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Preface

This is the third edition of Destruction of Hazardous Chemicals in the Laboratory, originally published in 1990 with a second edition in 1994. Many of the monographs from the second edition that deals with specific chemicals have been modified to a greater or lesser extent to take into account recent developments in the literature. Methods for the destruction of pharmaceuticals have been similarly modified and greatly expanded and moved to a separate section. Entirely new monographs have been included, particularly for toxins derived from biological agents.

We have also added a section that deals with non-specific methods for the destruction of hazardous organic chemicals. The methods in this section include potassium permanganate oxidation and the so-called advanced oxidation processes, for example the Fenton reaction and photolysis. They may be of use when no procedures for destroying a particular compound have been reported. In such cases it is particularly important to take stringent safety precautions when dealing with previously untried procedures. These procedures are illustrated with many examples drawn from the literature.

Procedures for the destruction of specific compounds are detailed in the individual monographs, as before. The format for the individual monographs is essentially the same as that used in earlier editions.

As before, this book is a collection of detailed procedures that can be used to degrade and dispose of a wide variety of hazardous materials. The procedures are applicable to the amounts of material typically found in the chemical laboratory. Exotic reagents and special apparatus are not required. The procedures may readily be carried out, often by technicians, in the laboratory where the hazardous materials are used.

Specific funding for research on methods for degrading hazardous chemicals in the laboratory essentially ended in 1993. However, work continues on procedures for the large-scale destruction of hazardous chemicals in connection with the prevention or remediation of environmental pollution. This type of research is frequently carried out on a laboratory scale and on occasion these laboratory scale experiments provide useful information for researchers wishing to dispose of hazardous chemicals in their laboratory.

We have selected reported procedures that appear to us to be adaptable for laboratory use. The procedures described were selected because it appeared that they could be carried out in the laboratory with readily available reagents and equipment. A number of excellent procedures were omitted because they appeared to require specialized equipment or biological cultures. Procedures in which a critical reagent must be synthesized were also generally avoided. Because the research we cite is generally aimed at developing a process that could be used on an industrial scale, not all aspects of the process may have been thoroughly explored. Complete destruction of the target compound has not always been demonstrated and the extent of degradation has frequently been estimated by us, often from a graph. Additionally the final reaction mixtures were seldom tested for toxicity although major degradation products have been identified in some cases.

Any method that is developed from the research cited should be thoroughly tested before being used on a routine basis. Small changes, for example, reactor geometry or dissolved oxygen, can lead to large changes in the efficiency of the reaction. In some cases reactions may fail to go to completion because of the accumulation of light-absorbing products.

The safe handling and disposal of hazardous chemicals is an essential requirement for working with these substances. We hope that this book will contribute to and encourage the use of tested and sound practices.

George Lunn
Eric B. Sansone

January 2012



Introduction

Most biological agents can be inactivated by treating them with formaldehyde, ethylene oxide, or moist heat, and radioactive materials will decay with the passage of sufficient time, but there are no destruction techniques that are universally applicable to chemical agents. The availability of destruction techniques for specific hazardous chemical agents would be particularly helpful because of the dangers associated with their handling and disposal. In addition, being able to destroy or inactivate the hazardous materials where they are used is advantageous because the user should be familiar with the hazards of these materials and the precautions required in their handling.

Here, we present summaries of destruction procedures for a variety of hazardous chemicals. Many of the procedures have been validated, some by international collaborative testing. We have drawn on information available in the literature1–13 through the end of 2010 with some later publications and on our own published and unpublished work. It is a cause of regret that technological changes have essentially resulted in the closing of many scientific libraries to the general public. It is unfortunate that a work such as this can no longer be written without the access provided by an institutional affiliation.

About This Book

This book is a collection of techniques for destroying a variety of hazardous chemicals. It is intended for those whose knowledge of the chemistry of the compounds covered is rather sophisticated; that is, for those who are aware not only of the obvious dangers, such as the toxic effects of the compounds themselves and of some of the reagents and other materials used in the methods but also of the potential hazards represented, for example, by the possible formation of diazoalkanes when N-nitrosamides are treated with base. If you are not thoroughly familiar with the potential hazards and the chemistry of the materials to be destroyed and the reagents to be used, do not proceed.

In this edition of the book, we have expanded the number of monographs that deal with the destruction of hazardous compounds that are derived from biological sources, for example, ricin, tetrodotoxin, but we do not deal with the destruction of biological organisms themselves. However, it should be noted that guidelines for handling biological materials in the laboratory have been described and specific procedures for their destruction have been published. A survey of the existing literature on this subject is beyond our scope, but overviews of biological safety are available from the Centers for Disease Control and Prevention,14 the World Health Organization,15 the National Research Council,16 and the American Society for Microbiology.17 Each of these publications deals to a greater or lesser extent with the destruction of biological materials. For a more encyclopedic approach, see McDonnell.18 Note that steam sterilization, a method of choice for the treatment of much biological waste in laboratories, hospitals, and commercial establishments, does not eliminate all the potential hazards from antineoplastic drug residues.19

The destruction methods are organized in what we believe to be rational categories. These categories are listed in the Table of Contents. It is quite likely, however, that others would have categorized these methods differently, so we have provided five indexes. We have assembled many synonyms of the compounds covered into a Name Index. In each case, the page number given is the first page of the monograph in which the destruction of that compound is discussed. In some cases, the compound itself may not have been studied; it may have been referred to in the Related Compounds section. Since it is not possible to cite every synonym and every variation in spelling, we have also provided a CAS Registry Number Index and a Molecular Formula Index. With these aids one should be able to find the appropriate destruction method for the compound in question. Pharmaceuticals are referred to in the monographs and in the Name Index mostly by their United States Adopted Name (USAN). However, we recognize that many people may be more familiar with these pharmaceuticals by their Trade Names or by their International Nonproprietary Name (INN) or by some other name, so we have provided a Cross-Index of Pharmaceutical Names, which you should consult if you cannot find the name you are looking for in the Name Index. In a similar fashion, many dyes and biological stains have multiple names so in the monograph we have used a common name for each dye and provided a Cross-Index for the various other names that are used.

One of the difficulties in preparing a book such as this is deciding what should be included and what should be excluded from the text. We have tried to make the method descriptions and the supporting references complete, but at the same time not include unnecessary details. We also tried to eliminate ambiguity wherever possible, going so far as to repeat almost verbatim certain procedures for some compounds rather than noting a minor change and referring to another section and so risking a wrong page number or a misinterpretation. Some general safety precautions are given below. These are not repeated for each group of compounds; in some cases, unusual hazards are noted. For many of the destruction procedures we use the word “discard” in connection with the final reaction mixture. This always means “discard in compliance with all applicable regulations”.

Although we have included all the validated destruction procedures known to us, we realize that there may be other procedures in the literature or in development. Thus, we would be pleased to hear from readers who have any information or suggestions.

Properties of a Destruction Technique

We have already indicated the advantages of destroying hazardous chemicals at the place where they were generated. It is also useful to consider the desirable properties of a destruction technique for hazardous chemicals.


	Destruction of the hazardous chemical should be complete.

	A substantially complete material accountance should be available, with the detectable products being innocuous materials. (This accountance is often difficult to accomplish. In the absence of a complete material accountance, an assessment of the mutagenic activity of the reaction mixture may provide useful information concerning the potential biological hazards associated with the decomposition products.)

	The effectiveness of the technique should be easy to verify analytically.

	The equipment and reagents required should be readily available, inexpensive, and easy and safe to use. The reagents should have no shelf-life limitations.

	The destruction technique should require no elaborate operations (such as distillation or extraction) that might be difficult to contain; it must be easy to perform reliably and should require little time.

	The method should be applicable to the real world; that is, it should be capable of destroying the compound itself, solutions in various solvents, and spills.



These properties characterize an ideal destruction technique. Most techniques cannot meet all of these criteria, but they represent a goal toward which one should strive.

Contents of a Monograph

Each monograph usually contains the following information:


	An introduction describes the various properties of the compound or class of compounds being considered.

	The principles of destruction section details, in general terms, the chemistry of the destruction procedures, the products, and the efficiency of destruction.

	The destruction procedures section may be subdivided into procedures for bulk quantities, solutions in water, organic solvents, and so on.

	The analytical procedures section describes one or more procedures that may be used to test the final reaction mixtures to ensure that the compound has been completely degraded. The techniques usually involve packed column gas chromatography (GC) or reverse phase high-performance liquid chromatography (HPLC), but colorimetric procedures and thin-layer chromatography (TLC) are also used in some cases.

	The mutagenicity assays section describes the data available on the mutagenic activity of the starting materials, possible degradation products, and final reaction mixtures. The data were generally obtained from the plate incorporation technique of the Salmonella/mammalian microsome mutagenicity assay (see below).

	The related compounds section describes other compounds to which the destruction procedures should be applicable. The destruction procedures have not usually been validated for these materials, however; they should be fully investigated before adopting them.

	References identify the sources of the information given in the monograph.



For pharmaceuticals and nonspecific methods of destruction, however, the nature of the material has led us to take a different approach, and the organization of these monographs is based on the type of reaction under consideration, for example, potassium permanganate oxidation, photolysis.

Mutagenicity Assays

In many cases the residues produced by the destruction methods were tested for mutagenicity. Unless otherwise specified, the reaction mixtures from the destruction procedures and some of the starting materials and products were tested for mutagenicity using the plate incorporation technique of the Salmonella/mammalian microsome assay essentially as recommended by Ames et al.20 with the modifications of Andrews et al.21 Some or all of the tester strains TA98, TA100, TA1530, TA1535, TA1537, and TA1538 of Salmonella typhimurium were used with and without S9 rat liver microsomal activation. The reaction mixtures were neutralized before testing. In general, basic reaction mixtures were neutralized by adding acetic acid. Acidic reaction mixtures were neutralized by adding solid sodium bicarbonate. Reaction mixtures containing potassium permanganate were decolorized with sodium ascorbate before neutralization. A 100 μL aliquot of the solution (corresponding to varying amounts of undegraded material) was used per plate. Pure compounds were generally tested at a level of 1 mg per plate in either dimethyl sulfoxide (DMSO) or aqueous solution. To each plate were added 100 μL of these solutions. The criterion for significant mutagenicity was set at more than twice the level of the control value. The control value was the average of the cells only and cells plus solvent runs. Unless otherwise specified, residues did not exhibit mutagenic activity. The absence of mutagenic activity in the residual solutions, however, does not necessarily imply that they are nontoxic or have no other adverse biological or environmental effects.

Analytical Procedures

For the most part, unless otherwise specified, the analytical equipment used for the work carried out by the authors consisted of the following. For HPLC, a dual pump computer-controlled solvent delivery system (Rainin Instrument Co., Woburn, MA) was used with ultraviolet (UV) detection using either a Knauer Model 87 variable wavelength detector (Rainin) or an ABI 1000S diode array detector (Applied Biosystems, Foster City, CA). The injection volume was 20 μL and the flow rate was 1 mL/min. The column was a 250 × 4.6-mm i.d. column of Microsorb 5 μm C8 fitted with a 15 × 4.6-mm guard column of the same material. For GC a Hewlett Packard HP 5880A instrument was fitted with a 1.8-m × 2-mm i.d. × 0.25-in. o.d. packed silanized glass column. The column was fitted with a guard column packed with the same material. The guard column was changed periodically. The injector temperature was 200°C and the flame ionization detector temperature was 300°C. The carrier gas was nitrogen flowing at 30 mL/min. Injection was by syringe and sample volumes were in the 1–5 μL range. For each instrument an electronic integrator was used to determine peak areas automatically.

In some cases, we found that injecting unneutralized reaction mixtures onto the hot GC column caused degradation of the material for which we were analyzing. Thus, it might be that degradation was incomplete but the appropriate peak was not observed in the chromatogram because the compound was degraded on the GC column. Spiking experiments can be used to determine if this is a problem. In a spiking experiment a small amount of the original compound is added to the final reaction mixture and this spiked mixture is analyzed. If an appropriate peak is observed, compound degradation on the GC column is not a problem. If an appropriate peak is not observed, it may be necessary to neutralize the reaction mixture before analysis and/or use a different GC column. Similar problems may be encountered when using HPLC because of the formation of salts or the influence of the sample solvent; again, spiking experiments should be employed. We have indicated in the monographs some instances where problems such as these were encountered (see, e.g., Halogenated Compounds monograph) but spiking experiments should be used routinely to test the efficacy of the analytical techniques.

Spills

Before starting work, have a plan for dealing with spills or accidents; coming up with a good plan on the spur of the moment is difficult. At a minimum have the appropriate decontaminating or neutralizing agents prepared and close at hand. Small spills can probably be cleaned up by the researcher. In the case of larger spills, the area should be evacuated and help sought from those experienced and equipped for dealing with spills, for example, your institutional safety department.

The initial step in dealing with a spill should be the removal of as much of the spill as possible by using a high efficiency particulate air (HEPA) filter equipped vacuum cleaner for solids and absorbents for liquids or solutions. The residue should be decontaminated as described in the monographs.

Whereas solutions or bulk quantities may be treated with heterogeneous [e.g., nickel–aluminum (Ni–Al) alloy reduction] or homogeneous methods [e.g., potassium permanganate/sulfuric acid (KMnO4/H2SO4) oxidation], decontamination of glassware, surfaces, and equipment and the treatment of spills is best accomplished with homogenous methods. These methods allow the reagent, which is in solution, to contact all parts of the surface to be decontaminated. At the end of the cleanup, it is frequently useful to rub the surface with a wipe moistened with a suitable solvent, for example, water, methanol, acetone, and analyze the wipe for the spilled compound.

Applicability of Procedures

Methods that successfully degrade some compounds may not affect other compounds of the same class or other classes of compounds. For example, oxidation with KMnO4 in H2SO4 solution has been successfully applied to the destruction of several classes of compounds such as aromatic amines8 and polycyclic aromatic hydrocarbons.4 This method gave satisfactory results with some of the antineoplastic agents but not with others, including most of the N-nitrosourea drugs.9 Sodium hypochlorite treatment, often recommended as a general destruction technique, failed to give satisfactory results with doxorubicin and daunorubicin9 and polycyclic aromatic hydrocarbons,4 and estrones.22 However, it was satisfactory for the destruction of aflatoxins.2 Nickel–aluminum alloy in dilute base worked well for N-nitrosamines3 but was unsatisfactory for the destruction of polycyclic aromatic hydrocarbons.4

Chromic acid is an attractive oxidizing agent and has been used successfully to degrade many compounds, but the spent chromium compounds are potentially carcinogenic. These compounds are also environmentally hazardous and may not be discharged into the sewer. For this reason, we have not recommended the use of chromic acid for degrading any of the compounds we have covered. Potassium permanganate/sulfuric acid degradation appears to be as efficient and has fewer hazards.

Safety Considerations

A first step in minimizing risks associated with hazardous chemicals is to prepare a set of guidelines regulating such work. Many organizations have produced such guidelines and many texts have been written on the subject of laboratory safety,1, 14–17, 23–29 preventing exposure to hazardous drugs,30 and the hazardous properties of chemicals.31–36 A recent paper shows that implementing procedures for the safe handling of antineoplastic drugs led to a drop in worker exposure over a 10 year period.37

The American Chemical Society maintains an index of the chemical safety letters that have appeared in Chemical and Engineering News at http://www.pubs.acs.org/cen/safety/. The full text of each letter can be accessed through this index.

Such documents will provide many useful suggestions when preparing guidelines for any laboratory situation. It is important that the guidelines “fit” the management and administrative structure of the institution and that any particular work requirements be taken into account. Obviously, all national and local laws should be obeyed as well as all institutional regulations. Controlled substances are regulated by the Drug Enforcement Administration. By law, Material Safety Data Sheets must be readily available. All laboratories should have a Chemical Hygiene Plan [29CFR Part 1910.1450] and institutional safety officers should be consulted as to its implementation. Help is (or should be) available from your institutional Safety Office. Use it.

To ensure the safety of those working with hazardous materials of any kind, policies, responsibility, and authority must be clearly defined. The responsibilities of the laboratory director, the supervisor, the employee, and the safety committee should be clearly spelled out.

It is important that potentially hazardous materials are handled only by those workers who have received the appropriate training. For that reason, glassware and equipment should be decontaminated in the laboratory before they are transferred to any central washing system.

Obviously, it is important to consider the waste disposal aspects of one's work before the work begins. Experiments should always be designed to use the minimum quantities of potentially hazardous materials, and plans should be made in advance to minimize the wastes generated by any experimentation. Equally when purchasing material for the laboratory consideration should be given as to its eventual disposal. Although buying large quantities may result in a lower unit cost this may be no bargain if you must eventually pay to have large quantities of unused material disposed of. Consideration should also be given to purifying and using existing stocks rather than discarding the old material and buying fresh. A recent book describes the purification of laboratory chemicals.38 As an example see the Monograph on Butyllithium where methods of retitrating solutions of uncertain concentration are described. In addition, Appendix I describes procedures for drying organic solvents. These procedures may help to reduce the need to discard older materials.

Although we concentrate here on laboratory methods for destroying or decontaminating hazardous chemicals, it is valuable to briefly discuss some other approaches to handling chemical wastes. Regardless of the disposal approach selected, only completely decontaminated wastes producing no adverse biological effects should be discarded. Procedures for disposing of hazardous chemicals must comply with all applicable regulations. It is obviously undesirable to deliberately dispose of hazardous chemicals through the sewage system or by evaporation into the atmosphere, unless one has solid evidence that their subsequent degradation is extremely rapid, irreversible, complete, and produces safe degradation products.

It is impossible to provide a concise summary of safety practices for handling hazardous chemicals in the laboratory. For a complete discussion, the reader is advised to consult readily available references.1, 14, 23–36, 39–46 Each institution and facility should tailor its program to meet its needs. It is important that the safety program include procedures for working with chemicals, biological materials, compressed gases, high-voltage power supplies, radioisotopes, and so on.

The following descriptions are designed to give a sufficiently complete guide to the destruction methods available to allow one to implement them successfully. The user may wish to consult the sources cited in order to determine the exact reaction conditions, limitations, and hazards that we have not been able to list because of space limitations. In some cases more than one procedure is listed. In these instances all the procedures should be regarded as equally valid unless restrictions on applicability are noted. In the course of collaborative testing, we have occasionally found that the efficacy of the same technique varies between laboratories and may also depend on the batch of reagents being used. Thus, we strongly recommend that these methods be periodically validated to ensure that the chemicals are actually being destroyed. These methods have been tested on a limited number of compounds. The efficiency of the destruction techniques must be confirmed when they are applied to a new compound.

