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ABSTRACT

The Molten Salt Reactor Experiment (MSRE) at Oak Ridge National

Laboratory has been shut dcnvn since 1969, when the ilbelsalt was drained from the

core into two Hastelloy N drain tanks at the reactor site. Overtime, fluorine (FJ and

uranium hexafluoride (UFJ moved from the salt through the gas piping to a charcoal

bed, where they reacted with the activated charcoal. Some of the immediate concerns

related to the migration of Fz and UFGto the charcoal bed were the possibility of

explosive. reactions between the charcoal and Fz, the existence of conditions that

could induce a criticality accident, and the removal and recovery of the fissileuranium

from the charcoal.

This report addresses the reactions and reactivity of species produced by the

reaction of fluorine and actwated charcoal and between charcoal and FZ-UFGgas

mixtures in order to support remediation of the MSRE auxiliary charcoal bed (ACB)

and the recovery of the flssile uranium. The chemical identity, stoichiometry,

thermochemist~, and potemial for explosive decomposition of the primary reaction

product, “fluorinated charccal,” was determined.

Well-defined carbon-fluoride solids (Cl) result from the fluorination of

charcoal, and their properties are uniquely dependent upon the temperature of

fluorination. The reaction of’s gas mixture of UFGand Fz with an excess of carbon in

a fixed bed results in two distinct reaction zones: in initial zone that contains all the

uranium as intercalated uranium fluorides and oxyfluorides, followed by a fluorinated

charcoal zone.

The top 12 in. of the ACB is known by gamma scan and thermal analysis to

‘3U According to our laboratory tests, a few feet ofcontain about 2.6 kg of .

fluorinated charcoal extends beyond the uranium front. The remainder of the ACB,

about 80 ft, should consist cf unreacted charcoal.

The uranium-bearing zone has less bound fluorine than fluorinated charcoal

and cannot be made to decompose explosively (i.e., deflagrate). Fluorinated charcoal

can be made to deflagrate bj’ rapid heating to temperatures above that at which they

formed, and the intensity c}fthis decomposition depends on the temperature of

fluorination. The sudden exothermic decomposition with formation of gaseous

products (CFg, CZFG,etc.) can produce high temperatures and pressures of near

explosive characteristics.

xi



1. INTRODUCTION

F,

.
The Molten Salt Reactor Experiment (MSRE) was operated at the Oak Ridge National

LaboratoV (ORNL) from 1965 to 1969 to test the concept of a high-temperature, homogeneous

fluid-fueled reactor. It was fbeled with a molten salt mixture of LiF-BeF,-ZrF,-UJ?, (64.5-30 .3-5.O-

0.13 mol Yo), which was melted at 450”C and which served as both the fuel and the coolant. This

fluid was circulated by a large impeller pump that circulated the fluid between the reactor core and

the primary heat exchanger. A secondary coolant of LiF-BeFz(66-34 mol Yo), which was driven by

a similar impeller pump, transferred the heat from the primary heat exchanger to an air- cooled

radiator. About 4000 kg (-2 m3) of fiel salt constituted the iiel charge circulating in the fiel salt

circuit. Originally, the MSRE was iieled with 235U,but tier successfld operation with this isotope,

the ‘5U was removed by fluoridating the salt. Afterward, the salt was reconstituted with ‘3UF~

(containing 220 ppm232U)to demonstrate that the system could fi.mctionequally well on this product

of a 232Ththermal breeding cycle. Nker the successfi.dcompletion of this campaign, the MSRE was

terminated by draining the fiel salt from the reactor circuit into two drain tanks on a lower level of

the MSRE facility. At the end of the experiment in December of 1969, the fbel salt was allowed to

solidi~ in the tanks and has remained there for the past 29 years.l

At the time of the MSRE operation, radiolytic effects on the fbel salt were recognized as a

probable occurrence if the salt were stored below 100° C, with the net effect that fluorine gas could

be liberated from the frozen salt mixture and cause corrosion and/or overpressurization of the drain

tank containment system. To prevent the accumulation of this reactive gas, the frozen salt (which

was usually at-40 0C because of the self-heating generated during fission product decay) was heated

to 2000C on an annual basis to recombine the fluorine generated with the “reduced sites left in the

salt.

In the late 1980s, an increase in radioactivity in one of the gas lines in the North Electrical

Services Area (NESA) was found, and it was suggested that mobile UFGcould be responsible for this

increase. Uranium could plausibly migrate only as UFc, whic~ in turn, could only be formed directly

or indirectly from radiolytic fluorine and UFQin the fiel salt. Because the annual anneahng operation

would serve to drive this condensable gas from the drain tanks to cooler surfaces, such as the gasline

protrusion into the NES~ the annual.annealing operation was postponed until a better understanding

of the fiel salt behavior was obtained.

d
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In early 1994, two 1000-mL gas samples were withdrawn from a gas line connected to the

drain tanks and analyzed. High concentrations of Fz and UFGwere found in both of the samples (see ‘

Table 1), confirming that the annual annealing operations had not been successful in recombining the

fluorine with the fiel salt and, more importantly, that the temperature gradient created during the -

annealing operation had surely contributed to the displacement of UF~from the fhel salt.

Table 1. Analysis of two samples taken from the MSRE off-gas system

Samples

Species First Second

UF6 70 mm Hg (0.9 @) 68 mm Hg (0.9 @)

Em 1200 ppm 1000 ppm

h40FG 10mm Hg a

CF, 5mm Hg a

F2 6 350mm Hg
.

He, ~, Nz, 02 C 305mm Hg 305mm Hg

‘T%esentas in first sample.

5Not determined analytically but assumed to be the same as second sample.

“Quantity determined by difference from total sample pressure. Qualitative identification by
mass spectroscopy.

The 70-mm-Hg partial pressure of UFGis close to the saturation vapor pressure of solid UFG

at temperatures that could plausibly exist in cooler regions of the MSRE off-gas system piping.

Though UFGgas (particularly this highly radioactive isotopic mix) is subject to alpha radiolysis,2qthe

presence of Fz gas appears to protect it from net decomposition @emoting recombination of

reaction products to UFJ before decomposition products can precipitate.5 The combination of these

factors prevented any accurate prediction of the quantity of uranium that might have been converted

to the mobile, gaseous UF6
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On fbrther investigation, it was found that the gas line from the drain tank also ran to the

: auxiliary charcoal bed (ACB), which was not isolated because a shutoff valve had ftied in the open

position. Gamma scan and thermal analyses indicated that more than 2.5 kg of the uranium from the
.

drain tanks had deposited in the ACB, which, along with the fluorine also expected to be present,

presented a chemical condition of considerable concern.

Oxidizing fluorine gases such as Fz and UFc are known to react with activated charcoal to

produce carbonfluorides of v@ng composition. Of particular concern is the potential for the

explosive decomposition of carbon-fluorine compounds when they are heated or shocked. The

consequences of such an explosion would be to scatter the radioactive materials laden in the charcoal

and thus result in an unacceptable radiological hazard.

Because the chemical form of the fluorinated, uranium-laden activated carbon was not

known, early safety analyses took the (very conservative) assumption that the potential chemical

energy that could suddenly be released was represented by the complete reaction of molecular

fluorine with carbon. Under that assumption, the energy released would be substantial and produce>

temperatures and gas pressures that could not be contained by the ACB or its containment. To move

.
the analyses away from the extremely conservative bounding case and closer to reality, there was an

urgent need to filly understand the carbon fluorine chemistry in the charcoa.Ibeds. With a better

understanding of the physical and chemical condition of the ACB, the hazards could be more

realistically evaluated, and an effective means of nulli&ng the hazards through chemical treatment

or physical removal could be successfi.dlydeveloped.

This report addresses the carbon-fluorine-uranium chemistry of the ACJ3via laboratoq tests

designedto reproduce as closely as possible the conditions present in the beds. Laboratory analysis

of the reaction products has been extensive and includes electron spectroscopy for chemical analyses

(INCA), nuclear magnetic resonmce (NMR), Fourier transform infhred (FTlll) and Raman

spectroscopy, thermogravimetric and differential thermal analyses (TGA-DTA), as well as a host of

= other techniques. This work has produced a more accurate description and a usefid understanding

of the chemistry in the ACB and is the basis upon which remediation is proceeding.
.
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2. MATERIALS, INSTRUMENTATION, AND METHODS
.

2.1. ACTIVATED CHARCOAL

The coconut-based activated charcoalG’7samples were provided by Calgon Carbon

Corporation. According to theMSRE and manufacturer records, the physical-chemical characteristics

of this activated charcoal are quite similar to tthose of the material that was originally used by the

MSRE experiment for the ACB. The properties provided by the manufacturer are shown in Table 2.

The initial samples tested had a 4 by 10 mesh size. Since finthertiormation indicated that the MSRE

ACB contained 6 by 16 mesh size particles, firther tests were conducted using this smaller screened

fraction.

Table 2. Physical-chemical properties of the activated charcoal

TotaJ sufiace area ~,, Brunauer-Emmett-Teller (BET)
method], m2/g

Density, g/cm3
Apparent (bulk) density
Particle density (Hg displacement)
Real density (He displacement)

Pore volume (within particle), cm3/g

Voids in dense-packed columq vol ?/o

Iodine number (minimum), mg/g

Carbon tetrachloride adsorption, wt %

Ash, %

Total iron, w % of ash

Total sulfbr, ?40 of carbon

Hardness number

1150-1250

.

0.44
0.85
2.2

0.72

50

1200

60

2.62

0.94

0.03

92

Source: Calgon Corporation, P.O. Box 717, Pittsburg~ PA 15230-0717.
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According to the manufacturer’s data, a large portion of the volume of the micropores

consists of pores in the range 1.5 to 1!.0nm (Fig. 1). In addition to the rnicropore structure, this type

of activated charcoal has a system of macropores larger than 100nm that interconnects the micropore

structure and allows a rapid diifbsicm of gaseous species.

2.2 REAGENTS

Fluorine gas having a purity of 97% was procured from Air Products. The concentration of

hydrogen fluoride (HF) was determined to be about 30 ppm using an infrared (IR) gas cell fitted with

zinc selenide (ZnSe) windows. Since HF was also detected in the MSRE gases (see Table 1) that

migrated to the ACB, no attempt vias made to fi,u-therpurifi the fluorine stream.

The helium used, also provided by Air Products, had a 99.99% purity. The preparative

manifold has a titanium getter heated at 450 “C. The getter is routinely used to remove any water,

oxygen, or nitrogen impurities. The vacuum line has soda-lime and liquid-nitrogen traps connected

in a series to remove reactive and ccridensable impurities to protect the oil of the mechanical vacuum

pump. The UFGused was provided by the Oak Ridge K-25 Site (currently East Tennessee

Technology Park), and the uranium isotopic distribution was depleted in ‘5U with respect to the

natural abundance.

2.3. PREPARATION OF FLUORINATED CHARCOAL

The reaction between activated charcoal and fluorine is highly exothermic.s-ll The

unrestricted reaction can proceed briskly, thus causing a rapid heating that can easily inflame the

activated charcoal to form carbon-fluorine compounds that iirther decompose into gaseous by-

products such as carbon tetraflucmide (CFJ, hexafluorethane (C2FJ, tetrafluorethylene (C2FJ,

carbonyl fluoride (COF2), and carbon monoxide and dioxide (CO and C02,respectively). 12-17The

latter species originate from oxygen moieties present at the rim of the charcoal platelets (see Sect.

