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MOLTEV SALT OXIDATION OF CHEMICAL MuNlTIONS 

Albert Stewart and Gary Schningrund 

PyroPacific Processes 
16401 Knollwood Drive 

(818) 360-1199 
Granada Hills, California 91344-1805 

Molten salt oxidation is reviewed as a potential near term alternative 

technology for the destruction of chemical agents. Initial tests completed by 

the US Army in 1975 showed the promise of achieving very high removal 

efficiencies on actual agents. Recent testing by DOE has v d e d  the 

potential for very low PIC and dioxin or fwan releases. To further explore 

the possible application of this technology to chemical agent destruction, a 

molten salt reactor and associated equipment was designed to process a 

nominal 50 kg/h of Sarin. Mass and energy balances are presented for 

pracess conditions representing a range of molten salt potential operational 

modes and schemes for enhancing plant capacity. Process economics are 

presented. 
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I O D U C T I O N  

Molten salt processes fo: the destruction of waste chemicals were 

proposed in the a l y  1970's and first patented by Yosim(') in 1974 for 

halogenated pesticides and other difficult to destroy chemicals at a time when 

the U. S. was just coming to grips with the need to isolate and protect our 

environment from such materials. The process provides for introducing the 

waste materials and air under a liquid sparged bed of alkaline bearing molten 

salts at a temperature of 800 to 1100 C. A simplified description of the 

molten salt process is presented in Figure 1. Halogens and other salt forming 

Species such as phosphorus, sulfur, and arsenic are immediately stripped from 

the wastes by the alkaline salt (usually soda ash) and retained in the salt bed. 

No off gas acid gas scrubber is required, and the destruction process is 

completed in a single stage of contacting, thus a secondary off gas combustor 

is not needed to be confident the exhaust is free of hazardous waste material, 

or products of incomplete combustion. Under normal conditions of excess 

air, the only off gas treatment reqiiired is fdtration of the salt fume which is 

returned to the molten salt vessel. 

MOLTEN SALT TFS TS USING CH EMICAL AGENTS 

The US Army conducted exploratory bench scale tests(') of neat 

chemical agents (GB, VX, HD, and L), the spent salts derived from the 

21 4 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



5 
> 

21 5 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



chemical neutdzation of GB, and various toxic and war gas identification 

1 
Qtomscaonphcnone (CN) Not Givm 3.00E-01 Not Given 

,Adrrruitc @M) Not Given 5.00E-0I Not Given 

kits. None of the more than 35 test runs resulted in any measurable amount 

of agent being detected in the undiluted exhaust coming directiy from the 

bench scale molten salt unit. The detection lirnitJ for the tests were the 

threshold limit values corresponding to the maximum permitted work area 

concentrations in &ect at the time the tests were run, as are presented in 

Table 1. In theory, the exhaust from the equipment could have been directed 

into the work area and unmaske!d personnel would not have bem exposed to 

hazardous concentrations of agent. 

I I 

I I 
Not Givm I 7.00E-01 Not Given 

I I 

TABLE 1. Detection Limits - Work Area Limits 
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The destruction removal efficiencies @RE'S) calculated h m  the run 

conditions and agent detection limits m shown in Table 2. These are the 

won1 use DFX's calculated for each of the nea! agent nu. series. The results 

for the GB salts and the identification kits (togethex with dunnage and activated 

charcoal) gave similar resuiu. 

TAELE 2. Worst Case DRE's fix Neat Agents 

The results from these tests are even more remarkable when 

considering that they were run under conditions that are much less rigorous 

than those that would exist in a pilot or full scale unit. The gas side residence 

time for the bench scale apparatus was approxirnateiy 1 second (in the melt). 

Larger reactors with comspondingly deepcr beds wi l l  have a residence time of 

4 to 6 seconds. 

The only full scale tests of waste destruction conducted to date using 
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molten salt were done for the EPA Office of Research and Development'" in 

thc summer of 1984. The molten salt reactor used was 85 cm in inside 

diameter, with an overall height of about 8 m and would be considered tc be 

fall scale for many hazardous waste applications, including for chemical 

agents. Hexachlorobenzene (HCB) and chlordane were the test feed stocks. 

Hexachlmobemene (a solid) was fed at rates up to 122 kg/h, and chlordane (a 

liquid) was fed at rates up to 25 kg/h. The DRE's generally exceeded 

99.999996 directly out of the reactor exhaust, with the DRE's calculated from 

the exhaust stack (undiluted, but down stream of the fume filter) exceeding 9- 

9's for all of the HCB tests, and 7-9's for all of the chlordane tests. Makeup 

soda ash was continuously injected with thc waste materials during thee tests 

and spent molten salt waq tapped out continuously and cast into styldard 205 

liter steel drums. Since the salt was cast into the drums, the density of the 

resulting waste pack was approximately twice that of the loose, granular salt; 

300 kg/drum versus 140 kg/drum. 

