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ABSTRACT

REMOTE IN-SITU DETECTION OF 2,4,6-TRINITROTOLUENE 
AND OTHER EXPLOSIVES USING FIBER OPTICS

by

Yunke Zhang 
University of New Hampshire,  May, 1989.

The  goal  of this r e s e a r c h  w a s  to d eve lop  m e th o d s  for the 

in-s i tu  d e t e r m in a t i o n  of 2 ,4 ,6 - t r in i t ro to lu e n e  (TNT) a n d  other  

po lyn i t roarom at ic  c o m p o u n d s  in g ro u n d w a te r .  T h e  first a p p ro a c h  

w a s  to u s e  a n  a d s o r b e n t  to p r e c o n c e n t r a t e  TNT for  direct 

d e t e r m i n a t i o n .  Po  ly (vinyl a l c o h o l )  w a s  c r o s s l i n k e d  with 

g lu ta ra ld e h y d e  to form a  c l e a r  gel  t h a t  is t r a n s p a r e n t  into the 

ultraviolet. The  volume a n d  swelling of the  gel c a n  be  controlled  by 

vary ing  the  a m o u n t  of g lu t a r a ld e h y d e .  T h e  coeff ic ient  for  TNT 

part it ioning b e t w e e n  th e  gel a n d  w a te r  is 1 .4 .  The ge l  offers 

important  a d v a n ta g e s  a s  a  matrix for chemical  s e n s o r  development ,  

but is not su i tab le  for determining TNT in g roundw ate r  b e c a u s e  the 

partit ion coefficient is too small.

A TN T-sensi t ive  m e m b r a n e  w a s  p r e p a re d  by d isso lv ing  the 

following in te t rah y d ro fu ran :  0 .50  g poly(vinyl chloride),  0 .2 0  ml 

d i o c t y l  p h t h a l a t e ,  a n d  0 . 1 2  ml J e f f a m i n e  T - 4 0 3 ,  a 

polyoxyethyleneamine which reacts  with TNT to produce colored



products.  The m em bra ne  is formed by cast ing the solution into a  

g l a s s  Petri dish with a  d iam e te r  of 8.8  cm a n d  allowing the so lvent  

to s lowly  e v a p o r a t e .  T r a c e  a m o u n t s  of 1 , 3 ,5 - t r i n i t r o b e n z e n e ,

2 ,4 ,5 - t r i n i t ro to iu e n e ,  a n d  N -p ic ry l -m e th y ln i t r am in e  a l s o  r e a c t e d  

with th e  m e m b r a n e  to p r o d u c e  a  redd ish  brow n co lo r  but  the ir  

visible ab so rp t io n  s p e c t r a  differ from tha t  of TNT, Application of 

the  m e m b ra n e  to g ro u n d w a te r  s a m p le  an a ly s is  is c o m p a ra b le  with 

previously d e v e lo p e d  HPLC m ethods .  R e c o v e r ie s  from g ro u n d w a te r  

spiked  to contain 0.1 to 4.0  ppm TNT ranged from 95% to 105%.

Single fiber optical m e a s u r e m e n t  of m e m b ra n e  absorp t ion  w a s  

d e v e l o p e d  for  r e m o te  in-situ d e tec t io n  of TNT. Refrac t ive  index 

matching  to r ed u c e  s tray light and  a  reflector behind th e  m em b ra n e  

to i n c r e a s e  re f lec ted  in tensity  w e r e  e s s e n t i a l  to k e e p  the  s t ray  

light levels smal l  relative to the  s ignal  of in terest .  To c o m p e n s a t e  

for drift, the  ref lec ted intensity a t  500  nm is m e a s u r e d  relative to 

th e  reflected intensity a t  824  nm, a  w ave leng th  w h e re  intensity is 

not affected by color formation in the  m em b ra n e .  The r a te  at which 

the  ratio of re f lec ted  intensi ty  a t  8 2 4  nm to ref lec ted intensity a t  

500 nm in c rea se s  is a  function of TNT concentration.
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CHAPTER 1 

INTRODUCTION

1. Background

2,4,6-Trinitrotoluene (TNT) is a  c o m m o n  explosive u s e d  a s  the  

main bursting c h a r g e  in shells,  mines, a n d  bom bs.  It is a l so  a  potent  

poison for the  liver, blood, a n d  blood forming organs .  Fatalit ies have  

b e e n  reco rd ed  from toxic a n e m ia ,  toxic jaund ice ,  a n d  a c u te  yellow 

atrophy of th e  liver.1 TNT con tam ina ted  w a te r  h a s  b e e n  shown to be  

very  toxic to a q u a t ic  o rg a n i sm s ,  with a c u t e  lethal concen t ra t ion  

be low  1 ppm  to  s p e c i e s  like minnows,  w a te r  f leas ,  bluegills a n d  

g r e e n  a lg a e .2 B e c a u s e  large a m o u n t s  of TNT a re  required for military 

appl ica t ions ,  la rge  vo lum es  of  TNT-contain ing w ate r  a r e  p roduced.  

" R e d  w a te r  " is fo rm ed  du r ing  t h e  Se l l i te  ( s o d i u m  sulfite) 

purification p r o c e s s ,  in which th e  raw p ro d u c t s  a r e  w a s h e d  with 

s o d i u m  s u l f i t e  s o lu t io n ,  t h e  a c i d i c  i m p u r i t i e s ,  s u c h  a s  

d in i t ro to lu en esu l fo n ic  a c id s ,  form s o lu b le  so d iu m  s a l t s  an d  a r e  

w a s h e d  aw ay .  Small  a m o u n t s  of TNT re a c t  with so d iu m  sulfite to 

form co lored  p ro d u c ts  which r e d d e n s  th e  water .  "Pink water" is 

f o r m e d  w h e n  par tia lly  pu r i f ied  TNT is finally w a t e r - w a s h e d  

following t h e  Sel l i te  purif ication s tep .  T h e  m os t  s e r i o u s  w a s t e  

w a te r  is th e  w ash -dow n  w a te r  u sed  to c l e a n  the  eq u ip m en t  and the 

interior of the  finishing plant building. As m uch  a s  5 0 0 ,0 0 0  gallons
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per d a y  of such  w a te r  can  b e  g en e ra ted  a t  a  single plant.  The "red" 

and  "pink" wate r  h a v e  normally b een  incinerated,  but in t h e  pas t  the 

w ash -dow n  water  w a s  d ischa rged  into n e a rb y  rivers or s t r e am s .  In 

addit ion to TNT, th is  w ate r  c o n ta in s  l e s s e r  a m o u n t s  of o the r  nitro 

c o n ta in in g  c o m p o u n d s ,  s u c h  a s  d in i t ro to lu e n e  a n d  i s o m e r s  of

2 ,4 ,6 - t r i n i t r o t o l u e n e .3' 5 T h e s e  u n so u n d  d i sp o sa l  p rac t ice s  have  led 

to contaminat ion a t  military s i te s  and  c r e a te d  the  need  for a  method 

to a s s e s s  the  ex ten t  of TNT pollution in groundwater .

B e s id e s  de tec t ing  TNT pollution in groundwater ,  t h e r e  is a lso 

a  n e e d  for a  m ethod  to de te rm ine  TNT concentration in w a s t e  water  

u sed  in th e  t re a tm e n t  p rocess .  Current  pract ice  is to p a s s  TNT w ash  

w a te r  th rough  a  c a rb o n  or d i a to m a c e o u s  ea r th  ad so rp t io n  column 

prior  to  d i s c h a r g e  to s u r f a c e  w a t e r s . 6 Although  a d s o r p t io n  

techno logy  can  r e d u c e  the TNT concentra t ion  to the  low p p b  levels,  

which m e e t  p r e s e n t  d i s c h a rg e  limitations, t h e s e  c o lu m n s  c a n  be  

s a tu r a t e d  a n d  h a v e  finite l ifetimes. C o n t in u o u s  monitoring of the  

TNT c o n t e n t  of t h e  d i s c h a r g e  is r equ i red  to identify p oss ib le  

b r e ak th ro u g h .

In addi t ion to d e tec t ing  TNT in t h e  en v i ro n m e n t ,  t h e r e  is 

long-s tanding in teres t  in determining TNT for forensic  p u r p o s e s .  The 

m ost  obv ious  d i f fe rence  b e tw e e n  the two app l ica t ions  is tha t  the  

former  usually involves  t race  TNT de tec t ion  while th e  la t ter  d ea l s  

with sm al l  a m o u n t s  of s am p le ,  usually ex p lo s iv e  r e s id u e s .  Unless  

they a r e  important  for environmenta l  an a ly s is ,  forens ic  m e thods

2



for TNT identification a r e  not d i s c u s s e d  h e re .

The  s e c o n d  s e c t io n  of  this  c h a p t e r  will briefly r ev iew  

different m e th o d s  u s e d  to de tec t  TNT, especia l ly  m e th o d s  re la ted  to 

w a te r  con tam ina t ion .  T h e  fas t  growth of rem ote  monitoring by 

fiber optic s p e c t r o s c o p y  is r ev iew ed  in t h e  third sec t ion ,  a n d  the 

goal of this research  is p re sen ted  a t  the e n d  of the chapter .