3.4).
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In order to obtain reproducible carbon-fluorine compounds, it was necessary to control the

speed of the fluorination and allow the heat of reaction to dissipate by diluting the Fz stream with

helium. A 5 vol % Fz-He mixed gas was prepared using a 3-L Fz-passivated vessel constructed of

nickel. To obtain homogeneous mixing, the gases were introduced through the bottom. The heavier

fluorine gas was introduced first.

Initially, 1-g activated charcoal samples were fluorinated using a small annular reaction tube

made of quartz. The vessel was prel~eated to about 300”C under vacuum to remove hydroxyl sites

fi-omthe quartz surface. Ace@-typevacuum valves (Teflon@piston with”Viton@O rings) were used

as input and output valves.

Type Kthermocouples connected to a personal computer (PC)-based data acquisition system

were used to continuously record the charcoal bed and wall temperatures for ail preparations. The

annular tube was filly immersed in the appropriate media to maintain the desired temperature. A

Dewar filled with a methanol-dry-ice slush was used to prepare samples at about - 78”C.Water and

ice were used for O“C,and for higher temperatures, a thermostatic bath was used.

To avoid contamination with silicon tetrafluoride (SiJ?J, the quartz vessel was replaced by a

passivated-nickel U tube (O.5-in. OD) having monel bellows valves at each end. Temperature control

was as described previously except for the above- 100”C preparations that used a hollow-tube

furnace. Ten- to 15-g batches of activated charcoal were fluorinated using the U tube.

Before fluorination, the activated charcoal samples were preconditioned in their respective

vessel (quartz or nickel tube) by heating to about 200–250”C under helium flow to simulate the

conditions used for the conditioning of the actual MSRE auxili~ charcoal bed. Mter the

pretreatment, the Fz-He gas mixture was dispensed at a very low flow rate. No attempt was made

to measure the actual flow rate. Instead, a long Teflon tube was connected to the vessel outlet and

used to bubble the gases through a sodium hydroxide solution. The flow of the F#e mixture was

controlled such that the charcoal temperature was only slightlyabove the wall temperature (1 to 3“C).

The flow of reactive gases was maintained for several days, depending on the batch size, until the

internal and wall temperatures were equalized. After equalization, a slow flow”of pure fluorine for

2 h ensured a complete reaction.
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Atler completion, the preparative manifold was purged with helium for a few minutes. The~

the fluorinated samples were transferred to a dry-helium glove box and weighed. .

2.4 THERMAL AND SHOCK STABILITY OF THE FLUORINATED CHARCOAL

Since several accidents have occurred at different facilities dbring the use or handling of

partially fluorinated carbon, one of the most important issues was to determine the general stability

of the fluorinated charcoal. 18-2s

In the ea.diest trials, several small samples consisting of a few charcoal granules with different

fluorine contents were rapidly heated inside .aheavy-wall, open quartz tube, using a torch to simulate

a very fast temperature rise. These tests were followed by a small mixed bed having a few particles

of fluorinated charcoal at the top and a couple of pieces of nonfluorinated activated charcoal at the

bottom of a quartz tube. The quartz tube was protected by a heavy-wall Lucite tube and connected

to a gas manifold using an Ace-type O-ring cap. Fluorine was rapidly introduced through the top of

the mixed bed. The object of this test was to simulate a sudden entry of fluorineinto the ACB system.

Controlled heating of different fluorinated charcoal samples was also done using 1-g samples,

at rates between 5 and 20°C/min, both under vacuum and with a helium atmosphere. The pressure

was continuously recorded using a pressure transducer connected to a PC-based data acquisition

system. The gases were collected and analyzed by FTIR spectroscopy.

Ad hoc shock tests were done by simply hammering a few particles of fluorinated charcoal

against a vise. Sparking using a Tesla coil was also used to test the stability toward electrical arcing.

2.5 TGA-DTA

TGA-DTA analyses were conducted on fluorinated charcoal samples prepared at different

temperatures. The specimens were ground into fine powder under a helium atmosphere inside a dry

glove box. Samples ranging from 100 to 250 mg were measured using aHarrop hidustries TGA-DTA

analyzer.
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Samples and a blank were heated using alumina crucibles at 10°C/minunder a nitrogen flow

of 0.5 L/rein. The weight and dMerential temperature were continuously recorded. The heat released~

as a fiuwtion of the temperature was compiled by calibration using known standards, which included
.

the heat of fbsion of pure zinc metal (7.32 kJ/mol at 4 19.6”C)and the two phase transitions of BaCO~

(a, NaC1-typecubic, to ~, calcite-type rhombohedral, to y aragonite-type orthorhombic; u ~~, 3.13

kJ/mol at 1079 K, and ~+y, 17.56 kJ/mol at 1241 K).

.

2.6 ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA)

ESC~ also known as X-ray photoelectron spectroscopy (XI%), is a high-vacuum technique

that probes the surface of a material by bombarding the samplewith an X-ray source. Because of the

X-ray bombardment, photoelectrons are ejected fi-omthe sample. Since the energy levels of the

various electrons are shifted depending on the chemical environment of their parent atom, the energy

of the photoelectrons can be used to dii%erentiateatoms of the same element in different bonding

environments.

Following the initial ejectio~ of a core electron, a valence electron can fdl down to fill the

vacancy. This decay process can release sufficient energy such as to eject another valence electro~

thus generating a doubly charged ion. The electrons ejected by this process are called Auger

electrons. Because they involve outer electron orbitals, Auger electron energy shifk+are more

sensitive to the chemical environment that surrounds the atoms.

The ESCA spectra were obtained using a PHI (Perkin Elmer) 5000 series spectrometer

equipped with a dual anode (Al: hv = 1486.6 eV and Mg: hv = 1253 ev’). For this experiment an

aluminum anode was used atapow~rof400W(15 kv). The instrument was operated in the fixed

analyzer transmission (FAT) mode with a pass energy of 17.9 eV for high-resolution scans. The

background pressure was <10-7torr. The instrument was interfaced to an Unix-based Apollo 3500~

PC for data collection. In order to be consistent, binding-energy values for all samples were

referenced to the O 1.sline (532.5 eV).
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ESCA is a sus.faceanalysis technique because only those photoelectrons generated near the

surface (l–5 nm deep) can escape without energy loss. For the sufiace analysis to be representative

of the entire sample, it was necessary to check the homogeneity of the fluorination. For that purpose

small chunks of fluorinated material consisting of 4 x 6 x 2 mm platelets were tested first at the

surface, then sliced in approximately hti, and measured at the newly exposed surface. Additionally,

activated charcoal samples were ground to a fine powder hating uniform consistency. Double-sided

carbon sticky tape was mounted onto a ESCA sample holder. The activated charcoal powder was

then applied to the carbon sticky tape so that it uniformly and completely covered the tape.

AllESCA samples were prepared in a dry-helium glove bo~ and exposure to air was minimal.

.

Loss of physically adsorbed gases (if any) under vacuum during the analysis, however, could not be

avoided. Adsorbed F2 and Ul?Gwill be seen by ESCA only if the species (assuming they are present

initially) survive in quantity in the analyzed sufiace region for a time comparable with the sample

evacuation and analysis time. Thus, molecular Fz, probably not a species that adsorbs strongly, is

unlikelyto be seen in room-temperature ESCA samples. Similarly, UFGmight be difficult to detect.

The UF~,UzFg,and related compounds are subject to disproportionation to UFG(gas)and UFQ(solid)

in a vacuum. Consequently, even if present, they will likely appear as UF1.

Data analysis of each C 1S and F 1s spectrum included the application of a deconvolution

procedure and a nonlinear least-squares curve-fitting (NLLSI?) routine. Deconvolution was carried

out using the point simultaneous overrelaxation Jansson algorithm.27-28

Deconvolution can enhance the resolution of a given ESCA spectrum by removing

instrumental and intrinsic broadening effects. Broadening of an ESCA spectrum occurs because the

intrinsic ESCA signal is convoluted with several broadening fi.mctions that are either Gaussian or

Lorentzian in nature. Examples of these fimctions include the natural line width (because of the

lifetime of the core hole), the exciting X-ray line shape, the detection system, and sample charging

(a major factor with insulators).

To carry out the deconvolution properly, each broadened spectrum was pretreated.

Pretreatment includes the removal of background by using a Shirley-type integra129and spectral

smoothing by means of the modifiedleast-squares correlation approach of Savitslq401ay.30 For this

experiment, a correlating filter of 1I data points was used.
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Curve fitting was accomplished by using the Levenberg-Marquardt damping method.27 All

peaks were fitted using a Voigt fi nction with 20’%0Lorentzian character. The background was

assumed to be integral, and it was applied individually to each peak.

2.7 IRRADIATION EXPERIMENTS

In order to test the stability of the fluorinated charcoal, C# samples prepared at different

temperatures (Sect. 2.3) were subjected to intense gamma irradiation using a ‘Co source.3]

Four C~ samples prepared at -80,0,23, and 45°C were independently irradiated under 1 atm

of helium for 40 days using a dose rate of 4000 R/rein. The specimens prepared at -80, 0, and 45°C

consisted of 1 g of the particular C#’ contained in separate, vacuum-tight Fz-passivated Monel tubes.

For the Cl prepared at room temperature, a larger amount of material (10 g) was used, and a

pressure transducer was connected to the tube. The pressure inside the tubing was continuously

monitored by a data acquisition system for the generation of apy gaseous by-product that could be.

formed as a result of the irradiation.

At the end, each container was opened inside a helium-filled glove box (<l ppm 01 and water)

and the specimens were weighed again. The results showed weight difl?erencesof less than O.10/O.The

gas atmosphere of the tube containing the 23“Csample was analyzed using an FTIR instrument. The

irradiated samples were also analyzed by ESC~ as described in Sect. 2.6.

2.8 FLUORINE (’gF) AND C.4RBON (“C) NMR SPECTROSCOPY

Fluorine is easily detected by l??NMR spectroscopy.3z33It also provides ausefbl polarization

source for investigating carbon strmture by transferring the magnetization to the 13C, 1~-13Ccross-

polarization (CP), NMR.34 The combination of 1~ NIvfR and l?F-13CCP NMR can be used as a

. powerfi.d tool to study the structure and chemical nature of the fluorinated charcoal prepared at

different temperatures.35-3s
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The spectra were obtained using a Bruker MSLIOO~ spectrometer in a 2.35-T field.

Samples, 50–100 mg, were packed in 5-mm Torlon rotors and spun in a doubly tuned, single-coil, -

magic-angle-spinning (MM) probe. The 5-mm supersonic HFC probe (Doty Scientific) was

constructed without fluoropolymers. Single-pulse l?F spectra were acquired at 94.200 MHz and at
#

M.AS= 12 kHz 13Cspectra were obtained at 25.184 MHz by lW-13Cwith ~?l?decoupling during,

acquisitions. Dipolar dephasing delays in the range of O–100 ps were used to aid the assignment of

fluorinated groups, while Oto 2-ins delays were used for graphitic carbon.

Quantitative CP data were obtained using variable contact times (VCTS). Contact times

chosen were sufficiently long such as to allow maximum transfer of pokirization from the abundant

spin (in this case 1~) to the dilute spins (13C)before spin relaxation processes degraded the sign~.

