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1. Glossury of Gymbols

3 AP i eveoeoesssonsoscassnsersseasasesAmmoniun Perchinrate

BOMB.cvivnteinnrisnansnnensanensssssl,dinBis«(chl sromethyl Jbenzene
- 2 Butarez CTLI.....ce0vuvreveeceoaens..Carboxy~terninated polybutazdiene

BDA . ieiierieersncnsssrsesanneesesssBthylenedinnine

Epon B12......ciiet iiiiiiiieoe. 0 Diglycidyl ether of bisphenol-A

HEM. ittt nieriearencnscascacesneesssigh energy material

HMDS . isvorertecaasanasrsasassnessss.Hexamethyldisilazene

MAPG. .. ii.vvnvenrnesaansrvssusseess.Tris(2-metbylaziridinyl~l1}phospaine oxide
NOL.ievinveicroereasenaraseansesees.Nuval Ordnance Ladoratory

PKB:.vevivrvinocesesncsnncensssasss . Negative logarithun of the acidic
ionization constant

PD eeeenessnsnesceanacssersassssases.ToOluene diisocyanate

e vessevectsossssrssvosersanssanns. . Polymer glose transition temperntare
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The ‘effect of various catalysts on the rate of soivaly.i . of the
polyester and nolyurethane binders in butylamine was studied: Eismuth
nitrate, icad acetate trihydrate, zivconyl nltrate dihydrate, ammonium
salts, 1,4-bis(chloromethyl)benzene and tautomeric catalvsts such as

2-hydrosypyridine, 1,2;4~triazole and pyrazole were found. to decreasc
tﬁe time -of dissolution of the jpolyecter binders IIJ at rcem temparaturs
by at least Fifty percent; zinc acetonyl-acetonate had a similar
accelemating effect on the polyurethane binder 1i; ammonium chloride,
triazole, pyrazole and imidazole also décreased ithe dissolution time of
the polyugethane tinder IV by f£ifty percent. The degradativn of four
polymeric rotket cropellant binders with haanei:hjldl*‘xi zine (HADS) .
has been studied and this method showe liaited succcns. & model
binder linear polyurethane of known intrinsic vz:tCSLty vas prepared
and successfully photolytically degraded. in benzzne. Liquid ammonis
was found to degrade bincers I, IIT and IV at 0°. A model rocket
fuel containing awponium chloride instead of arronium peérchlorate was
‘prepared and found to solvolytically degrade in liquid ammonia to give
an. -84% -recovery of the ammonium chlori€e. Methanck was shown to be a
su;table solvent forr the extraction of theé nitro and hydrocarken
plasticizers from the polyurethane and polyester binders,

ITT. Introduction

A3

the total we:ght of the.p cnellant. The remaining 84- 80% is gencral 1y
made up of oxidizer, usually (in Pclaris motors) ammonium perchlorate (aAP)
60-82%, aluminum metal, 2-18%,. and stauvilizers, 0-1%. The binders of
chief concern at opresent (in- Polanls motors)- appear to be one of two
types: (1) polyurethanes or (2) wired po¢ybutad1ene prepolymers. The

problem of disposing of cbsoléte propellants is & formidable one because
of the legal limitations on burning and dumping. The product gases from
burning would cause serious pollution of the atmosphere and other
possible means of disposal also pres:at problems. 1

The most ‘desirable means of disposal would involve separation. of
the binder, oxidizer and metal by suitable physical or mechanical
processes which would permxt their reuse. Such a procedure may also
offer important economic advantdges, particularly if iecovery of each
component could be accompliched. in reasonable purity. The problems asso-
-ciated with processes directed toward mechanica) separation of the
components are many. The polymeric binder: is a éross-linked material so
that it is not soluble, making it imposaible ro remove the binder simply
by solvent extrachion. The properties of the binder are similar to those
of vulcanized rubber. Furthermsre, the fihely divided metal and oxidizer
particles are dintinately couted with the binder, which is impervious
to water, making Lt iwpossible to remeve the watepr-soluble oxidizer

from-the metal and binder,
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The chemical nature of the binder is such that a peasonable approach
appeared to be a chemidel cne. This chemical approarh xould involve
-clpavage of xe-polvnerxc cross-links leav,ng bindér fragments which
now waild be soluble in a suitabie solvent, Th;s would permit the binder
to k¢ rameved from -oxidizep and metal by a simple extraction-filtpation
proasduta,

IV. Background Information

As pointed cut in. Séetien IL, the binders of chief concern arc
either polyurethanes or cuped carbuexy-términated polybutadione frepolymers.
The crossYinks ave of the eriér type and susceptible to eleavage by
soveral chemical approaches.

As_ ‘Polyurcthahes

Three genepal methods have besn mentioned as peauible means to
deprade- polyurethanes:

(1) Hydrolytic cleavsge

Although the urethane lini: is an ester-like link, it is more
stable to hidrolysis than estens; however,. it is subject to beth
acidic and basic hydrolysis. Geﬁerally, strong arid or strong base
is mecessary ‘to accomplish hydrot 'sis at @ raascnable rate. Unfortunately,
AP is. converted to free ammonia and perchlorate ion in presence- of strong
base and to pévchloric acid and- amimonium ion in presence of strong acid.
This limits the use of -a hiydrolytie reaction fon»deg"adatlcn to weak
bases .and acids, particularly if reccvery of AP is a prime -objective.
Indeed, recently it has been disclossd [1} that hydrolytxc brréakdown:
and dzssolutlnn of many propeillanty .can be carried out with su“pri°ing
ease in- 600 f; scale with- subsequent recovery -of constxtuen*s in high
yvield, The: aDDroach invoives: treating the propellant -composites with
-either hydfochlor*c 2¢id or ammonium hydroxxﬁa . elevated. température.
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.t (2) Theimal degradation
Polyurethanes derived from primary and secondary alcohols generally
require temperatures above 200°C before thermal degradation occurs at an
.appreciable rate. Those dérived from tertiary alecohols and phenols undergo
thermal degradation at a lower temperature, as low as 50°C [2]; however,
it -appears that the latter are seldom used in the bindées under
;e conisideration. Thermal means: of degradation, therefode, appear to be
- impract,ca L, particularly in presence of the large amount of oxidizer {AP).