2. Determination of TNT

A v a r ie ty  of d ifferent  t e c h n i q u e s  h a v e  b e e n  u s e d  for the  

a n a ly s is  of TNT a n d  other  r e l a t e d  po lyn i t roarom at ic  c o m p o u n d s .  

J e h u d a  Yinon ex tens ive ly  rev iewed  va r ious  m e th o d s  u s e d  for 

an a ly s i s  of  e x p lo s iv e s  in 1 9 7 7 . 7 Although m any m e th o d s  a r e  

poss ib le ,  t h e  most widely u s e d  for w a t e r  pollution is r e v e r s e d  

p h a s e  high p e r fo rm an ce  liquid ch ro m a to g ra p h y  (HPLC), which w a s  

reviewed by  Krull a n d  Cam p in 1980.8 While  HPLC is ideal for the 

separa t ion  of nitro c o m p o u n d s  in water  s a m p le s ,  de tec t ion  b a s e d  on 

ultraviolet abso rp t ion  is difficult b e c a u s e  TNT a b s o r b s  at 2 3 0  nm 

w h ere  many other organ ic  c o m p o u n d s  also a b so rb  strongly.9

In o r d e r  to im prove  th e  sensi t ivi ty  an d  se lec t iv i ty  of the  

reversed p h a s e  HPLC method,  Maskarinec e t  al. deve loped  a  method  in 

w hich  w a t e r  c o n t a m i n a n t s  a r e  initially p r e c o n c e n t r a t e d  o n  a 

Porapak res in  and then  desorbed  by a c e to n e  for HPLC analysis  with 

e lec t ro ch em ica l  de tec t ion  at a  go ld -m ercury  e l e c t ro d e .10

3



B e c a u s e  TNT h a s  a  fairly high v a p o r  p r e s s u r e ,  it is a lso  

a m e n a b le  to separa t ion  by g a s  ch rom atography .  Richard e t  al. have  

applied  g a s  ch rom atog raphy  to detect ing TNT contaminat ion in w ater  

by first adsorb ing  TNT on an XAD-4 resin and  then  eluting the  resin 

with ethyl a c e ta t e .  11 The  c o n c e n t r a t e d  e lu an t  w a s  then  s e p a r a t e d  

by g a s  ch rom atog raphy  a n d  d e te c te d  by an  electron cap tu re  de tec to r  

which is se lec t ive  for nitro groups.

It h a s  b e e n  known for a  long t ime t h a t  n i t ro a ro m a t i c  

c o m p o u n d s  can  reac t  with b a s e s  to p ro d u ce  co lored  s p e c ie s .  12>13 

Further  s tudy h a s  show n tha t  th e  react ion actual ly  g ives  r ise  to a  

var ie ty  of co lo red  p roduc ts ,  including c h a r g e  t r a n s f e r  c o m p le x e s ,  

M e isen h e im er  c o m p le x es  by b a s e  addit ion,  radical ions by e lectron 

t ransfe r ,  and ,  in c a s e s  w h e re  th e r e  is a  su b s t i tu e n t  alkyl g roup ,  

c a rb an io n s  by proton subtract ion.  14-22

Fyfe e t  al .  h a v e  u s e d  h ig h - re so lu t io n  n u c l e a r  m a g n e t i c  

r e s o n a n c e  s p e c t r o s c o p y  to inves t iga te  t h e  reac t ion  of TNT with

m e th o x id e  ion in mixtures  of Me2S O - M e O H .  20 W hile  t r a n s i e n t

ch a rg e - t r an s fe r  c o m p le x e s  formed a s  well a s  poss ib ly  radical ions, 

the  main p roduc ts  w ere  th ree  relatively s tab le  co m p o u n d s  a s  shown 

in Figure 1.1. The  character is t ic NMR an d  UV-visible sp ec t ra  of e ac h  

s p e c ie s  hav e  b e e n  es tabl ished .  The maximum absorpt ion  w ave leng ths  

a re  p r e s e n te d  in Figure 1.1 along with th e  molar  absorptivit ies.  It

h a s  b e e n  o b se rv ed  tha t  the  M eisenheimer  complex 2  and  dianion 3

tend to d ec a y  by forming the carbanion 1. All of the  sp e c ie s  ab so rb
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NO-NO

1

c h 2

n o 2

^OCH-

r“-H
NO;

Absorption peak :  520 nm.
Molar absorptivity: 17000.

Absorption peaks :  
Molar absorptivities:

433nm, 505 nm. 
18000 ,  17000.

NO,NO
Absorption peak :  550 nm.
Molar  absorptivity: 15000.

Figure 1.1. Products  of the  reaction of TNT with methoxide 

a n d  their absorption propert ies .
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in th e  visible range, a n d  the ca rban ion  1 a b s o r b s  strongly a t  520 nm 

in Me2S O  with a  m olar  absorptivity of 17,000. Similar s p e c i e s  were

obse rved  by an NMR study of th e  reaction of TN T with am m o n ia .22

M eth o d s  b a s e d  on the reac t ion  of TNT with b a s e  h a v e  been  

d e v e lo p e d  for t h e  se lect ive  de tec t ion  of TN T in the p r e s e n c e  of 

o t h e r  s p e c i e s  w h i c h  m a y  o t h e r w i s e  i n t e r f e r e  w i th  th e  

m e a s u re m e n t s .  T h e s e  m ethods  h a v e  found applicat ions  in analys is  

of e x p l o s i v e  r e s i d u e s ,  2 3 -24 in thin l a y e r  c h r o m a t o g r a p h i c  

d e t e c t i o n 25-26 a n d  g ro u n d  w a t e r  c o n ta m in a t io n  a n a l y s i s . 27 The 

select iv i ty  of the r eac t ion  for po lyn i t roarom at ic  c o m p o u n d s  is very 

im portan t  for fo re n s ic  ana lys is  b e c a u s e  qua l i ta t ive  identificat ion of 

the exp los ive  is of cardinal  importance.  The co lo r  from TNT in b ase  

is u n s ta b l e  in water .  This can  b e  partially o v e rc o m e  by running the 

s a m p l e s  and s t a n d a r d s  under  similar co n d i t io n s  using a u to m a te d  

flow in jec t ion  a n a l y s i s .  G l o v e r  an d  K a y e r  h av e  r e p o r t e d  a  

q u a n t i t a t i v e  s p e c t r o p h o t o m e t r i c  m e th o d  fo r  p o ly n i t ro a ro m a t ic  

c o m p o u n d s  by r e a c t i n g  t h e m  with  e t h y l e n e d i a m i n e  in 

d im e th y l s u l f o x id e 28 w h ere  the  co lored  s p e c i e s  a r e  more s t a b l e  than 

in o th e r  solvent s y s t e m s .

P o l y n i t r o a r o m a t i c  c o m p o u n d s  c a n  a l s o  fo rm  

J a c k s o n - M e is e n h e im e r  co m p le x e s  with sod ium  sulphite.29'32 Both 1:1 

and 1 :2 addition co m p le x e s  a re  formed.  T h e se  products  a l so  a b so rb  in 

the visible and this  reaction h a s  also been  u s e d  for the de tec t ion  of 

TNT in ground water .  33
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TNT c a n  a lso  b e  d e te rm in e d  by oxidat ion to n i t ra te  with 

( N H 4)2S 20 8 , followed by  nitrate d e te rm in a t io n  by the  c a d m iu m

reduction m e th o d .34

W a n n iu n d  an d  D e L u c a  r e p o r t e d  a  s e n s i t i v e  b io lu m in esc en t  

im m u n o a s s a y  method for TNT detec t ion  in 1982. 35 They covalently  

b o n d e d  a  trinitrophenyl (TNP) group to firefly lucife rase by reacting 

t h e  p ro te in  with t r i n i t r o b e n z e n e s u l fo n ic  acid .  T h e  T N P - e n z y m e  

c o n j u g a t e  is i n c u b a te d  with im m obi l ize d  an t i -TN T a n t ib o d y .  

A n t i g e n - a n t ib o d y  c o m p l e x  fo rm a t io n  c a u s e s  t h e  T N P - e n z y m e  

c o n ju g a te  to com bine  with the  immobil ized an t ibody.  TNT in the 

solution c o m p e t e s  with TN P-enzym e con juga te  for binding s i t e s  on 

t h e  an t ibody .  The a m o u n t  of e n z y m e  b o u n d  a t  equi l ibr ium is 

inve rse ly  p ropor t iona l  to  the  TNT c o n c e n t r a t i o n .  S u b s e q u e n t  

d e t e r m in a t io n  of th e  e n z y m e  b o u n d  to th e  an t ib o d y  p r o v id e s  

sens i t ive  a n d  select ive de tec t ion  of TNT in t h e  sam ple .  T h e  s a m e  

principle c a n  be  applied with other  e n z y m e s .