The details of analytical techniques are also included. It should be noted that even if 99.5% of a compound is destroyed, the remaining amount may still pose a considerable hazard, particularly if the original reaction was performed on a large scale. The efficiency of degradation is generally indicated by giving the limit of detection, for example, <0.5% of the original compound remained. This means that none of the original compound could be detected in the final reaction mixture. However, because of the limitations of the analytical techniques used, it is possible that traces of the original compound, which were below the limit of detection, remained. If this is the case, to use the example given above, the quantity that remained was less than 0.5% of the original amount.

The reactions described were generally performed on the scale specified. If the scale is greatly increased unforeseen hazards may be introduced, particularly with respect to the production of large amounts of heat, which may not be apparent in a small-scale reaction. Extra care should therefore be exercised when these reactions are performed on a large scale.

In addition to the potential hazards posed by the compounds themselves, many of the reagents used in degradation procedures are hazardous. Acids and bases are corrosive and should be prepared and used carefully. As noted below, the dilution of concentrated H2SO4 is a very exothermic process, which can result in splattering if carried out incorrectly. All reactions should be carried out in a properly functioning chemical fume hood, which is vented to the outside. Laminar flow cabinets or other recirculating hoods with or without filters are not appropriate. The performance of the hood should be checked by qualified personnel at regular intervals. Hoods should be equipped with an alarm that sounds if the airflow drops below a preset value.

Dissolving concentrated H2SO4 in H2O is a very exothermic process and appropriate protective clothing, including eye protection, should be worn. Concentrated H2SO4 should always be added to H2O and never the other way around (otherwise splashing of hot concentrated H2SO4 may occur). To prepare H2SO4 solutions, the appropriate quantity of concentrated H2SO4 is slowly and cautiously added to about 500 mL of H2O, which is stirred in a 1 L flask. When addition is complete, H2O is added to bring the volume up to 1 L and the mixture is allowed to cool to room temperature before use. To prepare a 1 M H2SO4 solution, use 53 mL of concentrated H2SO4 and to prepare a 3 M H2SO4 solution, use 160 mL of concentrated H2SO4.

Appropriate protective clothing should be worn.40, 41 This clothing includes, but is not limited to, eye protection (safety glasses or face shield), lab coat, and gloves. Rubber gloves generally allow the passage of organic liquids and solutions in organic solvents; they should not be allowed to routinely come into contact with them. Protective clothing should be regarded as the last line of defense and should be changed immediately if it becomes contaminated.

Wastes should be segregated into solid, aqueous, nonchlorinated organic, and chlorinated organic material and disposed of in accordance with local regulations.

In the introductions to the monographs, we did not try to give an exhaustive listing of the toxicity data [e.g., LD50 (the dose that is lethal for 50% of the animals tested) or TLV (threshold limit values) data] or other hazards associated with the compounds under consideration. Instead, we attempted to give some indication of the main hazards associated with each compound or class of compounds. Extensive listings of all the known hazards associated with these compounds can be found elsewhere.31, 34, 35

All organic compounds discussed in this book should be regarded as flammable and all volatile compounds should be regarded as having the capacity of forming explosive mixtures in confined spaces. In many cases the toxic properties of many of these compounds have simply not been adequately investigated. Prudence dictates that, unless there is good reason for believing otherwise, all of the compounds discussed in this book should be regarded as volatile, highly toxic, flammable, human carcinogens, and should be handled with great care.

Other hazards are introduced by the reagents needed to perform the destruction procedures. Examples are the use of Ni–Al alloy and the use of KMnO4.

Safety Considerations with Nickel–Aluminum Alloy

In the course of the reaction Ni–Al alloy reacts with base to produce hydrogen, a flammable gas that forms explosive mixtures with air. Providing the reactions are done in a fume hood this should not be a problem. It has been found that this reaction frequently exhibits an induction period.47 There is an initial temperature rise when the Ni–Al alloy is first added but the temperature soon declines to ambient levels. Typically, after about 3 h, a much larger temperature rise occurs and the reaction mixture has frequently been observed to boil at this stage. For this reason, the reaction should be carried out in a flask that is certainly no more than one-half full. In some cases, we have observed that considerable foaming occurs and that an even larger flask is required. These instances are mentioned in the monographs (see, e.g., page 577). We have found it convenient to perform these reactions in a round-bottom flask fitted with an air condenser. The reaction also produces finely divided nickel, which is potentially pyrophoric. This product does not appear to be a problem, however, as long as it is allowed to dry on a metal tray away from flammable solvents for 24 h before being discarded.

Safety Considerations with Potassium Permanganate

It has been pointed out48 that when KMnO4 in H2SO4 was used to degrade hazardous compounds mutagenic reaction mixtures were produced because manganese was left in solution. The Ames test was used with tester strain S. typhimurium TA102 (which was most sensitive to manganese) to assess mutagenic activity. Mutagenic activity was also detected with strain TA100 but at a lower level. Manganese is also known to be a carcinogen.49, 50 Thus, disposal of reaction mixtures that contain manganese is not desirable. However, by manipulating the workup conditions, KMnO4 can be used to degrade hazardous reagents and the manganese can subsequently be removed from solution.51 These procedures have been incorporated into the monographs. A fuller account of the procedures that can be used to remove manganese from solution can be found in Appendix II.

A number of potential hazards have been identified. We have made no attempt to provide comprehensive guidelines for safe work, however, and it is essential that workers follow a code of good practice.
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Specific Methods For the Destruction of Hazardous Chemicals in the Laboratory





Acetonitrile





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Acetonitrile (CH3CN; MeCN)1 is a colorless, poisonous, and flammable liquid (bp 81.6°C) [75-05-8]. It is a teratogen and a skin and severe eye irritant.2 Acetonitrile is widely used as an HPLC mobile phase component. It has a number of uses in the laboratory and is used industrially. It is miscible with water, ethanol, and organic solvents. It is immiscible with petroleum ether.

Principles of Destruction and Decontamination

Acetonitrile may be hydrolyzed to acetic acid and ammonia by NaOH in aqueous solution.3 The amount of acetonitrile remaining is <0.025% after 15 days at room temperature or 2 h at 80°C. See also the Organic Nitriles monograph for a reductive approach to the destruction of acetonitrile.

Destruction Procedure

As ammonia is evolved all operations should be carried out in a properly functioning chemical fume hood. Dilute the acetonitrile solution with water, if necessary, until the concentration of acetonitrile is 10% or less. For each 1 mol of acetonitrile that is present add 2.5 mol of NaOH in the form of a 10 M NaOH solution. If the acetonitrile solution is acidic (e.g., from HPLC buffer salts) it may be necessary to add more NaOH to maintain a strongly basic solution. Stir at room temperature (25°C) for 15 days or at 70–80°C for 2 h, neutralize, check for completeness of destruction, and discard the solution.

Analytical Procedures

Acetonitrile may be determined by gas chromatography (GC) using a 1.8-m × 2-mm i.d. column packed with Porapak Q.3 The carrier gas was nitrogen flowing at 25 mL/min. A flame ionization detector was used, the oven temperature was 180°C, and the approximate retention time of acetonitrile was 3 min. The limit of detection was 0.025%. A headspace technique was used. The sample was diluted at least 10-fold with 1 M pH 8 phosphate buffer and a 10 mL aliquot was heated at 55°C for at least 30 min in a 100 mL flask fitted with a rubber septum. A 1 mL portion of the headspace vapor was injected onto the column.

Related Compounds

This procedure is specific for acetonitrile.

Alternatives

Bearing in mind the recent shortages of acetonitrile4 it might be desirable to design chromatographic procedures so as to minimize the consumption of acetonitrile, for example, using a slower flow rate or columns with smaller internal diameters.5 Devices are available that allow mobile phase between peaks to be recycled. When peaks elute the mobile phase is diverted to waste and when peaks are not present the mobile phase is returned to the mobile phase reservoir. Re-using mobile phase is generally not recommended.6 However, with appropriate quality control it might be possible, in some cases, to re-use mobile phase for less critical applications. For some separations using electrochemical detection recycling the mobile phase may even be advantageous.7 Repeated passage through the guard cell (placed before the injector) will remove impurities from the mobile phase. Recycled mobile phase should be filtered to remove any particulates that may form. Also repeated sparging with helium may lead to the loss of the more volatile component.8 HPLC-grade acetonitrile can be recovered using spinning-band distillation.9 Ethanol may be an appropriate alternative for the ion-pair reversed phase chromatography of biomolecules.10 HPLC mobile phases frequently pose a major hazardous waste problem for laboratories and some thought should be given to their disposal when planning analytical procedures. In particular, chlorinated solvents should be avoided.11
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Acid Halides and Anhydrides





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Acid halides, sulfonyl chlorides, and anhydrides are widely used in organic chemistry. The safe disposal of a number of these compounds has been investigated.

All of these compounds are corrosive, can cause burns, and some may be lachrymators. In general these compounds react violently with dimethyl sulfoxide (DMSO).11 A number of other incompatibilities have been noted, for example, acetyl chloride reacts violently with ethanol,12 propionyl chloride reacts violently with diisopropyl ether,13 thionyl chloride reacts

[image: img]

violently with a variety of reagents including ammonia, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), and ethanol,14 sulfuryl chloride is incompatible with lead(IV) oxide, ether, red phosphorus, dinitrogen pentaoxide, and alkalies;15 benzenesulfonyl chloride reacts violently with methylformamide;16 and acetic anhydride reacts violently with a variety of compounds including boric acid, chromium trioxide, ethanol, nitric acid, and perchloric acid.17 This list is not exhaustive and standard reference works should be consulted before proceeding.18 Benzenesulfonyl chloride may explode on storage.16 These compounds all react readily, and sometimes violently, with H2O, alcohols, and amines. Dimethylcarbamoyl chloride is carcinogenic in experimental animals19 and sulfuryl chloride may be carcinogenic.20

Principle of Destruction

Under controlled conditions these compounds are readily hydrolyzed to the corresponding acids. Highly reactive compounds (e.g., acetyl chloride, propionyl chloride, dimethylcarbamoyl chloride, benzoyl chloride, thionyl chloride, sulfuryl chloride, methanesulfonyl chloride, and acetic anhydride) are simply added to a 2.5 M sodium hydroxide (NaOH) solution at room temperature while compounds of lesser reactivity (e.g., benzenesulfonyl chloride and p-toluenesulfonyl chloride) require prolonged stirring or refluxing with a 2.5 M NaOH solution. For these compounds destruction was >99.98%. Chlorosulfonic acid is too reactive to be degraded using any of these procedures (see the monograph on Chlorosulfonic Acid).

Destruction Procedures

Destruction Procedure for Highly Reactive Compounds (e.g., Acetyl Chloride, Propionyl Chloride, Dimethylcarbamoyl Chloride, Benzoyl Chloride, Thionyl Chloride, Sulfuryl Chloride, Methanesulfonyl Chloride, and Acetic Anhydride)21

Cautiously add 5 mL or 5 g of the compound to 100 mL of a 2.5 M NaOH solution. Stir the reaction at room temperature until it is over (it may be useful to monitor the temperature), neutralize, and discard it.

Destruction Procedure for Compounds of Lesser Reactivity (e.g., Benzenesulfonyl Chloride and p-Toluenesulfonyl Chloride)21


1. Add 5 mL or 5 g of the compound to 100 mL of a 2.5 M NaOH solution. Cover and stir the reaction at room temperature for 3 h (benzenesulfonyl chloride) or 24 h (p-toluenesulfonyl chloride), analyze for completeness of destruction, neutralize the reaction mixture, and discard it.


2. Add 5 mL or 5 g of the compound to 100 mL of a 2.5 M NaOH solution. Reflux the reaction mixture for 1 h, cool, analyze for completeness of destruction, neutralize the reaction mixture, and discard it.




Destruction Procedure for Compounds of Unknown Reactivity22

To degrade 0.5 mol of the compound, stir a NaOH solution (2.5 M, 600 mL) in a 1L flask and add a few milliliters of the compound. If the compound dissolves and heat is generated, add the rest of the compound at such a rate that the reaction remains under control. If the reaction is slow (e.g., with p-toluenesulfonyl chloride), heat the mixture to about 90°C (e.g., with a steam bath) and, when the compound has dissolved, add the rest of the compound dropwise. When a clear solution is obtained, allow it to cool. Neutralize the final, cooled, reaction mixture, analyze for completeness of destruction, and discard it.

Analytical Procedures21

The following procedure has been found useful for the analysis of benzenesulfonyl chloride and p-toluenesulfonyl chloride. A 100-μL aliquot of the reaction mixture is neutralized by adding it to 1 mL of a 20 μL/mL solution of acetic acid in methanol. Analyze by reverse phase HPLC using acetonitrile:water (60:40) flowing at 1 mL/min and a UV detector set at 254 nm. The approximate retention times are 6.5 min for benzenesulfonyl chloride and 7.6 min for p-toluenesulfonyl chloride. Impurities in the p-toluenesulfonyl chloride may interfere with the analysis.

Related Compounds

This procedure should be generally applicable to acid halides, sulfonyl halides, and acid anhydrides. Chlorosulfonic acid is, however, too reactive to be treated by any of these methods. See the monograph on Chlorosulfonic Acid.
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Aflatoxins





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Aflatoxins are fungal metabolites produced by Aspergillus parasiticus and Aspergillus flavus. In hot humid areas peanuts, beans, and corn may be contaminated with aflatoxins. A variety of aflatoxins are known and all are high-melting (>180°C) crystalline solids. The most commonly encountered aflatoxins are B1 [1162-65-8], B2 [7220-81-7], G1 [1165-39-5], G2 [7241-98-7], and M1 [6795-23-9] (which is the major metabolite of aflatoxin B1 in milk). Other aflatoxins are known. These aflatoxins are all chemically very similar1 and the structure of aflatoxin B1 is shown below.

[image: img]

Aflatoxins are carcinogenic in humans and laboratory animals.2 These compounds are also acutely poisonous by ingestion,3 are used in the laboratory for cancer research, and are found as analytical standards in laboratories doing surveillance of food stuffs. Solid aflatoxins may become electrostatically charged and cling to glassware or protective clothing.

Principles of Destruction

Aflatoxins may be degraded using ammonia (NH3),4 potassium permanganate in sulfuric acid (KMnO4 in H2SO4),4 potassium permanganate in 2 M sodium hydroxide solution (KMnO4 in NaOH),5 or 5.25% sodium hypochlorite (NaOCl) solution followed by the addition of acetone.4 The acetone is required to destroy any 2,3-dichloroaflatoxin B1 that may have been formed by the action of the NaOCl. Before the addition of the acetone the NaOCl concentration should be reduced to 1.3% or less so that the haloform reaction does not occur.6 When KMnO4 is used, the final reaction mixtures should be made strongly basic and filtered to remove manganese compounds.7 Animal carcasses may be decontaminated by burying them in quicklime (calcium oxide).4

Destruction Procedures

Destruction of Stock Quantities


1. Add sufficient methanol (ca. 1 mL or more if required) to solubilize the aflatoxins and wet the glassware, then add 2 mL of 5.25% NaOCl solution (see below for assay procedure) for each microgram (μg) of aflatoxin. Allow this to stand overnight, then add three volumes of H2O and add a volume of acetone equal to 5% of the total diluted volume. After 30 min check for completeness of destruction and discard it.


2. Add sufficient H2O so that the aflatoxins are dissolved and their concentration does not exceed 2 μg/mL. Then, for each 100 mL of this solution, cautiously add 10 mL of concentrated H2SO4 with stirring (exothermic reaction!). Add 16 g of KMnO4 per liter of the resulting solution. The purple color should remain for at least 3 h. If it does not, add more KMnO4. Leave it to react further for 3 h, then decolorize it with sodium metabisulfite, make it strongly basic by adding 10 M KOH solution (Caution! Exothermic!), dilute with H2O, filter, test the filtrate for completeness of destruction, and discard it.


3. Prepare a 0.3 M solution of KMnO4 in 2 M NaOH solution by stirring the mixture for at least 30 min but no more than 2 h. Dissolve 300 μg of aflatoxins in 5 mL of acetonitrile and add 10 mL of KMnO4 in NaOH. Stir for at least 3 h. The color should be either green or purple. If it is not, add more KMnO4 in NaOH until the green or purple color persists for at least 1 h. For each 10 mL of KMnO4 in NaOH add 0.8 g of sodium metabisulfite (more if necessary for complete decolorization), dilute with an equal volume of water, filter to remove the manganese salts, check for completeness of destruction, and discard the solid and filtrate appropriately.




Destruction of Aflatoxins in Aqueous Solution


1. For each microgram of aflatoxin add 2 mL of 5.25% NaOCl solution (see below for assay procedure). Allow it to stand overnight, then add three volumes of H2O and a volume of acetone equal to 5% of the total diluted volume. After 30 min check for completeness of destruction and discard it.


2. For each 100 mL of solution cautiously add 10 mL of concentrated H2SO4 with stirring (exothermic reaction!). Add 16 g of KMnO4 per liter of the resulting solution. The purple color should remain for at least 3 h. If it does not, add more KMnO4. Leave it to react further for 3 h, then decolorize it with sodium metabisulfite, make it strongly basic by adding 10 M KOH solution (Caution! Exothermic!), dilute with H2O, filter, test the filtrate for completeness of destruction, and discard it.


3. Dilute with H2O, if necessary, so that the concentration of aflatoxins does not exceed 200 μg/mL. Add sufficient NaOH, with stirring, to make the concentration 2 M, then add sufficient solid KMnO4 to make the concentration 0.3 M. Stir for at least 3 h. The color should be either green or purple. If it is not, add more KMnO4 in NaOH until the green or purple color persists for at least 1 h. For each 10 mL of KMnO4 in NaOH add 0.8 g of sodium metabisulfite (more if necessary for complete decolorization), dilute with an equal volume of water, filter to remove the manganese salts, check for completeness of destruction, and discard the solid and filtrate appropriately.




Destruction of Aflatoxins in Volatile Organic Solvents


1. Evaporate to dryness under reduced pressure using a rotary evaporator (add an equal volume of dichloromethane to dimethyl sulfoxide (DMSO) solutions before evaporation), then solubilize the residual aflatoxins in a little methanol (ca. 1 mL). For each microgram of aflatoxin add 2 mL of 5.25% NaOCl solution (see below for assay procedure). Allow it to stand overnight, then add three volumes of H2O and a volume of acetone equal to 5% of the total diluted volume. After 30 min check for completeness of destruction and discard it.