(3) Solvolytic clsavage

The -urethane link is ¢leaved by (a) dlcohols and (b) amines
(including ammonia):
0 0

_ M-
(a) -R-0-CHH-R'= + R"OH ;=== R"OCNHR'-~ + <ROH
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solvent: Indeed, it has bLecén found that ommonia and primary amines |

-‘B. Polyesters
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‘Since polyurethane hinders are synthesized from a wmixture of
dibydroxy and trihydroxy compounds, the use of amnucda, primary ana
secondary amines or alcohols sheould accomplish a chaln :leavare for
each molecule which reacts. Sufficient reaction would cleave all
crosslinkz and the pemaining polymer would then Le -oluble in 2 =nitable

are useful for solvolyzing polyesters binders at moderate temperature [21.

‘Sincé ‘the polybutadiene based binder matrices are extensively
crosslinked, there is little possibility that solvents alons couud he
used to remove them from the oxidizer and metal. The mo¥t vulnerable
link in this matri» i§ the ester Yink which is known te be hydrolyzabls
through either 2cid or base catalysis t¢ the corresponding alcchel ani

-carboxyl greup. Such hydrolytic reactions would alco cleave the cross-

links and leave the liquid prepolymer of 2000-4000 molecular weignt. (Some
crosslinking may- have occurred between these prepoiymer chains through

‘oxidation processes on the carbor-carbon double bonds of the chain).
‘Howgver, the problem of recovery of AP almost precludes the use of strong

acid ‘or ‘strong base to hydrolyze the matriz, Thermal degradation of
these matrices alsc appear not to be feasible in the propellant form
due- to potential hazard from rapid oxidations

L]

The moat feasible method of degradation, similar te that of the
polyurethanes, appears to be based upon a depolymerization-terminaticn
reaction utilizing monofunctional alcohéls, ammonia, .amines or carboxylic
acids. These eguilibria are shown in the following equations:

Q) e om . Sort + HOCH gg,,w
() o Coci linan s RIOH 2~ ALCORY + HOCH, SHEAA

. 0 :

0 - ‘Y 11 A\ N
() B o liiran ¢ RN, = CHERY + NOCHCH IR

o o
+ Rr¥oCH CHR~—~~

(3) e g o Lon
- RVWCOH . Ot
.fv\,,.cocu2éim + RUEOH =~
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BOL Sarple: T I‘a'*;""‘* uith o« lij eutesrie
Polyvthylensylvaenl, A hiu(e,J‘§3h31‘7233£j’}Lulm;§
trisetiylolpropanc, and tin(%,. ;h;frﬁs“ YL
toluenz  diisocsanate acet a1l (74 . Loef Liwdeed

HOL Sarple I3: Unplastictzned and plasticined
HydroRy~terminzted vith bydrecarbsn 291
Burgdiene, toluone (50 wts 4 of binder)
diisoryanate

BOL Sarple ITL:

. Rutaven CTL-I¥ - !

MAFO%*Epon &12%Y#

0L Sarmple TV: Flasticiced with a 1:1l cutestic
Fystiylenegayr2el; of biﬂ{oQQ'dlnL;”Q‘“Oy31~: wrral
trimechylolpropans. and b 5 (2,2-dinftrouropyl -

. niwraza dz-"ocjnpa-, aceta 1 (JO wi. 2 of bLinder)

V1.Experirental
PRl gL it Yiale PPl el s
‘Previous wark [43 has demonstrated the Feacibility of uelnb prirary
amines at toaperstwres below 100° to dissolve polyurathﬁﬁc and polyencer
ponellant sincere. However, due to the protential hazards of heating

jether the exidiziug snd reducing agents present in the 3ciual
I wellants it was desirable to degrade the binders at as iow a
tenperature as poseivla. Lith *his objective In ming a study was
-made of various compounds capalle of catalywing the sulvolys sie of
polyesters and polyuvethans propelilart LLna-vv in butylamln at low
temperatures. iletal salis, quarternary ammonium salts, arines and
bifunctional »r teutomeric comp-ounds were considoved. The use of
cosolvents was alse investigatead.

Lffect of Various Zufalvete on the Solvolyeins of Polvester and Poly-

arrethane Binderi In A-Rutylomine.

The followiip catalysis studies were centered on HOL sample IT1
k- using ong-quarter 'nch cubes (approximately 0.25 g cach) of the
- polyester in 25 wl of w=butylamine at room tomperature.

2 ) In an initial stsqy a number of possible catalysts were used and
Coc the following dissolution. times were observed. (Table I):

- Catalysis of the aminolysis and the alcohnlysis of esters [5],

) as well as the -catalysis of urethane formation [6], has been extensively
studied. It was therefore thought that this information couldl be used to
obtain information nhou the kinetics and the case of pelycster and

- polyurethane solvelyais at low (20-50°) temperatupes. It wab dlso

. heped that it wouldd be posaible ta pelate the solvelysis of both

e carbonyl-containing paiymers to each othep.  Since metal salty,

2 . particularly thos of 1-ad, sine and maaganess have Seen used in the

*Corboxyberninated prlyinladicne . ¥y g (Samethy]l azividingle)
phoeplifne oxide, RERD] 1yof I3Y ~Lhor of Biophenol-A