A second full scale molten salt demonstration that should be mentioned 

is the DOE'S Molten Salt Coal Gasification Pilot Demonstration Unit(') 

operated from 1978 to 1982. Although this project was not a waste 

destruction application, many of the unit operations and equipment are the 

Same as would be proposed for waste molten salt facilities. The salt reactor 

for this program was 110 cm in inside diameter and it operated at pressures up 
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to 20 atmospheres. It processed high sulfur coal to a clean low heating value 

fuel gas and had the capablity for aqueous processing of the spent salt and 

recycle (closed loop) of the salt sodium value as sodium carbonate. 

TESTS FOR P IC's. DIOXINS A N D  FURAN3 

The DOE has an on going interest in the development of molten salt 

technology for potential application to its mixed radioactivdhazardous 

chemical wastes. As part of the DOE program, tests were done in 1994 at 

Oak Ridge National Laboratory(s) to determine dioxin and furan emissions 

from a bench scale molten salt unit very similar to the unit used previously by 

the Army. The U. S. Environmental Protection Agency has proposed 

(currently there is no requirement in the U. s.) a regulatory timiP of 0. I 

ng/Nm3 as 2,3,7,8-tetrachlo~i~nodibenzo-para-dioxin toxic equivalence (as TEQ) 

for hazardous waste treatment incinerators. This limit has also been adopted 

by most of the European Community as a standard for dioxin and furan 

releases. As part of these tests, DRE's and PIC'S were determined as well as 

federal EPA Toxic Chemical Leach Procedure (TCLP) for barium, cadmium, 

and chrome using stabilized spent salts spiked with heavy mekls. 

The chlori~ted feed materids used were carbon tetrachloride, I, 1,l- 

trichloroethane, and 2,4dichlorophenol. The latter is considered to he a 

potentially strong precursor to the formation of dioxin and furans. 
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Total dioxins and furans were shown to be very low, less than 0.015 

ng/Nm-'. No 2,3,7,8 TCDD (the most hazardous of the dioxins) w s  measured 

in any of the tests, wen when the detection limit w a  a low as 1.2 pic0 

g r m s M m 3 .  DRE's calculated based on the three chlorinated feed materials 

met or exceeded EPA release limits in aU test runs. The only important PIC'S 

observed in the tests were chloromethane, methylene chloride, benzene, and 

toluene. The levels measured were less than 4 ppb for all tests with the 

exception of a test that had a serious upset. In that one test, the maximum 

benzene level increased to 27.4 ppb, the chloromethane to 11 ppb, and the 

toluene to 2.6 ppb. Even with this increase, the levels were sti l l  equal to or 

below t!!ose seen for similix compounds in hazardous waste incinerators. The 

authors of the test report cor.cluded that "these bencfi scale studies show 

sufficient evidence of reliable destruction !o make further bench scale studies 

in this area unnecessary", and suggested that any further emissions testing be 

done on a pilot scale. 

P y ENT ST HNOLOG Y 

Molten salt waste treatment is currently under development or planned 

to be under development at the DOE's Lawrence Liveimore National 

Laboratory, and at the Naval Surface Warfare Center, Indian Head, Maryland. 

The work at LLNL is focused on treating DOE's mixed hazardous, radioactive 
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wastes, and also on high explosives. The work at Indian Head is aimed at the 

mtment of both explosives and propellants. Testing of propellants and high 

explosives in molten sait has been extensive('), but tests have only been dotie 

using bench scale equipment. There have not been any commercial 

applications of the molten salt process to date. 

SALT OygQBTlON OF S A W  

As can be seen from the above review of, it would appear that molten 

salt would be a good candidate for demonstration as a near term, 

implementable, alternative technology to incinexation, espenally for the large 

Containers of bulk agent, for spent chemical neutrahtion solutions, and for 

such materials as agent loaded charcoal and dllnnage. A brief analysis was 

therefore performed to determine the size, Operating conditions, and projected 

costs of a 50 kgh Sarin molten salt unit that would be of sufficient size to be 

evaluated at a demonstration facility, and possibly even be prototypical of full 

sized units that could be located at chemical munitions storagdtreatment sites. 

