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II. Abstract
Modern literature within the extensive work in the art of synthesis of the stable, heat-resistant explosive molecule hexanitrostilbene (HNS) has identified the 2-step synthesis pathway via hexanitrobibenzyl (HNBB) from trinitrotoluene (TNT) as a most promising process for manufacture. Despite this, reported yields by important reaction parameters are largely lacking for one of the favoured solvent systems: ethanol; while more detailed investigation of ethyl acetate-ethanol cosolvent systems is limited to the pH range 12.7-13.7, leaving a narrow but potentially significant knowledge gap. A small-scale laboratory manufacturing setup has been utilised to assess yield of HNBB by pH, through doping of the sodium hypochlorite (NaClO) oxidiser solution with sodium hydroxide (NaOH) and hydrochloric acid (HCl) in ethanol and ethyl-acetate solvent systems, successfully identifying a strong trend in increasing trend in yield between pH 10.95 and 13.5. Optimisation of other reaction parameters, solvent volume and reaction temperature, has also been undertaken, improving the volume efficiency of the reaction to produce a relatively high yield of 72.6% HNBB at purity >99.8%, as assessed by melting point. Furthermore, replacement of aqueous sodium hydroxide oxidiser with a newly available substance, sodium hypochlorite pentahydrate (NaClO.5H2O) has been suggested for further investigation.
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1. Introduction
Hexanitrostilbene is a highly stable, heat and pressure resistant explosive molecule, of interest in the energetics sector [1] [2] [3]. Successive studies since the original synthesis of HNS by Shipp and Kaplan in the early 1960’s [4] have identified various synthesis pathways including two-step processes via the intermediary hexanitrobibenzyl (HNBB) [5] [6] [7] [8] and further one-pot reactions from TNT [9] [10] [2]. Most modern literature on its synthesis strongly suggests the 2-step synthesis route from trinitrotoluene (TNT) via the HNBB is the most applicable pathway for production, given its simplicity, the availability of TNT (trinitrotoluene), and the ability to utilise greener and less hazardous chemistries whilst maintain high yield and product purity [11].
The focus of this investigation is on expanding the knowledge base for reaction conditions for the first synthesis step: synthesis of hexanitrobibenzyl (HNBB) from trinitrotoluene (TNT) using sodium hypochlorite (NaClO), in order to identify higher-yielding conditions. Previous studies have determined pH of the sodium hypochlorite oxidiser solution to be a critical factor in determining HNBB yield, alongside the choice of solvent system applied [11] [10]. Further co-dependent variables such as reaction temperature and minimisation of solvent volume have also been proven to have significant effect [6]. 
The work of Wang et al has described in detail the HNBB yields achieved with ethyl-acetate-ethanol cosolvent systems with this reaction mechanism at pH 12.7-13.6 [11]. However, earlier work, applying a simple ethanol solvent is somewhat incomplete, providing only a single data point on optimal HNBB yield by pH for this solvent system within the range pH 11.3-11.7 [6]. This therefore leaves a somewhat narrow, but potentially significant, knowledge gap in reported yields and optimal solvent systems and volume in the pH range 11.7-12.7; which will be the major focus of this study.
Experimental runs in a small-scale laboratory setup using 5g TNT, NaClO solution of varying concentration and pH (altered by addition of NaOH and HCl solutions), varying volumes of ethanol and ethyl-acetate-ethanol solvent and varying reaction temperatures will be conducted in order to assess optimised HNBB yields obtainable and the trend between pH yields across this ‘pH Gap’.
The resulting dataset from this investigation should contribute further and wider knowledge on the yields of HNBB achieved when altering reaction conditions promoting this synthesis mechanism and findings should therefore be of interest to those looking to setup production facilities for HNS via the two-step synthesis route.




2. Literature Review 
2.1. Hexanitrostilbene Properties & Use
2’2-4’4’-6’6’ hexanitrostilbene is a high explosive molecule in which there is considerable interest, due to its stable chemical properties. Able to withstand both high pressures and temperatures (melting point 316 °C), the molecule has found uses in components such as exploding foil initiators, detonators and boosters, actuators and exploding cords in which the properties of other explosive materials cannot provide reliable or optimal performance [1] [12] [13].  Crucially HNS also serves as a conventional crystal modifier in trinitrotoluene charges, significantly improving reliability on exposure to thermal cycling [14].
Many methods for simultaneous recrystallization and crystal-size control have been developed, leading to the development of standards for the various polymorphs of HNS based on crystal habit, grain size, and tapped bulk density. The variation in the explosive performance, sensitivity and stability of these HNS polymorphs had led to each has finding specialist uses in specific components and applications [15] [12] [16] [17] [17].















2.2. Early Synthesis of Hexanitrostilbene
[image: ]The first confirmed synthesis of hexanitrostilbene was reported by Shipp and Kaplan in 1966 [18], based on work undertaken in the early 60’s [19]. Their work investigated the product formed by adding TNT dissolved in tetrahydrofuran (THF) and methanol (MeOH) to a 5% solution of sodium hypochlorite (NaClO), at temperature >15°C. The authors successfully identified the solid product formed as hexanitrostilbene (HNS) and were able to determine the role of the intermediaries TNBCl and a-chloro-HNBB, by isolating them through early quenching of the reaction with acid, allowing them to propose a reaction scheme (see Fig.1). Modification of the reaction conditions was trialled, allowing production of a yield of around 30% hexanitrobibenzyl (HNBB) or up to 52% HNS [18]. 
Several synthesis pathways for production of HNS have been investigated since, and many differing methods applied in order to improve yield and decrease reaction time and cost within each. Investigation of single-stage reactions both with NaClO solution [10] [9] [4] and other oxidising agents and catalysts [20] has continued following the original synthesis, as well as discovery of two-step syntheses via the intermediaries HNBB [21] [7] [6] [22] [8] [11] and TNBCl [23]. Several of these methods have been commercialised or suggested for commercialisation, either or both as continuous flow process and batch processes [10] [9] [4] [11].Fig.1: Reaction mechanism of TNT in alcoholic solvent with NaClO solution as presented by Bellamy [7]. B =     α-chloro-HNBB; A = TNT anion.

2.3. Two-Step Synthesis of Hexanitrostilbene
In 1980, Gilbert [21] built on previous work [19] [9] using the reaction of TNT with NaClO solution to optimise the reaction conditions for conversion of TNT to HNBB in high yield (79%) [4], for use as an intermediary in a two-stage HNS production pathway. A wide range of solvent and cosolvent systems were explored allowing determination of the individual optimal chemical quantities and reaction temperatures. Notably it was demonstrated that ‘aging’ time was not a requirement, since the reaction occurred instantaneously on addition of 5% NaClO solution to the dissolved TNT [21]. Examples of further work from US Patent 4,245,129 reported the specific yields and reaction parameters trialled for the successful solvent systems, and specified a preferential pH of the NaClO solution as 11-12, optimally pH 11.3-11.7, as well as the use of MeOH as a washing agent in filtration. pH of the NaClO solution was adjusted by utilising alkali metals or alkali metal hydroxides, such as sodium hydroxide [6]. 
	Parameter
	Example I
	Example II
	Example III
	Example VIII

	TNT Quantity (g)

	10
	5
	10
	5

	Solvent Quantity (ml)
	THF: 50
MeOH: 100
	MeOH: 300
	MeOH: 100
	EtOH (97%): 100

	NaClO Solution Conc.; Qty (ml)
	1.8%; 100
	5%; 18
	5%; 35
	5%; 22

	NaOH Quantity (g)
	0.5

	0.25
	0.5
	0.3

	Reaction Temp. (°C) 
	Max. 35
	Max. 35
	50
	50

	% Yield HNBB (of theoretical)
	79
	44
	79
	78

	Melting Point (°C)
	>220
	209-215
	198-208
	Not provided


Fig.2: Table showing data on HNBB yield and purity with reaction parameters from selected examples presented in US Patent 4,245,129 [5]