T e e el v TR gy
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. TABLE T ) ‘
Catalyst, 1.¢g Time :(hours i
v Cortpolk - o T
'5~‘;: Bismuth nitrate 7 34
B Lead Tiitra'e g
5 i; - Dibutyltin .'ilaurate g 1/2
P ‘Ferrous ammonium sulfate 1
;9¢£; Discgium hydr 3gen phosphate n 1/2
';L : Sedium nitrate 13
4 Ammopiun molybdate 13
' Triethylamine 13 3/%
}i;%? Potassium oxalate >15
j i? iTniefpylgnediaming >16
2\}2 .Ziﬁéaacétonylacefbnaté >15

aléoholysis. .of polyes;ers ﬂt'elevated tenpepatures thece were studied

first. 'The results of this study; summari-ed in Table EI, shows a
number of metal salts capable of catalyzing the sclvolysis.
TABLE. IT ]
Metal.Salt (l g) Timelhrs) Remarks.
Control o ) 7i§ - R S
Lead acetdte trihydrate 5 3/u {7, 8, 93
Zirconyl nitrate dihydrate 7
Stannéﬁs octoate 8 ]
.Cobalt caproite 8 1/2 as per (131
Lead stearate ; 9: 1/2
Lithium chleride g 1/2 £1.0]
Zinc acetate dihydrate 91/2 Lr, 8, 113
Ferric ammonium sulfate 12 H20 11 1/2 '£7]
Sodium tungstate 13 1/2 r12]
‘Mercuric oxide >14
* .aganese chloride -cbscured ’ESJ black soln.
‘Manganese acetonyl acetonate i0
Vanadyl -acetohyl acetonate i6-11
] obscured
13.

Dipyridyl methane-
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Dlssolved aminonium salts in butylamine have alsc been- used to:
catalyze the solvolysis of esters {1k, 15]. In an initial attempt
tmet}-ylamme and acetic acid were-.added to butylemme, some catalysis
was.noted. Then, dhe gram each -of varicus ammonium salts weré added to

: twentv—f:.vn millititers -of butylamine. The resulting mixtures wepe
then mixed. uptil dissolution of the salts was noted and the -evolution
of :ammcnia: had ceased; the rubber samples were then added.

T EE -

TABLE 11X
Ammor;.u-n salt . .. . Time(hr) . _ Remarks
Control o 1‘4 1 o 7
1.g 3:1 Et,ll/acetic deid io0 {15
: 10 g 3‘:1;~£t3}€/acet’ié acid- np i_xg :b\::tylaminc
5 present
= 1 g Ammonium chloride | 6 1/2
¥ g Ammonium bromide 8
2 g Ammonium bromide g
1 ‘g Ammonium icdide 9
1 g Ammonium:thniocyanate i1 1/2
: 1 g Ammonium benzoate 7.
1 g Ammonium dihydrogen
__phosphate- 14 1/2
ig Tetra—n-butylammouum B
perchlorate 14 '[161'1

A run was then made with equmolar amourt° oF ammonn.m salts (base" on
I gram, or 0.0187 mole, of ammonium chloride).

TABLE 1V :
Ammomum salt . . . . . _ Time(hr) P
# 1 g Afmonium chloride  61/2
( 1.44 g Ammonium acetate v 7 X/% ﬂ
3 § 2.60 ‘g Ammonium benzoate 7 172 4
L 1.82 g Ammonium bromide 10
1.49 g Ammonium nitrate 7 3/4 T
1.42 g ‘:‘\:nménium thiocyandte g 1/2
{with residue) :

2.71 g Ammonium iodide 10

0.5 g Ammonium chloride +

0.72 -g ‘Ammonium acztate 7 1/4
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The catalytic effect of equimglar concentrationa of various butylammonium
salts follsws the reported L1v] ordep except Lo the Jownward displace-

ment of the bromide it the series

€1 >0Ac >Gﬁz “Iﬁﬂ 9SCN >Br »I .

Since synergistic catalyéis eEﬁects are well-bnoun fas in the synthesis
of polyurethares [17]),an attempt was made 1« dagtsivge the solvolysis of
the polyester with a mixture of ammonium chlgridsd J4nid ammonium acetate
(last line in Table IV); no such synergism is apparent.

Since va*zous studies have involved the »eoac ticn of esters with

series ‘was run.

.amines in alcoholic [10, 187 or other polar solvents 15, 153, such a

bod

] , TABLE V .
,Miéture ) Tiws{3=) ’
Contxol w
1g lH '61/20 ‘ml Bullid, + ‘5 ml CH 20 1L a2
1.gNH f‘l/lz ml auzm2 + 12 ml cn OH >ou
3 g NH c1/5 ml BulH, + 20 ml CH Oh >24
2.8 qu;-;p/-l_z ol ijH? + 12 Al BuOH LS
2 g NH,Br/20 ml Bulli,+ 5 m@ BuOH . I 2
(with residue)
12 wl Bull, + 12 ml acetonitrile >24

12 ml BuNliz- + 16 w1 BuCK

> wask

‘The general effect of adding alcohoi or polar solvents appeats

o bg

a- slowing dowm of the dissolution rate, except in the two casws where

-only small amounts cf alcchol (5 ml) wépe present.

“To -determine whether the resuits shown in Tables III and IV téhe

unique for dissolved ammonium salts, a run was

made using correspcind g

sodium- salts in butylamine (again on the basis of 1 gram of ammonitm

chloride).

-observed:

TABLE V1

Sodium salt

Although no effect was expected, a toderate effect was

Time{hr)

l.i;g:éoaiﬁmrch;bridé
1.53 g Sodium acetate

1.92 g Sodium bromide:

1.53 g sodium nitrate
2.8C g sodium iodine

14

12 1/2
9 1/2

13

10 1/2
(with pesidue)

e e ——
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Pursuing the thought that dissolved quaternary ammonium salte
mxvht beé involved in an acid-catalysis type-of solvolytic reaction,
benzyl chloride and 1,4-bis(ehlorenethyl)benzens werc used, -with and
without other amines; in butylamine solution.