The overall basic chemistry for the reaction of Sarin with sodium 

carbonate and oxygen is given by equation (1). The destruction of the waste 

CJI,,02PF + 2 N$C% + 6.5 = NaF + Na3P04 +6 CO, +5 H,O eq(1) 
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is proposed to be conducted either with excess oxygen or with a 

substoichiometric amount of oxygen, in which case the unit acts as a gasifier 

and prduces a hydrogen and carbon monoxide rich off gas. The molter? salt 

unit is capable of operating in a gasification mode and sti l l  have excellent 

performance in terms of waste destruction, PIC’S, etc. It will be necessary to 

bum off the CO and H2 gas in a thermal oxidizer or other primary pollutant 

control device downstream of the off gas filter. h an commercial industrial 

installation, the heating value of the fuel gas would be normally be utilized for 

energy recovery purposes. Oxygen enriched air can be used under 

gasification conditions to improve throughput, as can pressurized Operation. 

Even modest over pressures (1 to 3 atmospheres) can provide significient 

capacity increases and can be shown to be econormcally desirable. 

The molten salt reactor was sized as a 85 cm inside diameter, 

refractory lined vessel similar to the first pilot molten salt reactor. Heat 

losses from the salt bed are estimated at 100 kW and include radiation and 

convection from the carbon steel casing and radiation from the top of the bed 

into the upper gas disengagement space. The reactor shell is to be rated for 

maximum conditions of 10 atmospheres pressure, and 350 degrees C. 

Injection nozzles are to be located 90 degrees apart circurnfereritially at the 

bottom of the reactor. A melt withdrawal tap aid drum loading sration are 

also to be provided. A simplified schematic of the facility is presented in 
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Figure 2. Physically, the plant equipment would be located in an area 

approximately 12 m by 12 m with a maximum elevation of about 15 m. 

There are a total of seven different Cases studied; see Table 3. 

I ”  

TABLE 3. Seven Case Studies 
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The cases represent different plant operating assumptions to illustrate the 

effects of excess soda ash, oxidizing and reducing modes, oxygen enrichment, 

and pmsiire operation on plant capacity (kg/h of Sarin processed) and on p!ant 

operating costs ($/kg Sarin processed). 

The capacity of the molten salt unit is limited by the maximum 

superficial velocity permitted in the salt bed without causing excessive salt 

entrainment into the off gas piping. The capacity is also limited by the excess 

heat that must be rejected from the salt bed. The difference in the heat of 

reaction and the heat needed to bring the reactants to the bed operating 

conditions is defined as the excess heat and this must be equal to the bed heat 

losses For the plant to balance at the conditions of throughput, composition, 

and bed temperahye specified. Figure 3 pnsents the Excess Heat plotted for 

the Seven case studies and shows where the plant operation points equal the 

bed heat losses. 

No firing of auxllary fuel is necessary when feeding chemical agents. 

Moltefi salt reactors can accomodate very low heating value reactant feed 

compositions and when pressurized, can closely approach the throughput of an 

adiabatic gasifier, the maximum capacity design point for a thermal treatment 

reactor. Design limitations on the refractory walls limit thermal gradients, 

block thickness, and maximum thermal heat flux, all of which constrain the 

throughput of waste material. 
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The first operating mode examined was the case where the amount of 

soda ash equaled the stoichiomeiric aqount required by thc reaction in 

equation (1). This would provide a case! where the excess reagents used and 

the wastes formed would be at the minimun possible. Uskg an exact amount 

of soda ash, the plant can be operated at two points; one in the traditional 

oxidizing region, and a second in the reducing region. These correspond to 

Cases 1 and 2 in Table 3 and Figure 3. 

In actual practice, more than the stoichiometric amount of soda ash will 

be required to be assured of excess alkalinity in the bed. All of the remaining 

case5 were examined assuming 100% excess soda ash. Cases 3 and 4 are the 

same as the f a t  two cases with the exception of the extra soda ash. The extra 

heat required to bring the exm soda ash to bed conditions resdts in a slight 

increase in the Sarin thoughput under oxidizing conditions (Cases 1 and 3), 

and a slight reduction in Sarin thoughput under reducing conditions (Cases 2 

and 4. The amount of spent salt to be desposed of as waste increases from 

1.5 kg salt/kg Sarin to 3.0 kg salt/kg Sarin. As will be seen later, this has 

on:y a very minor impact on the operating costs and most of the impact is 

caused by the differences in capacity, not the added waste salt. 

Case 5 was run to illustrate the effect of using Dxygen enriched air 

when in the reducing or ,gasification mode. An enrichment value of 60 vol 96 

was used for Case 5 and the remaining Cases 6 and 7. In Case 5 ,  the Sarin 
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capacity of the plant increases significiently, from 60.1 kg/h in Case 4 to 

almost 150 kg/h. 