It should be noted that the melting points reported within the patent were determined through infrared spectroscopy and listed only with three examples (see Fig.2). Studies of recrystallized HNBB by Shipp and Kaplan had revealed earlier a melting point of 218-220C [6]. Therefore the yields listed for examples II and III, and presumably other examples, should be treated cautiously when comparing with other literature given their likely lower purity on account of their lower melting point. Of particular note however is that HNBB derived from Example I was of a much lighter colour than other examples and had a melting point above that found for recrystallized HNBB, with the patent attributing this to a purer product [6].
Simultaneously, several works on synthesis of HNS from the intermediary HNBB were undertaken by Gilbert & Sollot [7] [22] [24] [7] [8] in order to complete the investigations required for the second reaction optimised two-stage HNS synthesis pathway. The first of these utilised halogenating agents, such as chlorine, bromine and similar compounds, in the presence of a base to oxidise HNBB to HNS. Applicable solvents in this process were pyridine, DMF, THF and chlorobenzene. Though yields up to 92% of theoretical HNBB to HNS conversion were achieved, the reagents included highly toxic and environmentally hazardous species [7].
Based on the earlier works of Kompolthy, further methods were developed without the use of halogenating agents [5] [22] [8] [24]. These methods were high yielding, collectively achieving 63-89% of theoretical yield of HNS from HNBB; therefore allowing for an approximate overall yield of conversion from TNT to HNS across the two-step reaction pathway of 50-70%. All of these methods however, still included the use of toxic and environmentally hazardous solvents, and in some cases metal salts, to some extent.
· US Patent 4,221,745 provides examples demonstrating conversion of HNBB to HNS using dimethylformamide (DMF) solvent, and copper amino compounds (such as anhydrous copper sulphate and ammonium hydroxide. Yields achieved were 79% [7]
· US Patent 4,243,614 replaces the use of DMF solvent with hexamethylphosphoric triamide (HMPT) and selected anhydrous copper sulphate over other salts, improving yield to 83% [22].
· US Patent 4,268,696 utilises HMPT solvent with various quinone compounds and dilution with water to achieve yields of 89% [8]
· US Patent 4,270,012 was the first to utilise molecular oxygen (O2) in HNBB-HNS synthesis. Solvents used were pyridine, DMF, and catalysts trialled were copper and cobalt amino compounds and ammonium and alkali metal bases, with a yield of 69.2% [24].
2.4 Modern Synthesis of Hexanitrostilbene
In more recent times, further processes were developed for HNS synthesis, including both single-step [10] [2] and two-step pathways, with a focus on investigations attempting to move towards the use of less toxic and environmentally benign reagents [11]. 
Golding et al carried out experimentation with ‘one-pot’ batch processes for synthesis of HNS from TNT in rapid reaction times, applying the less harmful dimethylsulfoxide (DMSO) as the solvent, anhydrous cupric chloride (CuCl2) as an oxidising agent, and potassium benzoate (C7H5KO2) as a base. This achieved a substantially higher % theoretical yield for TNT-HNS than previous literature - 80% product with a melting point of 308-316C, suggesting fairly high purity [20] [2].
Furthering the observations of Shipp & Kaplan, Bellamy - in 2010 - investigated in detail the ability to use the reaction of TNT with NaClO solution to produce optimised product yields containing either HNBB, HNS or TNBCl, with the ratio of products and overall product yield determined by order of addition of reagents and reaction conditions, including pH control. Notably this work demonstrated the ability to scale-up this reaction with a mixer and pump setup to provide a semi-continuous flow process, to provide a product yield of 58.7% composing up to 94.2% HNS (a 56.23% TNT-HNS yield). Though this method has significant advantages, such as high throughput due to short reaction duration within a continuous flow apparatus, and moderately high % conversion from TNT-HNS, there are some disadvantages. These include the use of toxic and environmentally damaging solvents, tetrahydrofuran (THF) and Methanol (MeOH); and critically, the fact that the HNS produced features the inclusion of the intermediary α-chloro-HNBB in significant quantity. This derives from the fact that when reaction conditions are altered to enhance selectivity for HNS product, the reaction of α-chloro-HNBB (the deprotonated conjugate base of TNBCl) with TNBCl in the latter part of the reaction mechanism is required to generate HNS (see molecule labelled B in Fig.1). This differs from when conditions are altered to favour HNBB production, and TNBCl does not self-condense, instead reacting in a 1:1 ratio with TNT-anion to generate HNBB (see molecule labelled A in Fig.1). Since α-chloro-HNBB is converted to the difficult-to-remove impurity 2-chloro-2’4,4’,6,6’-pentanitrostilbene when recrystallizing HNS with N-methyl-pyrrolidone (NMP) - a necessary procedure in this method given the low overall purity of HNS product - this leaves the operator facing a compromise of reduced overall product and HNS yield or higher product yield but with the HNS unsuitable for use against military standards, containing as much as 4-8 mol% of the 2-chloro-2’4,4’,6,6’-pentanitrostilbene [10].
[bookmark: _GoBack]A significant advancement in the field of HNS synthesis was presented by Wang et al in 2016, using novel methods for a two-step synthesis process via HNBB, which employed minimised and recycled quantities of ‘greener’ and non/less toxic reagents, whilst also providing high yields of HNBB and HNS at higher purity than all previous literature [11]. The reaction in the first synthesis step built largely on the use of ethanol solvent and pH-adjusted 5% NaClO solution by Gilbert [21] [6]. Ethanol solvent was replaced by use of ethyl acetate – ethanol cosolvent (EA/EtOH), allowing improved solubility of TNT and thus lower solvent quantity and lower reaction temperature of 40°C. Three cosolvent ratios (EA/EtOH 4:8, 4:7 & 4:6) were trialled with NaClO solution adjusted across the pH scale 12.4-14. It was determined that with lower proportions of EtOH in the solvent system, higher pH of NaClO solution was required to achieve the optimum yield, and the optimum yield increased (see Fig.3) [11] 
[image: ]This, and the fact that no yield could be obtained when totally removing ethanol solvent, confirmed the theory that ethanol under alkaline condition was essential in promoting deprotonation of TNT to the anion, thus allowing oxidation to TNBCl (see Fig.4). Yield when using EA/EtOH 4ml:6ml per gram TNT was found to be optimal when the pH of NaClO solution was increased to 13.5, with 80% of theoretical HNBB yield achieved with reaction optimisation and washing with water and EtOH during filtration. Furthermore, HNBB was analysed by HPLC to assess purity achieved (99.8-99.9%) with this found to correspond to melting points of 215-218C [11].Fig.3: Graph taken from Wang et al’s paper [6] showing % HNBB yield by pH of NaClO solution with 3 EA/EtOH cosolvent systems.