2. Evaporate to dryness under reduced pressure using a rotary evaporator (add an equal volume of dichloromethane to DMSO solutions before evaporation), then dissolve the residual aflatoxins in [image: img] (10 mL for each 20 μg of aflatoxins; more if required). For each 100 mL of this solution cautiously add 10 mL of concentrated H2SO4 with stirring (exothermic reaction!). Add 16 g of KMnO4 per liter of the resulting solution. The purple color should remain for at least 3 h. If it does not, add more KMnO4. Leave it to react further for 3 h, then decolorize it with sodium metabisulfite, make it strongly basic by adding 10 M KOH solution (Caution! Exothermic), dilute with H2O, filter, test the filtrate for completeness of destruction, and discard it.


3. Prepare a 0.3 M solution of KMnO4 in 2 M NaOH solution by stirring the mixture for at least 30 min but no more than 2 h. Remove the organic solvent under reduced pressure using a rotary evaporator (add an equal volume of dichloromethane to DMSO solutions before evaporation). Dissolve 300 μg of aflatoxins in 5 mL of acetonitrile and add 10 mL of KMnO4 in NaOH. Stir for at least 3 h. The color should be either green or purple. If it is not, add more KMnO4 in NaOH until the green or purple color persists for at least 1 h. For each 10 mL of KMnO4 in NaOH add 0.8 g of sodium metabisulfite (more if necessary for complete decolorization), dilute with an equal volume of H2O, filter to remove the manganese salts, check for completeness of destruction, and discard the solid and filtrate appropriately.




Destruction of Aflatoxins in Oil

Add 2 mL of a 5.25% NaOCl solution (see below for assay procedure) for each microgram of aflatoxin, shake the mixture on a mechanical shaker for at least 2 h, add three volumes of H2O for each volume of NaOCl used, then add a volume of acetone equal to 5% of the total diluted volume. After 30 min check for completeness of destruction and discard it.

Decontamination of Equipment and Thin-Layer Chromatography Plates

First rinse equipment with a little methanol to solubilize the aflatoxins. Immerse equipment, thin-layer chromatography (TLC) plates, protective clothing, and absorbent paper in a 1:3 mixture of 5.25% NaOCl solution (see below for assay procedure) and H2O for at least 2 h, then add an amount of acetone equal to 5% of the total volume, allow the mixture to react for at least 30 min, and discard it.

Treatment of Spills


1. First remove as much of the spill as possible by high efficiency particulate air (HEPA) vacuuming (not sweeping), then rinse the area with a little methanol to solubilize the aflatoxins. Take up the rinse with absorbent paper. Immerse the absorbent paper in a 1:3 mixture of a 5.25% NaOCl solution (see below for assay procedure) and H2O for at least 2 h, then add an amount of acetone equal to 5% of the total volume, allow the mixture to react for at least 30 min, and discard it. Wash the surface from which the spill has been removed with a 5.25% NaOCl solution and leave it for 10 min before adding a 5% aqueous solution of acetone.


2. Prepare a 0.3 M solution of KMnO4 in 2 M NaOH solution by stirring the mixture for at least 30 min but no more than 2 h. Collect spills of liquid with a dry tissue and spills of solid with a tissue wetted with dichloromethane. Immerse all tissues in the KMnO4 in NaOH solution. Allow it to react for at least 3 h. The color should be either green or purple. If it is not, add more KMnO4 in NaOH until the green or purple color persists for at least 1 h. For each 10 mL of KMnO4 in NaOH add 0.8 g of sodium metabisulfite (more if necessary for complete decolorization), dilute with an equal volume of H2O, filter, check for completeness of destruction, and discard the solid and filtrate appropriately. Cover the spill area with an excess of the KMnO4 in NaOH solution and allow it to react for 3 h. Collect the solution on a tissue and immerse the tissue in 2 M sodium metabisulfite solution. If the pH of this solution is acidic, make it alkaline with NaOH. Rinse the spill area with a 2 M solution of sodium metabisulfite. Check the surface for completeness of decontamination using a wipe moistened with methanol and analyzing the wipe for the presence of aflatoxins.




Destruction of Aflatoxins in Animal Litter

Spread the litter on a metal tray to a maximum depth of about 5 cm, then sprinkle it with a 5% NH3 solution (30–40 mL per 25 g of litter). Autoclave the tray for 20 min at 128–130°C, then discard the litter. Do not pre-evacuate the autoclave as this would remove the NH3.

Destruction of Aflatoxins in Animal Carcasses

Bury carcasses in quicklime and cover to a depth of about 1 cm.

Analytical Procedures


1. Extract 200 mL of decontaminated waste solution three times with 50 mL portions of chloroform and combine the extracts.4 Concentrate the extracts to about 3 mL using a rotary evaporator and add this solution to a graduated tube. Wash the flask twice with 2-mL portions of chloroform and add these washes to the tube. Concentrate the contents of the tube at about 60°C to 0.5 mL under a stream of nitrogen. Spot a TLC plate with 10 μL of this solution and with 5 μL of a 0.2 mg/L standard solution of aflatoxins and develop with a mixture of chloroform:acetone (9:1) in subdued light. Determine the presence or absence of aflatoxins by visualizing under ultraviolet (UV) light (365 nm). (The TLC plates used were Kieselgel 60 Merck.) More cleanup of the sample may be required, prior to TLC, if the sample is highly colored or if the aflatoxins were initially dissolved in oil. The cleaned sample may also be analyzed by HPLC as described below.


2. For reaction mixtures obtained using the KMnO4 in NaOH procedure, acidify an aliquot to pH 2–3 using concentrated hydrochloric acid (HCl). Extract this mixture three times with an equal volume of dichloromethane, pool the extracts, and dry them over anhydrous sodium sulfate.5 Remove the sodium sulfate by filtration, evaporate to dryness, and take up the residue in 0.5 mL of water:methanol:acetonitrile (2:1:1). Analyze by reverse phase HPLC using water:methanol:acetonitrile (2:1:1) flowing at 1 mL/min with spectrofluorimetric detection (excitation 360 nm, emission 440 nm).


3. Other analytical techniques have been reviewed8, 9 and techniques using reverse phase HPLC with a 10-μm Spherisorb ODS column, water:acetonitrile:methanol (15:3:2), fluorescence detection with excitation 365 nm, emission about 450 nm10 or a C18 μBondapak column, methanol:water (40:60), fluorescence detection with excitation 360 nm and a 417 nm cut-off emission filter11 have been described.




Mutagenicity Assays

Aflatoxins B1 and G1 have been shown to be mutagenic in Salmonella typhimurium and other species12 but specific studies of possible mutagenic products from the degradation procedures involving NH3, KMnO4 in H2SO4, and 5.25% NaOCl solution followed by the addition of acetone have not been carried out. The residues from the degradation reactions involving KMnO4 in NaOH were tested for mutagenicity using tester strains TA97, TA98, TA100, and TA102 of S. typhimurium.5 No mutagenic activity was found.

Related Compounds

The above techniques were investigated for aflatoxins B1, B2, G1, and G2 but they should also be applicable to other aflatoxins. Methods for decontaminating aflatoxins on peanuts have been reviewed.13 Some of these methods may be of use in the laboratory.

Assay of Sodium Hypochlorite Solution

Sodium hypochlorite solutions tend to deteriorate with time, so they should be periodically checked for the amount of active chlorine they contain. Pipette 10 mL of the NaOCl solution into a 100 mL volumetric flask and fill it to the mark with distilled H2O. Pipette 10 mL of this solution into a conical flask containing 50 mL of distilled H2O, 1 g of potassium iodide (KI), and 12.5 mL of 2 M acetic acid. Titrate this solution against a 0.1 N sodium thiosulfate solution using starch as an indicator. Each 1 mL of the sodium thiosulfate solution corresponds to 3.545 mg of active chlorine. Commercially available NaOCl solution (Clorox bleach) contains 5.25% NaOCl and should contain 45–50 g of active chlorine per liter.
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Alkali and Alkaline Earth Metals





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






The alkali metals sodium (Na) [7440-23-5],1, 2 potassium (K) [7440-09-7],3, 4 and lithium (Li) [7439-93-2]5, 6 react violently with H2O or even moist air to generate hydrogen, which can then be ignited by the heat of the reaction. These metals are corrosive to the skin and incompatible with many organic and inorganic compounds, including halocarbons. Potassium may oxidize on storage and oxidized metal may explode violently when handled or cut.4, 7 These metals are used in organic synthesis and as drying agents. Alkali metals require special fire extinguishing procedures. The alkaline earth metals magnesium (Mg) [7439-95-4],8, 9 calcium (Ca) [7440-70-2],10, 11 strontium (Sr) [7440-24-6],12, 13 and barium (Ba) [7440-39-3]14, 15 are less reactive to water but they are incompatible with many organic and inorganic compounds. Magnesium and barium have been reported to be incompatible with halocarbons.

Principles of Destruction

The alkali metals are allowed to react with an alcohol in a slow and controlled fashion to generate the metal alkoxide and hydrogen. The metal alkoxide is subsequently hydrolyzed with H2O to give the metal hydroxide and alcohol. A method involving dropping lumps of K into a hole in the ground partially filled with H2O16 would probably not be acceptable in today's regulatory climate. Barium, calcium, and strontium are allowed to react with H2O to generate the metal hydroxide and hydrogen. It has been reported10 that when calcium reacts with H2O the heat of the reaction may ignite the hydrogen that is evolved. However, we have not experienced any problems with this procedure. Magnesium is allowed to react with dilute hydrochloric acid (HCl) to generate magnesium chloride and hydrogen. In all cases the hydrogen is vented into the fume hood.

A procedure for recycling scrap pieces of sodium has been published.17

Destruction Procedures

Caution! These procedures present a high fire hazard and should be conducted in a properly functioning chemical fume hood away from flammable solvents. The presence of a nonflammable board or cloth for smothering the reaction, as well as an appropriate fire extinguisher, may be advisable. If possible, do the reaction in batches to minimize the risk.

Sodium and Lithium

Add 1 g of Na or Li to 100 mL of cold ethanol at such a rate that the reaction does not become violent.18 Stir the reaction mixture. If the reaction mixture becomes viscous and the rate of reaction slows, add more ethanol. When all the metal has been added stir the reaction mixture until all reaction ceases, then examine carefully for the presence of unreacted metal. If none is found, dilute the mixture with H2O, neutralize, and discard it.

Potassium

Potassium is the most treacherous of the alkali metals and fires during its destruction are not infrequent. Precautions for its safe handling have been described.19–21

Add the K to tert-butyl alcohol19 at a rate so that the reaction does not become violent. If the reaction mixture becomes viscous and the rate of reaction slows, add more tert-butyl alcohol. When all the K has been added, stir the reaction mixture until all reaction ceases, then examine carefully for the presence of unreacted metal. If none is found, dilute the mixture with H2O, neutralize, and discard. tert-Amyl alcohol may also be used.20 Whichever alcohol is used it is important to use an anhydrous grade. If necessary, the alcohol should be dried before use. Powdered 3 Å molecular sieve has been recommended.22

Magnesium

Add 1 g of Mg to 100 mL of 1 M HCl and stir the mixture.18 When the reaction has ceased, neutralize the reaction mixture, and discard it.

Barium, Calcium, and Strontium

Add 1 g of Ba, Ca, or Sr metal to 100 mL of H2O in portions and stir the mixture.18 When the reaction has ceased, neutralize the reaction mixture, and discard it.
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Alkali Metal Alkoxides





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






The alkali metal alkoxides sodium methoxide (sodium methylate, CH3ONa) [124-41-4], sodium ethoxide (sodium ethylate, CH3CH2ONa) [141-52-6], and potassium tert-butoxide [(CH3)3COK] [865-47-4] are corrosive. Sodium methoxide1 and sodium ethoxide2 may ignite in moist air. Sodium methoxide reacts violently with chloroform3 and (CH3)3COK ignites on contact with acids or reactive solvents.4 These compounds are used in organic synthesis.

Principle of Destruction

The alkali metal alkoxides are hydrolyzed with H2O to sodium or potassium hydroxide (NaOH or KOH) and the corresponding alcohol.

Destruction Procedure

Add 5 g of the alkoxide to 100 mL of H2O and stir the mixture. When all the alkoxide has dissolved and the reaction appears to be over, discard the mixture.5
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Anatoxin-A





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Anatoxin-a1 [I, 64285-06-9, racemic mixture] is a naturally occurring acute neurotoxin produced by various species of freshwater cyanobacteria within the genera of Anabaena (especially flos-aquae), Aphanizomenon, Microcystis, Planktothrix, and Oscillatoria.2–4 It is soluble in water and rapidly degrades in sunlight and alkaline solution.5, 6
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The fumarate is a light brown hygroscopic solid which melts by decomposition at 124–126°C.7

Anatoxin-a is toxic by ingestion in a variety of animals.2, 8 It is irritating to the eyes, respiratory system, and skin. Adverse reproductive effects have been observed in hamsters.8

Principles of Destruction

Anatoxin-a may be oxidized using ozone9, 10 or potassium permanganate.10 Destruction is >95%. The products of these reactions are not known.

Destruction Procedures

Destruction Using Ozone

Add ozone to a 20 μg/L solution of anatoxin-a in water so as to achieve an ozone concentration of 2 mg/L, shake vigorously, after 5 min test for completeness of destruction, and discard it.9 In another report10 a 166 μg/L solution of anatoxin-a in water was degraded by adding ozone to a final concentration of 1 mg/L. These experiments were carried out with natural lake waters having pH 7–8 and dissolved organic carbon of 3.6–15.5 mg/L. Other organic species may influence the efficiency of destruction.

Destruction Using Potassium Permanganate

Add a 10 mM solution of potassium permanganate in water to a 166 μg/L solution of anatoxin-a in water to a final potassium permanganate concentration of 0.5 mg/L, check for completeness of destruction, and discard it.10 These experiments were carried out with natural lake water having pH 8 and dissolved organic carbon of 3.6 mg/L. Other organic species may influence the efficiency of destruction.

Analytical Procedures

Anatoxin-a may be determined by HPLC using a 250-mm × 4.6-mm 5 μm Phenomenex Gemini C18 column and a mobile phase of MeCN:water:trifluoroacetic acid (3.5:96.5:0.05) flowing at 0.9 mL/min.11 The retention time is approximately 9 min and with UV detection at 225 nm the limit of detection is 33 μg/L. It might be possible to increase this limit of detection, for example, by using high volume injections. A more sensitive method using solid-phase extraction and derivatization has also been reported. Condition a 3 mL Supelco WCX weak cation-exchange SPE cartridge with 6 mL MeOH and 6 mL water.12 Add 10 mL of a filtered water sample, adjusted to pH 7, to the cartridge, wash with 3 mL MeOH:water (50:50), and dry with air. Elute with 10 mL MeOH:trifluoroacetic acid (99.8:0.2). Evaporate the eluate at 50°C under nitrogen and reconstitute with 100 μL 100 mM sodium borate solution. In an amber vial react with 50 μL 1 mg/mL 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) in MeCN in the dark for 10 min. Add 50 μL 1 M HCl and inject a 20 μL aliquot onto a 250-mm × 3.2-mm 5 μm Phenomenex Ultremex or Prodigy C18 column at 35°C. Elute with MeCN:water (45:55) flowing at 0.5 mL/min and monitor with a fluorescence detector, excitation 470 nm, emission 530 nm. The retention time is approximately 15 min and the limit of detection is 10 ng/L. A limit of detection of 0.65 ng/L has been reported using an optimized HPLC-MS procedure.13

Related Compounds

These procedures are specific for anatoxin-a.
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Aromatic Amines





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Aromatic amines constitute a group of widely used synthetic organic chemicals. Many have been shown to be carcinogens in experimental animals and a number of them are thought to be human carcinogens. 4-Aminobiphenyl [92-67-1],1, 2 benzidine [92-87-5],3–5 and 2-naphthylamine [91-59-8]6, 7 are human and animal carcinogens and 3,3′-dichlorobenzidine [91-94-1],8–10 3,3′-dimethoxybenzidine [119-90-4],11, 12 di-(4-amino-3-chlorophenyl)methane [101-14-4],13 3,3′-dimethylbenzidine [119-93-7],14 2,4-diaminotoluene [95-80-7],15 and 2-aminoanthracene [613-13-8]16, 17 cause cancer in laboratory animals. Diaminobenzidine [91-95-2] may cause cancer in experimental animals.18 Benzidine may cause damage to the blood.19

In a collaborative study organized by the International Agency for Research on Cancer (IARC) on the laboratory destruction of aromatic amines20 the following aromatic amines were considered: 4-aminobiphenyl (4-ABP),21 benzidine (Bz; I, R = H),22 3,3′-dichlorobenzidine (DClB; I, R = Cl),23 3,3′-dimethoxybenzidine (DMoB; I, R = OCH3),24 3,3′-dimethylbenzidine (DMB; I, R = CH3),25 di(4-amino-3-chlorophenyl)methane (MOCA),26 1-naphthylamine (1-NAP) [134-32-7],27 2-naphthylamine (2-NAP),28 and 2,4-diaminotoluene (TOL).29 Procedures for the destruction of diaminobenzidine30 (DAB; I, R = NH2)31, 32 and 2-aminoanthracene33 (2-AA, II)34 have also been published.
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All of these compounds are crystalline solids and are generally very sparingly soluble in cold H2O, more soluble in hot H2O, and very soluble in acid and in organic solvents. Some of these compounds are used in the chemical industry. Aromatic amines are also used in chemical laboratories and in biomedical research, for example, as stains and analytical reagents.

Note: Unless otherwise stated all of these procedures can be used for all of the amines mentioned above except for 2-aminoanthracene.

Principles of Destruction

Aromatic amines may be oxidized with potassium permanganate in sulfuric acid (KMnO4 in H2SO4).20, 32 The products of this reaction have not been identified. Aromatic amines may also be removed from solution using horseradish peroxidase in the presence of hydrogen peroxide (H2O2).20, 32, 35 The enzyme catalyzes the oxidation of the aromatic amine to a radical. These radicals diffuse into solution and polymerize. The polymers are insoluble and fall out of solution. Although the resulting solution is nonmutagenic, the precipitated polymer is mutagenic so this method was only recommended for the treatment of large quantities of aqueous solution containing small amounts of aromatic amines.20 In all cases destruction was >99%. Recently, we showed that the above procedures may also be applied to diaminobenzidine.32 We also found that residual amounts of H2O2 in the horseradish peroxidase procedure produced a mutagenic response and that the mutagenicity could be removed by adding ascorbic acid solution (to reduce the H2O2) to the final reaction mixtures.32 Various procedures involving diazotization followed by decomposition of the diazo compound have been investigated but the results seem to depend on the nature of the aromatic amine.20 These procedures are not discussed here.

