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THERMAL STABILITY OF NITRATE FORM ANION RESINS 

IN A VENTED SYSTEM 

I. INTRODUCTION 

The use of anion exchange resins in the purification of 

plutonium was initiated as a production operation at Hanford 

in 1956. The process was used at Hanford and other sites for 

several years without incident. Beginning in 1962, however, 

a series of incidents occurred at various locations which raise 

serious doubt as to the inherent safety of the process. Fol

lowing a fire m the ion exchange purification section of the 

Redox Plant in November, 1963,^ ^ a program was undertaken at 

Hanford to reevaluate the safety of using anion resins in acti-

nide processing employing nitric acid. 

As part of this program, Van Slyke, Jansen, and Swift^ ^ 

have studied the heat effects and resin stability in closed 

nitric acid-resin systems on an engineering scale (i.e., 4 in. 

dia columns). This report will cover studies on the thermal 

stability of anion resins in a vented system. Most of the xvork 

reported herein was on a laboratory scale involving small vol

umes of resin (<-10 ml) 

II. SUMMARY AND CONCLUSIONS 

When a nitrate form anion exchange resin is heated above 

a certain critical temperature, in an open system, a thermal 

excursion will result The temperature at which the thermal 

excursion is initiated is called the self-ignition temperature. 

The experimental results obtained in this work show that 

the absolute value of the self-ignition temperature for anion 

resins will depend on a number of factors: 
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* Resin form - With unloaded anion resins^ only the nitrate 

form showed self-ignition tendencies. The chloride, sul

fate, and hydroxide forms simply charred on heating. 

® Heating rate - More rapid heating leads to a lower igni

tion temperature. 

® Resin brand - Thermal stability varies greatly from brand 

to brand. 

* Cross-linkage - Increased cross-linkage gives a lower ig

nition temperature. 

* Loading - When an anion resin is loaded with a nitrate-

containing complex [ie, Pu(N02)g ", Th(N02)g~], the igni

tion temperature decreases as the loading level is increased 

* Resin volume - Increasing the significant geometrical di

mension of the containment vessel lowers the ignition tem

perature . 

* Aging - Used resin shows a higher ignition temperature than 

fresh resin. 

® Pre-treatment - The treatment given the resin prior to mea

suring the ignition temperature will affect the results ob

tained. For example, if the resin is washed with nitric 

acid prior to testing, the ignition temperature will depend 

on the normality of the acid used. The higher the acid 

normality, the lower the ignition temperature. 

The lowest ignition temperature measured was 135 "C, which 

occurred with resin heavily loaded with plutonium. The volume 

of resin used in this test was limited to about 1 cc. Larger vol

umes of plutonium-loaded resins (which were not tested) would un

doubtedly give lower ignition temperatures. 

Even though the ignition temperature determinations were 

carried out under carefully-controlled conditions, the spread 

of data obtained for a given resin sample was much greater than 

expected. This probably indicates that at least one other 
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variable, not considered, affected the results obtained. 

III. THERMAL IGNITION OF ANION RESINS 

A. Resin Structure 

The anion resins studied in this work were of the 

strongly basic type. Dowex 1 and IRA 401 are 

polystyrene-divinyl benzene polymers, with the active 

group being a quaternary ammonium group. The resin 

structure is shown below for the chloride form of the 

resin. 

CH2 — CH 

I 
o 

I 
GH^ 
I ̂  

N+ -

— CH 

,£CH3)3 CI 

CHo — CH — CH, 

CH, 

o 
CH CH, 

The resin is normally obtained from the manufacturer 

as the chloride form and converted to the nitrate form 

by the user. Conversion is accomplished by washing the 

resin with dilute HNO^ until all traces of chloride ion 

are removed. 

R °C1 -I- NO, ^ R 'NOj + CI' 

The other resin tested in this work was Permutit SK, 

Its exact structure is unknown, but it is probably also 

a polystyrene-divinyl benzene polymer, with a pyridine-

type active group associated with the polymer. 
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B. Resin Ignition 

When the nitrate form of an anion resin, such as 

Dowex 1, is heated in an open system to an elevated tem

perature, self-ignition of the resin occurs and a ther

mal excursion results. This occurs even when the resin 

is heated in an inert atmosphere. When polystyrene or 

polystrene cross-linked with divinyl benzene is heated 

m a similar manner, thermal degradation of the polymer 
f 3l occurs without self-ignition. ^^•' This indicates that 

the thermal explosion obtained with nitrate-form anion 

resins is due to the presence of nitrate containing ac

tive groups on the resin. 