[image: ]Fig4: Diagram showing oxidation mechanism of TNT by NaClO oxidant in alcohol solvent, taken from Wang et al’s paper [6]

[image: ]
Fig5: Diagram from Wang et al’s paper, showing oxidation mechanism of HNBB to HNS using FeCl2 and TEMPO catalysts alongside oxygen input [6]


The reaction mechanism presented for the second synthesis step (see Fig.5), utilised DMSO solvent and a novel catalytic system, where tetramethylpiperidine-1-oxyl (TEMPO) and iron chloride tetrahydrate (FeCl2) were deployed as radical scavengers, allowing efficient oxidation of HNBB to HNS by O2, fed into the reaction mixture. Despite a long reaction duration being required, the authors found that completing x5 10-hour reaction cycles, whereby the filtrate recovered from the previous cycle (containing the catalysts and some unreacted HNBB) was re-used in the next cycle, allowed use of very efficient use of minimal quantities of reagents, and could offer high yields (86%) of very-high purity HNS (99.5-99.8% characterised by a melting point of 315-317C) [11].
For both synthesis steps scalability to 1kg TNT was demonstrated, as well as ability to recycle all solvents through distillation [11]. This 2-step synthesis, having therefore maintained high yield of TNT-HNS conversion, improved product purity and overcome the issues of use of harmful reagents, should logically represent the current method of choice for scaled-up production of HNS.
2.5. Synthesis of HNBB & The ‘pH Gap’
When focusing specifically on the TNT-HNBB synthesis step, the most applicable methods are those from Gilbert using EtOH 97% solvent [6] and Wang et al using the abovementioned EA/EtOH cosolvent systems [11]. In both works, pH of NaClO solution proved to be critical factor in obtaining optimal and high yields with a given solvent system (see Fig.6). However, the large disparity between reported optimal pH for ethanol solvent (11.3-11.7) [6] and the EA/EtOH cosolvent systems (13.5 for EA/EtOH 4:6, 13.25 for 4:7 & 13.5 for 4:8) [11], given the relative proximity of the optimal pH for the cosolvent systems to each other, seems surprising. Furthermore, since only one example of the use of ethanol solvent is provided in Gilbert’s patent [6], no full trend for HNBB yield with ethanol solvent across the wider pH spectrum has been described. 
[image: ]Fig.6: Graphs showing the % Yield of HNBB reported by Gilbert [5] and Wang et al [6] with varying pH of NaClO solution for selected solvent systems.

Given that ethanol is critical in facilitating TNT deprotonation (under alkaline condition) and that decreasing proportion of ethanol within the cosolvent systems trialled drove the requirement for higher pH [11], one could reasonably expect HNBB yield with ethanol solvent to be less sensitive to changes in pH than with the cosolvent systems. By example, the cosolvent systems see a drop of 10% of theoretical yield of HNBB when moving just 1.2-1.5 pH units from the optimum pH (see Figs.3 & 6). This high sensitivity to pH would present a disadvantage in situations where implementation of precision pH control would add cost in a production setup. If yields with ethanol solvent were found to be less sensitive to minor changes in pH, it could be argued that use of ethanol, given the only relatively marginal improvement in reported yield with the best cosolvent system (c.80% at high purity [11] vs 79% at unknown purity for ethanol [6]), could be a preferable solvent in manufacturing setups. Supporting the case for this also, is the fact that 5% NaClO solution is prone to degradation and concomitant pH change, and that is shelf life – even when stabilised with free NaOH – can be short [25].
The current reported data on HNBB yields by pH and solvent system for this reaction mechanism therefore leave a niche, but potentially important, knowledge gap in terms of HNBB yield with ethanol solvent outside the range pH 11.3-11.7, and a total ‘pH gap’ in terms of optimal solvent systems and yields in the range pH 11.7-12.7 (see Fig.6). The possibility that these unreported, (and, in case of ethanol solvent, somewhat dubiously reported) reaction conditions may conceal an improved yield of HNBB, make further investigation of the reaction with the ethanol solvent system attractive. This is further compounded by the fact that trials of some other yield optimisation parameters have not been yet been extensively reported for the ethanol solvent system [21] [6], unlike for the cosolvent systems [11]– for example: use of purer solvent and minimisation of solvent volume alongside variation in reaction temperature.



Fig.1A (Left) & Fig.1B (Right): Plots showing the % yield of HNBB against the pH of NaClO solution for the work carried out by Gilbert [5] [4] and Wang et al [6]. 1A shows all trialled solvent systems, whilst 1B shows only ethanol – ethyl acetate cosolvent and ethanol solvent systems only. Data for plots was sourced by utilising Plot Digitizer to analyse the graphs provided by Wang et al [6] and from example reactions provided in Gilbert’s US Patent 4,254,129 [5]. It should be noted that temperature, quantity of NaClO solution and quantity of solvent varied between the reactions shown. EA: Ethyl acetate; EtOH: Ethanol; Ben: Benzene; THF: Tetrahydrofuran; MeOH: Methanol. 