P e r h a p s  the most  interesting m e th o d s  a re  t h o s e  which com bine  

p rec o n c e n t r a t io n  a n d  ch e m ica l  d e te c t io n .  Hel ler e t  al. r e p o r t e d  a 

method for TNT detect ion b a s e d  on a  f luorescent  ion -exchange  resin. 

36 D ow ex-2  resin w a s  first t r e a t e d  with N aC N  to c h a n g e  the 

original c o u n te r io n  Cl" to C N \  S in c e  CN‘ is a  b a s e ,  the  result ing 

resin c a u s e s  the  pH of  a  water  s a m p l e  to in c r e a se .  Then u ran ine  

( f luoresceine  disodium salt)  w a s  a d s o r b e d  onto th e  resin to m a k e  it 

f luo re scen t .  T he  f lu o re s c e n t  resin w a s  then  p a c k e d  into a  g la s s
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column. TNT w a s  de te rm ined  by pumping w a te r  s am p le  through the  

c o lu m n  w h i le  i l luminating  t h e  r e s in  with a  t u n g s t e n  light.  

F lu o r e s c e n c e  is d e t e c t e d  with a  photomult ip lier  tube .  Although a  

s low d e c r e a s e  in f lu o r e s c e n c e  in tensity w a s  o b s e r v e d  e v e n  with 

distilled water ,  the  p r e s e n c e  of TNT c a u s e d  a  much larger  d e c r e a s e  

in f lu o re sc en ce  intensity a s  TNT re ac te d  to form colored  p roduc ts  

which a d s o r b  on th e  resin su r face  a n d  q u e n c h  f luorescein emiss ion.  

B e c a u s e  preconcen tra t ion  a n d  de tec t ion  a r e  co m b in ed  in a  single 

s tep ,  t h e  method  is relatively s imple a n d  h a s  high sensitivity,  but 

th e  lack of selectivity and  f luorophor leaching hinder  its appl ication 

to complex environmental sam ples .  Bes ides ,  NaCN used  to t rea t  the 

resin is a  notorious  poison.

A field d e te c t io n  m e th o d  w a s  r e p o r te d  in 1 9 8 2 .37 H ere  a  

bisectional cylinder w a s  deve loped  a s  a  TNT indicator tube. T he  first 

sect ion of the  cylinder  w a s  filled with g l a s s  b e a d s  c o a te d  with C a O  

powder .  As w a te r  p a s s e s  over  t h e  slightly so lub le  b a s ic  oxide 

powder,  hydroxide is p ro d u ced  which then  r e a c t s  with TNT in the  

sample .  G la s s  b e a d s  were  u sed  to increase  the  porosity an d  s p e e d  up 

the  ana lys is .  The s e c o n d  sect ion w a s  filled with an  anion e x c h a n g e  

res in  in t h e  ch lo r ide  form. W h en  TN T-con ta in ing  w a t e r  p a s s e s  

through t h e  column,  co lored  anionic  p ro d u c ts  a r e  p r o d u ce d  in the  

s t rong  b a s i c  ox ide  lay e r  a n d  s u b s e q u e n t l y  a d s o r b  o n to  t h e  

ion -exchange  resin surface.  W hen  the  flow rate  is held cons tan t ,  the 

length of th e  s e c o n d  s ec t io n  of t h e  t u b e  which  is c o lo red  is
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proport ional  to TNT concen t ra t ion .  This  indicator  tu b e  is por tab le  

a n d  provides  rapid ana lys is  with small  s a m p le  vo lum es .

F r o m . th e  m e th o d s  available ,  w e  c a n  s e e  t h a t  se lec t ive ,  and 

s e n s i t i v e  d e t e c t i o n  of TNT c a n  b e  a c h i e v e d  by co m b in in g  

preconcen tra t ion  a n d  se lec t ive  detect ion .  But n o n e  of th e  m e thods  

d ev e lo p ed  to da te  a r e  suitable  for long term monitoring b e c a u s e  none 

provide a  r e a g e n t  layer  which c a n  las t  for a  s ignificant per iod of 

t i m e .

3. Fiber Optic Spectroscopy in Remote  Measurements

The re  h a s  b e e n  g re a t  in terest  in the  in-situ detect ion of water  

po l lu tan ts  us ing  f iber optic  s p e c t r o s c o p y  in r e c e n t  y e a r s . 38 ' 41 

M e th o d s  d e v e l o p e d  involve both  f l u o r e s c e n c e  a n d  a b s o rp t io n  

m e a s u r e m e n t s .  F lu o rescen ce ,  espec ia l ly  lase r  in d u ced  f luo rescence ,  

is prefer red  in tha t  f luo rescence  a n d  excitation c a n  be reso lved  by 

th e  difference in their w ave lengths .  A significant a d v a n t a g e  is small 

b a ck g ro u n d  s ignal  a n d  high sensitivity  for t r a ce  a n a ly te  detec t ion .  

I n s t r u m e n ta t io n  for bo th  s in g le - f ib e r  a n d  tw o - f ib e r  f luor imetry  

m e a s u r e m e n t s  have  b e e n  developed.  T h e  concep t  is shown in Figure 

1 .2 a  a n d  Figure  1.2b, respect ively .  With the  two-fiber  ins t rument ,  

exci ta t ion a n d  em iss ion  a r e  t ransm i t ted  by dif ferent  optical fibers.  

T h e  background  signal is relatively small  s ince  only scat te r ing and 

reflection a t  th e  s e n s o r  su rface  or in th e  sam p le  solution contr ibute
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Figure 1.2b: S ch e m a t ic  of s ingle-f iber  r e m o te  fluorimetry.



to t h e  the  backg ro u n d .  This kind of in s t rum en t  has  b e e n  u s e d  by 

C h u d y k  et al. for direct  d e tec t io n  of w eak ly  f lu o re scen t  a romatic  

o rgan ic  c o m p o u n d s  in g roundw ater  at  a  d i s t a n c e  of 25 m e te r s .42 This 

d i s t a n c e  is c lo s e  to the  d e p th  of many aq u i fe rs  u s e d  a s  drinking 

w a t e r  supp l ies .  Only R am a n  sca t te r ing  from w ate r  c o n t r ib u te s  to 

s t r a y  light in t h e  m e a s u r e m e n t .  This  s c a t t e r e d  light c a n  be  

s e p a r a t e d  by a  filter a n d  s e r v e s  a s  a  r e f e r e n c e  in tens i ty  for

monitor ing drift of the  ins trument .

The  o n e  s e r io u s  d i s a d v a n ta g e  of two-fiber  fluorimetry is that

only  a  smal l  f rac t ion  of t h e  f l u o r e s c e n c e  is c o l l e c te d  by the

e m iss io n  fiber. Therefore ,  a  s t rong  so u rc e  m u s t  be u s e d  to excite 

f luorescence .  In th e  c a s e  of a n  indicator a t t a c h e d  a t  th e  fiber end, 

th is  m ay  i n c r e a s e  the  p h o to d e g ra d a t io n  of t h e  s e n s in g  r e a g e n ts .  

A lso ,  t h e  r e q u i r e m e n t  of a n  i n t e n s e  s o u r c e  c a n  limit th e  

m e a s u r e m e n t  d i s t a n c e  a s  light is inevitably a t t e n u a ted  by th e  fiber. 

To improve t h e  f lu o r e s c e n c e  collection efficiency, the  s ingle -f iber  

f luo r im e te r  h a s  b e e n  d e v e l o p e d  in which  th e  f l u o r e s c e n c e  and

exc i ta t ion  w a v e le n g th s  a re  t ransm it ted  th ro u g h  the  s a m e  fiber. A 

b e a m  split ter a t  t h e  proximal  en d  of t h e  optical f iber  t ransm i ts  

exc i ta t ion  rad ia t ion  to th e  f iber  and  re f lec ts  the light em erg ing  

from th e  fiber to a  m o n o c h ro m a to r  which  re so lv e s  f l u o r e s c e n c e  

from th e  r e f le c te d  an d  s c a t t e r e d  e xc i ta t ion  light.43 A dichroic 

mirror  can  b e  u s e d  in p l a c e  of the b e a m  splitter. T h e  dichroic 

m irror  c a n  t r a n s m i t  the  s h o r t  w a v e le n g th  exc i ta t ion  radia t ion



without reflect ion bu t  reflects  t h e  longer  w a v e le n g th  f lu o r e s c e n c e  

a t  90° to t h e  detector .  Simple filters can  be a d d e d  to further reject  

t h e  exc i ta t ion  light to g e t  pure r  f lu o r e s c e n c e .44 This s y s t e m  c an  

provide  s im u l t a n e o u s  m e a s u r e m e n t s  a t  two w a v e l e n g t h s  w i thou t  

moving p a r t s .  O ther  a d v a n t a g e s  of s ingle-fiber  fluorimetry a r e  the  

low ins trumenta t ion  c o s t  a s  the fiber n e ed e d  is d e c r e a s e d  by o n e  

half and  in c re a se d  co n v en ien ce  in placing the d is ta l  end  of the  fiber. 