A typical heating curve for nitrated resin is shown 

in Figure 1 and was obtained by slowing heating the resin 

in an open vessel in an oil bath. As can be seen from 

the plot, the resin temperature follows that of the bath 

until the bath temperature approaches 80 ^C. At this 

point the evaporation of moisture from the resin becomes 

appreciable and resin temperature lags behind the bath 

temperature. When evaporation of the liquid phase is 

complete, the resin temperature increases rapidly and 

again approaches the bath temperature. Continued in

crease of the bath temperature results in an increased 

rate of resin degradation, and a point is reached at 

which the resm temperature will exceed the bath tempera

ture because of internal heating= When the heat genera

tion rate becomes greater than the rate at which heat can 

be transferred to the bath, the resin temperature in

creases exponentially. The reaction rate increases in a 

similar fashion, and a thermal excursion results- The 

temperature at which this thermal excursion occurs is 

taken as the ignition temperature for the resm (see 

Figure 1), 
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FIGURE 1. Typical Beating Curve 

C. Determination of Resin Ignition Temperatures 

1. Experimental Procedure 

The self-ignition temperatures of anion resins 

were measured by use of the equipment shown in Fig

ure 2. The resin to be tested, after being drained 

of excess liquid, was placed in a small glass vial 

which was then placed in an oil bath. The bath was 

heated with a hot plate until resin ignition oc

curred. The temperatures of the resin and oil bath 

were followed with either thermocouples or thermo

meters. The heating curves obtained were similar 
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Thermocouples 

Oil Bath 

Glass Vial 

Resin (% 1 cc) 

FIGURE 2. Equipment for Ignition Temperature Studies 

to the ones shown in Figure 1. 

The glass vials used to contain the resin, had 

a diameter of approximately 0.5 in. Between 1 and 

2 ml of resin were used in each test, which gave a 

bed depth of 1 to 1.5 cm. The small volumes of 

resin were used, because early work showed that 

with plutonium-loaded resins combustible gases were 

evolved upon resin ignition, which could cause a 

serious fire if present in sufficient quantity. 

The thermocouple used to follow resin tempera

ture gives a certain point temperature T̂j for the 
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resin bed. Since the temperature is not uniform 

throughout the bed, it is pos

sible for certain areas of the 

bed to be higher than T„. This 

is especially true if heating 

has been very rapid and the wall 

temperature T„ ('x- bath tempera

ture) is substantially greater 

than T R' Then the beads in di-

w"n 

R 
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rect contact with the wall are 

hotter than T„, and even as the 

ignition temperature of these beads is approached, 

heat is still transferred from the wall to the 

thermocouple location. At ignition of the beads 

adjacent to the wall, the measured resin tempera

ture is below the wall temperature and gives an 

abnormally low ignition temperature. It is essen

tial, therefore, to heat the resin relatively slowly 

in the region where ignition is expected, so that T^ 

is close to, or in excess of, the bath temperature 

when ignition occurs. 

For a given resin specimen, the measured ignition 

temperature varied from determination to determina

tion even though the experimental conditions were 

held as constant as possible. In some cases the 

spread of data was as great as 15 *'C. For this rea

son, at least 10 determinations were made for each 

case, and the ignition temperature was taken as the 

arithmetic average of the individual temperature 

measurements. In most cases, two or more test sam

ples were run concurrently in the bath to obtain 

more data points. 

2. Variables Affecting Ignition Temperature 

Soon after the ignition experiments x̂ ere begun, 
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it became apparent that a number of variables were 

influencing the results obtained. The effect of 

these variables on ignition temperature was studied, 

and experimental results are discussed in detail 

below. 

a. Heating Rate 

The effect of heating rate on ignition tempera

ture was measured for two samples of nitrate-form Per

mutit SK resin. One sample was simply nitrate form 

resin which had been washed with water and then drained 

of the excess liquid. The second sample was similar 

except the resin was vacuum-dried to reduce the mois

ture content beloiv 101 prior to heating (Figure 3). 

With the drained resin, a tremendous spread in the data 

was obtained; and the only conclusion drawn is that the 

ignition temperature does increase with reduced heating 

rate. When testing the predried resin, the ignition 

temperature varied linearly with heating rate, but only 

three heating rates were tested. 

- 2iin 

Iv, 

Each point repr^^sents at least 
5 determinations. ®^ 

Nitrate-Forn Permiti t SJ-i»ater 
Washed and Drained 

^ O 

-Predried J>itrate-?orr Permutit '.I 

J L 
IOC- ; o o 

Feating Tine to Ignit ion SMmutesi 

500 

FIGURE 3. Ignition Temperature as a Function of Heating Rate 
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b. Anion Resin Form 

Of all the anion exchange resins tested, only the 

nitrate form of the unloaded resins ignited spontaneously 

when heated. The chloride, sulfate, and hydroxide forms 

did not ignite even upon prolonged heating at 300 °C. 