Signal intensity is highly dependent on both the location and dynamics of the abundant spin

(’~) so that remote carbon nuclei build intensity more slowly. If relaxation processes prevent the

signal intensity tiom reaching the fill value at the selected contact time or if the contact time is too

short to allow Ml intensity to be generated, these species will be underrepresented in the spectra.

To obtain quantitative compositional data from these CP experiments, VCT was pefiormed ..

on the series of fluorinated charcoals. Signal intensity (1) is plotted vs contact time(r) over a wide

range of times (25 ps to 100 ms) and fit to Eq. (1) to determine the initial areas and time constants

for each carbon resonance in the spectra. While 10 represents the Ml intensity of the resonance, TCF

and TIPrepresent, respectively, the time constants governing the buildup and decay of signal intensity

by dipolar interactions between 13Cand l?F nuclei. Fitting was accomplished by least-squares

minimization. Data for each carbon type are then reported as a percentage: 10 for each species

divided by the sum of the 10values of all species observed:

10
l(t) = —

TCF

T ‘z
-— -—

TIP _ ~ ‘cFe

1 1’—- —
TCF T

lp
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Typically, 25-40 contact times were used for each fluorinated charcoal sample. In eve~ case

. more than 10 contact times were selected in the very short (10-to 200 ps) and long (10-to 100-ms)

contact time regions. In these regions, signal intensity is tiected by only one dipolar interaction,.

either buildup or decay; therefore, these regions are more important in the accurate determination of

either TCFor TIPby the fitting proc~dure. The precision of the signal intensities reported is on the

order of 5°/0,primarily because of low signal-to-noise ratios and difllculties in maintaining the match

conditions over the many hours of ~cquisition. The compositions determined by NMR are on the

same order. The time constants prcduced by the fitting procedure are reliable to a single digit.

3. RESULTS

3.1 STOICHIOMETRY OF ACrlVATED CHARCOAL EXPOSED TO Fz

.
One of the most important characteristics observed for all the fluorinated samples was a

smooth and continuous change in the physiochemical properties according to the temperature used

during the fluorination.

The experimental results shown in Fig. 2 indicate that the carbon:fluorine ratio, which is

determined by weight difference, changes according to the preparation temperature in a very

reproducible fashion. It can also be observed that a plateau having a global C2Fcomposition exists

in the temperature range between 50 and 150°C. The data include samples prepared using quartz and

nickel containers. Since there were :Io appreciable differences based upon the container material, the

contamination with SiFAfrom the pretreated quartz tubes was judged insignificant.

The calculation of the gravimetric C:F ratio assumes that the weight difference results only

from the loading of fluorine. However, fluorine is probably displacing some oxygen and hydrogen
.

from components such as hydroxyl groups located at the rim of the platelets. The actual

“ carbon:fluorine ratios are slightly higher than those calculated by weight difference (see Sect. 3.4).
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Several samples prepared at different temperatures were subjected to a prolonged overnight

vacuum at room temperature, after which they showed a very slight weight loss. In all cases, the total

weight loss was below 3O/O. Sorptictn experiments pefiormed by prolonged contact of fluorinated

charcoal with pure fluorine at the same temperature used during the fluorination showed a weight

gain on the order of 2%. This finding is at least indirect evidence of adsorption of Fz, though other

impurities cannot be definitively ruled out.

Fluorinated samples prepared at temperatures below 200°C were black and externally

indistinguishable from the initial activated charcoal. The fluorinated particles became increasingly

brittle with increased fluorination temperatures. The size of the particles remained essentially

untiected by the fluorination process at temperatures below 120°C. At higher fluorination

temperatures, some of the initial chunks fractured into smaller pieces. The initial black color of the

fluorinated samples changed at temperatures in excess of 200°C. They changed first fi-omblack to

gray, then to brown, and finally to white at the highest temperature tested (35@’C).

.

3.2 ESCA OF FLUORINATED SAMPLES

As mentioned in Sect. 2.6, ESCA is a surface technique during which a sample is bombarded

by an X-ray source and photoelectrons are ejected from the sample. The energy of those electrons

.

.

can be used to differentiate atoms of the same eIement in different bonding environments. Samples

of fluorinated carbon prepared at the temperatures described in Sect. 2.3 were analyzed using ESCA.

The main objective was to determine all the different environments for carbon and fluorine atoms in

the different carbon-fluorine samples in order to understand the chemical nature of the fluorinated

charco~ C~.
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The homogeneity of the samples was tested as mentioned in Sect. 2.6. The outcomes of the

homogeneity tests are shown in Fig. 3. The spectra at normal beam incidence, 35° tilt, and a new

cleaved surface were almost identical. The process was repeated for a second sample with the same

results. The results were also compared with those for a ground sample without any significant

dii%erence.As a consequence, it can be concluded that the fluorinated charcoal samples are quite

homogeneous along the volume of the particle.

The ESCA binding-energy regions of C 1s and F 1s as well as the KLz~LZAuger region of

fluorine were analyzed for the fluorinated samples.

The original activated charcoal and the fluorinated samples prepared at the lower

temperatures all contain a relatively small concentration of oxygen. NMR data (see Sect. 3.3) show

the presence of difXerentoxygenated moieties located at the periphery of the graphitic platelets.

3.2.1 C 1s Region

As seen in Fig. 4, the C 1s peak for the standard activated charcoal sample exhibits

asymmetric tailing toward high binding energy. This behavior is typically seen in the ESCA spectra

of conductive (metallic) materials. The tail is due to the interaction of the positive core hole, formed

during the photoemission process, with the conduction electrons.

Another feature shown in Fig. 4 for the C 1Sspectrum of activated charcoal is the presence

of a plasmon satellite peak at -6 eV from the main line.27 The peak shape and satellite peak of the

activated charcoal might cause some complications as well as possible error when curve fitting the

spectra of the samples that have been fluorinated.

For consistency and to minimize e~ors when fitting the C 1Senvelopes of the fluorinated

samples, the area ratio and the binding-energy differences between the fitted peaks and the

main C Is pe~ representative of activated charco~ were kept constant. Also, the tailing parameter

was fixed throughout the analysis of the fluorinated samples. However, the peak position of the main

C 1s line was allowed to relax to its local minima when fitting the fluorinated samples spectra.
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Figure 5 shows the series cf C 1S envelopes obtained by fluoridating activated charcoal at

various temperatures. The top plot of the figure displays the spectrum of the initial activated

charcoal. The cxuweat the bottom corresponds to the spectrum of the residue from a fluorinated

sample that was thermally decomposed by prolonged heating at 750”C.

It is clear that a new major peak emerges when activated charcoal is exposed to F2at –80 “C.

This peak arises from fluorination c}fthe charcoal. The figure distinctly indicates that the extent of

fluorination increases with increasing fluorination temperature. It can also be seen that the peaks

from samples fluorinated at higher temperatures are broader than those for the samples fluorinated

at lower temperatures. This results because these samples exhibited a higher degree of electric

charging than the samples fluorinated at lower temperatures.

The increase in charging is directly related to the destruction of the conductive graphitic

microstructure of the samples as the fluorination temperature rises (see Sect. 4). The bottom

spectrum demonstrates that prolonged heating of a fluorinated sample to 750”C removes the fluorine

(as CF, or other volatile fluorocarbon) thus leaving a carbonaceous residue sirnikwto the original

material.

Figure 6 displays the ESCA data for the C 1s region for a fluorinated sample prepared

at 180°C that deflagrated after being rapidly heated. One can see that most of the fluorinated carbon

disappeared and that the deflagrated sample resembles the initial activated charcoal (see Fig. 4).
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3.2.2 F 1s and Auger Regions

Figure 7 exhibits the series of F 1s ESCA envelopes for the samples fluorinated at various
.

temperatures. Unlike the C 1Senvelopes, the shape and position (- 687.0 eV) of the F 1Speak

remain relatively constant as the fluorination temperature is increased.

Figure 8 shows the series of F KLzgLz~Auger envelopes for the fluorinated samples. As

mentioned in Sect. 3.1, Auger electrons are more sensitive to the bonding environment than are the

core photoelectrons. Therefore, if different bonding interactions exist as the fluorination temperature

changes, the fluorine Auger envelopes will exhibit dil%erentshapes. It is clear from Fig. 8 that all the

fluorine KL&~ Auger peaks are very similar in shape.

The fundamental covalent nature of the carbon-fluorine bond in fluorinated charcoal was

confirmed by the fluorine Auger spectral measurements. Figure 9 shows the F KLXLZ Auger peak

for LiF, Teflon, and a representative fluorinated charcoal sample. Lil? and Teflon were used as

standards. The bonding in LiF is ionic, and the bonding in Teflon is covalent. It is evident that the

shape of the F KLz~Lz~Auger for the fluorinated sample resembles that of Teflon. In fact, when the

F KLZLZ Auger peak of the fluorinated sample was cross-correlated with the F Kl&Lz Auger peak

of Teflon, the cross-correlation response (rO)was 0.992. (A perfect correlation is rO= 1.00.)

3.2.3 Data Analysis and Carbon Speciation

Figure 10 exemplifies a deconvoluted ESCA spectrum for the C 1Sregion. The four peaks

can be attributed to the following four environments for carbon atoms. The peak at the lowest energy

corresponds to the planar graphitic-like structure (.sp2hybridization) of the activated charcoal. The

carbon atoms represented by this peak remain unailected by fluorine atoms and display the same

signature as in the initial activated charcoal.
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The second peak originates fi:om carbon atoms that are also bonded,to other carbon atoms;

.
however, they are experiencing the influence, intraplanar or interplanar, of fluorine atoms. The third

. peak represents carbon atoms directly bonded to fluorine atoms (fluoromethine CF, sp3

hybridization). Finally, the fourth peak, at the highest binding energy, corresponds to carbon atoms

bonded to two fluorine atoms (fluoromethylene CF2, sp3 hybridization). These carbon atoms are

located at the rim of the micrographitic platelet (see Sect. 4). For the samples prepared at the highest

temperatures, a fifth peak (-292 eV) corresponding to the end-of-chain trifluoromethyl groups (CF3,

sp3hybridization) was observed.

Figures 11 through 17 show the curve-fitted ESCA C 1s region for individual samples

fluorinated at different temperatures ranging Ilom -80 to 250”C. The fits include the different peak

components and the residuals associated with the fit of the experimental data.

Table 3 summarizes all the fitted data. It can be observed that the peaks are wider at higher

. fluorination temperatures because of the increasing charge buildup resulting from the decreasing

conductivity (loss of graphitic structure) of the fluorinated charcoal. There is also a small shifl

toward lower binding energies for the graphitic-like carbon atoms, while all the other carbon peaks

shift toward higher binding energies as the fluorination progresses with higher temperatures.

As Figs. 1

diminishes while

temperatures.