3. Experimental Design and Methodology
3.1. Experimental Design
Following from the data analysis of the works of Gilbert [6] and Wang et al [11] in the literature review, an experimental design was created which would allow for the investigation of the trend for HNBB yield achieved with ethanol solvent across the pH range 10.95-13.5, covering the current ‘pH gap’ in reported yields from 11.7 upwards with ethanol. Two series of experimental runs (A & B) were conducted using 5g TNT, 100ml of 99.8% ethanol solvent, and 10-15% NaClO solution diluted 50/50 to produce 5.0-7.5% concentrated NaClO solution. Previous literature always utilised a 5% solution of sodium hypochlorite, so the experimental runs conducted here have used a slightly higher concentration of sodium hypochlorite, compared to these studies. Series A utilised 32.5ml of the NaClO solution, whilst series B utilised 22.0ml. The pH of the 5.0-7.5% NaClO solution was found to be 13.04-13.15, with the variation seemingly deriving from different aliquots of the original 10-15% solution. Ethanol selected for solvent was 99.8% pure in order to try and increase yield.
Alike to previous work undertaken by Gilbert [6], modification of the pH of the bleach solution was achieved by doping it, dropwise, with NaOH in order to increase pH to the desired level. Conversely, where a reduction in pH was required, dropwise addition of dilute HCl was utilised. Selection of NaOH and HCl seemed appropriate, given that neither contain species not already present in the reaction mixture and therefore have a low likelihood of promoting side undesired side reactions. HCl solution was required to lower the pH below 13.04-13.15 (the starting pH of the 50/50 dilution). These pH modifier solutions were prepared through dilution of 40% NaOH solution, and 32% HCl solution with deionised water, both diluted 5:1, providing 6.67% NaOH solution and 5.34% HCl solution, to allow fine control of pH.
Since sodium hypochlorite solution loses available chlorine, through off-gassing of Cl2, when HCl is added, the purpose of utilising a higher, or excess, concentration of sodium hypochlorite (5.0-7.5%) and at two different quantities (22.0ml and 32.5ml) in this study was to try and counteract the effect of the loss of available chlorine from the solution when doping with HCl. This, in effect, should allow better isolation of the effect of the pH variable, without the yield being strongly co-affected by a loss in the number of moles of NaClO and available chlorine, particularly with respect to it falling below the quantity required to ensure oxidation of all TNT anions in the reaction mixture, which would require a 0.5:1 molar ratio with TNT. Though this likely means that the experimental runs in Series A and B have not found the precise optimum yield of HNBB at any given pH, the yields achieved should still be near optimum, and critically, the trend in yield should be as strongly tied to the change in pH as possible, rather than to other factors. Furthermore, use of both 22.0ml and 32.5ml of NaClO solution should allowed for better comparability with the previous literature, since Gilbert and Wang et al used these same quantities respectively.
While the above should therefore allow effective investigation of the effect of pH, it is likely to be the case that the reaction mechanism does actually require different quantities of NaClO, total solvent, ethanol quantity, and temperature in order to achieve optimum yield at different pH and with differing solvent systems, as demonstrated by Gilbert [5]. Essentially, these variables are highly co-dependent; for example: temperature and solvent system, given that the reaction temperature used for any given system is limited by the temperature at which it can maintain full solubility of TNT. 
Previous work by Gilbert with ethanol 97% solvent utilised a reaction temperature of around 50C [6], whilst the ethyl acetate-ethanol cosolvent experimentation by Wang et al utilised a lower temperature of 40C, allowed by the increased solubility of TNT in the cosolvent systems [11]. Temperature at NaClO addition in Series A and B was fixed at 53.5-55.5 in order to ensure full dissolution of TNT consistently, given that pre-trials conducted for this investigation determined that this was the temperature required to allow rapid dissolution of 5g of TNT flake. Temperature of the reaction mixture showed slight exothermic effect on NaClO addition, generally rising to 58-60 across all runs during the NaClO addition period.
Oxidative-redox potential (ORP) of the NaClO solution utilised was measured in all experimental runs. Generally ORP of NaClO solution increases with increasing concentration of OCl- and decreasing concentration of HOCl [26]. Since ORP should vary with the composition of the solution, concentration of available chlorine and pH somewhat co-dependently, this would aid in assessing whether there is trend between yield and purity of HNBB and the ORP as well as the pH. 
Further to the experimental runs conducted for assessment of the effect of pH modification in Series A and B, further trials were also conducted to provide comparability with previous literature and to attempt to identify previously unreported conditions for HNBB yield optimisation with ethanol solvent.
· Series C & D: Three runs were conducted using an alternative 10-11% NaClO solution, diluted 50/50 to provide a 5.0-5.5% NaClO solution, at pH 12.29 (C1), 12.5 (C2) and 13.15 (C3), deploying 32.5ml. A single run (D1) using only 22.0ml of NaClO solution at pH 13.15 was also conducted.
· E1 & E2: Once the approximate range of optimal pH for HNBB yield (pH 13.15 un-doped 5% NaClO solution) was determined in series A & B, two experimental runs with lower ethanol solvent quantity were trialled with other conditions fixed where possible, in order to try and optimise the yield through volume efficiency. These utilised 80 and 85ml of ethanol 99.8% solvent and the 5.0-7.5% pH 13.15 un-doped sodium hypochlorite solution (22.0ml and 32.5ml respectively). During trials, both of these runs required a higher temperature to allow full dissolution of the TNT flake in the ethanol and therefore the reaction was commenced by NaClO addition at higher temperatures (57 and 58OC respectively).
· F1 & F2: Two runs simulating the solvent system conditions utilised by Wang et al were also trialled to provide comparability to this work. These deployed the 4:6 and 4:8 ethyl acetate-ethanol per 1g TNT co-solvent systems at pH 13.15, with both reactions commenced at 40C.
3.2. Materials, Equipment & Safety
Practical work was carried out in a licensed explosives process building, with an electrostatic discharge (ESD) protective system featuring conductive flooring and worktops with resistance matching the Health & Safety Executive’s ‘intermediate precaution’ requirements [27], to eliminate potential for spark ignition of solvent vapours or explosive molecules. 
Handling, heating and use of solvents and NaClO solutions was undertaken in a purpose-designed 3.0x1.7x1.0m fume cabinet, with vapours evacuated using x4 ATEX compliant fans rated to ‘II 3G Ex ec IIC Gc’ and providing an extraction rate of 196ft3/min. This provided a fast enough rate of evacuation to prevent concentration of flammable ethanol vapour, or risk of escape and inhalation of small quantities of toxic Cl2, produced on addition of HCl to the NaClO solution [28].
Temperature control and stirring of the solvent and reaction mixture were provided by an SLS hot plate stirrer, allowing temperature setting in increments on 1C.
Measurement of masses was carried out using chemical resistant weighing boats on a Kern ABT 220-4M balance, accurate to 4d.p. of a gram. Handling and weighing of TNT, and dried HNBB was undertaken whilst wearing an FFP3 mask, to prevent potential inhalation of toxic dusts. Measurement of volume was undertaken using 10ml syringes, with 0.1ml graduations. Ansell Touch’N’Tuff 92-600 chemical-resistant nitrile rubber gloves were worn for all practical work, providing protection against skin contact with the corrosive and irritant NaClO, NaOH and HCl solutions, and with TNT & HNBB [29]. 
pH and ORP measurements were conducted using a DTK PH-230SD logger with DTK 2017 Double Junction pH/Reference Electrode and ATC (automatic temperature correction) probe and DTK 2017-SD ORP Probe. The pH probe measured to a resolution of 0.01 and accuracy of +-0.02 pH [30], and was calibrated at three points (using buffers at pH 4, 7 & 10) before work commenced and following every 2 hours of exposure to chemicals other than the storage solution. ORP probe was calibrated similarly, using DTK’s 465 and 475mv @25C redox standards.
Vacuum filtering was carried out by using a GE Life Sciences Healthcare, Whatman Filter Paper No.3, placed in a filter head, atop a Buchner flask. A vacuum pump was used to evacuate the Buchner Flask.
Melting points were conducted using a Stuart melting point apparatus ‘SMP3’, with temperature control to 0.1C.
Technical specifications for the chemicals utilised in this study are listed below in Fig.7. High purity grades were utilised for solvents in order to enable maximisation of volume efficiency in the reaction and allow for yield optimisation.



	CHEMICAL
	DESCRIPTION

	NitroChem Trinitrotoluene (Flake)

	To Type I acc. MIL-DTL-248D
95.5% TNT, 0.5% wax (& substances insoluble in organic solvent)


	Honeywell Puriss. (99.8%) Ethanol, absolute
[31]
	Assay >99.8% w/v
Max. 0.2% water w/v
Further details [31]


	Scientific Laboratory Supplies Purechlor 15 Sodium Hypochlorite Solution (10-15% available chlorine)
[32]
	Mass/1ml: 1.27g (typically)
14% w/w available chlorine
<1% w/w NaOH
<1.5% w/w NaCO3
<2ppm Fe


	Honeywell Ethyl acetate 99.7%


	Assay >99.7% w/v
Max 0.3% water w/v
Further details [33]


	Acetone
	Assay >99.7% w/v


	Jennychem 10-11% Sodium Hypochlorite Solution
	10-11% available chlorine w/w
<1% w/w NaOH
<1.5% w/w NaCO3

	SLS Sodium Hydroxide Solution 40% w/v
[34]
	39.0-41.0% w/v NaoH

	Jennychem 32% Hydrochloric Acid

	32% w/v HCl

	Deionised Water

	Type II (Laboratory Grade)

	DTK pH 10.0 Buffer
DTK pH 7.0 Buffer
DTK pH 4.0 Buffer

	-


Fig.7: Table detailing the chemicals used in the investigation and their specifications and grades







3.3. Method Procedure
All experimental runs were undertaken using 5g of TNT. Firstly, solvent was heated in an open cylindrical 600ml reaction beaker on a hot plate stirrer to around 40C, before addition of TNT flake, and further heating to the required/desired temperature for dissolution, based on the solvent system in use. Stirring was applied consistently at 250 rpm with a rounded-end cylindrical stirring pill of approximately 5x1cm at this stage.
Once all TNT had visibly dissolved, providing a light orange-yellow – orange-red solution, the temperature was maintained and stirring allowed to continue for 10-20 minutes at stable temperature to ensure full dissolution. NaClO solution was prepared immediately prior to addition, given the ability of NaClO to rapidly degrade at room temperature and in light. 
pH of the NaClO solution was measured once it had been prepared through dilution from one of the purchased NaClO solutions, and measurement continued throughout the duration of dropwise HCl solution and NaOH solution where these were applied to modify pH. The solution was well agitated through stirring with the pH probe before measurements were taken. ORP of the solution was measured once the desired pH had been attained, again with measurements taken following agitation of the solution with the probe.
Addition of the NaClO solution to the reaction beaker was carried out dropwise over a 2 minute period, whilst stirring and temperature set points were maintained. Following the end of this period, stirring was continued for 10 seconds every minute across an additional 2 minute ‘aging’ period.
The reacted mixture was then poured into the filter head of a Buchner flask, and vacuum filtered through filter paper. Once the majority of liquid had drained from the filter, 100ml deionised water was used to wash the solid product, followed by 100ml of ethanol 99.8% once this had drained through. Subsequently, successive alternate washes of 20ml (enough volume to generally cover all solid product in the filter head) increments of deionised water ethanol were applied until the filtrate ran clear. Washing agents were heated to 30C before use to promote greater solubility of any NaCl2, NaCO3, un-reacted TNT and other water and ethanol soluble impurities.
Once all filtrate had drained, the filter head was removed and the solid product gently scraped from the filter paper on to a tared watchglass. The solid samples were then dried in an oven at 40C for a minimum of 32 hours with mass measurements taken regularly until the mass remained stable for 5 hours. 
A small sample of each solid product yield was placed into a capillary tube and inserted into the Stuart melting point apparatus. Samples were examined for temperature of colour change, demonstrating degradation, and both beginning of melting and full melting. Melting points were then assessed against known melting ranges for high-purity HNBB (216-218C). Further samples from each yield were dissolved in 20ml acetone to assess whether any undissolved solid mass remained.