The resin beads did char; but no exothermic reactions, 

abnormal temperature rises, or excessive gassing were 

ever detected. Visual observation indicates the char

ring begins about 180° and ends at about 300 °C, with 

the beads being completely black in color. The beads, 

although undergoing discoloration, retain their spheri

cal shape. 

Resin partially converted to the nitrate form will 

ignite spontaneously upon heating. Tests indicate that 

at least 25% of the active sites have to be in the ni

trate form for ignition to take place. 

Loading the anion resin with nitrate containing 

groups such as Pu(N02)g~, Th(N02) ", CeiNO^)^"^, or re

active groups such as dichromate (Cr20y~) also causes 

the resin to ignite on heating. 

Cation resin (ie, Dowex SOW) does not ignite up to 

300 °C, but simply chars, as do the non-nitrate forms 

of anion resins. 

The results of the various tests are summarized in 

Table I. 

TABLE J. Ignition Temperature (°C) for Various Forms of Resin 

2SI NO3" 50% NO3" 
so 751 on- SOI OH' 

i 
N.I. 

N.I. 

X.I. 268 265 
(a) Each test lot of resin was given the same pretreatment con

sisting of washing the resin thoroughly with distilled water, 
draining, and air drying for several hours at room tempera
ture . 

(b) N.I.--did not ignite upon heating to 300 "C 

Resin*̂ -̂" 

Permutit SK 

Dowex 1-X4 

IRA 401 

NO3-

212 

274 

264 

Cl' OH' 

N.!.̂ "̂ ) N.I. 

N.I. 

N.I. N.I. 
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c. Resin Brand 

Three brands of resin, Permutit SK, IRA 401, and 

Dowex 1-X4, were tested during this phase of the work. 

All three are thought to be strongly basic polystyrene-

divinyl benzene resins having approximately 41 cross-

linkage. The Dowex 1-X4 and IRA 401 have quaternary 

ammonium groups at the active sites; whereas the exact 

structure of Permutit SK is not known, but appears to 

involve pyridine groups. 

The ignition temperature of the three resins are 

shown in Figure 4. In carrying out these tests, the 

nitrate-form resins were washed with nitric acid of var

ious concentrations; the ignition temperature was then 

determined as described earlier. As can be seen, wash 

acid normality affects the ignition temperature very 

markedly. 

300 

280 

260 

240 

t 
% 220 

s-

2 200 

I 
ISO 

160 

!40 
0 ! 8 12 lo 

Hash \cia \ o r i i a l i t \ , IftOj 

FIGURE 4. Ignition Temperature vs. Wash Acid 

Normality for Various Brands of Resin 

Each B o m t i s a v e r a g e of ter o r s^ore i g n i t i o n s 
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Dowex 1-X4 shows the greatest thermal stability 

throughout the entire acid concentration range. IRA 

401 stability approaches that of Dowex 1-X4 at low con

centrations, but falls off very rapidly at higher con

centrations. Permutit SK shows the least stability 

variation with acid concentration and falls in between 

Dowex 1-X4 and IRA 401 at high acid concentrations. 

The reasons for the variation of ignition tempera

ture with the wash acid concentration are unknown at 
f 41 this time, but one theory^ -̂  is that as the nitric acid 

concentration is increased, a complex is formed in in

creasing amounts due to hydrogen bonding, which increases 

the nitrate concentration of the resin. 

R"^-N03' + HNO^ -> R'^'U(m^)^' 

This increase in nitrate concentration increases the 

reaction rate, and as a result, the ignition temperature 

is lowered (see Section IV.A). 

d. Cross-Linkage 

The ignition temperature of polystyrene divinyl ben

zene resins decreases as the divinyl benzene content of 

the resin is increased. This is shown in Figure 5, where 

the ignition temperatures of Doî ex 1 resins having cross-

linkages varying from 1 to 101 are plotted versus wash 

acid normality. Again, the pronounced effect of the 

acid concentration on ignition temperature can be seen. 

In Figure 6, the data are cross-plotted to show more 

clearly the effect of cross-linkage. The data show that 

the ignition temperature decrease is almost linear with 

respect to increasing divinyl benzene content of the 

resin. A change from 1 to 10% cross-linkage decreases 

ignition temperature about 50 °C. 