Destruction Procedures

Destruction of Aromatic Amines in Bulk and in Organic Solvents20, 32

Evaporate solutions of aromatic amines in organic solvents to dryness using a rotary evaporator. Dissolve the aromatic amines as follows: For each 9 mg of diaminobenzidine tetrahydrochloride dihydrate dissolve in 10 mL of H2O, for each 9 mg of Bz, DAB, DClB, DMB, DMoB, 1-NAP, 2-NAP, and TOL dissolve in 10 mL of 0.1 M HCl; for each 2.5 mg of MOCA dissolve in 10 mL of 1 M H2SO4; for each 2 mg of 4-ABP dissolve in 10 mL of glacial acetic acid; for each 2 mg of mixtures of the above amines add 10 mL of glacial acetic acid. Stir these solutions until the aromatic amines have completely dissolved, then for each 10 mL of the solution so formed add 5 mL of 0.2 M KMnO4 solution and 5 mL of 2 M H2SO4. Allow the mixture to stand for at least 10 h, then analyze for completeness of destruction. Decolorize the mixture by the addition of sodium metabisulfite, make it strongly basic by the addition of 10 M KOH solution (Caution! Exothermic), dilute with H2O, filter to remove manganese compounds,36 check the filtrate for completeness of destruction, neutralize, and discard it.

Destruction of Aromatic Amines in Aqueous Solution20, 32

Dilute with H2O, if necessary, so that the concentration of MOCA does not exceed 0.25 mg/mL, the concentration of 4-ABP does not exceed 0.2 mg/mL, and the concentration of the other amines does not exceed 0.9 mg/mL. For each 10 mL of solution add 5 mL of 0.2 M KMnO4 solution and 5 mL of 2 M H2SO4 solution. Allow the mixture to stand for at least 10 h, then analyze for completeness of destruction. Decolorize the mixture by the addition of sodium metabisulfite, make it strongly basic by the addition of 10 M KOH solution (Caution! Exothermic), dilute with H2O, filter to remove manganese compounds,36 check the filtrate for completeness of destruction, neutralize, and discard it.

Destruction of Aromatic Amines in Oil20

Extract the oil solution with 0.1 M HCl until all the amines are removed (at least 2 mL of HCl will be required for each micromole of amine). For each 10 mL of HCl solution add 5 mL of 0.2 M KMnO4 solution and 5 mL of 2 M H2SO4 solution. Allow the mixture to stand for at least 10 h, then analyze for completeness of destruction. Decolorize the mixture by the addition of sodium metabisulfite, make it strongly basic by the addition of 10 M KOH solution (Caution! Exothermic), dilute with H2O, filter to remove manganese compounds,36 check the filtrate for completeness of destruction, neutralize, and discard it.

Destruction of 2-Aminoanthracene34

Evaporate solutions in organic solvents to dryness using a rotary evaporator. Prepare a 0.3 M solution of KMnO4 in 3 M H2SO4 by stirring KMnO4 in 3 M H2SO4 (47.4 g KMnO4 for each liter of acid) for at least 15 min but no longer than 1 h. Dissolve the 2-aminoanthracene in glacial acetic acid so that the concentration does not exceed 10 mg/mL. Stir until the 2-aminoanthracene has completely dissolved, then for each 1 mL of the solution so formed add 40 mL of 0.3 M KMnO4 in 3 M H2SO4 and stir the mixture for at least 18 h. Decolorize the mixture by the addition of sodium metabisulfite, make it strongly basic by the addition of 10 M KOH solution (Caution! Exothermic!), dilute with H2O, filter to remove manganese compounds,36 check the filtrate for completeness of destruction, neutralize, and discard it.

Decontamination of Spills20

Remove as much of the spill as possible by the use of absorbents and high efficiency particulate air (HEPA) vacuuming, then wet the surface with glacial acetic acid until all the amines are dissolved. Add an excess of a mixture of equal volumes of 0.2 M KMnO4 solution and 2 M H2SO4 to the spill area. Allow the mixture to stand for at least 10 h, decolorize with sodium metabisulfite (while ventilating the area), and mop up the liquid with paper towels. Squeeze the solution out of the towels, basify, dilute with H2O, filter to remove manganese compounds,36 and test the filtrate for completeness of destruction. Test for completeness of decontamination by wiping the surface with a wipe moistened with an appropriate solvent.

Decontamination of Glassware20

Immerse the glassware in a mixture of equal volumes of 0.2 M KMnO4 and 2 M H2SO4. Allow the glassware to stand in the bath for at least 10 h, then decolorize the mixture by the addition of sodium metabisulfite, make it strongly basic by the addition of 10 M KOH solution (Caution! Exothermic!), dilute with H2O, filter to remove manganese compounds,36 check the filtrate for completeness of destruction, neutralize, and discard it.

Decontamination of Large Quantities of Solutions Containing Aromatic Amines20, 32

Note: This method is recommended for all the amines listed above except 4-ABP and 2-NAP where destruction was found to be incomplete and 2-aminoanthracene (not tested).

Adjust the pH of aqueous solutions to 5–7 using acid or base as appropriate and dilute so that the concentration of aromatic amines does not exceed 100 mg/L. Dilute solutions in methanol, ethanol, dimethyl sulfoxide (DMSO), or N,N-dimethylformamide (DMF) with sodium acetate solution (1 g/L) so that the concentration of organic solvent does not exceed 20% and the concentration of aromatic amines does not exceed 100 mg/L. For each liter of solution add 3 mL of a 3% solution of H2O2 and 300 U of horseradish peroxidase. Allow the mixture to stand for 3 h, then remove the precipitate by filtration or centrifugation. For each liter of filtrate add 100 mL of a 5% (w/v) ascorbic acid solution. Check the solution for completeness of degradation and discard. The residue is mutagenic and should be treated as hazardous. It has been reported that further oxidation of this residue by KMnO4 in H2SO4 produces nonmutagenic residues.20 Filter the reaction mixture through a porous glass filter and immerse this filter in a 1:1 mixture of 0.2 M aqueous KMnO4 solution and 2 M H2SO4 solution.32, 37

The horseradish peroxidase used was Donor: hydrogen peroxide oxidoreductase; EC 1.11.1.7 (Type II) having a specific activity of 150–200 purpurogallin units per milligram obtained from Sigma. An appropriate amount was dissolved in sodium acetate solution (1 g/L), then an aliquot of this solution was used to obtain the requisite number of units.

Analytical Procedures

There are many publications on the analysis of aromatic amines. The following HPLC analysis was recommended by the IARC.20 A 250-mm × 4.6-mm i.d. reverse phase column was used and the mobile phase was acetonitrile:methanol:buffer (10:30:20) flowing at 1.5 mL/min. The buffer was 1.5 mM in potassium phosphate, dibasic (K2HPO4), and 1.5 mM in potassium phosphate, monobasic (KH2PO4). If a variable wavelength UV detector is available the following wavelengths can be used: Bz = 285 nm, DMoB = 305 nm, DMB = 285 nm, DClB = 285 nm, 1-NAP = 240 nm, 2-NAP = 235 nm, 4-ABP = 275 nm, MOCA = 245 nm, and TOL = 235 nm. If only a fixed wavelength detector is available, use 280 nm for the first four; 254 nm for the rest. Diaminobenzidine can be determined using the above buffer:methanol (75:25) flowing at 1 mL/min with the UV detector set at 300 nm.32 2-Aminoanthracene was determined using methanol:water (70:30) flowing at 1 mL/min with the UV detector set at 254 nm.34 Greater sensitivity can be obtained by extracting the basified reaction mixtures with cyclohexane, drying these extracts over anhydrous sodium sulfate, evaporating to dryness, and taking up the residue in a little methanol.

Mutagenicity Assays20, 32

Reaction mixtures obtained when the aromatic amines (except for diaminobenzidine) were degraded with KMnO4 in H2SO4 were tested for mutagenicity using Salmonella typhimurium strains TA97, TA98, and TA100. No mutagenic activity was seen. Using the same strains, the supernatants from the horseradish peroxidase–H2O2 reactions were tested. Again, no mutagenic activity was seen but the solid residues from Bz, DClB, DMoB, and 2-NAP were mutagenic. Reaction mixtures obtained from the degradation of diaminobenzidine and 2-aminoanthracene were tested using strains TA98, TA100, TA1530, and TA1535 and no mutagenic activity was found.

Related Compounds

The procedures described above should be generally applicable to other aromatic amines but thorough validation is essential in each case as some variability may be observed, particularly for the horseradish peroxidase method.20
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26. Other names for this compound are 4,4′-methylenebis(2-chlorobenzenamine), 4,4′-diamino-3,3′-dichlorodiphenylmethane, 4,4′-methylene(bis)chloroaniline, methylene-4,4′-bis(o-chloroaniline), p,p′-methylenebis(α-chloroaniline), 4,4′-methylenebis(o-chloroaniline), p,p′-methylenebis(o-chloroaniline), 4,4′-methylenebis(2-chloroaniline), DACPM, Bis amine, Curalin M, Curene 442, Cyanaset, 3,3′-dichloro-4,4′-diaminodiphenylmethane, and MBOCA.

27. Other names for this compound are 1-naphthalenamine, α-naphthylamine, 1-aminonaphthalene, naphthalidine, and C.I. Azoic Dye Component 114.

28. Other names for this compound are 2-naphthalenamine, β-naphthylamine, 2-aminonaphthalene, 6-naphthylamine, C.I. 37270, Fast Scarlet Base B, NA, 2-naphthalamine, 2-naphthalenamine, and USAF CB-22.

29. Other names for this compound are toluene-2,4-diamine, m-tolylenediamine, 3-amino-p-toluidine, 5-amino-o-toluidine, 1,3-diamino-4-methylbenzene, 2,4-diamino-1-methylbenzene, 4-methyl-1,3-benzenediamine, 4-methyl-m-phenylenediamine, 2,4-tolamine, m-toluenediamine, 2,4-toluenediamine, m-toluylenediamine, 2,4-toluylenediamine, 2,4-tolylenediamine, tolylene-2,4-diamine, Azogen Developer H, Benzofur MT, C.I. 76035, C.I. Oxidation Base, Developer H, Eucanine GB, Fouramine, Fourrine M, MTD, Nako TMT, NCI-C02302, Pelagol Grey J, Pontamine Developer TN, Renal MD, TDA, Zoba GKE, and Zogen Developer H.

30. Other names for this compound are 3,3′,4,4′-biphenyltetramine, 3,3′,4,4′-diphenyltetramine, 3,3′,4,4′-tetraaminobiphenyl, and 3,3′-diaminobenzidine.

31. Barek, J. Destruction of carcinogens in laboratory wastes. II. Destruction of 3,3′-dichlorobenzidine, 3, 3′-diaminobenzidine, 1-naphthylamine, 2-naphthylamine, and 2, 4-diaminotoluene by permanganate. Microchem. J. 1986, 33, 97–101.

32. Lunn, G.;Sansone, E.B. The safe disposal of diaminobenzidine. Appl. Occup. Environ. Hyg. 1991, 6, 49–53.

33. Other names for this compound are 2-anthracenamine, β-aminoanthracene, 2-anthracylamine, 2-anthramine, and 2-anthrylamine.

34. Lunn, G.;Sansone, E.B. Destruction of azo and azoxy compounds and 2-aminoanthracene. Appl. Occup. Environ. Hyg. 1991, 6, 1020–1026.

35. Klibanov, A.M.;Morris, E.D. Horseradish peroxidase for the removal of carcinogenic aromatic amines from water. Enzyme Microb. Technol. 1981, 3, 119–122.

36. Lunn, G.;Sansone, E.B.;De Méo, M.;Laget, M.;Castegnaro, M. Potassium permanganate can be used for degrading hazardous compounds. Am. Ind. Hyg. Assoc. J. 1994, 55, 167–171.

37. Barek, J.;Pacáková, V.;Štulík, K.;Zima, J. Monitoring of aromatic amines by HPLC with electrochemical detection. Comparison of methods for destruction of carcinogenic aromatic amines in laboratory wastes. Talanta 1985, 32, 279–283.





Arsenic





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Arsenic (As) [7440-38-2] is a human carcinogen.1 It is also a teratogen and has a number of other adverse biological effects.2

Principles of Decontamination

Arsenic(III) may be oxidized to arsenic(V) with Fenton's reagent (hydrogen peroxide in the presence of Fe2+ catalyst) then total inorganic arsenic (up to 2.5 mg/L) may be removed from solution by ferric (oxy) hydroxide co-precipitation and passing the solution through a column of iron filings. Less than 10 ppb of arsenic remains.3 Alternatively, arsenic can be removed from water containing up to 750 μg/L arsenic using calcium hypochlorite and ferric sulfate followed by filtration through sand. In almost all cases <50 ppb arsenic remains.4 Another method is to filter water containing up to 440 μg/L arsenic through a mixture of sand and iron filings. Again <50 ppb arsenic remains.5 The presence of dissolved oxygen is necessary for this process and a pH of 6 appears to be optimum.6 The effect of pH and various anions on the process has been investigated.7,8 Although the filters and precipitates must be disposed of as arsenic contaminated waste the total quantity of waste may be reduced using these procedures.

Decontamination Procedures


A. Using Fenton's Reagent.3 Add 100 mg ferrous ammonium sulfate and 100 μL 30% hydrogen peroxide to 1 L of water containing 2.5 mg/L of As(III), stir occasionally for 10 min, pass through a 250-mm × 50-mm i.d. column filled with 150 g iron filings at flow rates of up to 150 mL/min, pass through a bed of sand, test for completeness of decontamination, and discard it. Residual hydrogen peroxide can be removed by addition of 100 μL of sodium hypochlorite solution per liter.


B. Using Calcium Hypochlorite and Ferric Sulfate.4 Mix 1.5 g ferric sulfate and 0.5 g calcium hypochlorite with 20 L water and allow it to react for 5–10 min. Filter this mixture through an 8-cm thick layer of fine sand at 0.5–2.0 L/min, test for completeness of decontamination, and discard it.


C. Using a Mixture of Sand and Iron Filings.5 Pass the water through 3–4 filters containing a mixture of 2.5 g of iron filings and 100–150 g of sand at 1 L/h, test for completeness of decontamination, and discard it. Note that the geometry of the filters may influence the results and a final sand filter may be necessary. Dissolved oxygen is necessary for the procedure to work and the procedure appears to be more efficient at pH 6.6




Analytical Procedures

As(III) and As(V) can be detected by ion chromatography with ICP-MS detection.3 A 50-mm × 4-mm i.d. Dionex Ion Pac NG1 guard column and a 250-mm × 4-mm i.d. Dionex Ion Pac NS1 column were used with a mobile phase of isopropanol:1 mM tetrabutylammonium hydroxide (8:92). The detector was a VG-Plasma Quad 3 detector and ions m/z 75 and 77 were monitored. Retention times for As(III) and As(V) were ca. 120 and 250 s, respectively. Instrumental parameters are provided in the original paper.

Related Compounds

The procedure is specific for arsenic. Procedures have also been published for the immobilization of arsenic by the formation of calcium arsenate9 and the immobilization of cacodylic acid (dimethylarsinic acid, (CH3)2As(O)OH) using potter's clay or hydraulic cement10 or with starch paste.11 Low cost remediation procedures have been reviewed.12,13
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Azides





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Sodium azide (Smite, Azium, Kazoe, NaN3) [26628-22-8] can decompose explosively on heating and can form shock sensitive and highly explosive azides when it comes in contact with heavy metals.1 For this reason solutions of NaN3 should never be poured down the sink. Sodium azide is also incompatible with a number of other reagents, particularly halogenated solvents such as dichloromethane,2–5 and it is acutely toxic6 and may be carcinogenic.7 A death has been reported when H2O preserved with NaN3 was ingested in the laboratory8 and it has been used in a possibly deliberate poisoning.9 Sodium azide is a powerful mutagen. Treatment with acid liberates explosive, toxic, volatile (bp 37°C) hydrazoic acid (HN3).10

Organic azides vary greatly in stability but a number of them are known to decompose explosively with shock or heating. For example, phenyl azide (C6H5N3, azidobenzene) [622-37-7] explodes when heated and when mixed with Lewis acids and benzyl azide (C6H5CH2N3) [622-79-7] is a heat-sensitive explosive.11 Dimethyl-2-azidoethylamine12 ((CH3)2NCH2CH2N3) [86147-04-8] is a relatively new and experimental tertiary amine azide rocket fuel that has been proposed as an alternative to some of the hydrazines on account of its lower toxicity. These compounds should be handled very carefully. An explosion has been reported when diazidomethane formed in a reaction mixture containing dichloromethane and sodium azide.13

Principles of Destruction

Sodium azide can be oxidized by ceric ammonium nitrate14 to nitrogen15 or by nitrous acid16 to nitrous oxide.15 Some toxic nitrogen dioxide may be produced as a by-product of these reactions so they should always be done in a chemical fume hood. Destruction was >99.996%. Sodium azide in buffer solution may also be degraded by the addition of sodium nitrite.17 The reaction proceeds much more readily at low pH but if sufficient sodium nitrite is added it will proceed to completion even at high pH (Table 1). At low pH it may be possible to completely degrade the azide present in the buffer with less than the amount of sodium nitrite indicated below. However, the reaction mixture must be carefully checked to make sure that no azide remains. At high pH it is possible for unreacted azide to remain in the presence of excess nitrite.

Table 1 Destruction of Azide in Buffer Solution With Nitritea
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a In each case 50 mL of a 1 mg/mL solution of NaN3 was stirred with the indicated amount of sodium nitrite for 18 h before analysis.

In aqueous solution sodium azide dissociates to hydrazoic acid (HN3) and NaOH. Hydrazoic acid can be removed from solution using a strong anion-exchange resin.18

Organic azides (e.g., phenyl azide, PhN3) can be reduced to the corresponding amines with tin in hydrochloric acid (HCl) or with stannous chloride in methanol. Dimethyl-2-azidoethylamine can be reduced to N,N-dimethylethylenediamine using nickel–aluminum alloy in sodium hydroxide solution.12 The yield of N,N-dimethylethylenediamine was 94% and destruction of dimethyl-2-azidoethylamine was >99.9%.