O ne  additional a d v a n ta g e  of using a  laser  a s  t h e  light sou rce  is tha t  

the  laser  light can  b e  fo cu sed  to an  extremely smal l  spot an d  c a n  be  

efficiently c o u p led  into the  small e n t r a n c e  a p e r tu r e  of a  fiber. 43 

S p e c i e s  that  f lu o re sc e  can  b e  directly m e a s u r e d  with a  b a re  

fiber op t ic  f luor imeter  a s  i l lustrated  ab o v e  for  a ro m a t ic  o rg a n ic  

c o m p o u n d s  c o n tam in a t io n  in w a t e r . 42 But only a  small fraction of 

all c o m p o u n d s  a re  intrinsically f lu o rescen t .  F l u o r e s c e n t  t r a c e r s  

have  b e e n  u s e d  to provide  an  analyt ica l signal to monitor rare  ea r th  

metal ion m o v e m e n t  in g ro u n d w a te r .45 C o n s id e ra b le  r e s e a r c h  h a s  

been  d o n e  to apply a  r e ag en t  layer  a t  the  end  of the  fiber optic to 

m ak e  a  chem ica l  s e n s o r .  The f lu o re sc en ce  cha rac te r is t ic s ,  s u c h  a s  

intensity,  l ifetime, polar izat ion, e tc . ,  of the  r e a g e n t  layer vary with 

a n a ly te  c o n c e n t r a t i o n  in the  s a m p l e . 40-46 A revers ib le  reac t ion  

be tw een  t h e  analy te  a n d  the  r e a g e n t  is always prefer red  for s e n s o r  

d e v e lo p m e n t  to avoid deplet ion of t h e  sens ing  r e a g e n t  by reac t ion  

with the  analy te .  T h e s e  s e n so r s  h a v e  been  d e v e lo p e d  for monitoring 

the  con cen t ra t io n  of oxygen ,  h a lo th a n e  and m e ta l  ions. 40 But with
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t race  c o n ta m in a n t s  in complex env ironm enta l  s y s t e m s ,  a  revers ib le  

reac t ion  with t h e  d e s i r e d  sen s i t iv i ty  a n d  se le c t iv i ty  m a y  be 

difficult to  find. S e n s o r s  b a s e d  on an i rreversible  reac t ion  with a  

reag en t  rese rvo ir  s e p a r a t e d  from the s a m p l e  by a  s e m ip e r m e a b le  

m em brane  have  also b een  developed .  An ex am ple  of such  a  s y s tem  is 

the  r e m o te  detect ion  of o rganochlor ides  by the  Fuj iwara reac t ion .47 

A reagen t  reservoir containing 10 M KOH a n d  pyridine enc losed  by a 

s e m ip e rm e a b le  m e m b ra n e  at  t h e  end  of th e  fiber optic is u sed  a s  a 

s ens ing  layer .  The m e m b ra n e  is impervious  to w a te r  diffusion but 

allows t h e  vapor of o rganoch lo r ides  to g o  through.  Diffusion of the 

o rg a n o c h lo r id e s  into the  m e m b r a n e  r e s u l t s  in a  red  f lu o re s c e n t  

product which  then  g ives  a  d e t e c t a b l e  s ignal  proport ional  to the  

o rganoch lo r ide  concentra t ion .  T h e  reaction is p r e s e n t e d  in Figure 

1.3.

In o rg an ic  h a l i d e s  have  a l s o  b e e n  d e t e r m in e d  by a t tach in g  

silver f lu o re sce in a te  a t  the f iber optic e n d  a s  a  s e n s in g  r e a g e n t . 46 

The r e a g e n t  itself is not  f luorescen t  d u e  to the q u en ch in g  effect  of 

th e  h e a v y  silver ions .  But c o n t a c t  with solution con ta in ing  ha l ide  

will form a  silver ha l ide  p rec ip i ta te  a n d  r e l e a s e  t h e  f lu o re s c e n t  

f lu o re s c e in  anion. T h e  i n c r e a s e  in f l u o r e s c e n c e  in tens i ty  is a  

m e a s u re  of  halide concen t ra t ion .  The s ilver  f luo resce ina te  r e a g e n t  

is c o n s u m e d  in this de tect ion s c h e m e .  T h e  signal is a lso  sensi t ive  

to v a r ia t io n s  in t h e  m a s s  t r a n s f e r  of f luo resce in  a w a y  from the  

su r f a c e .
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Figure 1.3. Chemical bas is  of the  Fujiwara react ion.



As th e  number  of sp ec ie s  tha t  can b e  selectively d e tec te d  with 

fluorimetry is limited c o m p a r e d  to ab so rp t io n ,  r e m o te  fiber opt ic  

p h o t o m e t e r s  for UV-Vis-NIR a b so rp t io n  m e a s u r e m e n t s  hav e  a l s o  

b e e n  d e v e l o p e d  in r e c e n t  y e a r s . 48' 50 A s y s t e m  for  r e m o te  

d e te rm in a t io n  of c o p p e r  in industr ial  b a t h s  with a  fiber opt ic  

ab so rp t io n  cell h a s  b e e n  d e s c r i b e d  recen t ly .51 Two optical fibers 

w e re  u s e d  to transmit  the  so u rc e  light an d  s ignal  light, respectively. 

T h e  fixed d i s ta n c e  b e tw e e n  th e  e n d s  of t h e  fibers in t h e  s a m p le  

de f ines  t h e  absorp t ion  path. T h e  t ransmit ted  light is m e a s u r e d  a n d  

c o m p a r e d  with t h e  r e c o r d e d  light i n t e n s i t y  of t h e  b l a n k  

m e a s u r e m e n t  to give th e  a b s o r b a n c e  in m u c h  the  s a m e  way a s  a  

c o n v e n t i o n a l  s in g le  b e a m  a b s o r p t i o n  p h o t o m e t e r .  R e f l e c t a n c e  

m e a s u r e m e n t s  using a  single fiber to transmit  source  a n d  reflected 

light over  a  length of 30 m e te r s  of optical  fiber h a v e  also b e e n  

d e v e l o p e d . 52 The  in s t rum en ta t ion  is s im i la r  to t h e  s ingle  fiber 

f luorom eter  ex cep t  t h e  em iss ion  m o n o c h ro m a to r  is no t  n e e d e d .  An 

obvious problem in this mode of m e a s u r e m e n t  is that  t h e  stray light 

h a s  the  s a m e  wavelength  a s  th e  signal light. There  a re  two principal 

s o u r c e s  of s t ray  light w h e n  making a  s ing le  f ibe r  ab so rp t io n  

m e a s u re m e n t .  O ne  is the  light reflected a t  t h e  proximal e n d  of th e  

fiber optic a s  light is focused  into the fiber. T h e  s e c o n d  is the light 

ref lec ted  a t  the  in terface  w h e re  th e  light e m e r g e s  from the  fiber 

optic into th e  sam ple .  B e c a u s e  t h e  s e c o n d  so u rce  of s t ray  light is 

a t t en u a ted  by the fiber, the first source  is t h e  most  important.  The
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in te n s i ty  r e f le c te d  a t  an  in te r fa c e  w h e n  the  in c id e n t  light is 

perpendicular  to th e  interface c a n  be  e x p re s s e d  by e q u a t io n  (1.1):

F =
(n2 - ni ) !

(n2 + n1) :
(1-1)

w h e re  F is th e  fraction of light reflected a t  the  in te rface  of the two 

m e d ia  with refrac tive  indices of n 1 and n2 respectively . A coupling 

gel with sim ilar refractive index  to th a t  of the  o p tic a l  fiber h a s  

b e e n  u sed  to significantly d e c r e a s e  th is  p a r t  of th e  s t r a y  light.52 

Also, b e c a u s e  light reflected a t  th e  proximal end of t h e  optical fiber 

r e a c h e s  the d e te c to r  earlier th a n  the s ig n a l light, which h a s  to p a s s  

th rough  the fiber twice, m odulating the  light source  a t  a  frequency 

th a t  m a tc h e s  th e  transit t im e through th e  fiber can  p ro v id e  a  90° 

p h a s e  difference  be tw een  th e  stray light a n d  the s ig n a l .  A lock-in 

am plifier can  b e  u se d  to reso lv e  the  s ig n a l  from t h e  stray light. 

T he  total backg ro u n d , which c a n  be m e a s u re d  with a  b lan k  solution 

w ithout any  reflection  dev ice ,  c a n  be  r e c o rd e d  b e fo re  th e  sam p le  

m e a su re m e n ts  a n d  used  to d e te rm ine  the  ab so rb an ce .  A problem with 

th e  b a re  fiber re m o te  absorp tion  m e a s u re m e n ts  is th a t  t h e  collected 

light s ig n a l d e c r e a s e s  qu ick ly  a s  th e  light path  fo r  ab so rp tio n  

in c re a se s ,  espec ia lly  when th e  fiber h a s  a  small d ia m e te r ,  b e c a u s e  

the  light coming o u t  of the  optical fiber s p r e a d s  out in a  cone. This 

limits th e  light p a th  for a b so rp t io n  a n d  the  s e n s i t iv i ty  of t h e
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technique.