^00 

280 

260 

240 

220 

200 

160 

140 

Dowex 

4 8 12 16 

Wash Acid Normality, HNO^ 

FIGURE 5. Effect of Cross-

Linkage on Ignition Temperature 

300 

260 

240 

•;: 200 

180 

• Dowex 1 washed with H,0 

O Dowex 1 washed with 4 N !1N0̂  

+ Dowex 1 washed with 8 K HSO, 

^ Dowe.\ 1 washed with IS.S .N HMO, 

^̂ -A 

t 6 

Cross-iinlage, % 

FIGURE 6. Ignition Temperature as 
a Function of Cross-Linkage 

I 
00 
K3 



13 RL-SEP-823 

c. Loading 

Resin loading (depending on the species loaded) has 

a very marked effect on ignition temperature. Nitrate 

containing complexes such as the hexanitrato complexes 

of plutonium, cerium, and thorium lower the ignition tem

perature drastically. Other species such as dichromate 

ions lower the temperature, but not to the same extent as 

the nitrato complexes. This is shown by the data in Fig

ure 7, where the ignition temperature for Permutit SK 

resin is plotted as a function of plutonium loading. 

s 

200 

190 

18U 

170 

i^ loO 

ISO 

140 

130 

];o 

Cr,0, 

Symbol height indicates spread of data 

ThfXO.J^ 

0 0 .1 0 . : 0 .3 il.4 0 .5 

Res in Loading ( I - q i i i \ ' a l c n t s / L i t e r of Res in) 

O.b 

FIGURE 7. Ignition Temperature as a Function of Resin Loading 
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When plutonium is loaded on an anion resin, it loads 

as the hexa-nitrato complex: 

2[R*.N03°] + FuiKO^} ^'^t2R^ -Puim^) ^'^ +2m^'-

When the resin is fully loaded, the nitrate concentration 

of the resin is three times as high as in the unloaded 

form. This increase in nitrate concentration increases 

the heat generation rate; and as a result, the ignition 

temperature is lowered. 

One very marked difference is apparent when plutonium-

loaded resin is heated to ignition as compared to unloaded 

nitrate-form resin. With unloaded resin^ the reaction 

upon ignition proceeds relatively slowlyj and a dense, 

white smoke evolves from the resin vessel. It normally 

takes about 0,5 to 1.0 sec for all of the resin in the 

container (^ 1 cc) to react. All of the resin beads stay 

in the vessel during the reaction They retain their 

spherical shape, but appear to be completely carbonizedc 

With plutonium-loaded resin, a much more vigorous 

and rapid reaction is obtained. Upon ignition^ glowing 

resm beads are expelled from the container and are com

pletely consumed by oxidation. The only solid residue 

appears to be plutonium dioxide Visible gas evolution 

is much less; the dense, white fumes, so evident upon 

ignition of unloaded resin, are much less noticeable. 

In addition, a much greater heat evolution results upon 

ignition of the plutonium loaded resm. The photographs 

in Figure 8 show the visible differences between the two 

reactions. 

The gases evolved upon ignition of plutonium-loaded 

resins are combustible, as evidenced during one ignition 

test ifhen a fire ball formed above the ignition vessel 
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and burned for about 30 sec until it was extinguished. 

The combustibles probably result from thermal pyrolysis 

of the resin. Pyrolysis of the unloaded resin should 

also occur upon ignition, but attempts to ignite the 

gases evolved from the resin were unsuccessful. 

8-A. Ignition of Pu-Loaded Resin 

•B_. Ignition of Nitrated Resin 

FIGURE 8. Resin Ignition 
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Dichromate loaded resin reacts in essentially the 

same manner as unloaded resin, except the evolution of 

white fumes is appreciably less. 

When the resin is loaded with an ion such as per-

technatate, it no longer ignites upon heating, but sim

ply chars--as does the chloride- or hydroxide-form resin. 

f. Resin Volume 

In attempting to measure the effect of resin volume 

on ignition temperature, it was found that the experimen

tal procedure, described in Section III, could not be 

used for volumes larger than about 50 ml. This was due 

to the poor thermal conductivity of the drained resin. 

When heating a large volume -of resin, the low thermal 

conductivity made it almost impossible to keep the bath 

temperature and the temperature in the center of the 

resin bed close together unless the heating rate was 

very slow; in which case ignition did not occur, and 

the resin simply charred. When faster heating rates 

were used, the resin xvould ignite at the wall of the 

vessel, and the volume effect was essentially negated. 

The procedure finally developed is shown in Fig

ure 9, The resin was placed in a spherical vessel hav

ing top and bottom openings. The bottom opening was 

plugged with glass wool to support the resin bed. Ther

mocouples were placed at the bottom of the plug, at its 

top, at the side wall of the vessel, and near the center 

and top of resin bed. Air or inert gas was heated in 

an external coil, passed up through the resin bed, and 

exxted through the top outlet of the vessel. The entire 

system was insulated with Fiberfrax and a foamed silica 

insulation. 
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FIGURE 9. Equipment for Measuring Ignition Temperature 

for Large Volumes of Resin 

In measuring the ignition temperature, the resin 

was placed in the vessel and the cold gas flow was 

started at a set rate. The gas temperature was slowly 

increased until ignition occurred. A typical heating 

curve for the system is shown in Figure 10. As can be 

seen, the temperature across the sphere at any one time 

is far from uniform. 