Destruction Procedures

Sodium Azide


1. For each gram of NaN3, stir 9 g of ceric ammonium nitrate in 30 mL of H2O until it has dissolved. Dissolve the NaN3 in 5 mL of H2O and add it in 1-mL portions over 5 min. On a larger scale an ice bath may be required for cooling. Stir the reaction mixture for 1 h, then check that it is still oxidizing. Add a few drops of the reaction mixture to an equal volume of 10% (w/v) potassium iodide (KI) solution, then acidify with a drop of 1 M HCl and add a drop of starch solution as an indicator. The deep blue color of the starch–iodine complex indicates that excess oxidant is present. Analyze for completeness of destruction and discard the reaction mixture. If excess oxidant is not present, add more ceric ammonium nitrate.


2. Dissolve NaN3 (5 g) in 100 mL of H2O. Stir the reaction mixture and add 7.5 g of sodium nitrite dissolved in 38 mL of H2O.15 Slowly add dilute H2SO4 (4 M) until the reaction mixture is acidic to litmus. On a larger scale an ice bath may be required for cooling. Stir for 1 h. Add a few drops of the reaction mixture to an equal volume of 10% (w/v) KI solution, then acidify with a drop of 1 M HCl and add a drop of starch solution as an indicator. The deep blue color of the starch–iodine complex indicates that excess nitrous acid is present. If excess nitrous acid is present, analyze for completeness of destruction and discard the reaction mixture. If excess nitrous acid is not present, add more sodium nitrite.

Note: It is important to add the sodium nitrite, then the H2SO4. Adding these reagents in the reverse order will generate explosive, volatile, toxic, hydrazoic acid.

3. If necessary, dilute with water so that the concentration of sodium azide in the buffer solution does not exceed 1 mg/mL. For each 50 mL of buffer solution add 5 g of sodium nitrite, stir the reaction for 18 h, check for completeness of destruction, and discard it.


4. Wash Dowex SAR (strong anion-exchange) resi several times with acetone and water, rinse with hexane several times, dry at 60°C for at least 24 h, and allow it to cool in a desiccator. Pack a 16-mm i.d. × 200-mm long glass column with 10 g of the treated resin and pass an aqueous solution containing up to 600 μg/mL hydrazoic acid through at 10 mL/min. For a detection level of 0.1 μg/mL the breakthrough volume is estimated to be 1178 mL.18 The column can be regenerated using 10% sodium chloride solution.




Organic Azides


1. Suspend 10.9 g of stannous chloride with stirring in 40 mL of methanol and add 4 g (0.03 mol) of benzyl azide dropwise.19 When addition is complete, stir the reaction mixture at room temperature for 30 min, then dilute with H2O, neutralize, and discard it.

2. Slowly add 1 g (0.0084 mol) phenyl azide to a stirred mixture of 6 g of granular tin in 100 mL of concentrated HCl.20 Stir the mixture for 30 min after addition is complete, then pour it into a large quantity of cold H2O, neutralize, and discard it. Unreacted tin may be recycled or discarded with the solid waste.

3. Dilute an aqueous solution of dimethyl-2-azidoethylamine, if necessary, with H2O so that the concentration does not exceed 10 mg/mL. Add an equal volume of NaOH solution (1 M) and stir the mixture magnetically. For every 100 mL of this solution add 5 g of Ni–Al alloy at such a rate that excessive frothing does not occur. The reaction can be quite exothermic. Do it in a reaction vessel whose volume is at least three times that of the final reaction mixture. Cover the reaction mixture and stir for 24 h, then filter it through a pad of Celite®. Neutralize the filtrate, check for completeness of destruction, and discard it. Allow the spent nickel to dry on a metal tray for 24 h (away from flammable solvents) and discard it with the solid waste. Alternatively, hydrochloric acid may be cautiously added to the final reaction mixture to dissolve the solid nickel.



Analytical Procedures

Analysis for Sodium Azide

It is reported that hydrazoic acid can be determined by UV absorbance at 222 nm.18 Sodium azide is analyzed by reacting azide ion with 3,5-dinitrobenzoyl chloride to form 3,5-dinitrobenzoyl azide, which can be determined by high-performance liquid chromatography (HPLC).21 Prepare the following solutions. Sulfamic acid (20% w/v in H2O), sodium azide 100 μg/mL in H2O), potassium hydroxide (KOH) (1 M), and HCl 0.2 M. To prepare the indicator dissolve 0.1 g bromocresol purple in 18.5 mL 0.01 M KOH and make up to 25 mL with H2O. The analysis was performed by reverse phase HPLC with a mobile phase of water:acetonitrile (50:50) flowing at 1 mL/min. The ultraviolet (UV) detector was set at 254 nm and the peak for 3,5-dinitrobenzoyl azide came at about 9 min. The limit of detection of sodium azide was 0.2 μg/mL.


1. Analysis for azide in the presence of nitrite. Remove a 5 mL aliquot of the reaction mixture and remove excess nitrite by adding at least 1 mL of the sulfamic acid solution. More sulfamic acid solution may be required for strongly basic reaction mixtures or those containing high concentrations of nitrite. [Complete destruction of nitrite can be checked using a modified Griess reagent (see below).] After standing for at least 3 min the analytical solution may be spiked, if desired, by adding a small quantity of NaN3 solution (ca. 10–20 μL). Add one drop of indicator and basify the mixture by adding KOH solution until it turns purple (typically, 3–10 mL are required). Add 2 mL of acetonitrile (4 mL if more than 1 mL of sulfamic acid was used), then add HCl dropwise until the mixture is acidic (yellow color) followed by one more drop. Prepare a 10% (w/v) solution of 3,5-dinitrobenzoyl chloride in acetonitrile and add 50 μL. Shake the mixture and allow it to stand for at least 3 min before analysis by HPLC. Further standing times have no effect on the analyses. In this analytical procedure the crucial part is the use of freshly prepared 3,5-dinitrobenzoyl chloride solution. This solution should be used within minutes of preparation. It is generally most convenient to prepare all the analytical samples (spiked and unspiked) with the fresh solution at the beginning of the day and then analyze them in the course of the day.


2. Analysis for azide in the presence of ceric salts. Remove a 10 mL aliquot of the reaction mixture and dilute with 40 mL of H2O. Add 5 mL of this solution to 3 mL of 1 M KOH. (If <3 mL of 1 M KOH is used precipitation of ceric salts is not complete.) Shake and centrifuge the mixture. Remove 2 mL of the supernatant and add to 1 mL of acetonitrile. At this point the analytical solution may be spiked, if desired, by adding a small quantity of sodium azide solution (10–20 μL). Add one drop of indicator and then add HCl dropwise until the mixture is acidic (yellow color) followed by one more drop. Prepare a 10% (w/v) solution of 3,5-dinitrobenzoyl chloride in acetonitrile and add 50 μL. Shake the mixture and allow it to stand for at least 3 min before analysis by HPLC. Further standing times have no effect on the analyses. In this analytical procedure the crucial part is the use of freshly prepared 3,5-dinitrobenzoyl chloride solution. This solution should be used within minutes of preparation. It is generally most convenient to prepare all the analytical samples (spiked and unspiked) with the fresh solution at the beginning of the day and then analyze them in the course of the day.




Analysis for Nitrite22

Boil 0.1 g α-naphthylamine in 20 mL of H2O until it dissolves. Pour this solution, while hot, into 150 mL of 15% (v/v) aqueous acetic acid. To this solution add a solution of 0.5 g of sulfanilic acid in 150 mL of 15% (v/v) aqueous acetic acid. Store the reagent in a brown bottle. Add 3 mL of the mixture to be tested to 1 mL of the reagent and allow it to stand at room temperature for 6 min. Measure the absorbance at 520 nm against a suitable blank. Limit of detection was 0.06 μg/mL of sodium nitrite. Note that at high pH the reaction between azide and nitrite is quite slow, so that the presence of excess nitrite does not mean that all the azide has been degraded. α-Naphthylamine may be a carcinogen.23, 24 A procedure using N-(1-naphthyl)ethylenediamine·2HCl instead has been described.25

Related Compounds and Reactions

The procedures described above for NaN3 should not be used for heavy metal azides, many of which are shock sensitive explosives. Professional help should be sought in these cases. The procedures for organic azides should be generally applicable although in all cases the reactions should be thoroughly validated to ensure that the azides are completely destroyed. The products of these reactions are the corresponding amines, which may themselves be hazardous compounds. It has been reported that, although dimethyl-2-azidoethylamine can be satisfactorily reduced to N,N-dimethylethylenediamine using nickel–aluminum alloy in NaOH solution or tin in hydrochloric acid, the product when stannous chloride in methanol was used was the possibly toxic 2-chloroethyldimethylamine.12

It should be noted that sodium hypochlorite is not recommended for the destruction of sodium azide due to the formation of the toxic intermediate chlorine azide under acidic conditions and slow kinetics under basic conditions.26
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Azo and Azoxy Compounds and Tetrazenes





CAUTION! Refer to safety considerations section on page 8 before starting any of these procedures.






Azobenzene (I, R = R′ = H, mp 68°C) [103-33-3],1 azoxybenzene (II, R = R′ = H, mp 36°C) [495-48-7],2 N,N-dimethyl-4-amino-4′-hydroxyazobenzene [I, R = N(CH3)2, R′ = OH, mp 201–202°C] [2496-15-3], azoxyanisole (II, R = R′ = OCH3, 4,4′-dimethoxyazoxybenzene, mp 118°C) [13620-57-0], phenylazophenol (I, R = OH, R′ = H, mp 150–152°C) [1689-82-3],3 phenylazoaniline (I, R = NH2, R′ = H, mp 123–126°C) [60-09-3],4 and fast garnet (III, mp 101–102°C) [97-56-3]5 are solids and azoxymethane (AOM, CH3-N=N(O)-CH3, bp 98°C) [25843-45-2], and tetramethyltetrazene [(CH3)2N-N=N-N(CH3)2, bp 130°C] [6130-87-6] are liquids. Generally, these compounds are only slightly soluble in H2O (5–50 ppm), but they are soluble in alcohols and organic solvents. Azoxymethane,6 phenylazoaniline,7 and fast garnet8 are carcinogenic in animals and azobenzene may be carcinogenic in animals.9, 10 Azoxybenzene is toxic by ingestion and is a skin and eye irritant;11 tetramethyltetrazene explodes when heated to its boiling point.12 The mutagenicity of azo dyes has been reviewed.13 Azoxymethane is used in cancer research and the other compounds are used in organic synthesis and as intermediates in the chemical industry.
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Principles of Destruction

All of the compounds except azoxybenzene (destruction was incomplete) and azoxymethane and tetramethyltetrazene (not tested) can be oxidized by potassium permanganate in sulfuric acid (KMnO4 in H2SO4). Destruction is >99.5%; the products have not been identified.14, 15 The other compounds can be reduced to their parent amines using nickel–aluminum (Ni–Al) alloy in potassium hydroxide (KOH) solution.16 Destruction is >99% for tetramethyltetrazene and >99.5% for the other compounds.15 When performing these reactions it should be noted that in some cases the products are aromatic amines, which may also be hazardous. For example, the product of the reduction of azobenzene and azoxybenzene is aniline for which limited evidence of carcinogenicity in animals exists.17 In fact this procedure is not recommended for phenylazoaniline or fast garnet because the final reaction mixtures and p-phenylenediamine (from phenylazoaniline) and 2,5-diaminotoluene (from fast garnet) are mutagenic.

Destruction Procedures

Destruction of Azobenzene, Azoxybenzene, Azoxyanisole, Phenylazophenol, Azoxymethane, and Tetramethyltetrazene

Dissolve the compound in H2O (azoxymethane and tetramethyltetrazene) or methanol (others) so that the concentration does not exceed 5 mg/mL and add an equal volume of 2 M KOH solution. For each 100 mL of basified solution add 5 g of Ni–Al alloy. Add quantities of more than 5 g in portions over approximately 1 h to avoid excessive frothing. Stir the reaction mixture overnight, then filter through a pad of Celite®. Neutralize the filtrate, test for completeness of destruction, and discard it. Place the nickel that is filtered off on a metal tray away from flammable solvents for 24 h, then discard it with the solid waste (Table 1).

Table 1 Destruction of Azo and Azoxy Compounds Using Nickel–Aluminum Alloy in Potassium Hydroxide Solution.

[image: img]

Destruction of Azobenzene, Azoxyanisole, Phenylazophenol, Phenylazoaniline, and Fast Garnet

Prepare a 0.3 M solution of KMnO4 in 3 M H2SO4 by stirring 47.4 g of KMnO4 per liter of 3 M H2SO4 for at least 15 min but no more than 1 h. Take up the compound in glacial acetic acid so that the concentration does not exceed 10 mg/mL (5 mg/mL for phenylazoaniline) and add 40 mL (80 mL for phenylazoaniline) of the KMnO4/H2SO4 mixture for each 1 mL of this solution. After 18 h decolorize with sodium metabisulfite, make strongly basic with 10 M KOH solution (Caution! Exothermic!), dilute with H2O, filter to remove manganese compounds,18 test the filtrate for completeness of destruction, neutralize, and discard it (Table 2).

Table 2 Destruction of Azo and Azoxy Compounds Using Potassium Permanganate in Sulfuric Acid.




	Compound
	% Remaining
	Mutagenicity of Reaction Mixturea





	Azobenzene
	<0.13
	–



	Azoxybenzene
	0.46
	–



	Azoxyanisole
	<0.17
	–



	Phenylazophenol
	<0.033
	–



	Phenylazoaniline
	<0.07
	–



	Fast garnet
	<0.063
	–



	a – = nonmutagenic.





Destruction of N,N-Dimethyl-4-Amino-4′-Hydroxyazobenzene

Take up 0.24 mg of N,N-dimethyl-4-amino-4′-hydroxyazobenzene in 1 mL of 50% (v/v) acetic acid and add 1 mL of 2 M H2SO4 and 1 mL of 0.2 M KMnO4 solution. After 2 h decolorize with oxalic acid, test for completeness of destruction, neutralize, and discard it.

Analytical Procedures

Basify 20 mL aliquots of the KMnO4 reaction mixtures with 20 mL 10 M KOH solution, dilute with 50 mL water, cool, and extract three times with 10-mL portions of cyclohexane. Dry the extracts over anhydrous sodium sulfate, evaporate, and take up the residue in about 2 mL of methanol. Analyze this solution by high-performance liquid chromatography (HPLC) for the presence of the starting material.

Filter 20 mL aliquots of the Ni–Al alloy reaction mixtures through a pad of Celite® with 50 mL of cyclohexane. Separate the layers and extract the aqueous layer three times with 10 mL portions of cyclohexane. Combine all the organic layers, dry over anhydrous sodium sulfate, evaporate, and take up the residue in about 2 mL of methanol. Analyze this solution by HPLC for the presence of the starting material. Nickel–aluminum alloy reaction mixtures can also be analyzed directly by gas chromatography (GC).

Because of the presence of the phenolic group the procedures for phenylazophenol were a little different. The KMnO4 reaction mixture was not basified before extraction and the Ni–Al alloy reaction mixture was processed as follows. A 20 mL aliquot was filtered through a pad of Celite® with 50 mL of cyclohexane and the layers of the filtrate were separated. The aqueous layer was extracted once with 20 mL of cyclohexane then acidified with 2 mL of 6 M H2SO4 and extracted five times with 20 mL portions of cyclohexane. All the organic layers were combined and dried over anhydrous sodium sulfate, evaporated, and the residue taken up in about 2 mL of methanol.

In all cases control experiments were performed to ascertain that the recoveries of the starting materials were satisfactory.

Some of the starting materials were determined by HPLC using a 250-mm × 4.6-mm i.d. column of Microsorb C8 (Varian Inc., Palo Alto, CA) with methanol–water mixtures flowing at 1 mL/min as the mobile phases. The ultraviolet (UV) detector was set at 254 nm. The methanol:water ratios, with retention times in minutes in parentheses, were azobenzene 70:30 (13.9), azoxybenzene 70:30 (12.3), azoxyanisole 70:30 (14.3), phenylazophenol 60:40 (16.9), phenylazoaniline 60:40 (12.4), and fast garnet 70:30 (11.4). p-Aminophenol was also determined by HPLC using methanol:20 g/L ammonium acetate solution 7:93 as the mobile phase.19 An aliquot of the centrifuged reaction mixture was acidified with an equal volume of 2 M HCl, neutralized with sodium bicarbonate, centrifuged, and an aliquot of the supernatant diluted 10-fold with 20 g/L ammonium acetate solution. The retention time was 6.9 min.

Some of the starting materials and products were determined by GC, using a 1.8-m × 2-mm i.d. packed column with flame ionization detection.15 For methylamine (retention time 0.9 min at 60°C), dimethylamine (1.3 min at 100°C), azoxymethane (2.6 min at 120°C), and tetramethyltetrazene (3.4 min at 150°C) the packing was 28% Pennwalt 223 + 4% KOH on 80/100 Gas Chrom R, for aniline (2.9 min at 80°C), azobenzene (1.5 min at 180°C), and azoxybenzene (3.2 min at 180°C) the packing was 3% SP 2401-DB on 100/120 Supelcoport, and for p-anisidine (2.7 min at 100°C), p-phenylenediamine (1.2 min at 130°C), o-toluidine (2.7 min at 80°C), and 2,5-diaminotoluene (1.7 min at 130°C) the packing was 3% OV1 on 80/100 Supelcoport. These chromatographic conditions are only a guide; the exact conditions would have to be determined experimentally.

N,N-Dimethyl-4-amino-4′-hydroxyazobenzene was determined by differential pulse polarography of the reaction mixture.14

Mutagenicity Assays

Reaction mixtures from the degradation of azobenzene, azoxybenzene, azoxyanisole, phenylazophenol, phenylazoaniline, and fast garnet were tested for mutagenicity as described on page 5. Tester strains TA98, TA100, TA1530, and TA1535 were used. Before testing KMnO4 reaction mixtures were decolorized with sodium ascorbate then neutralized with sodium bicarbonate and Ni–Al alloy reaction mixtures were centrifuged and neutralized with acetic acid. The only reaction mixtures that were mutagenic were those obtained when phenylazoaniline and fast garnet were degraded with Ni–Al alloy. This is probably because the products of these reactions, p-phenylenediamine and 2,5-diaminotoluene, were mutagenic. Azobenzene, azoxybenzene, phenylazophenol, phenylazoaniline, and fast garnet were all mutagenic when tested as dimethyl sulfoxide (DMSO) solutions.