4. Goal of the R esea rch

T he  p u rp o s e  of th is  r e s e a rc h  is to d e v e lo p  a  m ethod  su itab le  for 

de tec ting  t r a c e  am o u n ts  of TNT in g ro u n d w a te r  a n d  then  a d ap tin g  the  

m ethod  to  re m o te  fiber optic  sp e c t ro s c o p y .  T h e  sy s te m  will m ee t  th e  

n e e d s  for in-situ detection  of TNT contam ination  in g ro u n d w ate rs  and also 

for m o n ito rin g  w a s te  w a te r  t r e a tm e n t  p r o c e s s e s  in m un ition  p lan ts .  

Investigation  of the  possib ility  of m aking  a  chem ica lly  re v e rs ib le  fiber 

optic se n s in g  system  is d e sc r ib e d  in th e  seco n d  chap te r .  T he third chap ter  

will d e sc r ib e  an  irreversible sen s in g  m em b ra n e  th a t  r e sp o n d s  to TNT an d  

o th e r  p o ly n itro a ro m a tic  c o m p o u n d s .  T he  fourth  c h a p te r  will d e s c r ib e  

prelim inary  t e s t s  for in-situ  m onitoring  u s ing  s in g le  f ibe r  ab so rp tio n  

m e a su re m e n ts  coupled to th e  m em b ra n e  described  in C hapter  3.

1 8



CHAPTER 2

PREPARATION AND CHARACTERIZATION OF A CROSSLINKED 

POLY(VINYL ALCOHOL) GEL AND ITS USE IN CHEMICAL SENSOR 

DEVELOPMENT

This c h a p te r  d e s c r ib e s  ex p e r im e n ts  to develop  a  TNT s e n s o r  

b a s e d  on partitioning of TNT b e tw e e n  g ro u n d w a te r  a n d  a  su itab le  

r e a g e n t  p h a s e .  B e c a u s e  th is  s y s te m  in v o lv e s  a  p a r t i t io n in g  

equilibrium ra th e r  th an  an irreversib le  reac tion , it w a s  e x p e c te d  to 

give a  revers ib le  chem ical s e n s o r  with a  long lifetime.

1. Theory a n d  Background

A sch em a tic  of th e  se n so r  c o n c e p t  is show n  in F igu re  2.1. Two 

s e p a ra te  fu s e d  s ilica optical f ib e rs  se rv e  to  t ransm it  light to a n d  

from th e  re a g e n t  p h a s e ,  respectively . T here  is a  reflective material 

a t  the  e n d  of the  r e a g e n t  layer to  p reven t th e  incident light from 

interacting with the  g ro u n d w a te r  a n d  to red irec t  th e  inciden t light 

tow ards  th e  fiber which transm its  light to th e  de tector. T h e  diagram  

includes a  p o ro u s  s iz e  exclusion m e m b ra n e  to hold th e  reag en t  in 

p lace  while allowing d isso lved  s u b s ta n c e s  to  b e  e x tra c te d  into th e  

reagen t p h a s e .  The ideal reagen t shou ld  have  a  high partition



O p tic a l
F ib e rs

M embrane

R eag en t
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Figure 2.1. Diagram of reagen t p h ase  end  of proposed  sensor .
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co eff ic ien t to w a rd s  TNT a n d  s e le c t iv e ly  c o n c e n t r a t e  TNT in th e  

r e a g e n t  p h a s e  while exc lud ing  na tu ra lly  o ccu rr in g  hydrophilic  

o rg a n ic  c o m p o u n d s  t h a t  a b s o rb  in th e  u l trav io le t  a n d  w ould 

o th e rw ise  interfere . T he re a g e n t  itself should  no t a b s o rb  strongly 

in th e  UV range  w here  TNT absorption is m easu red .  The co n cen tra ted  

TNT in the  r e a g e n t  p h a s e  can  b e  m e a s u re d  by th e  in c r e a s e  of 

a b s o r b a n c e  d u e  to TNT partition ing . In ad d it io n  to holding th e  

re a g e n t ,  the  m e m b ra n e  would e x c lu d e  colloidal m ateria ls  th a t  might 

o therw ise  in terfere by abso rb ing  in th e  spec tra l ran g e  of interest.

If B eer 's  law holds for the a b s o rb a n c e  m e a s u re m e n t  show n in 

Figure 2.1, then

A=ab[TNT]r (2.1)

w here  A is the  a b so rb a n c e  d u e  to TNT in the r e a g e n t  layer, a  is molar 

absorptivity of TNT, b is the  pa th leng th  which is twice th e  reag en t  

p h a s e  th ic k n e s s ,  an d  [TNT]r is th e  co n cen tra tio n  of TNT in th e

re a g e n t  layer. At equilibrium [TNT]r d e p e n d s  on  the  concentra tion  of 

TNT in the  g ro u n d w a te r  [TNT]W a n d  the  distribution b e tw e e n  two 

p h a s e s  a s  e x p re s s e d  by Equation (2.2).

[TNT] r

K- -  w a .  ( 2 2 ) -

W h ere  Kd is th e  distribution coefficient. Substitu ting (2.2) into (2.1) 

y ie ld s
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A=abKd[TNT]w (2.3).

This s h o w s  th a t  a b s o rb a n c e  in the  r e a g e n t  p h a s e  is proportional to 

TNT co n cen tra tio n .

T h e  abso rp tion  spec trum  of TNT in a q u e o u s  solution is show n 

in F igure 2.2. T h e  molar absorptivity of TNT is approx im ate ly  19,000 

L/mol*cm a t 227  nm .53 The solubility of TNT in w a te r  is small, abou t 

0 .0 1 3 g /1 0 0 g  w a te r  a t  2 0 °C . But TNT is quite  so lub le  in o rganic  

so lven ts . Solubility in 95% e thano l a t  20 °C is 1 .23g /100g  solvent, 

95 t im e s  g r e a te r  th an  in w a te r .54 T h e  high solubility  d iffe ren ce  

p rom ises  a  large Kd when a  suitable re a g e n t  layer is used . A large Kd 

would m a k e  it possib le  to ob ta in  a  m e a su ra b le  UV absorp tion  sp ec tra  

for th e  low leve ls  of TNT g ro u n d w a te r  co n tam in a tio n  th a t  a re  of 

co n c e rn  environm enta lly .

2. Choice of R ea g en t

T h e  a b o v e  d iscuss ion  sh o w s  th a t  an  ideal r e a g e n t  sho u ld  (1) 

h av e  h igh  Kd for c o n c e n t ra t in g  TN T from  g ro u n d w a te r ,  (2) 

s e le c t iv e ly  e x t r a c t  TNT a n d  a v o id  in t e r f e r e n c e  from  o th e r  

UV -absorbing o rg a n ic  c o m p o u n d s  in w a te r ,  a n d  (3) t ransm it  in the  

UV a t  w av e len g th s  w here  TNT abso rbs .

E a r l ie r  w ork  on th is  p ro je c t  by S h a n e  e t  a l .55 u s e d  a  

co n c en tra ted  d ex tran  solution confined by a  dialysis m e m b ra n e  a s

2 2
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F igure 2,2. A bsorp tion  spectrum  of TN T.
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th e  reag en t p h a s e .  Although spectral c h a n g e s  d u e  to  TNT partitioning 

into the  s e n s i n g  so lu tion  w e re  o b s e r v e d ,  s e v e r a l  u n a n t ic ip a te d  

p rob lem s w e re  also  e n c o u n te re d :  (1) o sm o tic  p r e s s u r e  c a u s e d  the  

d ialysis  m e m b ra n e  to sw ell, (2) so m e  of th e  d ex tran  leaked th rough  

th e  dialysis m em b ra n e  a n d  (3) an unidentified U V -absorber le a c h e d  

from the  m e m b ra n e  and  interfered with th e  abso rp tion  m e a su re m e n t .  

A s a  c o n s e q u e n c e ,  a  c ro ss l in k e d  p o ly m er  gel w a s  p ro p o se d  to 

re p lace  the  dex tran  solution.