Figure 18

1 through 17 and Table 3 indicate, the peak corresponding to “isolated carbon

the fluoromethh e (CF) carbon peak increases with increased fluorination

displays a normalized &tribution of the different carbon environments for the

different fluorination temperatures. Agaiq it can be seen that the peak corresponding to “isolated”

carbon diminishes while the fluoromethine (CF) carbon peak increases with increased fluorination
m

temperatures.
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Table 3. ESCA curve-fitting resultsa’b

Temp GraphiticC c-c CF CFZ CF3

(“c)

Area F’ositionIWI-IM Area PositionlWHh4 Area Position FWHM Area Position FWHM Area Position FWHM

-80 84,115 284.4

0 78,292 284.3

23 76,797 284.4
z

65 24,551 284.1

120 19,148 283.7

180 26,121 283.8

250 217 283.8

1.1 66,660 284,8 2.03 37,950 287.6

1.1 74,817 284.8 2.2 38,814 287.7’

1.3 72,417 284.8 2,43 50,737 287.7

1.3 90,875 284.8 2.49 60,087 287.8

1.7 82,469 285.0 2.85 84,346 287.8

1.7 99,606 285.1 2,85 116,465 288,0

1.7 79,696 285.2 2.85 144,005 287.8

1.9 4,537 289.9 1.6

1.7 4,704 289,8 1.65

1.6 6,260 289.7 1.61

1.8 7,761 289.7 1.78

2.3 4,618 290.2 1.60 1,633 291.9 1,90

2.2 9,495 290.2 2.0 2,826 291.6 2.0

2.1 12,309 290.1 1.75 2,026 291.7 1,80

a Graphite area includes graphite plasmon plus oxides.

b Full-width half-maximum,

.. , * , ,
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Additionally, it is noticeable that the carbon-bonded-to-carbon peak atoms influenced by

neighboring fluorine atoms remains approximately constant with a maximum centered in the.

region attributed to the CZFstoichiometry (see Fig. 2). These distributions along with NMR data
.

will be used to propose a model for the fluorinated charcoal (Sect. 3.7).

Figure 19 compares the carbon:fluorine ratios obtained by weight difference during

fluorination with the ratios obtained using the fitted C 1SESCA data. The carbon to fluorine

ratios from ESCA data were calculated in the following manner: (1) the carbon concentration is

proportional to the total C 1.sarea, including all the peaks; (2) the fluorine concentration was

estimated by adding the area corresponding to CF, plus two times the CFZarea and three times

the CF~area; and (3) the carbon: fluorine ratio was then calculated by dividing (1) by (2).

The carbon: fluorine rati os obtained from the ESCA C 1Sdata are not expected to be

highly accurate because the method involved the use of several areas estimated by peak fitting.

However, it is reassuring to note that the general trend of the ESCA ratios is consistent .xviththe

more precisely determined gravimetric ratios. It will also be shown in Sect. 3.7 that the

carbon:fluorine ratios obtained by NMR are similar.
.

3.3 GAMMA IRRADIATION OF FLUORINATED CHARCOAL

As mentioned in Sect. 2.?, several C~ samples prepared at different temperatures were

subjected to intense gamma-irrachation using a cOCosource, including a 10-g C# sample prepared

at room temperature and enclosed in a vacuum-tight Monel tube with a pressure transducer

connected at the top. For this sample, the pressure slightly decreased during the first week ( -3°/0

integrated decrease). This phenomenon was probably caused by a slightly enhanced sorption of

helium by the irradiated Cl sample. After the first week, the pressure remained essentially

constant for the entire irradiation period.
.

At the end of the irradiation period, each container was opened inside a dry-helium glove

.
box, and the specimens were weighed again. The results showed weight differences less than

O.1%. The gas atmosphere of the tube containing the 10-g sample was analyzed using FTIR and

showed only vestiges of carbon clioxide.

37



4.5

4.0

3.5

2.0

1.5

1.0
-100

I

0

i-

100 200 300
Fluorination Temperature (“C)

I = EsC/l * Gravimetric I
Fig. 19. Comparison of gravimetric and ESCA carbon: fluorine ratios.

, . .



All irradiated samples were a[so analyzed by ESCA (Sect. 2.6). Comparison of the irradiated

and unirradiated samples showed no significant differences. As an example, Figs. 20 and21 display

the C 1s spectra for irradiated and nonkradiated C# samples prepared at –80 and 65°C, respectively.

The results indicate that the fluorinaljed charcoal samples are quite stable when exposed to gamma

irradiation because there were no discernible effects after total integrated gamma doses of 2.30 x 108

rad. This corresponds to the integrated dose the ACB deposit would experience for the first 10 years

after deposition.

Accordingly, it can be assumed that no significant changes should be expected in the

physicochemica.1behavior of the fluorinated charcoal as a result of the gamma self-irradiation at the

MSRE ACB. It should be pointed out, though, that the bulk of the self-irradiation of a uranium

deposit of MSRE assay (ea. 95% of adsorbed energy) will result fi-omalpha particles rather than

from beta or gamma radiation.

After 30 years, the accumulated dose in the ACB was calculated to be 2 x 1010rad

alpha, 8 x 108rad bet% and 6 x 108rad gamma. The cOCoexposures subjected the test material to

a total dose of 2.3 x 108rad.

3.4 STABILITY OF THE FLUOIWNATED CHARCOAL AND TGA-DTA ANALYSIS

Fluorinated charcoals can be typically described as quite stable materials. Our tests showed

that mechanical shock smashing, sparking, etc., will not promote decomposition reactions. However,

rapid heating of the material can result in a very fast decomposition of near-explosive characteristics

with formation of gaseous products. All the C~ samples tested “deflagrated” when rapidly heated.

However, this effect was more significant for the samples prepared between 65 and 180”C. The

fluorinated samples prepared at the highest temperatures (-CIF stoichiometry) displayed an increased

thermal stability.
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sorbed

several

vapor.

Samples of Cl can be handled in air without noticeable shon-term changes provided that the

fluorine is removed by inert gas purge or vacuum. However, after prolonged storage of *

weeks, partial hydrolysis occurred with trace formation of hydrogen fluoride detected as .

Several TGA-DTA analyses were conducted on fluorinated charcoal samples prepared at

different temperatures as mentioned in Sect. 2.5. The temperature profiles, Figs. 22 through 29,

show that heating promoted the exothermic decomposition of C#.

The thermal decomposition of C~ samples prepared at low temperatures started at

temperatures slightly above 100”C (see, for example, Figs. 22 – 24). The heating curve for the

sample prepared at –80”C (Fig. 22) was very broad and almost featureless except for a shoulder at

about 475”C. This shoulder grows to a peak for the sample prepared at O°C(Fig. 23).

The decomposition process continued over a wide range of temperatures and was completed

at temperatures in excess of 600”C. As the fluorination temperature used to prepare the C~ samples *

increased, the bulk of the weight loss and heat release occurred during an increasingly narrower

temperature range centered at about 550”C(Figs. 25 – 28). The C~ prepared at 350°C (white color

with -CIF stoichiometry) was quite stable (Fig. 29) and started to decompose only at temperatures

in excess of 500DC. Of course, almost by definition, any sample prepared at a given temperature

cannot be expected to exhibit thermal instability below the preparation temperature.

During the heating tests of samples prepared at temperatures between 85 and 180”C, there

were several instances during which the specimens “deflagrated” and part of the sample spilled out

of the crucible. To avoid this problem, the tests were repeated and smaller volumes of sample were

loaded.
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Table 4 and Fig. 30 and show the integrated heat released during the decomposition process.

The enthalpyvalues were calculated using the gravimetric C~ stoichiometry. Since it is necessary for.

the calculation to apply a baseline correction over a wide temperature range (At = 500-to-600°C),

. the experimental uncertainty for the absolute values is relatively high (25 to 50’XO).

Table 4. Experimental enthalpy values for the decomposition of C#

Fluorination AH

temperature ~C) (k.llmol F) C:F

–80

o
23

40

65

. 120

250

350

121

103

81

53

55

55

55

26

3.7

3.1

2.6

2.2

2.1

2.0

1.1

1.0

Experimental enthalpy values for decomposition of C~ are consistent with values in the

literature for heat of formation of Cl?. These values range from –107 to –173 kJ/mol.37 The heat

of decomposition of C2.CFshould be approximately

CZ,F -+ 2.35 (; + l%CFg,AH= -67 kJ/.molF .

While substantial, this value is much smaller than that derived fi-omthe original assumption that the

available energy was represented by the reaction

‘!!4C+ l/2Fz j ?l.CFgAH = -232 kJ/mol F .--

Clearly,much of the potential chemical energy was released as the Fz arrived at the ACB and reacted

with carbon years ago.
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Theweight loss recorded during heating was consistent with the DTA curves. The loss

r. occurred slowly during a very wide range of temperatures for the C~ samples fluorinated at low

temperature. On the other hand, most of the weight loss for C# samples fluorinated at higher
.

temperatures occured during a narrow range of temperatures coinciding with the “heat peak” at about

550”C. As an example, Fig. 31 contrasts the weight loss for a C~ sample prepared at’- 80°C

showing “broad decomposition” with a Cl sample prepared at 180”C showing “sharp

decomposition.”

Figures 32 and 33 show the results of the heating tests using 1-g samples of fluorinated

charcoal prepared at O and 120°C. The specimens were heated inside a quartz vessel. A type K

thermocouple and a pressure transducer connected to a data acquisition system were used to

continuously and simultaneously record the pressure and temperature values. At the end of each test,

the gas liberated during the heating was analyzed by FTIR.

In agreement with previous tests (see Fig. 23), the sample prepared at O“C thermally

decomposed over a wide range of temperatures (1OO–5OO”C)as indicated by the gradual pressure rise

(left scale) because of the slow accumulation of the gaseous species. Also, as according to previous

. experiments (see Fig. 26), the sample prepared at 120”C sharply decomposed at about 500”C. This

fast decomposition is consistent with the behavior observed during the DTA-TGA analysis of

fluorinated charcoals prepared in the 85–180 “Ctemperature range.

The FTIR analysis of the gasm formed during the thermal decomposition of the C~ samples

indicated the presence of carbon tetl afluoride (CFA)and hexatluorethane (~Fc) as the major species

and trace levels of tetrafluorethylene (C2Fq),carbonyl fluoride (COF~, and carbon monoxide and

dioxide (CO and COZ). The latter species originate from oxygen moieties present at the rim of the

charcoal platelets (see Sect. 3.4).

The decomposition of C~ prepared at low temperatures (- 80 to 45 ‘C) also produced some

heavier fluorocarbons that condensed on the vessel walls as liquid drops or very small, thin solid

flakes. The formation of condensed fluorocarbons was also observed in early trapping experiments

of F2gas onto charcoal at the Oak Ridge Gaseous Diflbsion Plant .21
.
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3.5 PASSIVATION OF THE ACB

*

As mentioned in Sects. 2.4 and 3.3, fluorinated charcoaJ, when subjected to rapid heating, can
a

decompose and produce gaseous p-oducts (CF~,C2Fb,etc). Under confined conditions, the sudden

exothermic decomposition can produce high temperatures and pressures of near-explosive

characteristics.

To proceed with the planned remediation and uranium recovery activities at the MSRE, it will

be necessary to tap into the AC13to allow the installation of piping and instrumentation. The drilling

and tapping operations could conceivably result in local heating in excess of 10O°C.

As shown in Sect. 3.3, fluc~rinatedcharcoal starts to thermally decompose at temperatures

above 100”C, and it is not clear how much hotter a region of the ACB deposit could get before

undergoing a thermal runaway leading to deflagration. Consequently, it is necessary to chemically

transform the reactive fluorinated charcoal into a more stable material to safely conduct the

remediation and recovery activities.
*

As indicated in Sect. 3.3, partial hydrolysis of the fluorinated charcoal with HP formation was

. observed afler prolonged storage in humid air. Also, Watanabe et al.14found that fluorinated “carbon

black” partially reacted with a potassium iodide (lKI)solution, forming iodine (Iz) according to the

reaction

2(C. .F)+2KI”2KF+12+2C,

where C...F represents absorbed or “weaklybonded” reactive fluorine. Our sorption studies of pure

fluorine on fluorinated charcoal indicated a 1 to 3 wt % gain after prolonged exposure of C~ to

fluotine at atmospheric pressure. T’hisgained weight is lost tier prolonged evacuation or inert gas

purging.