.y

TABLE VII -

‘Catalyst Time(hr) Remarks ;

Control 1 :
2.05 g Chlorobenzene 515 - :
2.4 g (0.0187 mele) Benzyi chloride 8 1/u o
12 ml Benzyl chloride + White ppt. within - s
12 ml burylamine - 5 minutes .E
2.2 g Chlorofor , an Lo
12 ri Chioroform + - 4 o
I2 ml butylamine >2%4 .
3.72 g (0.9187 role) BCHE , a1/2 : Cl
1.64 g BCHE 7 0.0187 mole GCHQCI !
2:46 g Benzyl Chloride + . ‘ pKa=10.83 for E

1.37 g’t-buty;amxne 9 t-butylamine

2:4€ g Benzyl chloride + 4 PXym 11,00 for K
1.89 g trlexhylanzne 8 1/2 triethylamine ¢
- X.64 g BCY B ¥ 1.89 g triethylamine 9 , %
2.46 g Benzyl chloride + :
- 3. HS g tnzbutv-am;re ) 9 1/2 .

BCHB = l u-bls(chloroﬂe;nyl)bcnzeﬂn

From this study it may be concluded that neither chlorobenzene nor chlorcform
catalyze the solvolysis. Benzyl chloride and 1,:-bis(chlorernethyl)benzene,.
th with relatively labile chlovines and both capable of readily
fbrm;ng quaternary ammonium salts, do show catalysis. Increasing the
number of -CHoCl groups present does not appear to increase the rate
of polyester dissolution. The use of amines having pK *¥ voluss greater
than that of butylamine (10.77), in zddition to -CHoCl containing compounds,
- ‘appears to -nave nc -effect.

To check the effect of ammonium salt concentration on the rate of
solvolysis, the following run was made in which varying amounts of
ammonium chlovide were addcd. The results of this oxperiment ﬁWpear to show,
if anything, an increase in disso.ition time with incre2asing ammonium salv
concentration.

*¥Negative loparithum.of the acidic ionization constant
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: TABLE VIII ¢
Ammonium chloride (grams) Time(hp) :‘
’ 0.25 2y %
6.50 7 1/4 ¢
; 1 6 1/2 v
2 9 &
3 3 1/2 :
3 g 1% 1/2
The use of bifunctional or tautomeric catalysts is well-known i
[19-21]. A variety of these were tried with butylamine and the polyester. é
TABLE IX
Catalyst _ .. Time(hr) Remarks
Control - 1y k - &
12 g Crésol + 12 g Bu!ﬂ*lz 13 1/2 L1197
1 g p-Aminophenol 11 [22]
1 g 8-Hydroxyguinoline 8 [21] . ;
1 g 2-Hydroxypyridine 4 ‘ -
1 g 2-Pyrrolidinone 11 I/ [19] %
) 1 g Mzleimide 12 _ L
1-g 2-Aminopyridine 14 1233 L
1 g 2-Aminopyrimidine 14 ,
1 -g ‘Adenine <10 Obscured o
1 g Imidazole 1L /2 ‘f21]) ;
2" g Imidazole 19
4 g Imidazole 8 ‘
1 g 1,2,4-Triazole 5 20, 21]
1 g Pyrazole 6 1/ £203
2 .g Poly(vinylimidazole) 14 (242 5
1 g Poly{vinylpyrrolidone) 12
2 ;g -Poly{vinylimidazole) >2 weeks ‘No butylamine
3 pvesent
{




i 95 ml_nothasal

.......

w™ 12

The first set of data in Table IX show that (1) cresol, 2-amino-
pyridine and 2-~miropyrimidine show no effect, (2) maleimide, a’znine,

p-aminophenol and 2-pyrrolidinone show an intermediate effect, and

(3) 2~hydroxypyridine and 8-hydroxyquinoline show a marked effect.

‘The hydroxy-substituted nitrogen-containing heterocyclics show greater
catalytic activity tnan do the corresponding amino-substituted

compounds. Further, the five membered heterocyclic comwounds
(imidazole, triawole and pyrazole) which are capable of acting as
tautomeric catalysts show marked act1v1ty, increasing with increasing
concentration (imidazole) and increasing with the proximity of

the secondary and tertiary nirtrogens {pyrazole more active than
imidazole). The final set of data resulted from an attempt to find

-a "polymer effect" such as has been reported [24]. Such an effect

would have, hopefully, increased the rate of catalysis (attributable
to the lining-up of catalyst sites proximate to one another).
Regretably, no such effect was obsepved.

The use of various amines was also tried again [4], but the results
were generally disappointing:

TABLE X

Amine Time(hr): Remarks

Control 7 1u'
1 g Guanine hydrochloride 10 1/2
1l g 1,1,3,3~tetramethyl-

“1,3-butanediamine 14
1 g N-Methylmorpholine 1y 1/2 (173
1 g Morpholine 4 £26]
1 g Pyrrolidine m1/2

4 g Tetraethylenediamine 24 [5,25]

Since it was previously observed in this study that the use of
cosolvents generally decreases the rate of polymer dissolution { ref. 4 and
Table V), an attempt was made to preswell the polyester samples for 24
hours prior to treatment with butylamine. It is apparent (Table XI) that
preswelling the rubber in carbon tetrachloride had a marked effect on the
dissolution rate. An attempt was also made to swell the catalyst, triethyl-
enediamine, into the rubber. For this, the rubber was immersed in a

TABLE. X1
Swelling Solvent Time(hr) Percent ‘weight increase
_ aftér 24 hr [u]

Coﬁtrol o o “ 1§
Carbon Tetrachloride 5 1.040
Tetrahydrofuran 11 /4 740
N,N-Dimethylformamide 1l 3/n 12-
1 g Triethylenediamine 13 (1. week)

ca
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solution of one gram of triethylene-diamine in twenth-five milliliters
of methanol and allowed to soak for a week until the sample had
increased 13% by weight; methanol had previously [#] been shown to be,
itself, a poor swelling agent and the major part of the swelling was
attributed to the diffusion of the catalyst into the polymer matrix.
The rate 6f dissolution was markedly decreased by this treatment. It
was then decided to use a more concentrated solution for the pre-
swelling (5-10 grams of triethylenediamine per 25 butylamine). This
treatment caused 2 whitening of the rubber after one day, -and on
further standing caused a thusfar unexplainable degradation of the
rubber to a white, amorphous mass (still insoluble in the methaﬁol)