The ignition temperature was measured for water-

washed nitrate form Permutit SK resin in spherical ves

sels having volumes of 100, 200, 500, and 1000 ml (Fig

ure 11). The volume effect shows up. 
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g. Aging 

Several samples of used resin (contaminated, but with 

no measurable plutonium content) were obtained from pro

duction operations for testing. These resins had been 

used in plutonium service, but their overall history was 

not well known. Tests indicated that the ignition tem

perature of used resin is higher than that of unused 

resin. This is to be expected, since some resin degrada

tion does occur during use. This resin degradation would 

decrease the reactant concentration of the resin being 

ignited and, in turn, raise the ignition temperature. 

h. Miscellaneous Factors 

Other factors appear to affect the ignition tempera

ture of the resins, but only qualitative information was 

obtained. For some reason yet unexplained, the initial 

moisture content of the resin affects its ignition tem

perature. If the resin is vacuum-dried at low tempera

ture ('o 40 to 50 °C) , the ignition temperature appears 

to be lowered while resin dried at higher temperature 

(90 to 100 *C) raises the ignition temperature. The 

latter effect is easy to understand since some degrada

tion will occur during the high temperature drying which 

uses up reactants, but the effect of low-temperature 

drying cannot be explained-

Allowing loaded resin to stand in nitric acid or in 

the cold loading solutions for long periods of time ap

peared to affect the ignition temperature of the resin. 

The results, however, did not appear to be reproducible. 

In some cases, dichromate-loaded resin, after standing 

for several days, ignited at temperatures only slightly 

above the freshly-loaded resin, while some did not ig

nite at all. 
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The particle size of the resin beads does not ap

pear to affect ignition temperature. Four mesh sizes -

20 to 50, 50 to 100, 100 to 200, and 200 to 400 - of the 

same initial moisture content were tested, and the varia

tion in ignition temperature between the various size 

ranges was within the experimental error of the test pro

cedure . 

D. Calorimetric Studies 

f 21 

The work of Van Slyke, Jansen, and Swift^ ^ has 

shown that the critical temperature for a sealed 4 in. 

dia resin column containing 7 N HNO^ is slightly above 

100 ®C. The critical temperature for larger columns is 

even lower. Therefore, it was felt that given a column 

operating at 70 to 80 "C, a loading reaction might gener

ate enough heat to raise the column to the critical tem

perature. To test this possibility, the heats of loading 

for two loading reactions were measured in an adiabatic 

calorimeter. 
2[R"^'N03~]+ Pu(N03)g"^2R* »Pu(N03)^"+ 2N0,' 

2[R*»N03"]+ Cr2O^"^2R*»Cr20y" +2NO3' 

Dichromate loading was studied because dichromate 

ion was found on resin in the Redox ion exchange column 

following the fire.^ ^ The calorimeter used for these 

measurements is shown in Figure 12. The procedure used 

was to fill the Dewar with a known volume of loading 

solution, insert the resin bulb (containing a weighted 

amount of resin) into the Dewar, and bring the system to 

thermal equilibrium with stirring; the temperature was 

measured with a differential thermometer which could be 

read to 0.001 *C. When equilibrium was reached, the bulb 

was broken, and the temperature change for a given period 
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of time determined. Since the heat capacity of the 

calorimeter is known, the heat of loading can be cal

culated by analyzing the resin for the extent of loading 

Stopper 

Liquid Level 

Differential 

Thermometer 

Dev, ar 

Stirrer 

Resin Bulb 

FIGURE 12. Adiabatic Calorimeter 

The heat of loading for the dichromate loading re

action was found to be -10.2 ± 0.2 kcal/g mole of Cr20_~ 

loaded. It was found, however, that the rate of loading 

for dichromate ion (even at elevated temperatures) is 
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low. Therefore^ the heat generation rate per unit time 

from the loading reaction is quite low, even though the 

heat evaluation per mole of loaded Cr20y is large. For 

the dichromate loading reaction to give a dangerous tem

perature increase for a static bed, the resin column 

would have to be very well insulated. 

The heat of loading of plutonium was measured and 

found to be -9.8 t 1.0 kcal/g atom of plutonium loaded. 

The heat evolved when the resin degrades in the ab

sence of air was measured by using a twin calorimeter 

(Figure 13) and the procedure developed by Borchardt and 

Daniels. (5) When this equipment is used, the two cells 

of the calorimeter are filled with equal volumes of min

eral oil of known heat capacity. A weighed amount of 

Thermopile To Recorder 

'Stirrer 
Reactant Cell 

a 0 
® @ 

X Refe rence 
C e l l 

c 
T 

Oil 
Bath 

Heating Element 

FIGURE 13. Twin CaloT-tmeter 
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resin (% 5 g) is added to one cell and the stirrers are 

turned on. The oil bath is heated, and the temperature 

difference between the two cells measured with a 20 cou

ple thermopile and recorded on a 0 to 1 mV recorder. The 

heat of reaction was obtained by using the technique of 

Borchardt and Daniels.^ ^ 

By use of Permutit SK resin in the nitrate form, 

which had been water-washed and air-dried to a moisture 

content of < II, a heat of reaction of 210 + 50 calories 

per gram of dry resin was obtained. 