Those known reactions suggested the idea of using “reactive” gases such as NI&, HI, NO,

NOZ,CO, CHZ=CH2,CHSCH, HzC),Hz, CSZ,BZHG,BC13,etc., to transform the C~ materials into

a stable inert material that could be heated without danger of a sudden decomposition.

57



After extensive testing of a variety of candidate reactants, anhydrous ammonia gas proved to

be the only reactant that converted C~ to benign compounds per the reaction

Cy + 4/3NH3 + -& + ~4F + 1/6~2

at a rate that was sufficiently rapid for operational practicality but slow enough that thermal control

could readily be achieved. Testing and evaluation of the reaction of NH3with C# are treated in a

separate report.2GThe ammonia treatment process, termed “denaturing” in the MSRE project lexicon,

has since been successftdly applied to the ACB.

3.6 LOADING OF UFc AND I?zON ACTWATED CHARCOAL

Several scoping tests were performed to understand the behavior of activated charcoal when

contacted with UFGor a F2-UFG“MSRE” blend (5:1 volume ratio of F2to~fj) at room temperature.

These experiments included batch static and dynamic loading through columns filled with activated

charcoal. The tests showed that the Ioadmg of pure ~G on activated charcoal results in the

intercalation of uranium fluorides and oxyfluorides in the rnicrographitic structure.

“ The uranium-laden activated charcoal will not “deflagrate” when heated rapidly. The ESCA

analysis of the laden samples shows no appreciable fluorination of carbon atoms (no carbon-fluorine

bonds). This finding explains the increased thermal stability.

The experiments also indicated that the reaction between charcoal and the Fz-~G MSRE

blendproduces C} that contains intercalated uranium fluorides and oqfluorides. TheESCA analysis

of the samples contacted with the Fz-~G MSRE blend shows that the concentration of fluorine

atoms directly bonded to carbon is lower than for the samples contacted with-pure fluorine. This

observation correlates with the milder decomposition of the Fz-UF~–laden samples when rapidly

heated (mild deflagration).
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Thedynamic loading of the Fz-UFc MSREblend through columns filled with activated

-. charcoal showed that the fluorine front moves ahead of the uranium front. Based upon our laborato~

experience, the measured MSRE ACB uranium front (CY plus intercalated uranium compounds)
* extends about 1 ft from the top oft be ACB and followed by a C~ front spanning a few feet &her

downstream. The rest of the ACB, about 80 ft, most probably consists of unreacted activated

charcoal.

From the different tests, samples were taken for ESCA analysis. As mentioned in Sect. 2.6,

the ESCA data can be used to differentiate atoms of the same element in different compounds

(different bonding environments). Consequently, the ESCA data can provide information on the

nature of the chemical species formed by reaction of charcoal, Fz, and UFG.The analysisof the ESCA

data is presented in the appendix.

It is important to mention that when water was completely excluded from the system, the

visual appearance of the charcoal particles after the loading of UFGremained the same as free-flowing,

“virgin” activated charcoal. Consequently, the laden charcoal particles could be easily removed horn

a column by gravity or vacuuming as planned for the actual ACB removal. However, in the presence

. of humidity, the charcoal particles become cemented by interstitial uranyl fluorides. These cemented

chunks of laden charcoal are quite hard and require a significant mechanical force for the particles to
.

be separated.

The significance for the pkmned ACB planned remediation is that hardened chunks ofmaterial

could be present. The removal of those chunks would require a special tool to break the chunks into

“vacuumable” particles. The visual appearance of the uranyl-laden charcoal has the distinctive yellow-

orange color characteristic of the uranyl fluoride. A visual inspection of the top of the ACB could

give an indication of the presence of interparticle uranyl fluoride.

3.7 SOLID-STATE 13CAND ‘F NMR CHARACTERIZATION OF FLUORINATED

CHARCOAL

The chemical nature of the different samples of fluorinated charcoal was also studied using

solid-state 13Cand l?F NMR spectroscopy. The complete discussion of the results was published

separately. 35J36NMR results along with gravimetric and ESCA results (Sects. 3.1 and 3.2) provide
.

a new insight into fluorocharcoal structure.3G
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NMR experiments involving 1~-13C CP MAS, determined the extent of fluorination as a

function of reaction temperature. Three types of carbon species were observed and assigned to

graphitic carbon(C), CF, or CFZon the basis of chemical shift. These assignmentswere confhmed by

measurements of CP and dipolar dephasing time constants, TCFand TDD,respectively.

The fluorinated carbons fi.dlycross-polarize in tenths of milliseconds, while polarization

transfer among graphitic carbon is slower and is explained by a two-component model. One

component, with TCFless than 1 ms, is assigned to sp 2hybridized carbons adjacent to fluorinated

carbons, viz., interracial graphitic carbon (C~. The other component, with TCFon the order of

milliseconds, is assigned to more remote carbon species, viz., bulk graphitic carbon (C~). The

concentrations of CF and Cl?zfound in the @-13C CP MAS experiments were confirmed by direct

measurement of the lT NMR spectrum (see Table 5).

At the lowest fluorination temperature, –80 “C, the fluorinated charcoal is diamagnetic, as

is carbon monofluoride (CF), the white end product from complete fluorinationat350°C. The low

free-electron density in these materials stands in stark contrast to that of the charcoal and fluorinated

charcoal prepared at intermediate temperatures.

The CFZ:CF ratio for filly fluorinated materials is a measure of edge (CF2) to interior

fluorinated carbon (CF) and can be used, with an assumed two-dimensional particle geomet~, to

estimate platelet size. Using filly fluorinated coronene (CzqH12),with two fluorines per peripheral

carbon and one fluorine per internal carbon (center circle of Fig. 34) as the model for platelet

geometry, larger platelets can be created by “growing” the two-dimensional platelet isotropically by

adding rings to the carbon skeleton (Fig. 35). The dashed circle surrounding the central coronene

structure identifies an element that we label a crown ring. Proportionately larger platelets can be

created by adding successive crown rings to the perimeter.

Using n to denote the number of crown rings in a substance, Table 6 shows the particle

diameter and CF2:CF ratio for filly fluorinated platelets and values of n s 7 (for coronene n = I).

.

.

.

With the addition of crown rings, the diameter increases and the ratio of edge to interior carbon

decreases. The CFZ:CFratio obtained fkom 13CNMR analysis of the sample prepared at 250 “C is

0.19 + 0.09 and 0.21 + 0.02 from the 1~ NMR spectrum.
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Table 5. Concentrations (mole percent) and ratios of carbon components in fluorinated
charcoal as determined by ESCA

Carbon Binding Fluorination temperature (“C)
component ener@

(eV) -80 0 23 65 120 i 80 250 350

c,
Ci

C= Ci+C~

CF

CFZ

CF,

Ci/CF

CFJCF

F/C

284.4 44

284.8 34

78

287.6 20

289.9 2

291.9 0

1.6

0.1

40 37 13 10 10

38 35 50 43 39

78 72 63 53 49

20 25 33 44 46

2 3 4 2 4

0 0 0 1 1

1.7 1.3 1.3 0.9 0.8

0.1 0.1 0.1 0.05 0.1

0
34

34

60

5

1

0.5

0.1

0
14

14

67

19

0

0.2

0.3

0.24 (3.24 0.31 0.41 0.51 0.57 0.73 1.05

a Binding energies derived from the -80 ‘C fluorination charcoal, except for CF~which
is referenced to the charcoal fluorinated at 120“C.

Fig. 34. Modeling of the charcoal platelet based on coronene.
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Fig. 35. Modeling of the CF cluster (3 CFS surrounded by 5 Cis).

Table 6. Modeling of the fully fluorinated charcoal plateleti

. .

.

Number of rings(n) Diameter (rim) CFZ:CFratio

1 0.74 1.00

2 1.2 0.50

3 1.7 9.33

4 2.2 0.25

5 2.7 0.20

6 3.2 0.17

7 3.7 0.14

=The edge-to-interior CFZ:CFratio decreases as the platelet grows. The MSRE charcoal
platelet is estimated at 2-4 mn
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A platelet with n = 5 has a CFZ:CFratio of 0.20, which matches the average experimental

. value (an average over shape and size distributions). It contains216 carbon atoms and has a 2.7-rim

diarn. This particle diameter is consistent with the average platelet size of 1.9 + 0.8 run obtained fi-om
.

the broadening of the X-ray diffraction line of the MSRE G.lgon charcoal.

The Ci:CFratio illuminates the fluorination process. Formation of a single isolated CF species,

as might occur ifF” reacts with a carbo% converts three adjacent sites fi-omC~to CfiThe Ci:CF ratio

is a measure of CF cluster size. A ratio of 3 indicates clusters containing one isolated CF. Lower

ratios reflect larger clusters where new CF sites are adjacent to other CF, rather than Ci sites..

As illustrated in Fig. 35, where the ● indicates Cfia cluster containing three CF moieties will

have five associated Ci sites for a Ci:CF ratio of 1:6. This ratio (Table 5) is the measured value for

the sample prepared at - 80”C. Decreasing Ci:CF ratios are observed in the samples prepared at

higher temperatures, reflecting increases in the average CF cluster size.

In Table 5, Ci remains relatively constant (33 + 5’%o)for samples prepared over the

temperature range from -80 to 120”C,while C~decreases by a factor of 3. The constant Cifraction

. is a statistical result that is obtained, independent of cluster size, if the clusters are considered to have

nearly maximal packing density on the platelet and for F:C <0.5.

The result of modeling fluorinated islands from 3 to 14 CF sites per cluster on a platelet

having 216 total carbons predicts C:i= 27 + 5Y0,which is in fair agreement with the NMR ratio. In

the modeling, CF islands are prevented from merging by intact aromatic ring spacers. A construct

assuming uniform cluster size is artificial but shows, for an assumed fluorination that is initiated at

surface sites and occurs at maximum density over the entire surface of the particle, that a constant

Ci is the anticipated result, at least until the platelet is half-fluorinated.

Based on the consistent trends in the C:F ratios obtained by gravimetric, ESC~ and NMR

analysis, the following pictorial image can be envisioned for the fluorinated charcoal samples.

Cluster fluorination occurs readily throughout the charcoal platelets. Theundukmt fluorinated islands

(.spzflat grapbitic rings replaced by tetrahedral sp’ sites where fluorine atoms are located below and

above the carbon plane) are separated by flat corridors of graphitic carbon. During this stage, the

fluorinated charcoal still resembles charcoal. The repulsion between clusters is probably the limiting

factor that stabilizes a given stoichiometry for a given temperature.
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In this model, the relatively constant C:F ratio fi-omambient temperature to 150°C can be

explained by a relatively high activation energy necessary to break the aromatic ring spacers. During

this stage, there is probably a regrouping of the cluster into more-ordered three-dimensional

structures. At higher temperatures, the graphitic valleys are gradually removed, and the fluorinated

charcoal starts to change color from black to white (with gray and brown intermediates) until it

completely transforms into the diamagnetic, alicyclic, white carbon monofluoride.