4. Results
Data from Series A & B has successfully provided an extensive trend-line for HNBB yield (% of theoretical) with 100ml ethanol 99.8%, and 5% NaClO solution across the range pH 10.95 – 11. The trend in Series A (32.5ml NaClO solution) matches closely that in Series B (22.0ml); with both series demonstrating optimal pH of NaClO solution at pH 13.0-13.15 and yields of 60-72% (see Fig.8). It should be noted that the two runs yielding products at pH 13.5 produced a ‘White HNBB’ (see circled area on Fig.8) with much lighter colour than the other orange-coloured products yielded at all other pH. Also noteworthy is that the HNBB yield drops at a significant rate below pH 13, the pH below which NaClO solution had to be doped with HCl solution. The effect of addition of varying volumes of NaOH 6.67% solution and HCl 5.34% solution is shown in Figs.9 & 10. Optimisation runs E1 and E2 (85ml and 80ml ethanol) have produced differing yields from those in Series A and B, with E2 achieving a yield of 72.59%, significantly higher than achieved in Series B using 100ml ethanol at the same pH (13.15), as seen in Fig.8.
 Fig.8: Graph showing % HNBB yield (of theoretical) by pH of the 5.0-7.5% NaClO solution in Series A (32.5ml of solution) and Series B (22.0ml of solution), as well as runs E1 and E2 conducted to assess optimisation of yield by solvent quantity.
‘White HNBB’
No pH Modification
Increasing quantity HCl added
Increasing quantity NaOH added

Fig.9: Graph showing the effect on pH of 5.0-7.5% NaClO solution with addition of varying volumes of HCl solution  for Series A & B.


Fig.10: Graph showing the effect on pH of 5.0-7.5% NaClO solution with addition of varying volumes of NaOH solution for Series A.


ORP data of the NaClO solutions at varying pH showed that, as greater volume of HCl solution was added and pH lowered with associated loss of available chlorine as Cl2, the ORP increased (see Fig.11). This trend was continued where, addition of an increasing volume of NaOH solution to increase pH, promoted a decrease in ORP. The low ORP values at c.130mv at pH c.11.0-11.5, appear to be anomalous. 
Fig.11: Graph showing the ORP of the prepared NaClO solutions for Series A & B.


Fig.12: Graph showing yield of HNBB by ORP of the NaClO solution for Series A & B.

Figure 12 shows how ORP of NaClO solution trended negatively with HNBB yield, with yields above 60% being achieved when ORP was 530-575mv, and lower yields being achieved at 578-660mv. The clustering of data points is a product only of the lack of yields achieved in the range of 50-60%.
Fig.13: Graph showing % HNBB yield (of theoretical) by pH of all experimental runs (Series A-F). Reaction conditions given in key.


Data in Fig.13 shows that HNBB yield was lower in Series C and Run D1, where 5.0-5.5% NaClO solution was used, across all pH units where it was applied, and the trend between pH and yield was similar to Series A and B, though the rate of change in yield with decreasing pH from 13.0 was smaller. Runs F1 and F2, using the EA/EtOH cosolvent systems 4:8 and 4:6 with NaClO solution at 13.15, achieved lower yields than was expected, between 53% and 63%.


Melting point of HNBB produced was largely consistent (218-220C for full melting) regardless of the pH, concentration or volume of NaClO solution applied (see Fig.14). No significant differences were observed where solvent system and solvent volume were altered either. Only one experimental run A20, carried out at pH 13.5, showed significant variance with full melting not occurring until 224.5C, with this sample and A19 (carried out with very similar parameters) both also having lighter colouration than others.
Fig.14: Bar chart showing the results of the melting point analysis for all experimental runs (series A-F), with bars included for discolouration of the sample, beginning of melting or partial melt, and full melting of the entire sample.












 