The heats of combustion of Dowex 1 and Permutit SK 

resin were measured in an oxygen bomb calorimeter. The 

results obtained are tabulated beloiv. 

-AHc Cal/g of Dry Resin 

Resin Wet Drained Resin Air-Dried Resin 

Permutit SK 7,250 

Doifex 1-Xl Did not ignite 

Dowex 1-X2 6,950 

Dowex 1-X4 7,350 

Dowex 1-X8 7,750 

Dowex 1-XlO 9,125 

As expected, the heat of combustion varies with cross-

linkage of the resin for Dowex 1. However, the variation 

of heat of combustion (on a dry basis) with the moisture 

content is difficult to explain and was not expected. It 

is possible that variations in moisture content of the 

drained resin, from the analyzed value due to evaporation 

during handling prior to weighing, could account for the 

higher heat of combustion of the wet resin. 

7; 

6; 

6; 

7̂  

7, 

7, 

,100 

,450 

,750 

,100 

,360 

,180 
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DISCUSSION 

A. Theoretical Treatment 

Theoretical analyses of the reaction system (described 

above) can be made by utilizing the thermal ignition theo

ries developed by Semenov^^-^ and Frank-Kamenetskii . ̂  7J -p^j. 

an isolated system undergoing an exothermic chemical reac

tion, thermal stability of the system is obtained when the 

rate of heat generation within the system is equal to the 

heat loss from the system to the surroundings. If the 

rate of heat loss is less than the heat generation rate, 

thermal stability is impossible; the temperature of the re

acting system will increase exponentially and a thermal ex

plosion results. 

If one assumes that the nitrate form anion resin de

grades by a single reaction, the rate of heat generation 

for the resin system will be given by the equation 

(1) QR = f (c) "HR-V-Z-C'^/^'^R 

where f(c) is the concentration dependence of the reaction 

rate, HR is the molar heat of reaction, V is the system 

volume, Z is the frequency factor, E is the activate energy, 

R is the gas constant, and T^ is the resin temperature. 

The mathematical expression for heat transfer from the 

system to the surroundings will depend on the geometry of 

the containment vessel. If heat transfer is by conduction, 

the heat balance between heat generated by the reaction and 

that lost by conduction is 

(2) kV^T = f (c) •HR-V°Z°e"^/^'^R 

where k is the thermal conductivity of the resin bed and 
2 V is the Laplacian operator. General solutions of this 

equation for cylindrical and spherical geometries, based 

on the method of Chambre, lead to the critical vessel wall 
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and resin temperatures as a function of the containment 

vessel's critical dimensions (Appendix A). 

Since some heat transfer by convection will occur, the 

above treatment does not give a completely accurate picture 

of the resin system, but represents the be-st evaluation 

that can be handled reasonably. 

A second approach that can be used in the mathematical 

treatment of the resin systems is to assume that the tem

perature is uniform throughout the resin bed. This is pat

ently incorrect for a vented system, but a good qualitative 

description of the system can be obtained by this simplifie 

approach. For this case, the heat exchange between the 

resin and its containment vessel is given by the equation 

(3) Q^ = h S(T^ = T^) 

where S is the surface area of the vessel wall, h is the 

heat transfer coefficient and T„ is the wall temperature. 

Equation (1) is still applicable for the heat generation 

rate. 

At low resin temperature (< 100 *C) , Qj, is small and 

heat will be transferred from the oil bath to the resin, 

according to Equation (3). At higher temperatures, the Q^ 

becomes appreciable, and the resin will be heated by both 

internal heat generation and transfer from the bath. With 

continued heating, a point will be reached where the resin 

temperature (T^) equals the wall temperature (T,̂ ) , and the 

heat transfer rate (Qx) is zero. A further increase in the 

resin temperature, due to internal heating, will raise T^ 

above T^ and result in a net transfer of heat from the 

resin to the wall. The resin temperature will continue to 

increase until Qj, equals Q, . At this point, as long as the 

wall temperature is held constant, the system is in thermal 
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equilibrium and the system is stable. This is shown in Fig 

ure 14, where QR (curve A) and Qj (curve B) are plotted 

against temperature. 

I 

-zs 
a 
a 
oi 

Temperature * ' 

FIGURE 14. 

