value is what determines the accuracy of trace metals analysis.

			The overall uncertainty for an analytical measurement is calculated using the following formula:8
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			The variability of the analytical blank has little or no effect on the accuracy of the result when the analyte concentration of the sample is several orders of magnitude higher the blank result. For example a sample with a measured mercury concentration of 500 ± 25 ng/g and a analytical blank concentration of 10 ± 5 ng/g the total uncertainty would be:
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			The reported mercury concentration for this sample would be 490 ± 25 ng/g. The analytical blank had no effect on the reported result.

			As the analyte concentration approaches the blank level the accuracy of the result could be obscured by the uncertainty of the analytical blank measurement. For example a sample with a measured mercury concentration of 50 ± 2 ng/g and a blank concentration of 10 ± 5 ng/g the total uncertainty would be:
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			The reported mercury concentration for this sample would be 40 ± 5. All of the uncertainty in the analysis is due the analytical blank which critically impacts the reliability and accuracy of this measurement.

			In order to improve the precision and accuracy of an inorganic metals analysis steps must be taken to control the analytical blank.

		

		
			
			

		

		
			
			

		

	
		
			CHAPTER 2

			Contamination: How do I control my blank?

			“In trace analysis the effects of contamination from laboratory air or furnishings, apparatus, containers, and reagents have become increasingly important, as the sensitivity of analytical methods has lowered detectable limits to the nanogram and picogram level”. 

			M. Zief, J. W. Mitchell.9

			Laboratory Atmosphere

			Airborne contamination has the most significant effect on the determination of elements which occur in naturally high concentrations in the earth’s crust (Na, Ca, K, Mn, Si, Al, Fe, Mg and Ti) and are prevalent anthropological sources (Fe, Ni, Pb, Zn, Cu, As).6,9-11 In Dortmund Germany analysts discovered that their high iron blanks were caused because nearby plants had dispersed 20 tons of ferric oxide which contaminated their ventilation system.12

			These elemental contaminates are always present in the laboratory, primarily as dust particles. If left isolated and undisturbed dust particles will have little effect on the analytical result. Unfortunately, the daily operation of an analytical laboratory often results in the dust particles become airborne. Once airborne the heavier particles quickly settle out, while the lighter particles are suspended and carried by the air currents throughout the laboratory. Airborne particulate concentrations have been shown to fluctuate from a low of 0.2 x 106 per ft3 in the morning to a high of 1.5 x 106 per ft3 by noon.13 

			Charge transfer by friction is the most common mechanism leading to transport of atmospheric particles into a sample. Friction created between two dissimilar materials, one of which is a nonconductor or a poor conductor of electricity creates a charge imbalance in the materials. The charge imbalance, either positive or negative continues to build up until it finds a means of release. Teflon has a tendency to generate a negative charge, while the components of airborne contamination tend to become positively charged (Figure 2). The opening of a Teflon bottle becomes negatively charged as the cap is unscrewed. Any positively charged airborne contamination in the vicinity, will be immediately attached to the cap or neck of the bottle. In extreme cases analysts can even observe the movement of particles from their clothing or gloves to charged sample containers.14
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			Figure 2. Materials tendency to generate a static charge.

			Think Blank: How do I control airborne contamination?

			The first step in controlling airborne contamination is to minimize the generation, transportation, and deposition of atmospheric particles. The major source for metal containing particulates in the laboratory is the degradation of metals objects by acid vapors, paints, cements, plastics, and other construction materials. Unnecessary shelving, partitions and furniture should be removed from the laboratory, because they can accumulate dust and debris. Metal furniture should be replaced with wood. Stainless steel door handles, hinges, and plumbing should be replaced with plastic equivalents or coated with pigment free epoxy paint. Bench tops should be coated with epoxy paint and for added protection covered with Teflon, or polyethylene sheeting (contact paper). Ceiling panels should be replaced with ones that have a plastic laminate on each side to prevent particle formation. Low fiber emitting tissues should be used for wiping operations. Floors, benches, and apparatus should be wiped down with deionized water regularly. Bottles, containers, samples, reagents, and small equipment should be kept isolated from laboratory air when not in use by storing in plastic snap-top boxes, or polyethylene bags.6,7,9,14-18