Poly (vinyl alcohol) (PVal) w a s  c h o s e n  b e c a u s e  it h a s  a  

s tru c tu re  s im ila r  to e th a n o l .  PVal c ross link ing  by reac tion  with 

g lu ta ra ld e h y d e  h a s  b e e n  rep o rted  in th e  literature  by Higuchi a n d  

li j im a.56 In their  p ro ced u re ,  a  dry PVal m em b ra n e  w a s  p re p a re d  by 

dissolving 1 g  PVal in 10 ml w ater  a t  100 °C for 4  hours  a n d  then  

aging at 21 °C  for 48 h o u rs  to allow air bubbles to e s c a p e .  This w as  

followed by cas ting  th e  solution on  a  g la s s  p la te  and  dry ing  a t 

t e m p e r a t u r e s  a ro u n d  21 °C  for a  w e e k .  T h e  m e m b ra n e  w a s  

cross linked  by  swelling t h e  dry PVal in 20%  N a2 S 0 4 followed by

reaction  with 0 .1%  g lu ta ra ld e h y d e  in 1%  H2S 0 4 a n d  20% N a2S 0 4 

so lu tion . T h e  c ross link ing  reaction  is sh o w n  in F igure  2 .3 . T h e  

m e m b ra n e s  p re p a re d  by Higuchi an d  lijima w ere  a ro u n d  0.4 to 0.6  

mm  thick. T h is  p rocedure  is only good for preparing m e m b ra n e s  tha t 

a r e  thin en o u g h  so  that a  h o m o g en eo u s  gel can b e  readily obta ined  by 

sw elling a  d ry  m e m b ra n e  a n d  th e  r e a g e n t s  for th e  c ross link ing  

reaction c a n  quickly reach  th e  cen te r  of th e  gel. This p rocedure  w a s
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Figure 2 .3 . Reaction for crosslinking PVal with g lu tara ldehyde.
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modified to p ro d u c e  c ro ss lin k ed  g e ls  which w ere  sufficiently thick 

for the  UV absorp tion  m e a su re m e n t  required to d e te c t  TNT.

3. Experim ental

m .  C hem ica ls  and  Equipm ent

PV al (100%  hydro lyzed) with a v e r a g e  m o lecu la r  w e ig h ts  of

14 .000  a n d  8 6 ,0 0 0  re sp e c t iv e ly  w e re  p u r c h a s e d  from Aldrich. 

G lu ta ra ld e h y d e  (5 0 %  w/w) w a s  o b ta in e d  from F ish e r  Scientific . 

S tan d ard  re fe rence  TNT w as  ob ta ined  from the  U.S. Army Toxic and  

H a z a rd o u s  M aterials Agency. A s ta n d a rd  TNT solution w as  p re p a re d  

by disso lv ing  40.0 mg of solid TNT in 10 to 15 ml of m ethanol in a  

25 ml b e a k e r .  T h e  m e th a n o l  so lu tion  w a s  th e n  q u an ti ta t iv e ly  

t r a n s f e r r e d  to a b o u t  400  ml of d is tilled  w a te r  while v igorous ly  

stirring t h e  water. T h is  solution w as  th en  tran sfe rred  to a  5 0 0 .0  ml 

volumetric flask a n d  brought to volume. T h e  TNT concen tra tion  w as

80.0 ppm . It w as s to re d  in a  refrigerator a t  4  °C a n d  diluted to the 

req u ired  c o n c e n tra t io n  b e fo re  u s e .  TN T u s e d  for th e  solubility  

m e a s u re m e n ts  w as  p u rc h a se d  from Kodak. O ther re a g e n ts  w e re  also 

ob ta ined  from the  availab le  com m ercia l s o u rc e s .  All m ateria ls  w ere  

used a s  received.

A S h im adzu  S p e c tro n ic  2 0 0  s p e c t ro p h o to m e te r  w as  u s e d  for 

all the  abso rp tion  m e a s u re m e n ts .

26



12). G el P repara tion

A c o n v e n ie n t  p ro c e d u re  w a s  d e v e lo p e d  for m aking  a  thick 

c r o s s l in k e d  PV al gel b y  m ixing th e  p o ly m e r  s o lu t io n  with 

g lu ta ra ld e h y d e  a n d  a  s u i ta b le  a m o u n t  of a c id  a n d  letting th e  

crosslinking reac tion  o ccu r  slowly. Control of th e  reac tion  s p e e d  is 

cruc ia l in ge tt ing  a  c le a r  gel. If c ross link ing  is too rapid , local 

precip ita tion  c a n  c a u s e  in h o m o g e n e i t ie s  which m a k e  th e  resulting 

gel a p p e a r  cloudy. Also, air bubb les  c a n  be  tra p p e d  in th e  gel. Both 

e ffec ts  ren d er  th e  gel u n su itab le  for optical m e a s u re m e n ts .

T he  following p ro ced u re  yields a  c lea r  gel. 1.0 g PVal (average  

m o lecu la r  w e ig h t 86 ,000) is d isso lv ed  in 18 ml w a te r  by gently  

h ea t in g  the solu tion  to a b o u t  90 °C  a n d  stirring for o n e  hour. The 

s o lu t io n  is c o o le d  to ro o m  te m p e r a tu r e ,  a n d  0 .1 6  ml 10%  

g lu ta ra ld e h y d e  (diluted from  50%  g lu ta ra ld e h y d e  with w a te r)  is 

a d d e d  and  mixed well. Then 0.4 ml of 1.2 M HCI ( p rep a red  by diluting 

co n c e n tra te d  HCI 1:9 in w ater) is a d d e d  and  th e  resulting solution is 

m ixed. T he so lu tion  is th e n  c o v e re d  a n d  a l lo w ed  to s it  a t  room 

te m p e ra tu re  for 12 hours. T h e  resulting c lear  ge l is then  s o a k e d  in 

pH 6 p h o sp h a te  buffer for 2  d a y s  to neutralize th e  acid in the  gel.

G e ls  w e re  usually p re p a re d  in d isp o sa b le  1 .00 cm  path leng th  

p las tic  cuvets .  After the gel had se t ,  th e  c u v e ts  w ere  b roken  ap a r t  

yielding a  c le a r  gel with a  well de f in ed  g eom etry . T h e s e  blocks of 

gel w e re  u sed  for UV absorp tion  m easu rem en t.
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(3). Absorption m e a s u re m e n ts

The absorp tion  sp ec tru m  of th e  gel is m e a s u re d  by holding the  

block of gel in a  d isp o s a b le  plastic c u v e t  w h o se  two opposite  walls 

h a s  b e e n  re m o v e d  to  allow UV light to b e  t ra n sm it te d .  T he 

absorp tion  sp ec tru m  of TNT in the  gel is ob ta ined  using a n o th e r  gel 

so ak ed  in the  blank solution a s  the reference.

(4). Swelling index m e a s u re m e n t

The swelling index of the gel is defined by equa tion  (2.4).

w P - W<
SI = — —  * 100 (2.4)

W1

w h ere  SI is th e  swelling index and  W 1( W2 are th e  w eights  of the  gel

be fo re  a n d  a f te r  soak ing  in w ater for 2 4  hours. S l ices  of gel a b o u t  

0 .5  cm  thick w ere  u s e d  for the  m e a s u re m e n t  a s  th inner  s lices  tend  

to  reach  equilibrium a t  sh o r te r  time periods .  

f5). M easu rem en t of TNT solubility

Solub ili ties  of TN T in v a r io u s  e th a n o l-w a te r  m ixtures w e re  

m e a su re d  by adding solid TNT to a  s e r i e s  of e th an o l-w a te r  m ixtures 

a n d  shak ing  for 48  h o u rs  a t  room te m p e ra tu re .  After centrifuging to 

rem o v e  e x c e s s  solid TNT, the TNT co n c e n tra t io n s  w ere  d e te rm in e d  

by UV absorption.
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4. F ac to rs  Influencing Gel P roperties

Ch. PVal C oncentra tion

As th e  c o n c e n t r a t io n  of PVal in c r e a s e s ,  tw o  p ro b le m s  

deve loped : (1) th e  aq u eo u s  PVal solution b e c o m e s  so  v isco u s  tha t a ir  

b u b b le s  e n t ra p p e d  in the mixing s teps  e s c a p e  very slowly and  (2) th e  

crosslinking reac tion  te n d s  to  go so rapidly that mixing of HCI with 

t h e  g lu ta ra ld e h y d e /P V a l  so lu tio n  c a u s e s  local p re c ip i ta t io n  a n d  

e n trap m en t of a ir  bubbles. To prepare  a  gel from a  1 0 %  (w/w) PVal 

so lu tion  the p ro c e d u re  d e s c r ib e d  in th e  experim enta l sec tio n  h a s  to 

b e  modified. PV al with a n  a v e ra g e  m o lecu la r  w eight of 14,000 w a s  

u s e d  to r e p l a c e  the  h ig h  m o le c u la r  w eigh t P V a l .  A q u e o u s  

g lu tara ldehyde/PV al and th e  co n cen tra ted  HCI re ag en t  w e re  a d d ed  to 

s e p a r a t e  c o n ta in e rs .  Both co n ta in e rs  w e r e  placed in a  covered  5 0 0  

ml b e a k e r .  T h e  HCI slow ly  t ra n s fe rs  th ro u g h  th e  v a p o r  p h a s e ,  

initiating crosslinking. O n ce  g e l  starts  to form on th e  su rface  of th e  

g lu ta ra ld e h y d e /P V a l  c o n ta in e r ,  the c o n c e n t r a t e d  HCI solu tion  is 

rem o v ed  from th e  covered 5 0 0  ml b eak er  a n d  0.05 M HCI solution is 

a d d e d  to th e  b e a k e r .  T he  HCI solution is allowed to  b e  in d ire c t  

c o n ta c t  with t h e  gel s u r f a c e  an d  g e l  form ation c o n t in u e s  to  

c o m p le t io n .