In sho~ the F:C ratio derived from NMR data is comparable with ratios obtained by ESCA

and gravimetric methods. The distribution of carbon species observed over the preparation range

supports radical fluorination throughout the carbon platelets. Fluorine (FZ)has a van der Waals radius

of 0.28 nm and is small enough to diffhse between platelets. It is not limited to surface reaction in

micropore void spaces.

The platelets spread out as CF regions are formed, increasing access to interior carbon. In X-

ray diffraction studies of carbon monofluoride, platelet separation is 0.57 nm. This implies that Fzis

widely accessible throughout the stacked platelets, generating the family of fluorinated charcoal

materials in which all 13Care in the CP range (<0.5 nm) of l?Fnuclei. The unpaired eiectron density

of the initial charcoal is altered by fluorination. With increasing fluorinatio~ conductivity disappears

and is replaced by locflized flee-spin density.

4. DISCUSSION OF THE DEFLAGRATION CHARACTERISTICS FOR

FLUORINATED CHARCOAL

The reaction between fluorine and carbon was extensively used in the early days at the Oak

Ridge Gaseous Difhion Plant for fluorine disposal, but after several violent reactions during the

period 1943 to 1950, the process was discontinued.20’21However, other facilities that also used

charcoal for the disposal of fluorine did not report similar problems.2z24

Analyzing all the itiormation gained from the present experiments, along with the previously

reported experiences, a clearer understanding of the sometimes near-explosive character of the

typically stable fluorinated charcoal has been developed to explain the apparent dualky of behavior.

.

64



.

.

.

.

.

Fluorine will chemically react in a highlyexothermic reaction to form nonstoichiometric C#

compounds, where 1 < x <4. The value of x varies according to the temperature maintained during

the fluorinatio~ as shown in Figs. 2 and 19.

As mentioned in Sect. 2.3, if one seeks a material of a particular composition, great care is

needed to control the rate of fluorination and to dissipate the generated heat. Increasing the

temperature during the fluorination increases the amount of fluorinechemically bonded to the carbon

up to the limit C = F set by the formation at high temperature of the more stable, white, solid “carbon

monofluoride.” Uncontrolled fluo rination produces high temperatures and pressures with the

evolution of gaseous fluorocarbon species.

All our tests show that C# synthesized at low temperatures (Figs. 22–24) gradwilly

decomposes at temperatures in excess of 100”C.As shown in Figs. 25 to 28, C# prepared at higher

temperatures also starts to decompose at temperatures in excess of their preparation temperatures;

however, the majority of decomposition occurs in a very narrow range of temperatures at around

500 ‘C. Finally, the white carbon monofluoride (CF) that is formed by fluorination at temperatures

above 250 ‘C (Fig. 29) is a much more stable material that decomposes at around 700”C.

Fluorine sorption on fluorinated charcoal was mentioned as a possible explanation for

unexpected violent decomposition reactions .20’21While we have no direct evidence for fluorine

adsorption, indirect evidence suggests its presence at a relatively low level, 1 to 3 wt O/O.This level

still may be sufficient to assist in initiating a deflagration reaction when heat is applied to the sample.

However, this sorbed F2 is easily removed by vacuum or by flowing an inert gas through the

fluorinated charcoal.

Deflagration of near-explosive characteristics can be triggered in the presence of fluorine by

any process or reaction that would rapidly elevate the temperature of the C#. The increased

temperature would initiate a positi~e feedback sequence by the following processes: (1) exotherrnic

formation of a more fluorinated C,~ by the fluorine sorbed onto the C~ (1 to 3 wt Yo)and the

fluorine present in the pores and void volume of the trapping column and (2) exothermic thermal

decomposition of C< into gaseous fluorocarbons (CF~,etc.) (Fig. 30).

Once the thermal excursion is initiated, the generation of heat and gases will propagate unless

there is a mechanism in place to diss~patethe heat. The presence of flee fluorine is a main contributing

factor for sudden decomposition events, while the total availability of fluorine, free and bonded, is

the main limiting factor for the inteusity of the deflagration.
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Initially when the charcoal bed is far from saturation, the amount of readily available fluorine

is low because fluorine reacts very fast with the available charcoal to form C#. The amount of

chemicallybonded fluorine will also be relatively low because most of the charcoal has not yet been

fluorinated. However, when the charcoal is (locally) near saturation, fluorine can exist as a gas in

pores and void spaces (about 50% of the column or reactor volume) and as an adsorbate on surfaces.

In the presence of any triggering reactio~ a saturated trap presents the higher potential for

an accident. Our laboratory experience showed that tier removal of free fluorine (resident and sorbed

F2gas) by vacuum or purging with an inert gas, the potential for a deflagration is greatly reduced. In

all our tests, after removal of free fluorine, the deflagration is confined to a few particles near the

initiation source (e.g., heating using a torch). However, in the presence of i?ee fluorine, the thermal

decomposition of C} will propagate and reach a significant volume of a reactor or trap, thus causing

a near-explosive event.

Examples of heat-generating events that can trigger deflagration are (1) injection of a large

amount of fluorine, (2) reaction between fluorine and water by opening a saturated trap in the

presence of humid air, (3) accidental release of oil mists from a vacuum system into a trap having free

fluorine, and (4) any other heat source that could not be dissipated fast enough. Most accounts of

past accidents are anecdotal; however, they all seem to be explainable by the triggering events

(1) through (3), and they all happened when the charcoal traps were near saturation with fluorine.

One phenomenon fi-equentlynoticed after sudden decomposition events is the presence of

charcoal particles having a white coating. As mentioned in Sect. 3.1, charcoal fluorinated at

temperatures above 200”C changes color from black to gray, then to brow and finally to white

(carbon monofluoride, -CIF) at about 350°C. The reason for this color change is the gradual

structural transformation from the delocalized graphitic electronic structure toward the “Teflon-like”

aliphatic structure. The presence of charcoal particles having a white coating can be easily explained

by the formation of carbon monofluoride at the sutiace of some particles. Carbon monofluoride is

a much more stable material than C# and decomposes around 700°C (see Fig. 29).
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5. CONCLUSIONS

The primary product Ilom the reaction of fluorine with activated charcoal is fluorinated

charcoal. The carbon: fluorine ratio, is a fimction of the fluorination temperature and ranges il-om=4

at –80”C to =1 at 250”C. Charcoal fluorinated at room temperature has a composition of about CZ.CF.

The stoichiometry that is established by the temperature of fluorination is reproducible and

determines the thermochemical behavior and subsequent decomposition kinetics (upon fi,uther

heating). Spectroscopic measurements (ESCA and NMR) indicate that the nonintegral stoichiometry

is a reflection of the distribution of discrete carbon-bonding possibilities (C-C, C-F, C-Fz, and C-F3)

and that the Iamellar structure of graphitic carbon plays a critical role in determining the extent of

charcoal fluorination at any temperature.

The energy released during complete decomposition of fluorinated charcoal (as measured by

DTA) ranges from 121 kJ/mol F for fluorination at –80°C to 26 kJ/mol F at 250”C. This decrease

with the extent of fluorination agrees with established bond energies for the fluorination of carbon. 12

The energy of decomposition on a ci~bon basis is relatively constant at -30 kJ/mol C and reflects the

counterbalancing effects of fluorine content (increases with fluorination temperature) and fluorine

decomposition energy (decreases with fluorination temperature). The values for material fluorinated

at room-temperature are 81 k J/mol F and 31 kJ/mol C. The thermal decomposition kinetics is also

primarily a fimction of the temperature of fluorination. For matecial fluorinated below 23“C, energy

is released gradually over a broad temperature range, with a small distinct peak in the neighborhood

of 475”C.

At higher fluorination temperatures (65 to 250”C), a large fraction of the energy release can

be associated with a large, sharp eneqgypeak around 500”C. The bulk of the decomposition of white

carbon monofluoride occurs at temperatures in excess of 600”C. In all cases, some heating beyond

the temperature of fluorination is required to initiate any decomposition, and for the material

fluorinated at 65°C and below, the initial decomposition begins near 100”C. The visual obsewation

of deflagration agrees with the limits established by these thermochemical measurements

– deflagration can be precluded by limiting the temperature of fluorinated charcoal to less than 100”C.
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A number of items that were considered to have an impact on a deflagration event were found

to be insignificantor of secondary importance. Irradiation of fluorinated charcoal has no obsemable

effect upon the properties of the material. Initiation of a deflagration event by mechanical shock or

spark was tried and never found to be effective; only rapid heating produced such an event. Finally, .

we found that the fluorine sorption on fluorinated charcoal is less than 2 wt 0/0and may help initiate

deflagration events under some circumstances. This sorbed fluorine is rapidly removed by evacuation

or an inert gas flow.

Another contributing factor in the initiation of deflagration is the presence of gaseous fluorine

in the voids of the charcoal bed. However, the presence of unreacted fluorine in the ACB is not

credible because the charcoal bed had been periodically purged during the cooling period after tank

annealing and recently. Additionally, the large excess of unreacted charcoal present in the ACB

would have scavenged both gaseous and sorbed fluorine. Thus, the only potential mechanism that

could initiate a deflagration would be the sudden external heating of a portion of the ACB during

drilling or tapping operations.

The uranium that is deposited in the activated charcoal from a UFc/Fz gas stream is in the

form of nonvolatile uranium fluorides and uranium oxyfluorides that are intercalated in the . .

micrographitic structure of charcoal. This material is less likely to deflagrate than fluorinated charcoal

and decomposes with much less energy release. The fluorine fkontmoves ahead of the uranium front .

producing fluorinated charcoal. The uranium-laden charcoal and the fluorinated charcoal are visually

indistinguishable from virgin activated charcoal. Consequently, the laden charcoal particles can be

easily removed from a column by gravity or vacuuming as planned for the actual ACB removal.

However, in the presence of humidity, the charcoal particles become cemented by interstitial uranyl

fluorides.2GThese cemented chunks of laden charcoal are quite hard and require a significant

mechanical force for the particles to be separated. The potential presence of carbonaceous residues,

derived from the reaction of pump oil vapors that might have been deposited in the charcoal and F2,

is another plausible source for lumping of the charcoal.

The significance of this laboratory observation for the ACB remediation is that hardened

chunks of material could be present due to moisture intrusion. The removai of those chunks would

require a special tool that could break the chunks into vacuumable particles. The visual appearance

of charcoal with interstitial uranium oxyfluorides has the distinctive yellow-orange color characteristic

of the uranyl fluoride. A visual inspection

presence of interparticle uranyl fluoride.

of the top of the ACB could give an indication of the

68



REFERENCES

.

.
1. D. F. Williams, G. D. Del Cul, and L. M. Toth, A Descriptive A40del OJthe A.AoltenSalt

Reactor Experiment ajler Shutdown:Review of FY1995 Progress, OKNIJTM-13 142, Oak

Ridge National Laboratory, Oak Ridge, Term., 1996.

2, W. Wendolkowski and W. Davis, Effects ofDiluent Gaxes onAIphaParticie Decomposition

of UF6, K-1142, Carbide a~d Carbon Chemicals Company, K-25 Plant, Oak Ridge, Term.,

1954.