The following experiments, similar to those described above,
involve treating one-quarter inch cubes of the polyurethane’ (NOL

sample II) with various possible catalysts in 50 ml of n-butylamine
at 502, The results obtained were as follows: (Table XII)

TABLE XIT
Catalyst ‘Time(days) Remarks

fu]

antf;l ‘

2 g Ammonium Chloride 1/2
5.2 g Ammonium benzoate
2.9 g Ammonium acetate

3.7 g Ammonium bromide

W

g Benzyl chloride
Cobalt (II) caproate as per [13]
Bismuth nitrate /4
Zinc acetonylacetonate
1/4 (273
1/2 L29]
1173

Ferric acetonylacetonate

W W N W FEF F W FSE W F

_ Stannous chloride

w

‘Dibutyltin dilaurate
2-Aminopyridine
2-Aminopiperidine

Imidazole

w W & F

Guanine -hydrochloride

1,1,3,3~Tetramethyl~
1,3-butanediamine

RDONRNN DN NN N NN
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From this it would appear that there is only a slight increase in

the rate of solvolysis when the above materials were used. The greatest
increase in rate appears to have been caused by zinc acetonylacetonate,
while the amines and the poly(vinylimidazole) appeared to have no effect.

As in the case of the polyaster runs, difficullies arose from the lack

of complete solubility of many of the salts and from the obscuration.

of a number of end-points due to- the intense color of some of the solutions.

|
}
H
;
4

In an-attempt to react both the polyester and the polyurethane
with other veagents known to participate in nucleophilic attack on
carbonyl groups [31], these rubbers were heated with hydroxylamine in
-aqueous ethanol at pH 5 for -one week. No reaction was observed.
Heating a one-quartér inch cube of polyester in fifty milliliters
of amyl acetate at 100° was attempted in an effort to see whether a
transesterification type of reaction could be caused to occur. In
the presence of one mililiter of hydrochloric acid, the solvolysis
was complete within one hour, but when 0.4 grams of sodium hydroxide
was used instead of the acid,.a white suspension resulted only after
one day. Tinally, in light of ‘the reported [14] use-of ammonium salts
to catalyze the reaction of esters with butylamine or ammonia, ’
a sample of polyestér was. treated at room temperature with a solution
of two-grams of ammonium chioride in twenty-five milliliters -of
ammonium hydroxide; no degradation was noted after one month.

Wt

The catalysis studies weré now extended to the Polaris binder, IV.
In a manner similar to that employed with binder III, one-quarter
inch cubes of the Polaris binder IV were used in the -presence of
25 ml of n-butylamine and various possible catdlygts at 25°. The
results of this oolvoly51s study are summarized in Table XIII.
It should be noted that in this study, as in the catalyzed solvolysis
of the polyester III, most of the compounds tested exert a catalytic
effect on the rate of solvolys;s. The -efféct of the ammonium salts on
the vate of solvolysis is essentially the same as that observed in- the
solvolysis of the polyester III. Turther, the quantity of ammonium:
salt used as ev*dent from the following study, shows no clear effect
on the rate of solvolysis:

' .

g pr A Y et 1, 1 $eh AR

Grams ammonium chloride = _ _ Time(hrs)
- os - g8 _
1 7 :
2 11
3 13 1/2
b >y
‘Grams_ammonium- perchlorate
‘ o5 11 1/2 o
0.5 11 1/2 :
1 11 1/2 :
2.2 9 1/2

3 o 12 3/4
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TABLE XLLI
Catalyst . . Dissolution. time(hrs) Remarks
P -ééntfol - ' A5 /2 Room —temperaturé
- Control 5172 at 50°
> 1 g (0.0187 mole) Ammonium
- B chloride 7
1.83 g Ammonium bromide 9
? 2.7 g ‘Ammonium iodide g 1/4
v 1.44 g Ammonium acetate 8 X/u
2.6 g Ammonium benzoate 8 1/u
; 2.19 g Ammonium perchlorate 9 1/2
t- 1 g Tetra-n-butylammonium
- B perchlorate 1 /%
1 g Tetra-~n-butylammenium _ ] )
~ hydroxide ) 11 172 £32]
3.72 g Y,4-bis(chloromethyl)
PooE ‘benzene 12
: -‘: 1,3=-Dibromebutane 13 1/2
K : 1,4-Butanediamine dihydro-
| chloride 12
” 1.92 g Sodium bromide 9
3 1.53 g Sodium acetate 9 3/4
- : 1 g Triazole 7 1/2
1 g ‘Pyrazole 7T ¥/2
§ 1 g Imidazole 7’6 374
g lg Tniethylene,d.tlamine 11
: ; 1 g 2-hydroxypyridine 9
' g 1 g 8-Hydroxyquinoline 9 3/y4
7 i 1 g Stannous octoate 9-10- White ppt.
* 1 g Dibutyltin dilaurate 9 White ppt.
y 1 g Zinc acetonylacetonate 9-10 White ppt.
1l g Lead acetate trihydrate 6 /4
1 g Bismuth nitrate hydrate 8 1/2
1 g Zirconyl nitrate dihydrate 8 1/2

P P T
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Polyurethane binder I; when treated with fifty milliliters of
n-butylamigc and two grams of ammonium chloride at 56G°, dissolved in

less than. four days. -A similar sample at room iempcpatu*e, though,
failed to dissolved after ten days.

The dependence of solvolysis time on -sample size was investigated.
Cubes- of binder IV.were cut and placed into one-hundred milliliters of
-butylanlne with eéither one goam of ammonium chloride or ammonium
-perchlorate. The following times were observed:

Time(hrs) Time(hrs)
Sample size Ammonium chloride Ammonium perchlorate
""_1/8i-'} 5 -
l/q:n» 9 1y
/2" 28 1/2 24 172
a/ymm y7 -

in 72 84

‘Hence, a- concentratnd sclution of solvelyzed linder in butylamine

could -be made using one-lnch cubes, dut obvxously at the expense of
dissolution time. The need for a large excess of amine solvent was

also indicated in. the case of unplasticized rpubber II, ten grams of
which failed to-dissclve (as one-quatter inch cubes) in fifty milliliters
of butylamlre after heating for over twn waeks at 50°.