5. Discussion
The finding that optimal pH for the ethanol solvent system was pH 13.0-13.5 (see Fig.8), contrasts strongly with the optimal pH range of 11.3-11.7 reported by Gilbert [6]. This is confounded by the fact that only subtle differences in other reaction conditions were applied in the present study - c.54C NaClO addition temperature rather than 50C, 5.0-7.5% NaClO concentration as opposed to 5%, and use of 99.8% ethanol instead of 97% [6] - none of which would be reasonably assumed to have a significant detrimental effect on yield of HNBB. This therefore suggests…
1) That Gilbert’s work may have relied upon an inaccurate method for pH measurement or been incorrectly reported. Differing techniques for pH measurement can see deviation of around 1.5 pH units compared to measurements taken by other means [35]; and the measurement technique used in Gilbert’s work [6] was not provided. This is supported by the fact that optimal pH for the three cosolvent systems investigated by Wang et al were all above pH 13, given the reduced proportion of ethanol in the solution and their findings that higher pH is essential in allowing formation of the Mesenheimer complex and allowing deprotonation of TNT to the TNT anion [11]; and that the fact that the trend between ORP of the NaClO and yield was observed to be negative. Since higher ORP should signify greater concentration of OCl- (required for oxidation of the TNT anion to TNBCl) and lower concentration of HOCl [26], this trend in the present study further suggests presence of alkaline conditions for formation of TNT anion is a significantly more important factor for HNBB yield than strength of oxidiser.
2) The possibility that addition of HCl to lower the NaClO solution pH had a significantly detrimental effect on available chlorine concentration, despite higher starting concentrations being used in this work compared to previous studies, with this thus lowering the yield (through failure to convert all TNT anion to TNBCl), rather than the yield being affected only by pH. Whilst this is plausible, the fact that yields are similar regardless of the use of 22.0ml or 32.5ml NaClO solution would appear not to support this; since one could reasonably assume that: if it where it the case that too few moles of available chlorine remained to oxidise a sufficient quantity of TNT anion to TNBCl, the yields obtained when using 22ml solution would be relatively lower and the gap in yields between the two series would widen with lowering pH (see Fig.8). 
On balance, the above suggests that that the optimum pH range for ethanol solvent observed in this study (pH13-13.0-13.5) is accurate. However, this does not fully exclude the possibility of achieving higher yields than seen in this study below pH 13.04 (see Fig.8), unless the sole limiting factor on yield across the pH range is the strength of alkaline conditions on promoting deprotonation of TNT [11]. Since in this case, pH was lowered and available chlorine lost (with visible off-gassing of Cl2) simultaneously through HCl addition, testing of such a theory would require the use of NaClO solution with a lower starting pH or an alternative oxidising agent. 5% NaClO solutions are generally regarded to have a pH of 11-13, however commercially and industrially supplied NaClO solutions contain a small percentage of free NaOH in order to maintain high pH (c.13) for the stability of the NaClO solution, and prevent decomposition into OCl- and HOCl [25]. Further work to test whether an increase on the yields observed here below pH 13, could entail using a higher quantity of a less concentrated NaClO solution across the pH scale, such that the pH (without modification) is lower and lower quantities of HCl are required to attain pH <13.
Run E2 successfully demonstrates the effect of optimising ethanol solvent quantity (85ml) on the yield at a given pH (13.15), with a yield of 72.59% achieved, up from 63.8% at the same pH and 68.8% at pH 13.04 where 100ml ethanol was used. This increase in yield due to solvent volume efficiency doesn’t appear to have been offset by any detrimental effect from increased reaction temperature - heating to 57C (rather than c.54C) was required for full dissolution of the TNT flake before NaClO solution addition. This is in-fitting with Gilbert reporting that suitable reaction temperatures for the mechanism in ethanol solvent range from 50-60C [6]. Conversely, Run E2, however, demonstrated the effects of lack of solvent, with 80ml ethanol, even when heated to 58C, producing a low yield of 54.4%. Given the lower quantity of solvent used, it seems highly plausible in this case that either not all TNT was in solution, despite the reaction temperature being increased to 58C, or that the ethanol was close enough to saturation that addition of room-temperature NaClO solution caused partial re-precipitation of TNT on contact, prior to the exothermic effects of the reaction allowing the remaining TNT to be deprotonated and oxidised. This strongly suggests a quantity of around 17ml of ethanol per gram TNT provides the optimised solvent quantity.
Also noteworthy are the high yields achieved (c.70% of theoretical) in Series A (A19 & A20) at pH 13.5 (see circled on Fig.8); however, the product obtained from these runs was a ‘White HNBB’ (lighter off-white/cream colour) in stark contrast to the typical bright orange – brown-orange powder produced in all other runs. Concomitantly, a higher melting point for these two samples (see Fig.14.), with full melting only occurring at c.220-224C, rather than at c.219C was identified. Interestingly, this closely matches the appearance of the reported yield of HNBB derived in Example I using THF/MeOH solvent system in Gilbert’s US Patent 4,245,129, which – at the time - was also found to the have a higher melting point than Shipp and Kaplan’s recrystallized HNBB (218-220C) [6]. In that work, the higher melting point was assumed to demonstrate a purer HNBB product, however in this study, the higher melting point of the ‘White HNBB’ derived in Series A at pH 13.15 was taken to suggest the possible presence of an impurity, since more recent analysis has shown HNBB melting at 216-218 to be approximately 99.8% pure using HPLC [11]. Given that Bellamy has demonstrated the ability of the reaction of TNT with sodium hypochlorite to precipitate both HNS and TNBCl when using MeOH/THF solvent system [10], it is possible that either one of these molecules could be explain the findings of Example I with regards to colour. TNBCl has a melting point significantly below that of HNBB, which would be expected to lower the melting point of the sample and is therefore at odds with the observed higher melting point. However, HNS has a far higher melting point [4] [11] [12] and would be expected to increase melting point of the product, and therefore remains a possible explanation.
 Whether this is applicable to the findings at pH 13.15 in this study is unclear, given that no remaining solid was observed when samples from both runs were dissolved in acetone, suggesting that HNBB purity was still very high or that any impurity was also at least somewhat soluble in acetone, therefore reducing the likelihood that it was HNS. A remaining possibility could be that the impurity is a-chloro-HNBB, given that the high quantities of NaOH added to the NaClO solution for these runs could be reasonably assumed to increase the potential for deprotonation of TNBCl to occur [10] [36], through increased concentration of ClO- in the NaClO solution [25]. Further runs at pH >13.5 and analysis by HPLC, would be required to determine the presence and identity of impurity at very high pH (>13.5) in ethanol solvent.
Series F, where the trials conducted by Wang et al [11] were emulated, also produced results of mixed comparability. Both runs were conducted with pH of NaClO solution at 13.15. In the case of F1 (ethyl acetate-ethanol 4:6 cosolvent system) the yield, 60.6%, achieved at 13.15 closely matches that obtained by Wang et al of 63% at pH 13.19 [11]. However, the yield achieved with the ethyl acetate-ethanol 4:8 solvent system at pH 13.15 in this study (56%) fell well short of replicating the 76% yield reported by Wang et al [11]. Given that the solvent ratios, total solvent volume per gram of TNT, NaClO solution volume and reaction temperature were all consistent, and the only difference was use of 5.0-7.5% concentrate NaClO as opposed to 5%, this would suggest slight error in pH measurements having occurred in either study, since as noted in Section 2, achieving optimum yield with the cosolvent systems requires very fine precise pH control [11]. Conducting of further trials at these conditions would be required to suggest where this discrepancy has arisen.
Comparison of the yields achieved in Wang et al’s work with ethyl acetate-ethanol cosolvent systems and those of the present study using pure ethanol demonstrate that the cosolvent system is able to promote higher yields (up to 80%). This supports the reported finding that use of ethyl acetate improves the solubility of TNT to a significant enough extent that the lower total solvent volume required allows significant yield increase through volume efficiency; with the lower concentration and number of moles of ethanol in the reaction mixture explaining the need for more alkaline conditions to allow deprotonation of TNT [11].
The above is a clear advantage of utilisation of ethyl acetate as a cosolvent. However, the requirement for highly precise pH control in order to achieve optimum or even near optimum yields in the cosolvent systems previously trialled [11] still presents a minor drawback (particularly in the case of the 4:8 and 4:7 ethyl acetate-ethanol systems - where % theoretical yield of HNBB is 10% lower just 0.12 pH units from the optimum pH). From the data obtained in this study (namely series A and B where pH = >13 and run E1) (see Fig.8) it could tentatively be suggested that use of pure ethanol solvent appears to allow lower sensitivity of the reaction to pH, though further experimental data is needed to confirm this. Should such further experimentation also work to optimise ethanol solvent volume and NaClO solution quantity and concentration, it seems plausible that reaction conditions with ethanol solvent could be identified which offer yields almost or equally as high, but with less precision required in pH control, potentially making it a preferable solvent in either small-scale HNBB manufacturing or larger scale production setups were greater precision in pH control would add cost.
Investigation of the use of sodium hypochlorite pentahydrate (NaClO.5H2O) as an alternative to aqueous sodium hypochlorite could also assist in identifying whether the above is true, given its lower pH than NaClO solution. More importantly however, its significantly higher chlorine content by mass opens the possibility that use of NaClO.5H2O could lead to increased yield, since the volume of efficiency of the reaction mixture could again be improved [37]. Though a lower pH than aqueous NaClO may not be beneficial for promoting the alkaline conditions required for TNT deprotonation, the possibility of doping the reaction mixture with NaOH could be used to counteract this, given that NaOH addition does not appear to cause release of diatomic chlorine or have a significant detrimental impact on oxidation potential with NaClO solution. At present, NaClO.5H2O is being applied to several organic processes with positive results in terms of efficiency and yields, though is available through only a single supplier worldwide. As it becomes more widely available, it would seem a logical candidate for supplying alkaline condition and oxidising potential in the present reaction mechanism. Furthermore, its potential application could lead to the replacement of NaClO solution, with a far more stable and environmentally benign oxidiser [37].