3. C. H. Shiflett et al., The Chemical Eflect of Alpha Particles on UF6at Room Temperature,

K-73 8, Carbide and Carbon Chemicals Company, K-25 Plant, Oak Ridge, Term., 1951.

4. F. D. Rosen et al., The TemperatureDependence of theDecomposition of UF6underA@ha

Particle Irradiation, K-79!j Carbide and Carbon Chemicals Company, K-25 Plant, Oak

Ridge, Term., 1951.

.5. E. W. Becker, W. Bier, P. Hagrnann, and F. Mikosc& Bedindung der radiolytischen

Sehrtzersetzung von Uranhexa@uorid bei der Anreicherung von Uran-235 nach dem

Trenndtisenverfahren,(Understanding of the Radiolytic Auto-Decomposition of Uranium

Hexafluoride During the Emichment of Uranium-23 5 by the Separation Jet Process), KFK

3332, Ketiorschungzentrum Karlsruhe, Karslruhe, Germany, 1982.

6. M. SrniSekand S. ~erny, Active Carbon, Elsevier Publishing Co., N. Y., 1970.

7. H. Jankowska, A. &vi@owski, and J. Choma, Active Carbon, Ellis Hordwood Limited,

N. Y., 1991.

69



8.

9,

10.

11.

12.

13.

14.

15.

16.

T. Nakajirna and N. Watanabe, Graphite Fluorides and Carbon-Fluorine CompouncLr,

Chapter 3, CRC Press, Boca Raton, Fla., 1990. .

.
J. L. Wood, R. B. Badachhape, R. J. Lagow, and J. L. Margrave, “The Heat of Formation of

Poly(Carbon monofluoride),” J Phys. Chein. 73,3139-42, 1969.

J. L. Wood, R. J. Lagow, and J. L. Margrave, “The Heat of Combustion of Teflon in

Fluorine, A Check on the Heat of Formation of Carbon Tetrafluoride,” J Chenz. & Eng.

Data 12, 255–56, 1967.

J. H. Halloway, Fluorine-Carbon andFluoride-CarbonAAateriak, Nakajima, T., cd., Marcel

Dekker, Inc. N. Y., 1995.

P. Kamarchick and J. L. Margrave, “A Study of Thermal Decomposition of the Solid- .

Layered Fluorocarbo~ Poly(Carbon Monofluoride),” J. ThermalAnal. 11, 259–70, 1977.
+

N. Watanabe and S. Yoshizawa, “Reaction of Fluorine and Carbon,” presented at the

Symposium on Carbon, Tokyo, July 20–23, 1964.

N. Watanabe, Y. Kita, and O. Mochizuki, “Fluorination of Carbon Black,” Carbon 17,

359–6, (1979).

N. Watanabe, T. Nakajim~ and H. Touhara, Graphite Fluorides. Studies in Inorganic

Chemi.n?y8, Elsevier, Amsterdam, 1988.

N. Watanabe, S. Koyama, and H. I.moto, “Thermal Decomposition of Graphite Fluoride. 1. -

Decomposition Products of Graphite Fluoride, (CF). in a Vacuum,” Bull. Chem. Sot. Jpn.

53,273 1–34, 1980.

70



.

.

.

.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

K. Kuriakose and J. L. M~grave, “Mass Spectrometric Studies of the Thermal

Decomposition of Poly(carbon monofluoride),” Inorg. Chem. 8, 1639411965.

R. L. Farm, Jr., and E. J. Barber, Some Considerations in theHandlingof IWorine and the

Chlorine Fluorides, WET-252, Oak Ridge Gaseous Diffision Plant, pp. 33-36, July 1979.

R. L. Farrar, Jr., and J. R. Merriman, Safe Handling of Fz and CIF~,”Pp. 24-25 in Pro~am

for Safety Steering Commi2tee,Oak Ridge Gaseous Difision Plant, 1980.

J. L. Madix and W. D. Goode, Reactivity of Carbon and Graphite with Fluorine and

UraniumHexaj?uoride-A Review, K- I’790, 1970.

J. D. Navratil, Disposal of Fluorine, RFP-1200, 1968.

H. W. Schmidt, Reaction of Fkorine withCarbon as akleans ofFluorine Disposal, NASA-

RM-E57E02, Cleveland, Ohio, 1957; NSA 12,4726, 1958.

H. W. Schmidt, Design and Operating Criteriafor Fluorine Disposal by Reaction with

Charcoal, NASA-M- l-27-59E, Cleveland, Ohio, 1959; NSA 13, 14321, 1959.

H. W. Schmidt, Fluorine D);sposal Using Charcoal, GAT-T-8 19,Portsmouth, Ohio, 1960;

NSA 12,4726>1958.

Ozark-Mahoning Company, Tulsa, Okla., “Synthesis of Fluorographite,” U. S. Patent 72-

295675.

G. D. Del Cul, L. D. Trcwbtidge, D. W. Simmons, D. F. Williams, and L. M. Tot~

Passivation of Fh.iorinatedActivated Charcoal, ORNL/TM-13506, Oak Ridge National

Laboratory, Oak Ridge, Term., October 1997.

71



27.

28,

29.

30.

31.

32.

33.

34.

35.

36.

37.

P. A. Jansson, Dticonvolution withApplications in Spectroscopy, Academic Press, Orlando,

Fla., 1984.
.

.
W. E. Blass and G. W. Halsey, Deconvolution ofAbsorption Spectra, Academic Press, N.Y.,

1981.

D.

A.

N.

A. Shirley, Phys. Rev. B 5,4709 (1972).

Savintsky and M. J.E. Golay, And. Chenz. 36, 1627(1964).

Watanabe, S. Koyarna, Y. Kit% and M. Iwasaki, “Degradation of Graphite Fluoride by y-

Ray Irradiation,” Nippon Kagaku Kaishi, 12, 1618-22 (1978),

R. K. Harris and P. Jackson, Chem. Rev. 91, 1427 (1991).

E. W. Hagaman and S. K. Lee, Energy and Fuels 9,727 (1995).

.

E. W. Hagaman and J. H. Bums, Fuel 72, 1239 (1993).

D. K. Murray, E. W. Hagaman, and G. D. Del Cul, “An 1~ and 13CNMR Study of C#

Prepared by Variable Temperature Fluorination of Charcoal with Elemental Fluorine”,

presented at the 2 12&Annual National Meeting, American Chemical Society, March 24-29,

San Francisco, 1997.

E. W. Hagam~ D. K. Murray; and G. D. Del Cul, “Solid State 13C and lW NMR

Characterization of Fluorinated Charcoal,” Energy and Fuels 12,399 (1998).

P. Karnarchik and J. L. Margrave, “Poly(Carbon

Fluorocarbon,” Acct. Chern.Res. 11,296 (1978).

72

Monofluoride): A Solid, Layered
.



APPENDIX:

ESCA ANALYSIS OF THE LOADING OF UFGAND Fz

OR( ACT~ATED C~RCOAL

As mentioned in Sect. 3.6, the loading of pure UFGon activated charcwd results in the

intercalation of uranium fluorides and oxyfluorides in the micrographitic structure. Loosely sorbed

UFb could also be present but not ~isa major component; however, all samples were purged with

helium and evacuated before handhng to avoid the spread of contamination.

The experiments also indicated that reaction between charcoal and the FZ-UFGMolten Salt

Reactor Experiment (MSRE) blend produces C#? that contains intercalated uranium fluorides a.qd

oxyfluorides. 1’2The electron spectroscopy for chemical analysis (INCA) of the samples contacted

with the F2-UFGMSRE blend shows that the concentration of fluorine atoms directly bonded to

carbon is lower than for the samples contacted with pure fluorine. This observation correlates with

the milder decomposition of the F#Fb-laden samples when rapidly heated (mild deflagration).

The dynamic loading of the FZ-UFG MSRE blend through columns filled with activated
.

charcoal showed that the fluorine fknt moves ahead of the uranium front. Based upon our laboratory

experience, the measured MSRE auxilkuy charcoal bed (ACB) uranium fi-ont(C3 plus intercalated.

uranium compounds) extends about 1 fl from the top of the ACB, and is followed by a C# front

spanning a few feet fi.uther downstream. The rest of the ACB, about 80 fl, most probably consists

of unreacted charcoal.

From the different tests, samples were taken for ESCA. As mentioned in Sect. 2.6, the

ESCA data can be used to differentiate atoms of the same element in different compounds (dfierent

bonding environments). Consequently, the ESCA data can provide itiormation on the nature of the

chemical species formed by reaction of charcoal, F2, and UFG.>5

The dif$ierentregions related to fluorine, oxygen, carbon, and uranium atoms must be analyzed

as a whole (e.g., F 1s, C 1s, F Augel; O 1.s,U 4YT,Z,U valence). The species assignments have to be

consistent for all the ESCA regicms. In other words, the species assignments and relative

concentration obtained from the analysis of the fluorine region must be consistent with the species
.

assi~ent based on the analysis of the uranium region.

* experimental conditions used to genwate the samples and a

The following sections summarize the

preliminary analysis of the ESCA data.
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A.1 ESCA OF CHARCOAL SAMPLES CONTACTED WITH UFc AND UFdFz

Initially, a glass column with Teflon fittings (14.5 cm long, 1 cm ID) containing 4.41 g of

activated charcoal was exposed to a slowly flowing He-UFb mixture (95.7 vol ‘AHe, 4.3 VOI‘AUFb)

until breakthrough. A sample taken from the top of the column (gas input) was crushed inside a dry-

helium glove box into a fine powder and mounted for ESCA (Sect. 2.6).

After the first experiment, the same column was refilled with 4.44 g of activated charcoal and

slowly exposed to a flowing 5:1 mixture of F#Jl?G until breakthrough. Specifically, the gas mixture

was 31.7 torr UFG,158.1 torr F2, and the balance helium, all at a total pressure of 2300 torr. As in

the first case, a sample taken from the top (the gas inlet end) of the column was crushed inside a dry-

helium glove box into a fine powder and mounted for ESCA.

The uranium and fluorine-laden activated charcoal is a complex system. The ESCA of the

samples included the binding-energy analysis for the core electronic levels of the atomic species

present C 1s, F 1s, O 1s, U 4fi and the valence electron regions (U 7s, U 6d, U 5XU 6PIIZ,U 6p~1z,

O 2s, F 2s). The consistent interpretation of the results and band assignments requires the

simultaneous examination of all the regions.

A.1.l ESCA Spectra, U 4~Region

As a general rule, the binding energies for a given element increase proportionally with its

formal oxidation state.3-5The electronegativity of the ligands or counterions and crystal stru&re are

also important factors in determining binding energies. Since fluorine is more electronegative than

oxygen, the binding ener~ increases horn the pure oxide to the pure fluoride UFG> U02FZ> U03.

The U 4~binding energy for UOZFZis slightly lower than the binding energy for UF~ and slightly

higher than the binding energy for UFA.

The characteristics of the binding-energy region for U 4j photoelectrons were quite similar

for both treated samples. As an example, Fig. A.1 shows a curve-fitted spectrum for the charcoal

sample contacted with Fz-UF~. This U 4f7nenvelope can be fitted with three components, designated

as U& U~, and UC.

.

*

.