An attempt was made to swell sufficient butylamine into rubber IV
to.solvolyze the urethane bonds within the sample while the rubber was
placed into a sglvent capable of dissolving the fragments produced.
Cubes of IV were placed, at room tenperaturc, into butylamine
(in the presence .and absence of ammonium chleride) for 5.5 to 7 hours.
After this time they were removed and placed into chloroform at room

temperature Although swelling :was noted, the sample failed tc show any
dissolution.

Use of ammonium hydroxide and .methylamine

Polyurethane IV was treated (as one-quarter inch cubes) with
twenty-fine milliliters of ammonium hydroxide, in the presence and
absence of one gram-of ammonium chloride, at room temperature for four
days. The rubber became cpaque and was slightly degraded, but was
insoluble in chloroform (which was used as the criterion for estimating
the extent to which érosslinks were broken). When the rubber was
treated in a similar manner with aqueous methylamine for four days
the resultant material was mostly soluble in chloroform. -A mixture
(1:2 by volume for a total volume of twenty-five milliliters) of
ammonium hydroxide and aqueous methylamine at room temperature also

gave a chloroform-soluble product after four days.
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v :Samples of rubber IV were treated with 100 milliliters of

- concentrated, ammonium hydroxide at 100° for seven days, in the
presence and absence of ammoniuin chloride. Although both solutions
became yellow, the resulting rubbers were not soluble in- cliloroform
(even. though the rubbers themselves became white and flaky).

In order to reiate the rerults obtained: here with those obtained
by Tompa and French- {33], solvolysis was attémpted using ethylenediamine.

A sample of Polaris binder IV was treated at room temperature and
' the dissolution times obtained werc as follows:
: Solution Time(hrs?)
25 ml Ethylenediamine .(EDA) 12 1/2
12'ml EDA + 12 ml benzene 13-15
: 12 ml EDA + 12 ml benzene +
: : 1 g ammonium chloride 13«15
25 ml EDA + ‘
1 g ammonium chloride 18
;j{ K decrease in the rate of solvolysis was observed using both the cosolvent
¥ benzene and the "catalyst" ammonium chloride. A series of runs were
g theén made using 2% ethylenediamine in benzene or toluerie.
Sample Temp . (°C) ‘Dissolution. time ,Comments
é T TOOM. -ﬁof dissolved: after 2 wks. in ‘benzene
g't 11 room. ‘not dissolved -after 2 wks. in benzene
< ? 111 oo <5 days in benzene
5 IV room not dissolved after 2 wks. in benzene
i] 11 50 not dissolved after 2 wks. in benzene
3 IV 50 degraded in 12 days in benzene
3 IV 100 <15 hr in tolucne é
£ 3 Iv 100 : 2 days in 2% hexylamine :
b - _in toluene
Er: ‘At. room temperature only the polyester IIT as previously reported [33]

was affected.. Ethylenediamine proved to he more efficient than
‘hexylamine in the solvolysis of rubber IV. When polyurcthane binder IV
‘(containing no propellant) was heated for- four days at 100° with toluene,
in the absence and presence of one gram of ammonium perchlorate, no-
80lvu./sis-was noted,
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Use- of acids

len 4 one-quarter inch.cube of polyurcthane binder IV was treated
with. twenty-five milliXiters of 70% perzhloric acid at room temperadture,
the rubber: darkened and became amorphous between the fcurth and seventh
After sp+en -days, though, the rubber still did

day of treatment.

not dissolve to any marked ««kfent in chloroform.

¥hen 6 N hydrochlo -ic

acid was used the following -‘esults were obtained:

A ——

-

ey

Sample Temp(®C) Dissolution time Cotinents P
i Vrgqm 7hotvdissolved‘afteé 2 wké. o ‘ éf
3
1I room  not Jissolved after 2 wks. §
II1 room not dissolved after 2 wks. ;1
’ !
. Iv room not -dissolved after 2 wks. turhned davk .and I
i amorphous after one wk. ;
T 50° not dissolved after 2 wks, in 1.5 N-HC1
‘ I 100° <21 hr
II 100¢ not dissolved after 1 k. <
IIL 100° i <21 hr ’ i
v 1000 about 30% soluble in turned dark and I
chlorcform after 4 hrs. amorphous after 2 hrs. {
i T St T ] .
’ ‘Use- of ammonia- 5 2
‘ A series of runs were made using neat (25 :ml) dmmonia in the ?
z presence -of various additives. The vresults may be summacized. as foliows:
4 Sample Temp(®C) Dissolution ‘Comments :
% ‘time(days) ) e
F Iv room- 3 two 178" -cubes; oh}x' B X
3 slightly degraded 3
1 v room 8 . two 1/8" cubes + 1 g HHyCL; ’
rE sol. ip chloroform
3 v 500 5 1 g NHyCl; sol. in
& 3 . chlorofeorm
§‘ v 500 3 % g NHyCloy; dissolved
v 500 1 1.g HHYClOy; insol. in
g 3 chYoroform -
3 I 50° 3 1 g NHyClCy; cracked
‘but still intact
I 50° 6 1 g NH,ClOy 3 small amt.
of solid, almost envire-
1y sol. in chloroform .
, ¥
. o E o o - - ——




‘Sample Temp(©°C) ~  Dissolution ) ‘Comments
. o time(days) ‘
I 5¢° 5 lg NHuClOu + 10 ml
toluene; swollen- but insol.
in: chlovoform

T - T v e

Thus, all rubbers extept IL are solvo’.’ed by ammoniz, Rubber IV is
degraded within one to three days at ®:® or within eipht days at
room tempu,ature. Polyurethane I is munn less reactive, taking about
.six days at 50°, Rubber II does not appear to be oquLUt‘ble to
attack by ammenia, even in the presence -of a swclling agent such as
toluene.