All  of cases 1 through 5 are with the molten salt reactor operating 

unpressurized. The molten salt process in the gasification mode lends itself 

readily to pressure operation, however, and Cases 6 and 7 were done assuming 

a plant operating at an over pressure of 1.0 atmospheres and 3.0 atmospheres. 

In each case, the Sarin throughput approximately doubes, eg. from 150 kg/h in 

Case 5 (no over pressure), to 300 kglh in Case 6 (1.0 atmospheres), to 600 

kg/hr in Case 7. 

same plant hardware 0bvious:y is desirable in order to reduce costs. 

The increased capacity to process agent with basically the 

- 
An estimate of the plant equipment and facility costs (capital costs) was 

made and is presented in Table 4. The costs for the molten salt reactor was 

based on the unit fabricated cost .  of the refractories, and the steel shell 

together with past cost data for similar procurement packages. Costs are 

provided for three different sets of plant requirements; 1) air blown, oxidizing, 

no pressure, 2) no pressure, reducing operation with the need for a off gas 

thermal oxidizer, and 3) pressurized, reducing operation, and oxygen blown. 

Cases 1 and 3 fall into the first category, Cases 2, 4, and 5 fall into the second 

category, and Cases 6 and 7 fall in the last, more costly category. 
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TABLE 4. Molten Salt Plant Capital Costs 

The total facility costs ranged from $7.3 million to $10 miIlion and 

hclude only n o d  industrial facility requirements. SpeQal requirements for 

handling and containing toxic agents, disassembly or draining of containers, or 

special decontamination stations are not in the cost estimates and wodd have 

to be provided for separately. There is a 25% contingency included in the 

cost estimates. The costs should be considered as engineehng cost study 

estimates with an approximate +/- 30% accuracy. No costs were included for 

local or federal permits, environmental or hatards analysis, or other veiy real 

costs that would be part of an actual program to build and operate such a 

facility with actual agents. 
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QPERATING COSTS 

Annual direct plant operating costs are estimated for each OC the seven 

cases and are presented in Table 5 .  For Case 3, the only case where the plant 

would be operated under oxidizing conditions, using air, and without pressure 

(for comparison with more conventional processes), the operating cost per kg 

Sarin was $8.14 or $8,140 per metric ton. Cases 4, 5, 6, and 7 are 

increasingly more aggressive in increasing throughput, and their costs are 

$7.58, $4.79, $3.81, and $3.26 per kg Sarin, respectively. Another benefit 

that would accrue from the increase in plant capacity is the reduction in time 

the plant would have to be operated at a particular site to dispose of a given 

inventory of agent. Continuing opmtions would of necessity mean 

continuing exposure to potentially hazardous conditions, and continuing costs 

of the attendant program overhead expenses. 

The difference in cost between Case 1 and Case 3 where the amount of 

soda ash used was doubled, is only $0.24 / kg out of a total cost of about 

$8.00 / kg. Where the amount of soda ash used becomes a very significant 

cost, is in the cases where the Sarin throughput is higher. In Cases 5, 6, and 

7, the costs for soda ash, drums, and waste disposal ranges from 45 to 67 % 

of the total operating costs. In these cases one would want to optimize the 

amount of soda ash and not set it at an arbitrary ratio. 

Note that there is no capital cost component in the operating costs as 
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estimated. 

improvements (and their ultimate disposal) will have to be carried by the 

tonnage of agent, dunnage, and spent neutralization reagents that are fed to the 

plant. This will be a relatively fixed amount of material for each potential 

site, but will vary from site to site. The costs presented must be used very 

carefully if compared with costs developed for other processes to be sure that 

all of the component costs are done on a comparable basis. 

Unlike a commercial project, the entire cost of the capital 

CONCLUSIONS 

Molten salt as an alternative technology to i n c h d o n ,  is positioned to 

be piloted on a significant scale with actual agents, and holds the promise for 

operation with a minimal impact on the environment and at reasonable costs. 

It is believed that its simple, stable, and forgiving operating characteristics will 

be perceived by the public as a safer alternative to gas phase! incineration of 

chemical wastes. Its compact, small plant size lends itself to being located at 

the point of storage or generation of such wastes, further avoiding the public’s 

fear of large, centralized facilities. Once the waste material is mjected at the 

bottom of the large, molten salt bed, it can not escape without passing through 

the M and being destroyed. 

Costs for the construction and operation of a molten salt facility were 

developed and show a wide range of options as to how such a plant might be 
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operated economically. Operation in the gasification mode with its attendant 

benefits using enriched oxygen and pressure were shown to permit a plant that 

would normally operate at a throughput of 50 kgh be operated at an increased 

throughput of 600 kg/h. The relative cost of operating at these two 

throughputs was a factor of 2.5 times less for the 600 kg/h capacity. 
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