Related Compounds

Nickel–aluminum alloy in KOH solution appears to be a general method for the cleavage of NߝN and NߝO bonds16 and so it should be applicable to other azo and azoxy compounds. Potassium permanganate in H2SO4 is a general oxidative procedure and it should be applicable to many azo compounds.14 In each case full validation should be carried out before using the procedure.
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Methyl-

4-Chloro- Formic Maleic p-aminophenol

Substrate 3-methylphenol Acid Acid (Metol)
Substrate conc.  10mM 2.17mM 0.86mM SmM
Fe? 0.5my 0018mM  0.18mM 0.16 my
H,0, 800 my 14.7mM 14.7mM 250mM
pH 30 30 30 3

‘emperature 25°C 50°C s0°C 25°C

Time 1h 4h 1h 30 min
Degradation® >05%" S95% (m)  >95% (m)  >98% (est)
References 2 23 2

* (m) = mineralization is demonstrated; (est) = estimated from graph.

" Although the substrate was completely removed after I hat 25°C total organic chlorine was 54% after
3h and ca. 15% after 48 h at 25°C. At 70°C total organic chlorine was 5% after 3h and completely
removed after 48 h.
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Phenol,

Catechol, hloro-
Substrate MTBE  MTBE  Hydroguinone  Simazine ethylene
Substrate conc. 1 mM 0.1lmM  ImM 3mg/L 0.53 mM
Fe? 2mM Smm* 0.018mM 15mg/L 17.82mM"
Ho0 1SmM  6mM 14.7 mM SSmgL  125mM
pH 28 3031 30 35 3

emperature Ambient  NA 25°C 23°C NA
ime 2h 2h 4h 6 min 5h
Degradation® 99% >95% ca. 9% 100% 97%
(est)
References 25 26 23 27 20

* Iron is present in the form of ferric nitrate Fe(NOs); - 9H,0. The rea
when ferric sulfate was used.

tion was significantly slower

" Iron is present as pyrite, a naturally occurring form of ferrous sulfide. The material is ground, sieved
(<150 pm). sonicated in 95% ethanol for 5 min, washed with 1 M nitric acid, rinsed with water, rinsed
with ethanol, dried., and stored in a closed glass vial. Degradation was 77% when ferrous sulfate was
used.

© (est) = estimated from graph.
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Alachlor, Aldicarb,
Aurazine,
Asinphos Methyl,
Captan, Carhofuran,

Dicamba, Disulfoton 2
Metalachlor. Picloram. Gallic' Hydroxybiphenyl.
Substrate Simazine Cyclohexanol  Feritrothion ~ Acid  Isoproturon  Imidacloprid
Substrate 293240 TmM o 0108mM 059mM 100 gL 0392mM
Rt Sous 025mM 04SmM SmM  SmglL 0.625mM
H,0, 10mar 0mM 332mM ImM OmgL 1L76mM
pH 28 NA 25 3 80 28
Temperanire A 20C N
Lamp® 163 14W 00w 125w ISW  Solar 3x6W
BLP WQ  Oswam LPQ  imdiaion BLP
blacklight P
Time 30min 6h 2h A0min 46 70min
Alachlor, Aldicarb,
Arrazire.
Aginphos-Methyl
Captan, Carbofuran,
Dicaniba, Disulfoton 2
Metolachlor. Picloram. Gallic Hydroxybiphenyl
Substrate Simazine Cyclobexanol  Fenirothion  Acid  loproturon  Iidacloprid
Degradation®  >988% S95% 100%(m)  >99%  >984% 59504
References 0 31 2 B M 3

* Oxygen is also passed through the solution.

" All lamps used were mercury lamps, wattages are given. Q = quartz apparatus (254 nm). P = Pyrex
apparatus (365 nm). LP = low-pressure lamp. MP = medium-pressure lamp., HP = high-pressure lamp,
BL = Philips black light

* (m) = mineralization is demonstrated.

4 Not genotoxic to Bacillus subtilis and not acutely toxic to Daphnia magna.
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Amount

Volume Decontaminated

Compound Solvent Remaining (%) Per Gram of Resin (mL)
Ampicillin H0 <1 20
BCNU H0 <017 40
y NaCl (0.9%w/v) <016 40
Glucose (5%wHv) <0.16 40
Bleomycin H0 <5 20
CONU H0 <05 200
Norethindrone  H,0 <L 80
Streptozotocin  H,0 <05 20
Streptozotocin  NaCl (0.9%w/v) <05 20
Streptozotocin  Glucose (5%w/v) <05 20
Trimethoprim ~ H,0 <02 40
Verapamil H0 <05 80

* All solutions we
O pg/mlL.

100 gL except for norethindrone, which was a saturated aqueous solution of
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Registry

Abbreviation  Compound Name ~ Reference  mp or bp (°C) Number

MN fethyl-N-nitroso-p- 1 mp 61-62 [80-11-5]
toluenesulfonamide

MNU fethyl mp 126 [684-93-5]
nitrosourea

ENU thyl-N-nitrosourea mp 104 [759-73-9]

MNUT N-Methyl 2 bp 62-64/ [615-53-2]
nitrosourethane 12 mmHg

ENUT N-Ethyl-N 3 bp75/16 mmHg  [614-95-9]
nitrosourethane

MNNG N-Methyl-N'-nitro-! mp 123 [70-25-7]
nitrosoguanidine

ENNG N-Ethyl-N"nitr mp 118-120 [4245-77-6)

nitrosoguanidine
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NDEA

NDPA

NDiPA

NDBA

NPYR

NPIP

NMOR

di-NPZ

NMA

NDPhA

N-Ethyl-N-nitrosoethanamine,
N-nitrosodiethylamine,
or diethylnitrosamine
N-Nitrosodipropylamine or
dipropynitrosamine

diisopropylnitrosamine
N-Nitrosodibutylamine

rosopyrrolidine or
NO-PYR
itrosopiperidine

itrosomorpholine or
4-nitrosomorpholine
/-Dinitrosopiperazine

itroso-N-methylaniline®

itrosodiphenylamine

rosodiisopropylamine or

bp 177°C; soluble
106 mg/mL in H,0

bp 81°C/5 mmHg: soluble
9.8mg/mL in H,0

mp 48°C; slightly soluble
in H,0

bp 116°C/14mmHe;
soluble 1.2mg/mL in
H,0

bp 98°C/12 mmHg;
miscible with H,0

bp 100°C/14mmHe;
soluble 77 mg/mL in
H,0

bp 96°C/6 mmHg;
miscible with H,0

mp 160°C; soluble
5.7mg/mL in H,0

mp 15°C. bp 121°C/
13 mmHg; insoluble in
H,0

mp 66.5°C

[55-18-5]

[621-64-7]
[601-77-4]

[924-16-3]

930-55-2]

[100-75-4]

59-89-2]
[140-79-4]

[614-00-6]
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Compound Name Reference  mp or bp (°C) Regisiry Number

Hydrazine (diamide o bp 113 [302.01-0]
diamine)

Methyhydrazine bp 7 [60344]
(hydrazomethane
or MMH)

L.1-Dimethylhydrazine 0 bped

12 Dimethylhydrazine 3 mp I67-169
dihydrochloride

LL1-Diethylhydrazine bp 9699 [616-40-0]

1.1-Diisopropylhydrazine bpAVI6muHg  [921-142]

LL1-Dibutyhydrazine bp 8790721 mmHg  [7422-80-2]

N-Aminopyrolidine mp 117-119 [6323471-9]
hydrochloride

N-Aminopiperidine bp 146730 mmHg  [2213-43-6]
(I-piperidinamine)

N-Aminomorpholine bp 168 [4319-49-
(@-aminomorpholine)

NV Diaminopiperazine [40675.64.7) (base
hydrochioride 106.59-2))

1-Methyl1-phenylhydrazine bp 54-55/03 mmHg [618-40-6]

1.2-Diphenylhydrazine mp 123-126 [122667]
(hydrazobenzene)

Phenylhydrazine bp 238241 [10063.0]
(hydrazinobenzene:

p-Tolyhydrazine 32 mp>200 (63760
hydrochloride

1.5-Diphenylearbazide 3 mp 17577

Procarbuzine hydrochloride 34 mp 223226 [366-70-1] base

[671-169)
Isoniazid 35 mp 7T [54853]
Iproniazid phosphate 36 mp 180182 [305-33.9] base
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Compound Resin 1h 2h 6h 24h
Hg(CH,CO,), Amberlite IR-120(plus) 175 183 38 3.8
Hg(CH,CO,), Dowex 50X8-100 <38 <38 <38 3.8
HeCly Amberlite IRA-400(C1) 9 11 <38 3.8
HeCly Dowex 1X8-50 62 17 38 3.8
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Half-Life

Buffer* AEBSE PMSF APMSE
0 Stable” Stable® 8 days
5.0 6 days 6 days 285 min

6.4 Hanks™ 11 days® 6h 90 h®
7.0 35h 62 min 2.6 min
7.3 Dulbecco’s 34h 23 min 3.5 min
74 PBS 33h 23 min 3.5 min
7.5 HEPES 17h 11 min <1 min?
8.0 TBE 136 min 7 min <1 min
9.0 39 min <1 min <1 min
1.0 1 min <1 min <1 min

* “The pH of the reaction mixtures was within = 0.2 units of that shown except as indicated.

> After 39 days 73% remained.

© After 10.8 days 94% remained.

! In Hanks’ balanced salts AEBSF demonsirates unusual behavior. Initially it degrades slowly with a
half-life of approximately 11 days but between 5 and 7 days there is a sudden drop in concentration
from 74 to 1.5% and another peak in the chromatogram becomes prominent suggesting that the
AEBSF has been converted into another compound.

* Actual pH 3.7

" Actual pH 6.9.

¢ Actual pH 7.2,
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Parameter

TATP

DADP

HMTD

Oven

Flow rate (mL/min)
Injection temperature (°C)
Detector temperature (°C)

60°C for 1 min,

t0 250°C at
20°C/min
40
170
300

60°C for 1 min,

10 250°C at
20°C/min
40
170
300

70°C for 1 min,
t0 250°C at
20°C/min

8.0

250

300
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Compound Name Reference  Abbreviation Registry Number

Benz|alanthracene 2 BA 1 [56-55-3]

Benzolalpyrene 3 BP I [50-32-8]

7-Bromomethylbenz[a] BrMBA m [24961-39-5]
anthracene

Dibenzla,hjanthracene 4 DBA v [53-70-3]

7.12-Dimethylbenz|a] 5 DMBA v [57-97-6]
anthracene

3-Methylcholanthrene 6 3-MC 0 [56-49-5]
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Registry

Compound Name Abbreviation  Structure  Number
Dibenz[a lacridine 2 DB(a,)AC 1 [224-42-0]
Dibenzla,hJacridine 3 DB(aAC I [226-36-8]
7H-Dibenzo|c,g Jearbazole 4 DB(c,9)C m [194-59-2]
13H-Dibenzo[a, ilcarbazole 5 DB(a.))C v [239-64-5]
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Metal Wavelength (nm) Slit Width (nm) Limit of Detection (ppm)

0.7 0.25
0.7 0.1
02 1.0
1.0
1.0
0.25
1.0
1.0
04
5.0
5.0
(

5
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Nonoxynol-10 Sulfur

Substrate MIBE ~ MTBE (NP-10;NPEO)  Phenol Mustard

Substrate conc. 0.92mM 10ppm 147 mg/L 32mmM 0.1 mg/mL

H,0, 1826mM  60ppm  40.4mM 24mM Smy

pH Not 6.5 10.5 Not 7
controlled controlled

Temperature  Ambient  Ambient NA Ambient  NA

Lamp* 1 kW 30WP  40WLPHzQ ISWLPQ 6WHg

Time (min) 65 40 66 30 9

Degradation”  >98% (m)  >95%  95+5% 100% (est)  >95% (est)

References 59 60 61 62 63

* All lamps used were mercury lamps, wattages are given. Q = quartz apparatus
apparatus (365 nm), MP = medium-pressure lamp, LP = low-pressure lamp.
> (m) = mineralization is demonstrated; ( estimated from graph.
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2 Chlorophenal,

4Chloro3,  4-Chlorophendl, 24
Buyl 5 24 Dichlorophenoxy
Substrate  Bisphenol A Alcohol  Dimethylphenol Dichlorophenol  Diazinon  acetic Acid
Substrate  04mM L1mM 100mgl. 100mgl. Wmgl 45
0 896 mg/min ca. 60 mg/min 3.1 g/ (in 300 mg/h 4mgLin 3 mg/min
oxygen) s

(1 4mgrL

in water)
pH. NA 70t 40 90 53 NA
Temperature Ambient  Ambient Ambient NA Ambient
Lamp® ISWLP  BWLP  ITSWHPP  ISOWMP  None 10w
Time 90min B0 min 7S min 2n Wmin SOmin
Degradation® >95% >99% >05% (est) (m)* 99.9% (mff  >95% (est) >95%
References 72 B 7 75 7 7

* Solution contained 2mM NaHCO;,

° All Tamps used were mercury lamps, wattages are given. LP = low-pressure lamp, MP = medium-
pressure lamp, Q= quartz apparatus (254 nm), P = Pyrex apparatus (365 nm)

© (m) = mineralization is demonstrated; (est) = estimated from graph.

ion >95% (estimated),

on efficiency 97.0-97.8%.
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Compound

Formula

Registry Number

Cadmium acetate dihydrate

Cobalt(1l) sulfate heptahydrate
(cobaltous sulfate)

Copper(Il) sulfate pentahydrate

tron(1l) sulfate heptahydrate

Lead(Il) acetate trihydrate

Manganese(1l) sulfate
monohydrate

Nickel(Il) sulfate hexahydrate

Palladium(Il) chloride

Phosphomolybdic acid hydrate

(molybdophosphoric acid)

Iver nitrate

hallium(1) nitrate (thallous

nitrate)

n(ll) chloride dihydrate

Zine chloride (butter of zinc)

Wi —

Cd(CH;C01),2H,0
CoS04TH0

CuSO,SH,0
FeS0;7H0
Pb(CH3C02)23H;0
MnSO,H,0

NiSO;6H0
PdCl,
12Mo0; H;PO,xH,0

AgNO;
TINO,

SnCly2H,0
ZnCly

[5743-044]
[10026-24-1]

[7758-99-8]
[7782-63-0)
[6080-564]
[10034-96-5]

[10101-97-0]
[7647-10-1]
[51429-74-4]

[7761-88-8]
[10102-45-1]

[10025-69-1]
[7646-85-7)
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Dicthyl Dimethyl Methyl

Substrate Phihalate Phibalaste  Estradiol Linuron Methacrylate  Phenol
Stbstrate 100 777 mgfl. 04mM 0dmM 5053mgl  12gLin
conc water
containing
20gL
activated
carbon®
0s ISmgLat  195Lfmin  763mgmin 0.0171mM 17.8mgimin 025 g
05 Limin  oxygen (solution (i ain)
containing preozonated)
14mg/L Oy
pH 7 560 NA® 60 From6103 8
as reaction
progresses
Temperature  20°C 25°C Ambient  NA 25°C 226
Lamp® Voltac Philips ISWLP  LPQ 20W LP None
IWIPQ  PLSLPQ (60107
04AWL)  (032WL) Einstein/Lis)
Time 30min 30min 45 min 10min 4smin ih
Degradation”  >05% (est)  >05% (es)  >95% >95% (est) (80%  >95% >99%

mineralization
after 100 min)

References 78 79 7 80 81 82

* Granular activated carbon from Merck, ground to 0.5 mm

" Solvent was acetonitrile:water 30:70.

° Al lamps used were mercury lamps, wattages are given. LP = low-pressure lamp. MP = medium-
pressure lamp, Q = quartz apparatus (254 nm), P = Pyrex apparatus (365 nm),

4 (m) = mineralization is demonstrated; (est) imated from graph.
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Amberlite Resin®

Dowex Resin®

Metal Volume®  1h 2h 6h  24h  1h 2h 6h  24h

Ag 200 598 10 <025 <025 16 06 026

Cd 40 <01 <01 < <0.1 069 047 086

Co 40 76 66 102 64 8.3 8.6 8.8

Cu 40 37 3.02. 6 28 38 39 45

Fe 40 19 8.1 88 11 11 11

Mn 40 9.4 6.0 47 <0.25

Mo 100 481 459 <1 52 <1

Ni 40 7.0 64 52 45 47

Pb 200 15 18 <045 045 045 .
40 <5 <5 < <5 <5 e <5 <5
40 13 12 12 12 12 12 12 12

Zn 40 4.6 36 31 30 32 30 37 45

* Amberlite IRA-400(Cl) for Ag and Mo and Amberlite IR-120(plus) for the other metals.
" Dowex 1X8-50 for Ag and Mo and Dowex 50X8-100 for the other metals.

© Volume of 1000 ppm solution (mL) that can be decontaminated with 1 g of resin.
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Bis
(2-chloroethoxy)

Substrate Amines* Methane ~ Bisphenol A Bisphenol A Brij 35
Substrate 02mM 50 mg/L 0.175mM  10mg/L ca. 10uM

conc.

0, 500mg/L A 500mg/L A 1gLC 05gL A 100mgL A
Oxidant None None None None None
pH NA 6 NA 70 70
Temperature 60°C NA Ambient  25°C 27-30°C
Lamp® 1500 W 2x15W 200W 16x09W 125W

Xe P UV 365 Hg-Xe P 365nm Philips
(0.2 mW/em?) HgP HPR Hg HP P

me Ih(m)  16h 20h(m)  1h 2h
Degradation” >95% 99.5% >99% >99% >95% (est)
References 93 94 95 96 97,98

* Aniline, 4-methylaniline, 4-ethylaniline, 4-fluoroaniline, 4-chloroaniline, 4-bromoaniline, 4-
cyanoaniline, 4-nitroaniline, and 4-aminophenol

" TiO; type: A Degussa P25, 70% anatase, 30% rutile, crystallite sizes 30nm in 0.1 um
aggregates, surface area 55; pm 15m%g; B mostly anatase, 10m?g; C Ishihara Sangyo Kaisha ST-01,
anatase, 7 nm particle size, surface area 320 m*/g.