Attempted recycling

A preliminary attempt was made to reuse the products -of the
binder solvolysis. A mixture of five grams -of polyurethanc 1V, twenty-five
milliliters of xylene and twenty-five milliliters of ethylenediamine
‘Wwere heated at ‘50° until the rubber dissolved (19 hours). The Pesulting
mixture was added to 250 milliliters of xylene and then 65.3 g of‘tolvlene
diisocyanate was added with cooling and stirring. A white precipitate
was formed and was allowed to. react for twenty-four hours. Dissolution
of the white solid was .attempted in dimethylformamide but was -unsuccessful.

A one inch cube -of binder IV .was solvolvzed in one hundred:
‘milliliters of ‘butylamine at room temperature for three days. Hydro-
chloric acid (6 M) was then added, until ihe solution was acidie
to pli paper. -An additional 100 milliliters of water was then added
and the resulting solution Was .extracted three times with dthep.

{The acidity of the aqueous phase was chiecked after each. extraction.)
The -ether extracts were then combined and -extracted with dilute hydro-
chloric acid. The ether layer was then concentrated and a. brown

solid (thought to be ureas and long-chain ccrponents) was isolated.
The aqueous- phase was mzde alkaline with sodium carbonate and again
extracted with ether. The second ether extract gave a swmall amount
of brown oil on evaporation, while the aqueous phase contained not
only inorganic material but rubbery globules which were subsequently
found to be soluble- in chloroform.

—VII.Exgcrimental - Fourth Quarter

The key objectxve was to study methods of solvolytically degvadl
propellant binders thereby naklng it possible to dissoive the binder
fragments and/or oxidizer in suitable solvents for reclamation purposes.
A solvent that wiil not alter the aluminum powder or AP propellant
ingredients must be chosen. N-Butylamine, -as -had been shown earlier,
degrades propellant binders at moderate temperatures [3]. However, it
reacts with the AP to produce the less stable n-butyl-mine perchlorate
as an undesirable contaminant.

'NH4C10u + CHa(CH2)3VH? -K—é Qﬂa(Ch2)3NHSClQQ * ANHé
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We -found that other organic solvents, alcohols, and etc. do not
appreciably -dissolve AP or attack the binder at the moderate tempera-
tures <50°C that we chose as safe and reasonable temperatures [3].

Workers at the Naval Vhite Oak Laboratories reported recently-
that a large number of p%ooel]ants and other explosives could be
degraded by solvolytic techniques at higher temperatures {1, 3ul.
~Adequate safety measures no doubt could be -employed in.that their
dab is probably better equipped for explosive studies. The following
four systems were found to be cffective in degrading amide, ecter, and
urethane binder bonds.

l.—“fhylenn diamine in xylene, 0.6 to 2.0% at 115°C.

2. HCL in cyclohexzanone, 1.5 N, at 1la°t or HCl in

1: l,cyclohchanone nspropanocl, 1.5 N at 1l1s°cC.

3. NHQOH in Hy0, 1.5-6 N at 96-100°C.

4. HC1l in lip0, 1.5-6 N at 95-100°C.

In some cases separation -of the AP from Al and from the -binder vas
accomplished with a high percentage of recovery.

ViI.. Results and Discussion

Solvolytic Degradation

The main emphasis has been on solvent systems that promote separation
at more moderate temperatures. In this report are reported our investi-
-gations on hexamethyldisilazine (HHDS) and: )iquid ammonia as degradation
systems..

A.L. DiSalvo reported that HMDS. degraded polyurethanes to give
diamines and disilylethers {35]. Our results show that H4DS does degrade
rocket binders but only at high temperatures. (See Table XiV)

Dilute solutions. of NHyClOy (AP) in liquid ammonia at room
temperature do not appreciably affect propellant binders after about
two weeks of treatment. Binder degradation is accomplishied at
50°C, however. The literature shows that the following chemistry of
the propellant systems is important -[36].

1. Amides .are cleaved by ammonium salts in Nilg(1).

2. Aluminum solitions in NH3(1) are less stable than those
of more active s mefalg.

3. Aluminum can react with amide ions and ammonium ions in NH,
AL + NHy ——> At o+ iy, + NH

4. Ovganic compounds can. undergc rcductloﬂ in the presence of a
dissolved metali.

5. Ammonolytié reaction can occur.

NH

a. RCONH, + rm: —3 RCCHNINIL,
NH,
+ '3

b. (CORt), + NHj —> (CONH,),

— -

-

S -

B ———— -y -
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c. CH_=CHCCOMHe ——i+ Mixtures of amides and esters with
2 i ) .
3 NHS adding across C=C,
«d. Relativé vates dre
XLHéCCOR’ ———D XCH2CONH2
NC>1IH ,CO>Et0C0>Et0>4>1)
Table ¥IV

Degradation of - acket Bindeps® with HMDS

10% ‘HMDS in- Xylene 106% HMDS in

A at .Room Temperature Xylene at 50°C 2 % HUDS in
Binders = _-After threce weeéks. = After 3 weeks ,Xylene at 110°C
I No change Only swo lew DlaQOlVLL aiter

-eight days

T No: change Only swollen e e
11T No change Only swollen Dissolved after

iwo weeks

Iv N6 change -Only. swollen Dissolved afier

five days.

P N ——

If the aluminum -could be prevented from reacting or if it does
not react under reaction conditions then it should be possible to
reclaim the oxidizer from the propellent system by dlSSOlVlng it in
the NH3 liquid.

Attempts to obtain. some actual rocket propellant in order to assess
-some of the above reactions, were discouraged by Navy personnel.
As a result, some model rocket propellant with ammonium chloride
-substituted for ammonium perchlorateé .according to the procedure as
described in reference 37, was prepared. This "propellant"” contained,
by weight, 53.0% ammonlpm chloride; 12:2% aluminum powder, 0.7% by weight
of triethanoiamine, 12.2% of diol of moleculav WPlght 2000, 12.0% of
a tricl of molecular weight 3000, 3.9% .of TDI4 and a few drops of D-22
catalyst. The sample, cut into'2 g cubes, was cured in a vacuum oven
at 62° for 2 hours. :

The initial .experiment showed that at -33°C no reaction occurs
between aluminum, which does not dissolve in “H3(l), and Hitl, Cl at
dilute -concentrations in HH_(1). When the -model rocket pvqpellan‘
is treated with liquid ammohia at 50°C for 18 hours,. the prOpellant
system is swollen and the NH Cl is leached into the liquid ammonia.