For a wall temperature T̂ ,̂ the curves intersect at 

point "a" corresponding to a resin temperature TR. This 

is a stable condition, since for any slight change in the 

temperature will tend to return the system to TR. If the 

wall temperature is increased to T̂ '̂ , the resulting curve 

B' for Qr will be tangent to curve A at point a', corres

ponding to a resin temperature TR'. The system is again 

in thermal equilibrium. However, it is not stable because 

a slight increase in the resin temperature will cause the 

heating rate to exceed the heat loss and a thermal explo

sion will result. An increase in wall temperature will 

have the same effect, since the curve for Q̂  will no longer 

intersect that for QR, and the heat production rate will 

always exceed the cooling rate. The temperature TR' is the 

self-ignition temperature for the system, and corresponds 

to the ignition temperature obtained from the heating curve 

shown in Figure 1. 
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While not rigorously correct, this treatment of the 

resin system can be used to explain, in a qualitative 

fashion, the effects which certain variables studied have 

on the ignition temperature of anion resins. 

It was shown experimentally that the rate at which the 

resin is heated will affect the ignition temperature. As 

stated previously, the rate of heat generation by the resin 

decomposition reaction is given by the equation 

QR = f(c)'HR-V-Z-e"^/^^R 

where f(c) is the concentration dependence of the reaction 

rate. In a static nitrate form resin bed, the amount of 

reactants is limited, and their concentration will decrease 

as the reaction progresses. This means that the shape of 

the curve for heat production as a function of temperature 

will vary depending on the rate at which the resin is 

heated. With rapid heating, QR is given by curve A (Fig

ure 15), and the ignition temperature will be TR. At a 

slower heating rate, the curve for QR is given by A', and 

the ignition temperature is increased to TR' . At an ex

tremely slow heating rate, all of the reactant would be 

consumed at relatively low temperature, and self-ignition 

would never occur. 

TK" % Tw' TR" TR TR' 

Temperature ^ 

FIGURE 15. 
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When the initial nitrate concentration of the resin 

is increased by a loading reaction [ie, Pu(N03)^~], the 

heat generation rate QR will be given by curve A" (Figure 

15): as a result, the ignition temperature will be lowered 

to Tp' . Therefore, the ignition temperature of plutonium 

loaded resin decreases on the loading is increased. 

Because the volume of a vessel increases more rapidly 

than its surface area as its critical dimension is increased, 

the total rate of heat generation (QR) will increase more 

rapidly than the heat loss, Q̂  . This means that the igni

tion temperature for a given resin should decrease as resin 

volume increases; such a temperature decrease was confirmed 

experimentally, 

A quantitative evaluation of the effect of resin volume 

on ignition temperature can be gained by using Equation (2). 

If the appropriate boundary conditions are applied, Equation 

(2) can be solved for various vessel geometries and will 

give the critical wall temperature as a function of the ves

sel dimensions (see Appendix A). These solutions give the 

general relationships shown in Figure 16. A second relation

ship obtained from Equation (2) relates the critical wall 

temperature (T|̂ ) to the resin ignition temperature (TR) at 

the center of the vessel by the equation 

(4) e^^.^ = (E/RTW2)(TR-TW) 

where 9 .. is a constant depending on vessel shape. For 

a sphere, ^^j^if = 1.61; for a cylinder, ê ît ~ -̂^ ^' ^^ 
the necessary parameters such as E, k, f(c), and Z are known 

for a given resin, the relationship between vessel geometry 

and ignition temperature can then be calculated. 
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Wall Temperature (T|̂ ) >̂  

FIGURE 16. 

B. Extrapolation of Experimental Data 

The results indicate that the thermal stability of 

vented nitrate form anion resin is lower than that previously 

anticipated, especially when the effect of plutonium loading 

is considered. The lowest ignition temperature measured was 

135 'C, which was obtained with plutonium loaded resin; how

ever, this was with a small volume of resin (̂  1 cc). With 

larger volumes of plutonium loaded resin, the ignition tem

perature would be much lower. The effect of volume on plu

tonium loaded resin was not measured, but one would predict 

from data obtained with unloaded resin that the ignition 

temperature for a 12 cm dia sphere of dry plutonium loaded 

resin would be about 100 °C. For production-scale vented 

ion exchange columns (4 in. dia), the critical ignition tem

perature for loaded resin would be well below 100 °C. 

C. Recommended Operating Practices 

The following practices are recommended for reducing 

o 
•H 
m 
C 

100 

10 

1.0 
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(as much as possible) the hazards involved in using nitrate 

form anion resins: 

• Anion resin, when not in use, should be stored in some 

form other than the nitrate form (i.e., chloride). If 

the resin must be stored as the nitrate form, it should 

be stored in water. 

Conversion of chloride form resin to nitrate form should 

be accomplished with as low a normality nitric acid as 

is practically feasible. 