6. Conclusion
This investigation has demonstrated the relationship between pH of NaClO solution and yield of HNBB to a much greater and more detailed extent than previously reported for ethanol solvent. More crucially, the approximate range of optimal pH of NaClO solution with ethanol solvent has now been determined with relatively high confidence as 13-13.5, in stark contrast to previous reports of pH 11.3-11.7. Given the aforementioned issues with use of HCl solution to modify NaClO solution pH below 13, however, further confirmatory work should be conducted using a different pH modification agent in the lower part of the investigated pH range to more reliably assess yield.
Parameters for further optimisation of HNBB yield with ethanol solvent have now been demonstrated through application of lower ethanol solvent volume (85ml/5g TNT) and purer ethanol solvent (99.8%) alongside increased reaction temperature. This has demonstrated the significance of volume efficiency on HNBB yield. Furthermore, the associated yield of 72.59% obtained may closely match or exceed the yield reported by previous literature for ethanol solvent once purity of HNBB product is accounted for.
Despite this, the yields obtained in the present study are still below those reported for optimised parameters in ethyl acetate–ethanol cosolvent systems (c.80%). However it has been tentatively suggested that using ethanol solvent allows significantly lower sensitivity of HNBB yield to variation in pH than when using the cosolvent systems – the extent of which needs further confirmation - that ethanol could in some manufacturing setups offer an advantage in terms of simplicity and reduction of costs associated with precise pH control.
Based on the above point, further work trialling the newly-available environmentally benign oxidising agent sodium hypochlorite pentahydrate (NaClO.5H2O) – characterised by lower pH and higher proportion of chlorine content – as a replacement for the aqueous NaClO currently in use with the ethanol solvent system, has been suggested in order to determine whether if it can promote increased yield of HNBB.







7. Reflection
Undertaking this project has allowed me to gain valuable experience in planning projects which depend heavily on laboratory work, particularly with regards to time management and the arising of unforeseen complications with scheduling, delays in equipment delivery, problems with equipment function (e.g.: accidental destruction or damage of the pH probes through use with incompatible materials). 
This will encouraged me to allocate more time to work on gaining large datasets from lab work, and to ensure scheduling of contingency time. Furthermore, it has emphasised the requirement to plan in advance, but also to plan dynamically as and when flexibility is required.
Furthermore, it will also encourage me to spend more time carrying out detailed planning in terms of literature review and learning how to use (and not to use) new laboratory equipment, particularly with respect to chemical compatibility of materials generally considered ‘inert’.
Conversely, the practical work has demonstrated my ability to work with safely with explosive, flammable and corrosive materials through compiling detailed risk assessment and COSHH assessment, and appropriate use of PPE and engineering controls.
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Appendix I
[image: ] [image: ]Figs.15-16: Tabulated data from the experimental runs conducted in Series A, and B-F.

% Yield of HNBB by pH of NaClO Solution (5.0-7.5% conc.) in Ethanol (99.8%) solvent system

A: 32.5ml NaClO 5.0-7.5%, 100ml EtOH	10.95	11.42	11.96	12.13	12.29	12.43	12.46	12.6	12.61	12.81	12.83	13.04	13.05	13.11	13.15	13.15	13.15	13.24	13.5	13.5	38.669496066843109	37.360686098115337	41.149986812446329	39.753362791728428	43.629371141708148	39.720241297604161	42.934789048555963	45.080563650703823	46.471170168515989	46.51521910537712	48.756179241764016	60.107870366743512	60.961559970729027	62.92715829598086	65.654786601860664	62.467375015578654	61.008550296199729	64.697877167457705	70.600191067734158	71.042525313882109	B: 22.0ml NaClO 5.0-7.5%, 100ml EtOH	11.5	12.08	12.48	12.77	13.06	13.15	13.16	39.304643198418134	43.779594849497279	43.298549047810461	42.63062595314252	68.808838266114364	63.848442427919579	63.047236180904555	E1: 32.5ml NaClO 5.0-7.5%, 80ml EtOH	13.15	54.358663010509375	E2: 22.0ml NaClO 5.0-7.5%, 85ml EtOH	13.15	72.593407207146726	pH of NaClO Solution
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Effect of adding HCl Solution on pH of NaClO Solution

A: 32.5ml NaClO 5.0-7.5%	2.5	2.4	2.35	2.31	2.27	2.1	2	1.64	1.65	1.5	1.4	0	0	0	0	10.95	11.42	11.96	12.13	12.29	12.43	12.46	12.6	12.61	12.81	12.83	13.04	13.05	13.11	13.15	B: 22.0ml NaClO 5.0-7.5%	1.7	1.4	1.2	1	0	0	0	11.5	12.08	12.48	12.77	13.06	13.15	13.16	Volume HCl (5.34%) added (ml)


pH of NaClO Solution




Effect of adding NaOH Solution on pH of NaClO Solution

A: 32.5ml NaClO 5.0-7.5%	0	0	0	0	0.2	0.2	0.5	2.4	2.4	13.04	13.05	13.11	13.15	13.15	13.15	13.24	13.5	13.5	Volume NaOH (6.67%) added (ml)


pH of NaClO Solution




% Yield HNBB by ORP

A: 32.5ml NaClO 5.0-7.5%	138	144	623	615	595	590	583	595	592	583	578	556	573	565	562	534	537	545	530	533	38.669496066843109	37.360686098115337	41.149986812446329	39.753362791728428	43.629371141708148	39.720241297604161	42.934789048555963	45.080563650703823	46.471170168515989	46.51521910537712	48.756179241764016	60.107870366743512	60.961559970729027	62.92715829598086	65.654786601860664	62.467375015578654	61.008550296199729	64.697877167457705	70.600191067734158	71.042525313882109	B: 22.0ml NaClO 5.0-7.5%	660	635	608	592	557	569	554	39.304643198418134	43.779594849497279	43.298549047810461	42.63062595314252	68.808838266114364	63.848442427919579	63.047236180904555	ORP (mv)


% Yield HNBB (of theoretical)




ORP of NaClO Solution by pH

A: 32.5ml NaClO 5.0-7.5%	10.95	11.42	11.96	12.13	12.29	12.43	12.46	12.6	12.61	12.81	12.83	13.04	13.05	13.11	13.15	13.15	13.15	13.24	13.5	13.5	138	144	623	615	595	590	583	595	592	583	578	556	573	565	562	534	537	545	530	533	B: 22.0ml NaClO 5.0-7.5%	11.5	12.08	12.48	12.77	13.06	13.15	13.16	660	635	608	592	557	569	554	pH of NaClO Solution


ORP (mv)




% Yield of HNBB by pH of NaClO Solution (All Runs - varying NaClO conc. & solvent systems)

A: 32.5ml NaClO 5.0-7.5%, 100ml EtOH	10.95	11.42	11.96	12.13	12.29	12.43	12.46	12.6	12.61	12.81	12.83	13.04	13.05	13.11	13.15	13.15	13.15	13.24	13.5	13.5	38.669496066843109	37.360686098115337	41.149986812446329	39.753362791728428	43.629371141708148	39.720241297604161	42.934789048555963	45.080563650703823	46.471170168515989	46.51521910537712	48.756179241764016	60.107870366743512	60.961559970729027	62.92715829598086	65.654786601860664	62.467375015578654	61.008550296199729	64.697877167457705	70.600191067734158	71.042525313882109	B: 22.0ml NaClO 5.0-7.5%, 100ml EtOH	11.5	12.08	12.48	12.77	13.06	13.15	13.16	39.304643198418134	43.779594849497279	43.298549047810461	42.63062595314252	68.808838266114364	63.848442427919579	63.047236180904555	C: 32.5ml NaClO 5.0-5.5%, 100ml EtOH	12.29	12.5	13.15	38.186138359529259	37.229249350656083	48.655579811489162	D: 22.0ml NaClO 5.0-5.5%, 100ml EtOH	13.15	49.206174715350905	E1: 32.5ml NaClO 5.0-7.5%, 80ml EtOH	13.15	54.358663010509375	E2: 22.0ml NaClO 5.0-7.5%, 85ml EtOH	13.15	72.593407207146726	F1: 32.5ml NaClO 5.0-7.5%, EA/EtoH 4:6 50ml	13.15	60.591702296301584	F2: 32.5ml NaClO 5.0-7.5%, EA/EtOH 4:8 60ml	13.15	55.985929648241196	pH of NaClO Solution


% Yield HNBB (of theoretical)