			Particulate contamination is minimized by filtering the laboratory air with a high efficiency particulate air filter (HEPA). This filter was developed for the Manhattan project to remove fissionable particles from the air.19 HEPA filters have an efficiency of 99.97% for particles 0.3 µm and larger particles. They effectively remove bacteria, pollen, fly ash, and dust. Some common contaminants like tobacco smoke are not removed since their particles are less than 0.3 µm.10 HEPA filters are incorporated into clean benches and used in conjunction with laminar/directional air flow. These clean hoods, they are commonly called, create particle-free working environments by projecting air through the HEPA filter and exhausting it across a work surface in a laminar air stream. Directional air flow provides an air curtain preventing airborne contamination from entering the workspace. Standard clean hoods are good for drying containers and apparatus after cleaning, protecting samples in the autosampler trays during analysis, and for preparation of calibration and quality control standards. The standard clean hoods should not be used to handle or store toxic or hazardous materials, because all the fumes that are generated within the hood are carried by the laminar flow toward the analyst. Exhausted clean hoods are available for the handling of hazardous and corrosive substances. These units are constructed from nonmetallic components. The HEPA filtered air flows vertically and is drawn though a perforated work area into the laboratory exhaust system. 

			The best approach to controlling airborne contamination for trace metal analysis to construct a clean laboratory or clean room. This approach is expensive and is used in the production of computer, pharmaceutical, and aerospace products as well as the production of standard reference materials. Clean rooms minimize metal-containing dust by filtering the air that enters the room through HEPA filters, using specialized construction materials, and operating under positive pressure so that the flow of air is always out of the room (Table 1). Clean rooms also utilize antechambers to isolate the cleanroom from the general laboratory. These antechambers are for changing into specialized clean room attire and passing items into the clean environment. In a properly maintained and operated clean room sub pg/g measurements can be routinely made.
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			Table 1. Particulate concentrations (ng/m3) of metals in laboratory environments.20

			Even the best clean rooms can not completely remove all airborne particulate material so steps must be taken to minimize electrostatic charge build-up on surfaces and sample containers. In dry air, the imbalanced charges have nowhere to go, so they build up until they come into contact with another conductive object that can release the excess charges. However, in humid air (greater than 45% humidity), static electricity has a natural means of release due to water’s ability to conduct electricity. The moisture in humid air serves as a natural conductor that allows charges to leave objects. Tiny particles of water touch the object and absorb the charge. In turn, those particles of water come into contact with other particles of water, causing the excess charges to spread away from the original object.The authors have found that ethanol is an even more effective and efficient means of removing electrostatic charge build-up on surfaces and containers than water due to its lower vapor pressure allowing it evaporate faster.

			Laboratory Apparatus, Sample and Reagent Containers

			Before a sample is analyzed for trace metals, it has been collected, stored, processed, and prepared. During this process, the sample comes in contact with many different laboratory tools, containers and apparatus, which can deposit trace metal contamination into the sample. Standard laboratory motors are made of alumina or glass will contaminate the sample with Al, Si, and Fe. Mills and blenders are made of stainless steel and have tungsten carbide blades which will contaminate the sample with W, Ni, Cr, Co and Fe. Sieves are usually made of stainless steel with copper wire mesh, which will contribute Cu, Fe, Co, Cr, and Ni contamination. Ashless filter paper, used to filtering, samples contains trace metal contamination on the order of
1 mg/kg. In addition the filtration assemblies can also impart contamination to the sample. Prolonged storage of sample and reagent solutions prior to analysis is dangerous step from a contamination viewpoint. Prolonged contact with container materials will most likely impart contamination from the container into the sample.