In a n o th e r  approach  t h e  HCI solu tion  w as  r e p la c e d  by 0 .26 ml 

( C H 3 )2 S 0 4 . This  r e a g e n t  itself h a s  no  cata ly tic  e ffec t  on th e  

crosslinking reac tio n .  W hen all the r e a g e n t s  a re  m ixed , the  solution
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is h e a te d  to abou t 80  °C to hydrolyze (CH3)2S 0 4 which p ro d u c e s  the  

ca ta ly s t  H+ hom ogeneously  in th e  solution.

(CH3)2S 0 4 + 2  H20  --------► H2S 0 4 + 2 CHgOH

The gel m ad e  by th is  p rocedure  h a s  no a p p a re n t  c lo u d in e ss  but the  

absorp tion  at w ave leng ths  sh o rte r  than  250 nm  is in c reased .

(2). G lu ta ra ldehyde C oncen tra tion

T h e  final w a te r  con ten t of th e  gel d e p e n d s  on th e  d e g re e  of 

crosslinking. This is m e a su re d  in te rm s of th e  swelling index which 

is d e f in ed  in the  prev ious  sec tion . Figure 2 .4  sh o w s  how varying the  

am o u n t of g lu ta ra ld eh y d e  a ffec ts  th e  swelling index for th e  gel. All 

the  p lo ts  in th is  w ork a re  d ra w n  by in te rpo la ting  b e tw e e n  the  

m e a s u re m e n ts .  T h e  lines do no t h av e  a  th eo re tica l  b a s i s  and  a re  

included for illustration p u rp o se  only. The d a t a  show n a r e  for gels  

m ade  by combining 1.0 g PVal in 18 ml w ater  a n d  0.4 ml 1 .2  M HCI 

with v a r iab le  a m o u n ts  of 10% g lu ta ra ld e h y d e  in water. As indicated 

in F igure 2.4, the gel formed using 0 .16 ml 10%  g lu tara ldehyde  has  a  

swelling index of 0. This m e a n s  th e  gel, a s  form ed, neither ga ins  nor 

lo ses  w a te r  w hen  a d d e d  to a n  a q u e o u s  so lu tion . This formulation 

w as u s e d  to m e a s u re  TNT partitioning. G e ls  with higher a m o u n ts  of 

g lu ta ra ld e h y d e  te n d  to lose w a te r  by sh rink ing  an d  th e  o n e s  with 

le sse r  a m o u n ts  of g lu ta ra ldehyde  te n d  to gain  w ate r  by swelling.

T h e  ratio of PVal to w a te r  in the  final gel is in c r e a s e d  by 

using h igher levels of g lu tara ldehyde to in c re a se  the d e g re e  of
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c ro ss l in k in g .  H igher PVal le v e ls  sh o u ld  i n c r e a s e  t h e  partit ion

coefficient of TNT in th e  gel. H ow ever, it w a s  found th a t  in c reased

g lu ta ra ld e h y d e  levels c a u s e d  in c re a s e s  in th e  back g ro u n d  absorp tion  

o r  s c a t te r in g  in th e  UV w hich  would in te r fe re  with th e  TNT 

m e a s u re m e n t .

(3). HCI C oncentra tion

Solutions p re p a re d  by com bining 1.0 g PVal in 18 ml w a te r  and  

0 .1 6  ml 10%  g lu tara ldehyde w ere  reac ted  with 0.1, 0.4, an d  0.8 mis 

of 1.2 M HCI. No gel is formed e v e n  after a  w eek  with 0.1 ml HCI. 

Both 0.4 a n d  0.8 ml HCI yielded c le a r  gels  in a  re a so n a b le  period of 

t im e. H igher HCI co n cen tra tio n  c a u s e  quick precip ita tion  a n d  t ra p s  

a ir  bubbles in the gel. C o n cen tra ted  HCI can  no t be  directly u sed  d u e

to  quick local precipitation during mixing.

f4). T e m p e ra tu re

G els  w e re  p re p a re d  at 12 °C , room te m p e ra tu re  (abou t 27 °C )  

a n d  60 °C . Gel form ation is a c c e le ra te d  a t  th e  h igher te m p e ra tu re .  

H o w ev er ,  t h e  gel fo rm e d  a t  6 0  °C  h a d  s ig n if ic a n t ly  h ig h e r  

back g ro u n d  absorp tion . There  w a s  no significant d ifference  b e tw een  

th e  gels p re p a re d  at room  tem p era tu re  and  a t  12  °C.

5. P roperties  of the  PVal Gel

m .  A bsorption

Figure 2 .5a a n d  2 .5 b  show UV absorption sp ec tra  for PVal in
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solution, PVal gel soaked  in blank solution and  PVal gel so ak ed  in 10 

ppm  TNT solu tion  for 16 hours . Crosslinking lead s  to  b roaden ing  of 

th e  major PVal absorp tion  b a n d  in th e  ra n g e  from 2 2 0  to 250  nm. 

There  is a lso  a  w eak  band  cen te red  a t  2 8 0  nm. This ban d , which may 

d u e  to r e s id u a l  c a rb o n y l  a b s o rp t io n ,  ac tu a lly  d e c r e a s e d  a f te r  

c r o s s l in k in g .  T h e  g e l  is  su ff ic ie n t ly  t r a n s p a r e n t  to p e rm it  

m e a su re m e n t of TNT absorption .

(2). Stability with Time

The ab so rp t io n  s p e c t r a  of g e ls  s o a k e d  in w a te r  or pH 6.0 

p h o sp h a te  buffer do not c h a n g e  over a  w eek . However, when th e  gel 

is soaked  in 0.1 M NaOH, a b so rb a n c e  in c re a se s  slowly a t  w aveleng ths  

shorter  than  2 6 0  nm.

(3). R esp o n se  to TNT

1.0 cm  thick g e ls  p r e p a re d  in 1 .00  cm  d is p o s a b le  p la s t ic  

c u v e ts  w e re  s o a k e d  in a q u e o u s  TNT so lu tions . A bsorp tion  s p e c t r a  

m e a su re d  a t  various t im es  sh o w  tha t it t a k e s  at l e a s t  35 h o u rs  for 

th e  TNT con cen tra tio n  in th e  gel to r e a c h  equilibrium. R esu lts  a re  

show n in F igure 2.6.

Figure 2 .7  show s th e  d e c re a s e  in TNT a b s o rb a n c e  with tim e for 

a  1.0 cm block of gel p re -ex p o sed  to a  10 ppm a q u e o u s  TNT solution 

for 17 hours  a n d  then p la c e d  in water. T h e  d a ta  confirm that th e  gel 

re sp o n d s  reversib ly  to var ia tions  in TNT concen tra tion .

(41. Partition Coefficient

The partition coeffic ien t for equilibrium  partitioning of TNT
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from a q u e o u s  solution into the  gel w a s  de te rm ined  by m easuring  th e  

relative m ag n itu d e  of TNT absorp tion  in a q u e o u s  solution and  in th e  

gel for a  b lock of gel a t  equilibrium with a n  a q u e o u s  TNT solution. 

For a  gel p rep a red  from 1.0 g of PVal in 18 ml w ater  a n d  0.16 ml 10%  

g l u t a r a ld e h y d e ,  th e  p a r t i t io n  c o e f f ic ie n t  w a s  d e t e r m in e d  by 

expos ing  b locks  of gel to  4, 8, a n d  12 ppm  TNT so lu tions  for 59 

hours, then  m easu ring  th e  a b s o rb a n c e  of TNT a t  230 nm in the  gel 

a n d  the  so lu tion . T he  partition coeffic ien t w a s  c a lc u la te d  from th e  

ratio of TNT a b s o rb a n c e  in the gel to the  a b s o rb a n c e  in the  solution. 

R esu lts  for th e  m e a s u re m e n ts  a r e  g iven in T ab le  2 .1 . T he  a v e ra g e  

v a lu e  for th e  partition coeffic ien ts  is 1.43.

6. P ro sp e c ts  for Increasing th e  Partition Coefficient

B e c a u s e  th e  partition coefficient is too low, TNT can  not b e  

p re c o n c e n tra te d  to the  ex te n t  requ ired  for in-situ s e n s in g  of TNT in 

g ro u n d w ate r  a t  the  su b -p p m  level. S evera l a p p r o a c h e s  to increasing  

th e  partition coefficient w e re  c o n s id e red .  T he  ratio of PVal to w a te r  

in the  gel c a n  be  in c r e a s e d  by s tarting  with a  h ig h er  initial PVal 

co n cen tra t io n  or by increasing  th e  level of g lu ta ra ld e h y d e  to g e t  a  

h ig h e r  d e g r e e  of c r o s s l in k in g .  H o w e v e r ,  h ig h e r  le v e ls  of 

g lu ta ra ld e h y d e  lead to h igher  back g ro u n d  abso rp tion , a n d  formation 

of a  c lea r  ge l  is m ore difficult a t  h igher PVal levels b e c a u s e  of the  

in c reased  viscosity  of th e  a q u e o u s  PVal solution and  th e  ten d en cy
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Table 2.1.