* Hg = mercury lamp; Xe =xenon lamp; Hg-Xe = mercury-xenon lamp, wattages are given
Q=quartz apparatus (254 nm), P =Pyrex apparatus (365 nm), MP = medium-pressure lamp,

HP = high-pressure lamp, TH = 640 W Jelosil HG 500 iron halogenide lamp (340-400 nm)

I (est) = estimated from graph.
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Phenol,

Substrate Monuron® Nitrotoluenes” Phenol 4-Nitroaniline

Substrate conc. 0.1 mM 031mM 2.12mM 1 mM

Fe® 11 mM* 0.72mM 0.8mM 025mM

H,0, None 150 mm 30 mM 10mM

pH 27 30 3.0 NA

Temperature Ambient 30°C Ambient 25°C

Lmnp“ 125W HP P 21 W 150 W MP 400W HPQ
ime 15h 1h 15 min 1h

Degradation® >95% (m) >95% >96% (m) >95%

References 36 37 38 31

* Monuron = 3-(4-chlorophenyl)-1. 1-dimethylurea.
" 2-Nitrotoluene, 4-nitrotoluene, 2,
° Fe** used (from Fe(CIO,)s).

! All lamps used were mercury lamps, wattages are given. Q = quartz apparatus (254 nm), P = Pyrex
apparatus (365 nm), LP = low-pressure lamp, MP = medium-pressure lamp, HP = high-pressure lamp.
BL = Philips black light

e (m)

dinitrotoluene, 2,6-dinitrotoluene, and 2,4,6-trinitrotoluene.

mineralization is demonstrated.
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1-Amino

2-naphthol 3,
6.disulfonic Carbon Diethyl 13
Substrae Ametryn Acid Benzene  Temachloride  Phibalate  Dinitrobenzene
Subsrate 10mgL 4S0mgL  25mgnL 03ImM  lmgL 01lmp
conc, [in air-
sawrated
water
containing
TmM
solium
formate
(required)]
10, 150me/L. 20i0mgL  043gL  49mM 2mg 03mM
pit 7 5960 NA 68 Not Not
conmrolled  controlled
Temperawre  Ambient we Ambient Ambient
Lamp* 0w J0w W0WQ kW MPQ
Bubrovics  LPHgQ ro
GPHSTTSL/
P Q
Time 45min 3 0min 1n 60min 45min
Degradation®  >95% (est) 95% (est)  >95% >95% >08.6% >95% (m)
(e
References 50 51 5 5 54 s

* All lamps used were mercury lamps, wattages are given. Q

apparatus (363 nm), MP = medium-pressure lamp, L|

> (m) = mineralization is demonstrated; (est)

juartz apparatus (254 nm), P =Pyrex
low-pressure lamp.
mated from graph.
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Etridiazole (5-Ethoxy
(trichloromethyl)-

Substrate EDTA 12 4-thiadiazole) Lindane

Substrate conc. 1 mM Sum 027uM

H,0, 98 mM None 20mM

pH NA 6.0-8.0 57

Temperature NA NA NA

Lamp* 15W UV Q 5WLPHg Q 8 x 35WQ
me (min) 100 15 20

Degradation” 96.58% >95% (est) >97% (est)

References 56 57 58

* All lamps used were mercury lamps, wattages are given. Q = quartz apparatus
apparatus (365 nm), MP = medium-pressure lamp, LP = low-pressure lamp.
b (est) = estimated from graph.

54 nm), P= Pyrex
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Limit of
Wavelengih(s)  Detection

Compound Reagent  Procedurs om) (ppm)
Acid Black 1 A 618 NA
Acid Blue 80 A 625 NA
Acid Orange 6 A 490 NA
Acid Orange 7 A 485 NA
Acid Red A NA
Acidic Red B A NA
Acidic Red G A NA
Acridine Orange DNA E 00032
solution
Alcian Blue 8GX A 09
Alizarin Red S 1M KOH A 046
Anure A A 015
Awure B A 03
Brilliant Blue FCF A NA
Brilliant Blue R A 10
Cibacron Red FNR A NA
Cibacron Yellow FN2R A NA
Cibacron Yellow LS R A NA
Congo Red A 025
Coomass A 17
Brilliant Blue G

Cresyl Violet Acetate  pH 5 bufler F 0021
Crystal Violet A o
Direct Red 23 A NA
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Limit of
Wavelength(s)  Detection

Compound Reagent  Procedure® (om) (ppm)

Direct Yellow 12 A 405

Direct Yellow 86 A 303

Eosin B A 14

Erythrosin B E ex. 488, em.

Etidium bromide E ex. 540, em. 590

Ethyl Orange A a7

Janus Green B A 660

Malachite Green A 614

Methylene Blue A 661

Methyl Green A 629

Methyl Orange A

Neutral Red PH S buffer A

Nigrosin A

Orange 1 A

Ore: 1M KOH A

Propidium odi DNA solution F ex.350, em. 600

Reactive Black A 97

Reactive Brilliant A 530

Red K2BP
Reactive Brilliant A 530 NA
Red K2G

Reactive Red 2 A 538 NA

Reactive Red 45 A 520 NA
Red 120 A 535 NA
Red 141 A 44 NA
Red 198 A 515 NA
Yellow 14 A 410 NA

Rhodamine 6G A 524 NA

Rose Bengal E 004

Safranine O E 003

Sudan 111 A NA

Sudan IV A NA

Turtrazine A NA

Toluidine Blue O A 626 02

Trypan Blue A 607 02

* = The fluorescence of the sample was measured; A = the absorbance of the sample was measured.

* ex. = excitation wancelength
“ e, = emision waelength,

4 Wavelength is pH dependent. ™ Make sure pH is =5.
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Brilliant Malachite Methylene

Substrate Blue FCF Green Blue Tartrazine
Substrate conc. 20mgL 20mg/l. 10mgrL 40mg/L
Fe?™ 0.1 mM 0.05 b 358 mM 19.53 mg/L
H:0, 3mb 2mM 441 mpt 500 mglL.
pH 30 3.40 3
Temperature NA 30°C NA

Time 30 min 50 min 20 min
Degradation 595% (est) 100% 97.4%
Reference 93 126 128
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Compound Residue (%) Products )

lodomethane <009
Flworocethanol <063 EIOCH,CH,0H 99
2 Chloroethanol <034 EIOCH:CH,0H 95
Bromoethanol <125 EIOCH:CH,0H 67
2 Chloroacetic acid <063 EIOCHCO,H 82
1-Chlorobutane <0430 BuOE 48; BuOH 8
1-Bromobutane <020° BuOH s
1-lodobutane <0.18" BuOH s
Bromobutane <0.18"
2 Todobutane <050°
<045"
<050°
Benzyl chloride <024" PhCH,OE! 85
Benzyl bromide <023 PhCH,OE! 76
1-Bromononane <007" NonOEt 84
1-Chlorodecane <096" DecOEL 97
1-Bromodecane <094" DecOEL 81

* Al resctions were performed zs described sbove.
® The finl reaction mixture was extracted with etheror dichloromethane and each layer wasseparately
analyzed. The results shown here are those obiained fo the organic layer. No halogenated compounds
wete found in any of the squeous lagers. Control experiments showed that t least 98% of any of the
halogenated compounds lsted would be extracted into the organic layer.

© The reaction mixture was refluxed for 4h.
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Approximate Retention

Compound Packing'  Temperature (°C) Time (min)
lodomethane 60 0s
2 Fluoroethnol 60 6.1
2 Chloroethanol 120 15
2 Bromoethanol 120 78
2 Chloroethylamine 60 19
2 Chloroacetic acid 200 21
1-Chlorobutane 60 52
1-Bromobutane” 100 34
1-lodobutane 60 39
2 Bromobutane 100 26
Todobutane 100

2 Bromo-2-methylpropane 60

Todo-2 methylpropane 100
3 Chloropyridine 80
Fluorobenzene 60
Chlorobenzene 60

Bromobenzene
lodobenzene
4-Fluoroaniline

2 Chloroaniline
3-Chloroaniline
4-Chloroaniline
4-Fluoronitrobenzene

2 Chloronitrobenzene
3. Chloronitrobenzene
4-Chloronitrobenzene
3-Aminobenzotrifluoride
Benzyl chloride

Benzyl bromide
xa-Dichlorotoluene
1-Bromononane
1-Chlorodecane

L L L L L L L EEEEEE L T T s

1-Bromodecane

* The column packings were A 5% Carbowas 20M on 80/100 Chromosorb W HP: B 245 Carbowax
30M + 19 KOH on 80/100 Supelcoport: C 5% FFAP on 80/100 Gas Chrom Q: D 28% Pennwal
3 147 KOH on 80/100 Gas Chrom R: and E 10% Carbowax 20 M +2% KOH on 80/100

Chromosorb W AW.

* When I-bromobutane was degraded using ethanolic KOH it was found tha asmall 1-butanol peak
intefered with the determination of 1-bromobutane. A columnpacked with 20% Carbowax 20 Mon 50/
100 Supelcoport gave sufficent resolution. The oven temperature was 100°C, th carier as lowed at
20 mL/min. and the retention time was about 2.5 min.
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Compound Residue () Products )

lodomethane® <Ll
2 Chilorocthanol <036 EOH 97
Bromocthurol <054 EOH 93
2 Chlorocthylamine <033 ENHL 100
Bromocthylamine 93
2 Chlomacetic acid <06 CHCOsH 101
222 Trichloroncetic acid CH,COH 104
1-Bromobutane” <045°
I-lodobutane® <037
Bromobutane® <079
2-lodobutane® <0.66°
<031°
<044
3-Chloropyridine” <03¢* Piperidine 57
Fluorobenzene® <027 Benzene
Chlorobenzene” <0.14° Benzene
Bromobenzene” <0.09 Benzene
lodobenzene” <014 Benzene
4-Fluoroaniline” <0.50
2-Chloroaniline” <0.06°
3-Chloroaniline” <014
4-Chloroaniline” <0.06° 7
4-Fluoronitrobenzene® <10 58
30
2-Chloronitrobenzene” <0.20° 85
3-Chloronitrobenzene” <0.26° 82
4-Chloronitrobenzene” <016 104
3-Aminobenzotrifluoride” <0287 52
Benzyl chloride” <007 Toluene 2
Benzyl bromide® <0.10¢
xa-Dichlorotoluene® <0.24°

* All reactions were carred out as described sbove
* Reagent was iniially dissolved in methanol. Water wes the inital solvent for the other reactions.
* The finalreaction mixture was extracted with theror dich oromethane and ach layer was separatly
analyzed. The results shown here are those obtzined fo the organic layer. No halogenated compounds
were found in any of the aqueous layers. Control experiments showed that atleast 715 of any of the
helogenated compounds lsted would be extracted into the organic layer.

¢ Pyridine was found as an infermediate but was present at <0.3% in the finl reaction mixture.

© For each 5S¢ of Ni-Al alloy used 0.1 mL of 3-aminobenzotrifluoride was degraded.
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Compound Name Reference  mporbp (°C)  Registry Number

lodomethane (methy! iodide) bp 4143
2 Fluoroethanol bp 103
2 Chloroethanol 1 bpi2o
Bromoethanol 2 bp56-57/20 mmHg
2 Chloroethylamine mp 143-146
hydrochloride
2 Bromoethylamine mp 172-174
hydrobromide
2 Chlomacetic acid mp 62-64
(chloroethanoic acid)
222 Trichloroacetic acid 3 mpsase [76.03-9)
I-Chlorobutane (n-butyl chloride) bp 7778 [109-69-3]
I-Bromobutane (n-butyl bp 100-104 [109-65.9]
bromide)
I-lodobutane (r-butyl iodide) bp 130-131
2-Bromobutane (s-buty! bp 91
bromide)
2-Todobutane (s-buty! iodide; bp 119120
2 Bromo-2-methylpropane bp 7274
(tert-butyl bromide)
2-Todo-2-methylpropane 4 bp99-100 [558-17-8]
3-Chloropyridine bp 148 [626-60-8]
Fluorobenzene bp 85 [462.06.6]
Chlorobenzene 5 bpIn2 [108.90.7)
Bromobenzene (phenyl bromide) bp 156 [108:86-1]
lodobenzene (pheny! fodide) bp 188 [591-504]
4 Fluorouniline bp 187 [371404]
2-Chloroaniline (- bp 208210
chlorobenzenamine)
3-Chloroaniline (3- bp 230 [10842.9]
chlorobenzenamine)
4-Chloroaniline (4- mp 68 [10647-8]
chlorobenzenamine)
A Fluoronitrobenzene bp 205 [35046.9]
2 Chloronitrobenzene mp 3335
3-Chloronitrobenzene mp 42-44
+-Chloronitrobenzene mp 83-84
Benzyl chloride 6 bpl77-181
Benzyl bromide 7 bp 198199 [10039.0]
xa-Dichlorotoluene 8 bp82/10 mmHg [98-87-3)
3 Aminobenzotrifluoride bp 187 [98-16-8]
(22, ifluoro-mtoluidine)
I-Bromononane bp 201
I-Chlorodecane bp 223

I-Bromodecane bp 238
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Initial Amount

Compound Solvent Concentration Remaining
Amsacrine Glucose (5% wiv) 0.15 mg/mL <0.7%
Asparaginase Glucose (4.5% wivi* 200 TUjmL <0.5%
Azathioprine Glucose (5% wiv) 2 mg/mL <0.5%
BCNU NaCl (0.9% wiv) 0.5 mgmL <0.13%
BCNU Glucose (5% wiv) 0.5 mg/mL <0.13%
Bleomycin H:0 L8 mgnl GUmL)  <1.1%
coNU CH;O0H 5 mg/mL <0.02%
CONU CH,0H 1 mg/mL <0.1%
Dacarbazine NaCl + Buffer® 4 mg/mL. <0.005%
Streptozotocin NaCl (0.9% wiv) 14 mg/mL <0.07%
Streptozotocin Glucose (5% wiv) 14 mg/mL <0.07%
Sulfamethoxazole  CH;OH 0.4 mgmL <0.1%
Thiotepa Glucose (5% wiv) 0.06 mg/mL <13%

* Also contains 16 mg/mL mannitol.
* A2 mL aliquot of dacarbazine (10ma/mL in HO containing citric acid (10 mgfmL) and manitol
(5 me/mL)) was added to 3mL of saline.





OEBPS/images/c03/table_image_056.gif
Compound Solvent Initial Concentration  Amount Remaining

Amsacrine Glucose (5% wiv) 0.15 mg/mL <05%
Asparaginase  Glucose (4.5% w/v)* 200 TU/mL <05%
Azathioprine  Glucose (5% wiv) 2 mg/mL <2%
Thiotepa Glucose (5% wiv) 006 my/mL NA

*Alko contains 16 mg/mL mamnitol
‘A — Not available
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Compound Strains Activation® Reference

Bleomycin TA97a, TAL00, TALO2 +i- 2
Cyclophosphamide ~ TAS, TAL00, UTHS414, and UTHS413  +/— 3
Cycloserine TA98, TAL00, TAI530, and TAIS35 +i- 4
Daunorubicin TAS, TAL00, and TA102 +i- 2
Dichloromethotrexate TAS, TAL00, TAI530, and TAIS35" +i- 5
Doxorubicin TA98, TAL00, and TA102* +i- 2
Etoposide UTHS413 - 2
Melphalan TA98, TAL00, and TA1535 +i- 6
6-Mercaptopurine  TA8, TAL00, and TAI535 +i- 5
Methotrexate TAI00, TAI530, TAIS3S, and UTH8414°  +/— 5
Mitomycin C TAI2 - 2
Procarbazine TA98, TAL00, TAIS30, and TAIS35 +i- 7
Teniposide UTHS413 - 2
6-Thioguanine TA98, TAL00, and TA1535 +i- 5
Vinblastine sulfate  TAS, TAL00, TAI530, and TAIS35" +i- 5

neristine sulfate  TA98, TAL00, TAI530, and TAI535" +i- 5

.59 activation used; —, 59 activation not used.
*Not al strains were used for all reaction mistures

“Degradation of prarmaceutical preparations of dichlorometholrexate gave (wo to three times the
packground activity with TAIS30.

! Degradation of doxorubicin with KMnO, gave twice the background activity with TA 102.
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Compound Matrix®* Destruction  Reference

Aclarubicin 1 G >99.7% 1
Amsacrine G >993% 2
Asparaginase Glucose (4.5% wiv)" >99.5% 2
Azathioprine G >995% 2
BONU 2 G >99.87% 3
Bleomycin H,0 >98.9% 4
CoNU CH;0H >99.9% 3
Cyclophosphamide  S; G >98% 5
Dacarbazine NaCl + Buffer® > 99.995% 3
Daunomubicin >99.7% 1
Doxorubicin 1
Epirubicin 1
Etoposide 4
ldarubicin >99.7% 1
Ifosfamide >99.8% 5
Melphalan >99% 5
Methotrexate 5% glucose; 0.45%  >99.5% 6
saline; organic solvents
Mitomycin C Urine; H;0 ¢ 47
Pirarubicin 3 >99.7% 1
Streptozotocin >99.93% 3
Sulfamethoxazole  CH:OH 9.9% 3
Teniposide Injection a 4
Thiotepa G >98.7% 2

“Saline (0.9% wiv NaCl); G 5% (wiv) glucose.
® Also contains 16 mg/mL manritol.

“A 2mL aliquot of dacarbazine (10 mgfmL. in H;O containing citic acid (10 me/mL) and manritol
(s me/mL)) was added to 3mL of saline

d Amount remaining given as 0%.
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Compound Name Reference  Formula Registry Number
Calcium hydride 2 CaHl [7789-78-8)
Borane- THEF complex 3 BHyC;HO  [14044-65 6]
Lithium aluminum hydride 4,5 LiAlH, [16853-85-3]
Lithium hydride 6 LiH [7580-67-8]
Potassium hydride 7 KH [7693-26-7)
Sodium borohydride 8 NaBH, [16940-66-2]
(sodium tetrahydroborate)
Sodium cyanoborohydride NaBH,CN [25895-60-7]
(sodium cyanotrihydridoborate)
odium hydride 9 NaH [7646-69-7)
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Enzyme or

Analytical Procedure Sample 1 mM HCI
Reaction mixture Reaction mixture MOPS  Enzyme
piked reaction mixture Re: i DEP Enzyme
Reaction blank Reaction mixture blank ~ MOPS  Enzyme
1 NaOH MOPS  HCI

pontancous hydrolysis blank

Spiked with MOPS buffer or 3.1 pg/mL DFP in MOPS.
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Maximum

Molarity of  Re Residue  Temperature
Compound ~ NaOH (M) me* (h) (%) Rise (°C) Products (%)
DMS 1 0.25° <0.06 6 CH;OH (68)
5 0.25° <0.06 1 CH,OH (71)
DES 1 3 <0.11 1 C:H;OH (47)
5 24 <0.11 1 CHsOH (50)
MMS 1 6 <0.09 1 CH:OH (89)
5 2 <0.09 17 CH,OH (65)
EMS 1 48 <09 1 C,H;OH (88)
5 24 <09 1 C,H;OH (68)
BDE 1 20 <04 1
5 2 <04 13
PS 1 1 4 3
5 1 6

For full details refer to the destruction procedures given above.