Simple distillation of the anmcnxa yields about 845% recovery of the
-ammonium chloride. The aluminum powder remains behind in the deyradud
polyurethane gel, and apparently is wot attacked by the liquid ammonia
‘or the ammonium ion, Clearly more -experiments are called for in this

¥Toluene aiisoryanate
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arca but the initial cxperiments.are pro.icing in that wmmonium salts
can ba reclaimed from propellants in excellent y:ekd“ At conuiderably
F Jower tempevatures than thoue recessary for organic selvents and

alse at considaorably less contamdnation of the ammonium salts,

E Photolytic {rlvolvsis. The solvulytic depradative opproscher to
reclaiming rocket el component parts as developed by Tompz, White

dLgradatlon,,offer prosiice as an incermediale solution to the vecovery
. of HEM* from current wvaste propellants and exvlosives. However, thic
approach is nct entirely sarisfactory in that:
Y. relatively high temperatures, 96°-115°C; ave required,
2. long reaction times of several days are nacessary, and
3. although excellent yinlds of ammonium saltls are reclaimed
unavoidable contamination can occurs
3 Many impurities of AP, i.e. metal salts and [Ni;C103] are known to
: greatly increase AP's sensitivity to detonation [387. Hany of thece
undesirable propgrt1e* and results of the thermal solvolytic degradation
are not present in photo solvolytic degradaticn. The rate of photo-
degradation of binders would be less dependent upon temperature..
The only requirement for photodegradation of binders is that the
‘reaction be carried out above the Ty*% of the binder [39]. For the
-elastomers employed in rocket propellants Ty is lewer than room
temperature [40]. Finally, sclvents in which AF or other oxidizers are
readily soluble may be employaed {37].

[

i Pnlvurethanes, polyamides, and polyesters similar to those found
B in propéllant binders do undergo photolytic degradation [E1]. A Thi/polydinl
1 4 Yinear: po-vuzethanc similar in seeuclure (o the cousslinked Linde: I

, was preparved (Sce Table XIV). Photolysis of this polyurethane in

- benzene at room température for only ‘twe hours gave rise to a polymer

:of half the intrinsic viscosity of the starting polyurethane.

A benzene solution of the sample contained in a quartz tube vas

irradiated with a high pressure mercury lamp for the times specified,

and ‘the intrinsic viscosities of the resuiting solutions werc deiermined
using the well established procedure previously deseribed [k27.

Figure 1 summarizes this study.

Lo R P idadar i 0 Rt

Extraction Study

3 . In the course of our studies with the polyurethan~ and polyester

i 3 binders it was -observed that some organic nolvents bocome yellow

R when in contact with the polyurcthanes 1 and IV. Sinie in binders

}; I and IV a 1:1 eutectic of bis(2,2-dinitropropyl)aceta. is used to

plasticize the polymers it was thought that possibly the yellow

- color was due to the dissolution of the nitro plasticirer.

E An extraction study was thercfore undertalen te determine the depree
. -of plasticizer dissolution as well as to determine the most efficient
- solvent. In this experiment a 0.1% g sample of binder T having a

£ 50-80 mesh particle size was placed in a Soxhlef apparatus and the

extraction allovwed to procesd Tor 2 hours. The polyurcthan. :ample

was then dried overnight at 50% in a vacuum oved and the veipht lons

e
) Py

*High energy material; *¥#Polymer glass transition temperature

v
. .
b el ARk gt

and French [1, 3u4) and by us, which invoive n~butylanir: and Liquid ammonia
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recorded. Tne re.ults of this study are summarized in Table ZV,

Tabla XV

Estraction cf Binder I with Various Solvents

Solvent Height lons,
Beﬁzene 7 uz
cetone : 77
‘Hethanol 81
Acetonitrile 12
iethyl Fthyl Ketone 25

. Tetrahydrofzran 38 :
Bioxane 53
Acetic &cid $1
Dimethoxyethane 5%
2-Bufancl 52
Fyridine 15

The extraction study was exztended +o all four binders using
3-4% g samplec cut into one-quapier inch cubes. Hethanol was used as
{he solvend, the extrdction allowed to procead for 24 hours and the
samples dried as previvusly described. Thé weight loss observed
in these extractions as well as the weight ¢ of plasticizer precent
in the binders are reproduced in Table XVI. Infrared analysis of

Table XVI

Extraction of Bindeis I-IV with Hethanol

Binder Wt. loss, $ Wi. % Plasticizer

1 7y 75
Ir 46 50
711 2 0
Iv 63 50

the mothanol and benzens extpacts from binders 1 and TV did not
indicate methanolysis was occurriny during these extracticns.

Althovgh this ctudy has not been extendad to larper sample siues or
the ninimum time necessary for complete oxtraction determined, the
results ave encouzafing: Theoe vecults sugpest a =imple procedurc

for the separation znd recovery of the nitro and hvdrocarbon plosti-
cirzerr. In addition, this type of separation shovld L inenpensive ani

adaptable to continuous separation. Purther, it can Lo caryied ocut
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below 64° without euy forescealle contawination of oxidizer.
Furtheriore, ammonium perchlorate is soluble in methanol to the

extent of 2-3 g/%0m1 at 25° and should 2leo be entractalle. The
residual binder could then be zeparated from the AL metal by one of the
various chemical methods available. Perhaps the Ford Fotor Company
process Lh3] for hydrolyzing cerap polyurcthane foam with steam at
elevated temperatures cculd then be applied and the hydrolyzed

material recovered for reuze. Unfortunately, these poscibilities could
not be testcd due to lack of availability of actual rochet propellant.
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the four model propellent binder systems described in this report.
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