.
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Fig. A.l. ESCAdecorlvoluted spectra, U4~7nregion, forcharcoal contacted
with FZ-UF6.
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The curve-fitted spectrum for pure UFt, as shown in Fig. A.2, consists of a major component,

U~, along with the minor component, UA. Therefore, the major band, U~, having a U 4YT,Zbinding

energy of -383.0 eV, can be identified as that associated with pure ~~. The peak UA(U 4~,,*

-381.5 ev) which appears as a minor impurity in the UT, sample is probably caused by UOFZand

UOF,. The position of the UC component (-384.5 ev), which is -1.5 eV from that of UFA,is

consistent with higher fluorides, UF~l (UF~,U2F9,chemisorbed UFG),4and UOZFZ.3

According to the ESCA results for both samples, UF4is the major uranium species present

in the uranium-laden activated charcoal, even in the presence of Fz. It should be noted, however, that

the conditions the sample is subjected to in the course of ESCA will tend to convert fluorides higher

than UFl (e.g., UF~)to UF4,either by disproportionation and volatilization of UFc or reduction by the

X-ray and photoelectron flux. 4

A.1.2 ESCA Spectra, F 1s Region

As shown in Fig. A.3, the curve-fitted ESCA F 1Sregion of the charcoal sample contacted

with the F2-UFGmixture consists of three components (labeled FA,F~, and Fe). The major peak, FA

(-684.5 ev), is consistent with tluorine bonded to uranium inUFX(x = 4 to 6).3}4The F,peak (-686.5

ev) corresponds to fluorine bonded to carbon (C-F) (Sect. 3.2.2) and UOZF2.The minor peak, Fc

(-688 ev), corresponds to fluorine species with a higher than expected binding energy. Tressaud’

assigned a peak at the same binding energy to a covalent C-F bond for fluorinated carbon fibers. This

was the predominant peak for fibers having high carbon: fluorine ratios. This second C-F (FC)peak

could then be attributed to the presence of isolated C-F bonds, while the F~ corresponds to ~lustered

C-F bonds.

Figure A.4 shows the same region for the sample reacted with pure UFG.It can be seen that

the F~peak (C-F) is absent, thus indicatingthat UF’ does not fluorinate the charcoal in any significant

amount. This observation is consistent with the thermal stability of the uranium-laden charcoal. As

mentioned in Sect. 3.6, activated charcoal contacted with ~’ will not deflagrate when rapidly heated.

This is in sharp contrast with the brisk thermal decomposition of C~ under the same conditions.
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Since the U 4~region seems to indicate UF4 as the major species, it can be conjectured that

the missing fluorine from UF6is consumed mainlyby reactions with fictional groups at the surface

of the charcoal. 7 Figure A.5 displays the curve-fitted F 1Sregion for both samples and pure UF4.As

mentioned, the major peak, FA,corresponds to UFX(x = 4 to 6). The shape and position of the FA

peaks for pure UFl and the charcoal reacted with pure UF6 are quite similar. The FApeak for the

samplecontacted with F#JF6 is slightly displaced toward lower binding energies. This displacement

is consistent with the presence of higher uranium fluorides, in addition to UF4.

A.1.3 ESCA Spectra, O 1s Region

The O 1Sregion presents two peaks, OAand 0~, and as shown in Fig. A.6, is almost identical

for both samples (UFCand FZ-UFG).The OApeak is the only one present in the untreated activated

charcoal and in all the fluorinated charcoal samples, because the oxygenated fictional groups are

located at the surface of the charcoal crystallite. The OB peak is consistent with uranium

oxyfluorides.3

A.1.4 ESCA Spectra, C 1s Region

The C 1s region for the sample exposed to UF6 (see Fig. A.7, top) displays the same

peaks as the charcoal and fluorinated charcoal samples (see Sect. A. 1.2). The peak at the lower

enerb~ belongs to undisturbed graphitic carbon (C-C graphite, -284.5 ev), followed by carbon

bonded to carbon influenced by neighboring fluorine (C-C, -285.6 ev), and carbon bonded to one

fluorine (C-F, -287.9 ev).

The -290-eV peaks can be attributed to isolated C-F bonds (see Sect. A. 1.2) and carbon

bonded to two fluorine atoms (C-F2 ,-290 ev). The sample exposed to the mixture of F2-UF6

(Fig. A.7, bottom) shows, as expected, a higher concentration of C-F. There is also a small unknown

peak centered at 293.5 eV that is not due to C-F3 (-291.5 eV).

.

.
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A.2 ESCA OF SAMPLES FROM COLUMN LOADING OF UFrFz ON CE4RCOAL

Two glass columns with Teflon fittings (14.5 cm lon~ 1 cm ID), each filled with 4.06 g of

activated charcoal, were connected in series. The MSRE 5:1 mixture of FZ-UFGwas slowly flowed

until the uranium front (visual observation) reached the top of the second column.

Samples were taken from the top (gas inlet) and bottom of the first column and ilom the

bottom of the second column (gas exit). The samples were labeled “Top,” “Mid,” and “Bottom,”

respectively. A small portion from each sample was crushed insidea dry-helium glove box into a fine

powder and mounted for ESCA.

A portion of the “Top” sample was firther contacted with pure fluorine, while a second

Ii-action of the “Top” sample was heated under vacuum to 650”C. Both tests were petiormed to

determine the possibility of uranium removal from the charcoal by fbrther fluorination or heating

under vacuum. No significant removal of uranium was observed in either test. After treatment, a

small portion from each sample was cn.ished inside a dry-helium glove box into a fine powder and

mounted for ESCA.
.

A.2.1 ESCA Spectra, U 4~Region

The U 4jT,zbinding-energy region, as was shown previously in Fig. A. 1 for the “Top” sample,

can be reconstructed using three bands designated UA,U~, and Uc (see Sect. A.1.1). The “Mid”

sample (see Fig. A.S), taken near the end of the uranium fi-ont, shows only the U~ (UFd) and UC

components [UF~l (UF~,U2Fg,chemisorbed UFG)]and UOZF2while the UA(UOFZ)is missing.

Figure A.9 overlays the U 4jT,zbinding-energy region of the standard UFd,the “Top” sample

exposed to FZ-UFC,the “Top” sample firther exposed to pure F2, and the “Top” sample after 4

heating to 650°C. The respective curve-fitted U 4& spectra are shown in Figs A. 1,A.2, A. 10 and

All. .
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The spectra of the fi.u-ther-fluorinatedsample, while similar to the original “Top” specirne~

shows that the concentration of species UAgrew while the concentration of species Uc (UFfi4,

UOZFZ)decreased, probably becauss a conversion of oxyfluoride species by fluorine (UOZFZ+ Fz +

UOF, + 0.5 Oz).8-11The heated “Top” sample shows a significant growth of the Uc (UJ?~l, U02F2)

peak. This can be explained by fbrther reaction of W?, with oxygenated fi.mctionalgroups from the

charcoal to form UOZFZ.

A.2.2 ESCA Spectra, Valence Electron Region

Figure A.12 shows the valence electron spectra for pure UF4and UOZFZ.The spectrum for

UFqdisplays a relatively sharp peak at about 3 eV (U 5f) and a wider peak at about -8 eV (U 7s, 6d,

5jand F 2P).

The wider peak (U 7s, 6d, aud 5~arid F 2P) appears also in UOZFZbut it is centered at about

6 eV, while the sharper peak is misskg. The UOZF2valence spectra shown at the bottom of Fig.

A.12 actually show a minor contribution of the 3-eV peak due to impurities.

Fig. A. 13 presents the the valence electron spectra for the “Top” sample. The -8-eV peak

characteristic of UFgis present; however, the 3-eV peak is not. The second peak at -5.5eV could be

due to UF~ (ref.3) and U02FZ. The spectra for the “Mid” sample, not shown, were too weak and

noisy to lead to any conclusion.

A.2.3 ESCA Spectra, F 1s Regiornl

Figure A. 14 displays the F 1s spectra for ESCA for the “Top,” “Mid,” and “Bottom”

samples. The bottom sample had only the F~ peak because the fluorine bonded to carbon (F-C). As

mentioned earlier, the loading of the column was stopped when the uranium front reached the middle

of the combined column. This demcmstrates that the fluorine front moves well ahead of the uranium

front.

Figure A. 15 overlays the EISCAF 1s envelopes for UFl, the original “Top” sample, the

portion firther contacted with Fz, and the “Top” ahquot heated to 650°C.
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F@res A.16to A.18 present the curve-fitted FA(UF~, F, (F-C and UO,F~, and FC(U-F-C)

components for the three “Top” samples (original, fluorinated, and heated). As expected, Fig. A. 16
,

is quite similar to Fig. A.3 (Sect. A. 1.2). .

The “Mid” sample that corresponds to the front of the uranium in the charcoal column

displays & (U-F-C) and B~ (F-C and UOZFZ)as the main components along with the minor peak

A@l?). A plausible explanation for the significant ~ (U-F-C) component can be drawn from the

fact that the fluorine front moves faster. When the UFGgas reaches the charcoal particles, many sites

have already become fluorinated and some of the uranium species have been chemisorbed on the

fluorinated surface or intercalated between layers of fluorinated charcoal with some fluorine atoms

bridging between the C and U atoms (~ peak).

As expected, the B~ peak (F-C and U02F2) is significantly larger for the portion fbrther

contacted with Fz to carbon fluorination., The heated sample shows also a large increase of the B~

peak, which can be explained by formation of UOZFZin agreement with the 4~ESCA since C-F is ‘

absent at this temperature (see next C 1Sregion). At the same time, there is a large increase of the .

~ peak (U-F-C) with respect to the A~ pm.k (F-U). This finding is also in agreement with the

postulated idea of the formation of tricentered binding by bridging fluoride.

A.2.4 ESCA Spectra, F 1s Auger Eiectron Region

Figure A. 19 shows the fluorine Auger region for pure UFa and the three “Top” samples

(original, fluorinated, and heated). The “top’’sample is consistent with UF, as the major constituent.

The fiu-therfluorinated sample resembles the “Teflon-like” CFXsamples (See Fig. A.9). In the heated

sample, the fluorine Auger peak is displaced toward higher binding energies consistent with the

suggested growth of UOaF2.
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A.2.5 ESCA Spectra, O 1s Region

Figure ik20 displaysthe O 1s for ESCA for the “Top,” “Mid,” and “Bottom” samples. The

& peak resulting from the oxygenated fi.mctional groups located at the surface of the charcoal

crystallitess is prevalent for the “Tc~p”sample. The B. peak, located at higher binding energies, is

huger in the “Mid” sample and is the predominant peak for the specimen taken fi-omthe bottom of

the column. This behavior could be assigned to a reaction of the charcoal and oxygen (e.g., C=O),

produced by fluorine displacement of oxygenated groups. The o~genated groups are then displaced

by fluorine and uranium compounds as the loading progresses.

A.2.6 ESCA Spectra, C 1s Regio n

The C 1Sregion for the “Top, “ “Mid,” and “Bottom” samples is shown in Fig. A.21. It

displays the same peaks as the fluorinated chticoal samples (see Sect. A. 1.2 and Fig. A. 19). The

“Mkl” sample has also two small unknown peaks centered at -293.5 eV and -297 eV. The C 1S

ESCA for the fi.uther-fluorinated“Top” sample, as shown in Fig. A.22, is quite similar to the spectra

for fluorinated charcoal prepared at room temperature (Fig. A. 11). As expected, the ESCA spectra

for the “Top” sample heated to 650 “C displays no C-F (see Fig. A.23 and Sect. 3.4).
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