* Reactiontime is normally measured from initial mixing. Reaction times marked with an asterisk were
measured from the time the compound had completely dissolved in the NaOH solution.





OEBPS/images/c02/c28table_image_002.gif
Breakthrough Volumes (mL)

Limit of
Compound i 1 ppm 5 ppm
Neutral Red >2480 >2480 >2480
Crystal Violet 1020 >1630 >1630
Cresyl Violet acetate 706 >139 >1396
Azul 630 882 >1209
Azul 615 810 =975
Acridine Orange 465 990 >990
Methylene Blue 420 645 1050
ranine O 365 438 584
Toluidine Blue O 353 494 606
Ethidium bromide 260 312 416
Janus Green B 170 650 >870

Alizarin Red S 120 150 240

<0.25 ppm (see original paper)
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Amount of Ethanol Degraded (uL)

0

Reducing Agent*

50

Solvent Workup A A
Add KOH 64 59 58 57
Add KOH + 20mL H,0 kXl 28 33 24
AddKOH + 100mLH,0 08 07 09 07

Add NaHCO, Cent”  Cent Cent. Cent.

X Add NaHCO, + H,0 Cent. Cent. Cent. Cent.
5S04 Adjust pH t0 73-7.8 36 21 20 27
NaOH Cent. 14 12 14
NaOH Add H,0 09 12 10 12
H,0 06 09 06 08
H0 Add NaOH 10 13 Cent. 13
H0 Add NaOH + H,0 07 10 07 LI

* A, ascorbic acid; S, sodium metabisulfite
>The
Thus the dry weight of precipitate could not be obtained.

zaction mixture was t0o viscous tobe filtered and centrifugation of the solution was ne

ssary.
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Compound

BF, KI NaF  (NHHE,  SnF,  NasSiFg
Initial conen (mg/ml) 1154 10 10 10 5
Initial conen (ppm F) 4632 3276 6667 3032
Final conen (ppm F~) 5. 135 8 14.5
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Registry

Compound bp or mp Number

Acetyl chloride bp 52°C [75-36-5]

Propionyl chloride bp 77-79°C [79-03-8]

Dimethylcarbamoyl 3 (CHy,NC(O)CT bp 167-168°C [79-44-7)
chloride

Benzoyl chloride 4 PhC(O)CI bp 198°C [98-88-4]

Thionyl chloride 5 S0Cl, bp 79°C [7719-09-7)

Sulfuryl chloride 6 SO.Cly bp 68-70°C [7791-25-5]

Methanesulfonyl 7 CH,80,C1 bp 60°C/21 mmHg  [124-63-0]
chloride

Benzenesulfonyl 8 PhSO.Cl bp 251-252°C [98-09-9]
chloride

p-Toluenesulfonyl 9 p-CHCEH,S0,C1 mp 67-69°C [98-59-9]
chloride

10 (CH;C(0).0 bp 138-140°C [108-
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Amount

Remaining
Compound Conditions Time () RNH, (%) R'OH (%) (%)
MC Room temperature 24 98 <0.61

Reflux 4 75 <0.61
uT Room temperature 24 103 <0.15

Reflux 4 51 <0.16
MUT Room temperature 48 60 92 <0.075

Reflux 4 39 69 <0.075
EUT Reflux 4 43 74 <0.15
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Sulfamethazine (sulfadimidine) ~ NA NA 68.7 24.3 min
Sulfamethoxazole 96% 100% 124 13.6 min
Sulfamonomethoxine NA NA 155 113 min
Sulpiride — 97% NA NA

Tetracycline — 96% 64.7 min 13.8 min
Theophylline — 95% 1950 min 384 min
Trimethoprim — 99% NA NA

Destruction <90%: NA. data not available.
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Erythromycin,

Sulfadimethoxine,

Sulfamethazine,

Sulfamethoxazole, Ethiny]
Substrate Tylosin Estradiol Estradiol  Ethinyl Estradiol  Methotrexate Metoprolol
Subsirate 200 mg/L 10pg/L 10pg/l  10pMinSmMpHS 200 ng/L 100 M in
concentration phosphate 50mM pH 3
buffer phosphate buffer
containing containing 100 M
5mM t-butanol tbutanol
Ozone rate 16L/min oxygen 5 g/h 5gm 10 mg/L 18 mg/L
containing
53% ozone
Ozone in Oxygen Oxygen/nitrogen  Oxygen/ NA Water? Water?
mixture nitrogen
mixture
Time 20 min NA NA NA 2 min 24
pi 4257 3 3 8 8 3
Destruction -99% 100% 99.7% -95% 97% -95% (est)
Reference 9 10 10 1 12 13
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Sulfadiazine,
Sulfamethizole,
Sulfamethoxazole,

Subsirate Oxytetracycline Sulfathiazole Sulfamethoxazole  Sulfamethoxazole  Tetracycline Tinidazole
Subsirate 100 mg/L. 1 mg/L 200 mg/L 60 mg/L 0.5 my 30 mg/L
concentration
Ozone rate 2 gh 1.2 L/min containing 2 gh 33gh 10 mg/min N
2.3mg/L ozone

Ozone in Air Oxygen Oxygen Oxygen Oxygen at 2 Limin  Oxygen
Time 60 min 20 min ‘ 4 min 30 min

pi 1 NA 71 7.0 7
Destruction >95% >99.5% >95% (est) >95% (est) >95% (est)
Reference 14 16 17 18

*Water containing ozone was added o the subsirat solution 5o s o obtin an 0zone concentration of 2 mg/L. The solution was not sparged with ozone-containing
ai or oxygen.

® Water containing ca. 0.36mM ozone was added o the substrate solution s0.as o obtain a molar ozone:substrate ratio of 10:1. The solution was not sparged with
ozone containing air or oxygen

“Water containing ca. 1.5 mM ozone was added to the substrate solution so s to obtain a molar azone:substrae Fato of 2.5:1. The solution was not sparged with
ozone containing air or oxygen.

* Water containing ozone was added tothe subsirate solution s0.2 0 obtainthe ozone concentration show. The solufon was not sparged with ozone containingair
or oxygen.

“Solution saturated with 0zone before addition of substrte. Reaction ate was eshanced by the addition of 250 me/L activated carban (particle size 0.45-1 mm,
Merck)

"To obtain >95% destruction an ozone concentration of 83 me/L was required. the reactor volume was 500mL. and ozone was supplied at 3.3 g/h.
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Compound Solvent Conc. (mg/mL)  Reaction Time (h)  H;0, Added (uL/mL)  Without H,0,
Amoxicillin H0 1 2 275 12 <0.05
Ampicillin H:0 1 1 3 55 <02
BCNU H:0 01 1 0.48 <05 <05
Bleomycin H,0 1 1 7 13 <1
CONU CH,0H 10 1 “ 001 <0.02
Cephalothin H:0 1 1 25 <005 <005
Dacarbazine Bufer” o1 1 125° <02 <02
Dacarbazine NaCl (0.9% wiv) 01 1 1.25¢ <02 <02
Dacarbazine H,0 0.1 1 1.25¢ <02 <0.2
Metronidazole Bufer’ 5 4 30 16 <0.0005
Norethindrone CH;O0H 0.1 1 34 067 <01
Streptozotocin NaCl (0.9% wiv) 14 2 48 <036 <036
Streptozotocin  Glucose (5% wiv) 14 2 48 <036 <036
Sulfamethoxazole  H0 01 1 04 <02 <02
Trimethoprim H,0 04 1 15 <006 36
Verapamil H,0 1 1 225 <01 <01

* All reactions were carred outin an all quartz apparatus with a 200 W medium-pressure mercury lamp. When ;0 was used 10moles were employed for cach

mole of compound present (except where shown)
®One hundred moles of H;0; per mole of blcomycin.

“The dacarbazine buffer contained 10 mg/mL of circ acid and S mg/mL of manritol,

“Twenty two males of Hy0; per mole of dacarbazine.

“Metronidazole buffer was NaCl (7.9 mg/mL), NaH2PO, (0.45 mg/mL), and citrc seid (0.23 mg/mL),

fOne thousand moles of H:O, per mole of nosethindrone.
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Continuous Flow
Reactor (percent
destruction)

Batch Reactor (time to
reach 90% destruction)

Name UV UV, uv UV/H,0,
Acetaminophen — 90% 1238 min 286 min
Antipyrine 100%  100% 14.2 min 12.7 min
Atenolol — 100% NA NA
Azithromycin — 93% NA NA
Bezafibrate — 98% NA NA
Catfeine 00%  — NA NA
Carbamazepine — 99% 2350min 263 min
Ceftiofur NA NA 45 min NA
Chlortetracycline 100%  100% 367 min 123 min
Clasithromycin — 95% 1657 min 350 min
Clenbuterol NA NA 1028 min 364 min
Clofibric acid 100%  92% NA NA
Crotamiton — 98% 1265 min 26,1 min
Cyclophosphamide — 90% 2257min 736 min
DEET — 92% 1163 min 360 min
Diclofenac 100%  100% 53 min 4.9 min
Diltiazem 9%  99% NA NA
Dipyridamole 99% 98% NA NA
Disopyramide 96% 100% 20.1 min 15.1 min
Erythromycin — 96% NA NA
Ethenzamide — 100% 907 32.0 min
Fenoprofen — 100% 227 12.7 min
tfenprodil — 99% 677 15.6 min
Indomethacin — 98% 828 14.6 min
Ketoprofen 95%  99% 1.6 min 1.9 min
Levofloxacin — 99% NA NA
Lincomycin — 100% NA NA
Mefenamic acid — 99% 1362 min  27.1 min
Metoprolol — 96% 1718 min 285 min
Nalidixic acid o1%  98% NA NA
Naproxen — 100% 73.3 min 189 min
Norfloxacin 00%  — NA NA
Oxytetracycline NA NA 509 min 13.5 min
Pirenzepine — 99% NA
Primidone — 99% NA
Propranolol — 100% 4 min
Propyphenazone — 93% 143 min
Sulfadimethoxine. . 999, 3.9 min
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Acetaminophen,

Antipyrine,
Caffeine,
Carbamazepine,
Diclofenac,
Flumequine,
Thuprofen,
Ketorolac,
Offoxacin, Amoxicillin,
Progesterone, Ampicillin,
Substrate Sulfamethoxazole  Cloxacillin Ampicillin  Thuprofen
Substrate conc. 100 pe/L. 103-105 mg/. 20 mg/L 087 mM.
Fe* 5 mg/L L1 mM 87pM. 1.2 mM
H,0, 50 mg/L 22.5 mM asdpm 0.16 mM
pH 3 3 35 60-65
Lamp* Solar® 6W Spectroline 6 Philips Phillips
model HB31120W  OP IkW
EA-IGWFE UV P UV P Xenon
(290-400 nm)
Time a6h 50 min 3 min L5h
Degradation®  >97.3% “complete” -95% (est) 95% (est)

Reference | 3 4 5
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Substrate Offoxacin ~ Ranitidine  Sulfamethazine  Sulfamethoxazole

Substrate conc.  27.7 M 10mgl 50 mg/L 200 mg/L

Fe+ 5 mg/l. Smel 40 mg/L 10 mg/L

H,0, 2714 mM S0mgL 600 myL 300 mg/L

pH 3 3 3 28

Temperature  25°C

Lamp® 1KW Newport  Solar” 300W Osram 3% 30cm Philips
type Ultra-Vitaluox P TL 8W-08
70260 FAM UV
Xenon P lamps P

Time Ih 2h 5 min calh

Degradation®  >95% (est) - 95% -95% (est) - 99.5%

Reference 6 7 8 9

“Mercury lamp except where shown; watages are given; P = Pyrex apparatus (365 nm).
"Full sunlight is used. sce the original papers! for the engincering detas

“(est) = estimated

“Microtox® toxicity st using Vibrio fischeri strains shoswed that the final reaction mixiure was not
acutely toxic.
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Compound Solvent Concentration Amount Remaining
Ampicillin L) 5 mg/mL <0.2%
Asparaginase Glucose (5% wiv) 200 UfmL. <1.0%
BCNU NaCl (0.9% wiv) 05 mg/mL <0.27%
y Glucose (5% wiv) 05 mg/mL <0.13%
CH;0H 5 mg/mL <0.04%
CH;0H 1 mg/mL <0.1%
Streptozotocin NaCl (0.9% wiv) 14 mg/mL <0.28%
Streptozotocin Glucose (5% wiv) 14 mg/mL <0.28%
Thiotepa Glucose (5% wiv) 006 mg/mL <1.3%
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Acetaminophen,
Cabamazepine,
Diclofenac,
Ranitidine,
Sulfamethoxazole,

Azithromycin,
Clarithromycin,
Erythromycin,
Estrone,
Estradiol,
Ethinyl estradiol,
Roxithromycin,
Sulfadiazine,
Sulfathiazole,
Sulfapyridine,

Substrate Trimethoprim  Sulfamethoxazole Bezafibrate Ciprofloxacin Diclofenac Diclofenac
Substrate ca 01-05pg/l  05-2pg/l 05pM in 15 mg/L $mg/L in 1M
concentration (ata water pH 8§ buffer water
treatment plant) containing containing
4.1 mM tbutanol 10mM t-butanol
Ozone rate 5mglL 5 mglL : 2500 ppm v 36 L
Ozone in NA Oxygen at NA Dry air at NA NA
200 % 10 L/h 120 mL/min
Time NA ca. 4 min 10 min Ih NA 10 min
pH. NA 7 8 10 NA 70
Destruction -91% -95% (est) ~99% -95% -95% -95% (est)
Reference 3 4 5 6 7 8
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Sulfadimethoxine,

Sulfamethazine,
Sulfamethizole,
Amoxicillin, Sulfamethoxazole,
Ampicillin, Sulfathiazole,
Substrate Amoxicillin - Amoxicillin  Cloxacillin Ampicillin ~ Tiamulin
Substrate conc. 105 mg/L 450 pg/L. 100mgL 20 mgl | mg/l
Fe+ S mgl  254350pgL 4TmM  STuM 091 mM
H:0; 255 mg/l 350-428pg/L 4687 mM  3T3pM 137 mM
pH 35 35 3 37 50
Temperature  NA 20-30°C NA NA NA
Time (min) 15 30 2 15 10
Degradation®  100% 05% (est)  »05% (est) >95% (est) >90% (est)
Reference 2 3 4 5 6

*(est) = estimated.
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Amount of Ethanol Degraded (uL)

Reducing Agent*

Solvent Workup A s A s
S04 Add KOH 1200 38 120 16
S04 Add KOH + 20mL H,0 102 19 81 8.1
H,50, Add KOH + 100mL H,0 135 10 8.4 10
H,50, Add NaHCO, 3100 760 7200 350
S04 Add NaHCOs + H:0 58 15 i 1
H,50, Adjust pH t0 7.3-78 104 4280 104 3050
NaOH 260 <04 830 <04
NaOH Add H:0 280 <04 380 <04
H0 230 4800 620 450
H,0 Add NzOH 600 32 1400 36
H,0 Add NeOH + H,0 10 07 1500 05

* A, ascorbic acid: S, sodium metabisulfite.
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Residual

Waer  Time
Compound Reagent Gpm) () Noe®  Reference
Acetane 3 A sieve s 6 6
Acetone Boric anhydride 18 x4 AB 6
Acetonitrile 3A sieve 7 168 7
Acetonitile 3 A sieve 06 92 c 1
Benzene 44 sieve 0.03 24 7
1.2 Butanediol 3 A sieve 140 6 A.D 8
1.4-Butanediol 3 A sieve 420 6 A.D 8
2 Butanol 3A sieve 1 6 AD 8
tert-Butanol 3 A sieve 13 6 AD 8
1.3 Diaminopropune Yordhsiew <25 2 9
Dichloromethane 4 A sieve 0.07 96 1
Disopropylamine Yordhsiew <25 21 9
2.6 Dimethylpyridine 3 A sieve 18 168 9
Dioxane 44 sieve 40 24 7
Dioxane 44 sieve 13 96 1
N Dimethylformamide 4 A seve 138 9% 1
NA-Dimethylformamide 3 A sieve is n 6
Dimethylsulforide 4Asieve 10 nooc 6
1,2 Ethanediol 3 A sieve 360 6 A.D 8
Ethanol 3 A sieve 18 6 A.D 8
Ether 44 sieve 029 6 E 2
Ether 44 sieve 0.095 6 AE 2
Eher Cacl, 024 6 AE 2
Ethyl scetate FAseve 128 9% 1
HMPA [(CH1):N):PO] 4A sieve 2 72 CF 6
Methanol 34 sieve o 24 8
2 Methylpyridine Barumoxide 27 24 9
2 Methylpyridine 3A sieve 55 24 9
1.5-Pentanediol 3 A sieve 20 6 A.D 8
Pyridine $Aseve 03 u c 9
Tetrahydrofuran 44 sieve Y 168 1
Toluene 44 sieve 0.01 96 1
Tricthylamine 44 sieve Y U c 9
Tricthylamine KOH ) 68 A 9
246 Trimethylpyridine 3 A sieve W UG 9
246 Trimethylpyridine  KOH 7 U AG 9

*Except where shown statc dryin (i, o string) was wed ad the desiccant loading was % (W)
" Powdered desiccant used.
B The acetone was stieed with the desiccant, distlled, and sequentiall died with the desiceant.
© Sequential drying with o batches of desiccant was employed.
D The powderddesicant was added 1o the sclvent andthe mixture shaken igorously thenallowed 0 stle fr
E Desiccant loading ws 10% wis.
F Distlaion from P.0s gae a H.O cantrt of 2 ppm, ttc drying with P04 was inefeciv
G Static drying with calcium carbide gave a final water conteat of 8 ppm.