• Accumulations of dry or drained nitrate form resin should 

be avoided at all times. 

• Nitric acid concentrations in all processing operations 

involving anion resins should be as low as possible. 

• Process operating temperatures should not exceed 60 "C, 

For further recommendations on safe operating procedures 

for nitric acid-anion resin systems, see the report of Van 

Slyke et al.̂ ^̂  
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VII. APPENDIX A 

A. Solutions to Thermal Balance Equations 

The following solution to the thermal balance equation 

is taken from the work of Chambre. (8) 

If one assumes the resin degradation occurs by a single 

reaction, the rate of heat generation within the system is 

given by the equation 

QR = f(c)-HR'VZ-e •E/RTR (A-1) 

when f(c) is the concentration dependence of the reaction 

rate. If assumed that heat loss from the system is by con

duction, the thermal balance between the heat generation and 

heat loss is given by the equation 

kV̂ Ti •E/RTR (A-2) .R - f(c)-HR.VZ-e 

By applying certain boundary conditions, Equation A-2 can 

be solved for various resin system geometries. The values 

of the parameters at which a solution becomes impossible is 

taken as the critical wall temperature and resin ignition 

temperature for the particular system geometry. 

r91 
It has been shown by Todes^ ^ that the maximum tempera

ture difference (TR-T|^) before the thermal explosion occurs 

W F /RT 
is approximately — ^ . If the exponent in the term e ̂ /-̂ R̂ 

T R - Tĵ r 
is expanded in a series of -;;; and all powers except the Tw 
first neglected, we get 

i - TR-TW' E ^ - E 
RTR - RTw 'M 

Letting 0 
RT^2 

-(TR-TW) . (A-3) 
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Equation A-2- becomes 

v\ -[^4T.«c)-Z-e-B/-w]e3^ (A-4, 

If the reaction is assumed to be unimolecular, and the sys

tem space coordinate x is replaced with the dimensionless 

unit N where N = — (r is the significant dimension of the 

system), the Poisson Boltzmann equation is obtained 

d^e _̂  Lde , o fA r-s 

dN' 

"•^"^ « ' & • RTII-'̂ '- -•Z-«"''H. CA-6) 

f 81 Chambre^ ^ has solved Equation A-5 for both a cylindrical 

vessel and a spherical vessel, and his solutions are given 

below [For a cylinder with the following boundary conditions 

(L = 1)]: 

At the center of the vessel 

N = 0; 11= 0; 

at the walls 

N = 1;0 = 0. 

Introducing the variables 

.de n = N2ee,a) = N ^ (A-7) 

Equation A-5 becomes 

du 

The general integral is 

2 

^ = -6/(2+,,). (A-8) 

1- 4a) + D = -26n. (A-9) 
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Owing to the boundary condition at the center 

D = 0. 

Therefore, 

^Hm) ^ 4 N ^ = -2.6-N2.ee; (A-10) 

however, from Equation A-5, 

2N2/ii|\ + 2N^ = -2-6-N2.e®. (A-11) 

Eliminating the common terms, we get 

d̂ e 1 do T /o/de\2 = 0. (A-12) 

^ " N 3N " ^'^[m] 

The solution of this equation is 

e = A-21n(BN2-M) . (A-13) 
From Equations A-13 and A-5 

A - ln(|i) 

so that 

6 = 1 ̂r 8B/6 1 
""[(BN^ + D^J 

(A-14) 

(A-15) 

Since at the vessel wall, N = 1 and 6 = 0 , 

^^/% = 1. (A-16) 
(B+1)" 

The maximum value of 6 for which a solution is possible is 

^crit = 2, B = 1; (A-17) 
therefore, 

= In I—, -\ 
(A-18) •^i^ ^ [(N2 + 1)2J. 

http://-2.6-N2.ee
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The maximum dimensionless temperature is 

6 .. = ln4. (A-19) 
max. crit ^ -* 

Similar equations can be obtained for spherical geometry 

and the results are 

6 .̂  = 3.32; (A-20) 
crit " ^ ^ 
9 -̂  = 1.61. (A-21) 

max, crit ^ -' 

VIII. APPENDIX B - NOMENCLATURE 

Qn Volumetric heat generation rate 

f(c) Concentration dependence of the reaction rate 

c Concentration 

Hn Molar heat of reaction 

V Vessel volume 

Z Frequency factor 

E Activation energy 

R Gas constant 

TR Resin temperature 

k Thermal conductivity 

T^ Vessel wall temperature 

6 -(E/RT^2)(Tj^-T^) 

r Vessel radius 

X Space coordinate 

N x/r 
"R E ^2 ^ „ "E/RT^ 

n N^e® 

u 
.̂ de 

L A dimensionless constant 

h Heat transfer coefficient 
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