Melting Point Analysis

Full Melting	A1	A2	A3	A4	A5	A6	A7	A8	A9	A10	A11	A12	A13	A14	A15	A16	A17	A18	A19	A20	B1	B2	B3	B4	B5	B6	B7	C1	C2	C3	D1	E1	E2	F1	F2	218	220	219	218	219	219	218	220	219	219	218	219	219	219	219	217	219	219	220.5	224.5	219	219	219	218	219	219	217	219	218	219	218	219	219	219	218	Partial Melt	A1	A2	A3	A4	A5	A6	A7	A8	A9	A10	A11	A12	A13	A14	A15	A16	A17	A18	A19	A20	B1	B2	B3	B4	B5	B6	B7	C1	C2	C3	D1	E1	E2	F1	F2	215	216	215	217	214	216	216	218	215	216	214	215	215	216	216	212	216	214	219.5	219.5	217	213	214	215	217	216	216	214	215	215	217	216	217	215	214	Discolouration	A1	A2	A3	A4	A5	A6	A7	A8	A9	A10	A11	A12	A13	A14	A15	A16	A17	A18	A19	A20	B1	B2	B3	B4	B5	B6	B7	C1	C2	C3	D1	E1	E2	F1	F2	207.5	208.5	209	206.5	209	209	210	209	208	209	207.5	209	208.5	211	209	209	209	209	209.5	209.5	209.5	210.5	207	209	210	209.5	209	211	207.5	207.5	209	209	208.5	210	208	Sample


Temperature (Celsuis) 
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Scheme 1. Reaction scheme for NaOCI oxidation of TNT
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A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20

EtOH Qty (ml) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

EA Qty (ml) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Stirring Speed (rpm) 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250

TNT Flake Qty (g) 5.0018 5.0097 5.0051 5.0022 5.007 5.0046 5.0042 5.0021 5.0064 5.0049 5.0047 5.0034 5.0095 4.999 5.0044 5.0078 5.0035 5.0023 5.0002 5.005

Pure TNT Qty (g) 4.9768 4.9847 4.9801 4.9772 4.9820 4.9796 4.9792 4.9771 4.9814 4.9799 4.9797 4.9784 4.9845 4.9740 4.9794 4.9828 4.9785 4.9773 4.9752 4.9800

NaClO Type P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15%

NaClO Solution Conc. 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5%

NaClO Solution Qty (ml) 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5 32.5

Actual pH NaClO Sol 10.95 11.42 11.96 12.13 12.29 12.43 12.46 12.6 12.61 12.81 12.83 13.04 13.05 13.11 13.15 13.15 13.15 13.24 13.5 13.5

NaClO Solution pH Modifier HCl HCl HCl HCl HCl HCl HCl HCl HCl HCl HCl None None None None NaOH NaOH NaOH NaOH NaOH

HCl Aprx. Qty (ml) 2.5 2.4 2.35 2.31 2.27 2.1 2 1.64 1.65 1.5 1.4 0 0 0 0 0 0 0 0 0

NaOH Aprx. Qty (ml) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.2 0.2 0.5 2.4 2.4

ORP of NaClO Solution (mv) 138 144 623 615 595 590 583 595 592 583 578 556 573 565 562 534 537 545 530 533

NaClO Addition Temp. (°C) 54.3 53.7 54.5 53.9 53.7 54.2 55.3 54 53.7 54.1 54.1 54.1 55 56 54.4 54 54.3 54.1 55.1 54.8

Ethanol Wash Qty (ml) 180 200 180 160 200 220 240 160 160 160 180 180 220 180 200 220 180 160 260 260

H2O Wash Qty (ml) 160 180 180 160 180 200 200 160 160 160 180 180 200 180 200 220 180 160 240 260

HNBB Formed Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes* Yes*

Final Dry Weight of Product (g) 1.9245 1.8623 2.0493 1.9786 2.1736 1.9779 2.1378 2.2437 2.3149 2.3164 2.4279 2.9924 3.0386 3.13 3.2692 3.1126 3.0373 3.2202 3.5125 3.5379

Yield 38.6695 37.3607 41.1500 39.7534 43.6294 39.7202 42.9348 45.0806 46.4712 46.5152 48.7562 60.1079 60.9616 62.9272 65.6548 62.4674 61.0086 64.6979 70.6002 71.0425

Degradation Temperature 207-208 208-209 208-210 206-207 208-210 208-210 209-211 208-210 207-209 208-210 207-208 208-210 209-210 210-212 208-210 208-210 208-210 208-210 208-211 207-212

Initial Melting Temperture 215 216 215 217 214 216 216 218 215 216 214 215 215 216 216 212 216 214 219.5 219.5

Full Melting Temperature 218 220 219 218 219 219 218 220 219 219 218 219 219 219 219 217 219 219 220.5 224.5


image9.emf
B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 D1 E1 E2 F1 F2

EtOH Qty (ml) 100 100 100 100 100 100 100 100 100 100 100 80 85 30 40

EA Qty (ml) 0 0 0 0 0 0 0 0 0 0 0 0 0 20 20

Stirring Speed (rpm) 250 250 250 250 250 250 250 250 250 250 250 250 250 250 250

TNT Flake Qty (g) 5.0074 5.0052 5.0051 5.0135 5.0091 5.0051 5 5.008 5.0066 5.0041 5.0055 5.0075 5.0026 5.0079 5

Pure TNT Qty (g) 4.9824 4.9802 4.9801 4.9884 4.9841 4.9801 4.9750 4.9830 4.9816 4.9791 4.9805 4.9825 4.9776 4.9829 4.9750

NaClO Type P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% P10-15% 10-11% 10-11% 10-11% 10-11% P10-15% P10-15% P10-15% P10-15%

NaClO Solution Conc. 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-5.5% 5.0-5.5% 5.0-5.5% 5.0-5.5% 5.0-7.5% 5.0-7.5% 5.0-7.5% 5.0-7.5%

NaClO Solution Qty (ml) 22 22 22 22 22 22 22 32.5 32.5 32.5 22 32.5 22 32.5 32.5

Actual pH NaClO Sol 11.5 12.08 12.48 12.77 13.06 13.15 13.16 12.29 12.5 13.15 13.15 13.15 13.15 13.15 13.15

NaClO Solution pH Modifier HCl HCl HCl HCl None None None HCl HCl None None None None None None

HCl Aprx. Qty (ml) 1.7 1.4 1.2 1 0 0 0 1.65 1.5 0 0 0 0 0 0

NaOH Aprx. Qty (ml) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ORP of NaClO Solution (mv) 660 635 608 592 557 569 554 640 615 569 560 573 572 571 570

NaClO Addition Temp. (°C) 54 54 53.7 55 55.1 53.7 54.2 53.7 62 54.1 53.7 58.4 57.1 39.9 41.7

Ethanol Wash Qty (ml) 160 160 160 160 200 170 160 210 160 160 160 290 210 260 230

H2O Wash Qty (ml) 160 160 160 160 180 170 160 210 160 160 160 170 210 180 180

HNBB Formed Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Final Dry Weight of Product (g) 1.9583 2.1803 2.1563 2.1266 3.42947 3.1797 3.1366 1.9028 1.8546 2.4226 2.4507 2.7084 3.6134 3.0192 2.7853

Yield 39.3046 43.7796 43.2985 42.6306 68.8088 63.8484 63.0472 38.1861 37.2292 48.6556 49.2062 54.3587 72.5934 60.5917 55.9859

Degradation Temperature 209-210 210-211 206-208 208-210 209-211 208-211 208-210 210-212 207-208 206-209 208-210 208-210 207-210 209-211 207-209

Initial Melting Temperature 217 213 214 215 217 216 216 214 215 215 217 216 217 215 214

Full Melting Temperature 219 219 219 218 219 219 217 219 218 219 218 219 219 219 218
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