			Borosilicate Glass

			The most common material used for laboratory containers and apparatus is borosilicate glass. It is resistant to most acids, but should not be used with HF or boiling H3PO4. Alkaline solutions should not be heated or stored in borosilicate glass because they will gradually solubilize the glass according to the following equation.
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			Borosilicate glass is not a good material for trace analysis, because it contains high levels of trace metals (Table 2) and has the potential to absorb analytes from the sample according to the following equation.6
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			Quartz

			An alternative to borosilicate glass is quartz. Like borosilicate glass it is resistant to most acids, but should not be used with HF, boiling H3PO4, or alkaline solutions. Quartz composed almost entirely of SiO2 and the trace metal concentration depends on the type and method of production. Naturally occurring quartz laboratory components are made by electric (Type I) or flame melting (Type II). Type II quartz has a lower trace metal concentration because some of the metals are volatilized in the flame. Synthetic quartz laboratory components are produced by the vapor phase hydrolysis (Type III) or oxidation and electrical fusion (Type IV) of SiCl4. Both of these methods produce quartz with low trace metal contamination.6,7,21 The typical trace metal impurity levels for the various types of quartz are shown in Table 2.
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			Table 2. Trace element concentrations (µg/g) in borosilicate glass and various types of quartz.7,21

			Synthetic Polymers

			The low levels of trace metal contamination make quartz an ideal material for trace metal analysis, but the cost and availability of common laboratory containers and apparatus limit its use in trace metal analysis. Synthetic polymeric materials are now being employed as alternative materials for containers and apparatus for trace metal analysis. The trace metal impurities of these materials are comparable to quartz, but will vary based on the manufacturing environment, type of molding, molding components and polymerization process. A dirty manufacturing environment may lead to the incorporation of airborne particulate contamination (Ni, Al, Mn, Cu, Fe) into the final product. In addition the metal molds used in the injection molding may impart contamination as well.14,23 The most common materials used for trace metal analysis are polyethylene, polypropylene, and fluorinated polymers.

			Polyethylene

			There are two types of polyethylene used in trace metal analysis, conventional (low density) and linear (high density). Low density polyethylene (LDPE) is produced by high pressure polymerization of ethylene. High density polyethylene is produced at low pressures catalyzed by transition metal oxides ([Al]R3, TiCl4, ZrCl3, VCl3, CrCl3).Polyethylene is resistant toward concentrated HCl and HF, but is oxidized by aqua regia and nitric acid. Prolonged storage of dilute solutions of HNO3 causes the material to brown or yellow. The maximum service temperature for LDPE is 80°C and 110°C for HDPE. The use of LDPE is preferable to HDPE because it has lower levels of trace metal contamination (Table 3).

			
				
					
						
							
							
							
							
							
							
							
						
						
							
									
									Element

								
									
									LDPE

								
									
									HDPE

								
									
									PP

								
									
									PFA

								
									
									FEP

								
									
									PTFE

								
							

							
									
									Al

								
									
									0.5

								
									
									30

								
									
									55

								
									
									
									
							

							
									
									Ca

								
									
									
									800

								
									
									
									
									
							

							
									
									K

								
									
									> 5000

								
									
									> 600

								
									
									
									
									0.2

								
									
									0.23

								
							

							
									
									Na

								
									
									1.3

								
									
									15

								
									
									4.8

								
									
									0.1

								
									
									0.4

								
									
									0.16

								
							

							
									
									Sb

								
									
									0.005

								
									
									0.2

								
									
									0.6

								
									
									
									
							

							
									
									Ti

								
									
									
									5

								
									
									60

								
									
									
									
							

							
									
									Mn

								
									
									
									0.01

								
									
									0.2

								
									
									
									0.6

								
									
							

							
									
									Zn

								
									
									
									520

								
									
									
									
									
							

						
					

				

			

			Table 3. Trace element concentrations (µg/g) in polymers materials used for sample containers.23

			Polypropylene

			Polypropylene is produced catalytically (Al, Ti) from propylene and like HDPE has elevated levels of some trace metal contaminates (Table 3). Polypropylene is less resistant to concentrated HCl and becomes yellow or brown by prolonged exposure. Its resistance to dilute HNO3 and aqua regia is similar to polypropylene. Polypropylene is harder and more rigid that polypropylene and is stable up to 135°C. Polypropylene is well suited for open vessel digestion containers and applications that require sterilization.
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