Partitioning for TNT between PVal gel and water.

TNT
concentration

12 ppm

8 ppm

4 ppm

Absorbance 
in gel

1.25

0.814

0.394

A bsorbance 
in solution

0.858

0.582

0.274

Partition
coefficient

1.46

1.40

1.44
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for the  gel to  form m o re  rapidly.

R a th e r  than  a t te m p t  the  difficult ta sk  of forming g e l s  with 

h igher  PVal levels, a  s im p le  ex p e r im e n t  w as  p e rfo rm ed  to g e t  an 

e s t im a te  of th e  PVal level req u ired  to significantly  in c r e a s e  the  

partition coeffic ien t.  T h e  solubility of TNT w a s  m e a s u re d  a s  a 

function of th e  v o lum e p e rc e n ta g e  of e th a n o l  a d d e d  to w ate r .  

B e c a u se  e th an o l and PVal a re  both aliphatic a lcoho ls ,  the  in c r e a s e  in 

solubility a s  a  function of a d d e d  e th an o l  shou ld  b e  similar to  the 

in c re a se  in p recon cen tra tio n  factor with an in c r e a s e d  p e rc e n ta g e  of 

PVal in th e  gel.

Solubility d a ta  a r e  show n in F igure  2.8. A lthough TNT is much 

m o re  so lu b le  in pure e th an o l  than  in pure  w ater ,  sm all a m o u n ts  of 

a d d e d  e th an o l  do not significantly in c re a se  the solubility of TNT. The 

concen tra tion  of a d d ed  e thano l m ust b e  g rea te r  th a n  50%  by volum e 

to  s ign ifican tly  e n h a n c e  TNT solubility . S in ce  fo rm ation  of g e ls  

containing PVal ap p ro ach in g  50% d o e s  not a p p e a r  to be feas ib le ,  it 

s e e m s  i m p o s s ib l e  to  p r e p a r e  g e l s  t h a t  will a d e q u a t e l y  

p re c o n c e n tra te  TNT for th e  sensing  application.

T he solubility of TNT in c o n c e n tra te d  d e x t r a n  so lu t io n s  w as 

m e a su re d  by the  s a m e  p rocedure  u s e d  to m e a s u re  TNT solubility in 

e th a n o l-w a te r  m ixtures. It w a s  fo u n d  tha t TNT is 2.1 t im es  m ore 

so luble  in a  solution p re p a re d  by dissolving 4.0 g of dextran in 10 ml 

of w a te r  th a n  in p u re  w ater .  T h is  in d ica te s  t h a t  c o n c e n t r a t e d  

dextran solution will no t adequate ly  p reconcen tra te  TNT. The
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a p p a r e n t  high par t i t ion  c o e f f ic ie n ts  m e a s u r e d  in th e  p re v io u s  

s t u d y 55 w e r e  an a r t ifac t  of m e m b ra n e  le a k a g e  a n d  a s s o c ia te d  

problem s.

T h e  possibility of increasing  th e  hydrophobicity  of th e  gel to 

p roduce  in c re a se d  partitioning w a s  a lso  inv es tig a ted . T he  gel w as  

re a c te d  w ith  m o n o fu n c tio n a l  a ld e h y d e s  includ ing  fo rm a ld e h y d e ,  

a c e ta ld e h y d e  and b u ty ra ld eh y d e . T h e  resulting g e ls  te n d  to  shrink 

a fter  fo rm a tio n  a n d  b e c o m e  very  c loudy . T h ey  a r e  c o m p le te ly  

unsuitab le  for UV ab so rp tio n  m e a su re m e n ts .

7. Application of th e  G els

W hile PVal g e ls  do  not h av e  th e  n e c e s s a ry  ch a rac te r is t ic s  for 

in-situ m e a s u r e m e n ts  of TNT, they  a r e  usefu l m ed ia  for optical 

m e a s u re m e n ts .  Although no further a t te m p ts  w ere  m a d e  to u s e  the 

gel for TN T sen so r  deve lopm ent, o th e r  re se a rc h  within the  g roup  h as  

proven th a t  the  gel is a  d e s irab le  su p p o rt  m ateria l for immobilizing 

r e a g e n t s  fo r  o th e r  s e n s i n g  a p p l i c a t i o n s .  Im m o b il iz a t io n  of 

f lu o r e s e in a m in e  a n d  c a lc e in  fo r  pH a n d  c a lc iu m  s e n s i n g ,  

respectively , have b e e n  repo rted .57-58
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CHAPTER3

A CLEAR, AMINE-CONTAINING POLY(VINYL CHLORIDE)

MEMBRANE FOR OPTICAL DETECTION OF TNT

R eactions  of TNT with am ines h a v e  been d esc r ib ed  in C hap ter

1. M e a s u r e m e n t s  b a s e d  on t h e s e  r e a c t io n s  offer  im p o r ta n t  

a d v a n ta g e s  re la tive  to m e a s u re m e n ts  in the  ultraviolet be low  300 

nm. L e ss  e x p e n s iv e  optical c o m p o n e n ts  can b e  u sed , including an  

in c a n d e s c e n t  s o u rc e  and  g la s s  optical fiber. O ptica l t ra n sm iss io n  is 

m uch  h ig h e r  in th e  v is ib le  than in th e  ultraviolet. F u r th e rm o re ,  

b ack g ro u n d  absorp tion  is le s s  likely to  be  a  prob lem  in th e  visible 

region of the  spec tru m . B e c a u s e  of t h e s e  a d v a n ta g e s ,  a  p lastic ized  

poly(vinyl chloride) (PVC) m e m b ra n e  d o p e d  with am ine  h a s  b een  

p re p a re d  an d  successfu lly  u s e d  for se n s i t iv e  d e tec t io n  of TNT and  

o th e r  r e la te d  po lyn itro  a ro m a t ic  c o m p o u n d s  in g r o u n d w a te r .  

P rep a ra t io n  an d  p ro p e r t ie s  of the m e m b ra n e  a r e  d e sc r ib e d  in this 

C h ap te r .

1. Background

PV C h a s  b e e n  w ide ly  u sed  fo r  p re p a r in g  r e a g e n t - lo a d e d  

p la s t ic iz e d  m e m b ra n e s  fo r  analy tica l a p p l ic a t io n s ,  e s p e c ia l ly  for 

m ak ing  ion s e le c t iv e  m e m b ra n e  e l e c t r o d e s .  59 62 T h e  u n ique
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c h a r a c t e r i s t i c  of PV C is th a t  it a c c e p t s  la rg e  a m o u n ts  of 

p la s t ic ize rs  g rad u a lly  ch an g in g  in physical p ro p e r t ie s  from  a  rigid 

solid to  a  soft gel or v iscous  liquid. Most o th e r  re s in s  undergo  this 

t r a n s fo rm a t io n  with s l ig h t  i n c r e a s e s  in p la s t i c iz e r  c o n te n t  o r

te m p e ra tu re .  62

A m in e s  a r e  know n  to b e  g o o d  s ta b i l i z e r s  fo r  P V C .6 4 

Triocty lam ine-loaded PVC partic les h av e  b e e n  u se d  to ex trac t  m etal 

io n s  from  w a t e r . 65 T h e s e  a p p l ic a t io n s  in d ic a te  t h a t  PVC is

com patib le  with s o m e  am ines .

PV C is a l s o  c o m p a t ib le  with n i t ro a ro m a t ic  c o m p o u n d s .  

N itrobenzene  h a s  b een  u sed  a s  a  plasticizer for making a  soft PVC 

m e m b r a n e . 66 D erivatives of n i tro b e n z e n e  s u c h  a s  o - n i t r o p h e n y l  

pheny l e th e r  a n d  o -n itro p h en y l octyl e th e r  h a v e  b e e n  u se d  a s  

p las tic ize rs  for making io n o p h o re -im p reg n a ted  PVC m e m b ra n e s  for 

ion s e le c t iv e  e le c t ro d e s .66-67 T h e s e  rep o rts  s u g g e s t  th a t  TNT will 

h a v e  a  high affinity for PVC, th u s ,  t h e  c o e f f ic ie n t  for TNT 

partitioning into th e  m e m b ra n e  from w ater will b e  high.

TNT solubilities in methyl a c e ta te  and  b e n z e n e  a re  5.5X103 an d  

5 .2 X 1 0 3 h igher than  in w ater, respectively .54 This s u g g e s t s  that th e  

com m only  u s e d  PVC plasticizer, d ioc ty lph tha la te  (DOP), a  b e n z e n e  

d e r iv a t iv e  with two h y d ro g e n  a to m s  s u b s t i tu t e d  by two e s t e r  

g ro u p s ,  m ay  a lso  b e  a  good  so lv e n t  for TNT an d  th u s  help to

efficiently ex trac t  TNT from w a te r  into the  m em b ra n e .

A nother  im portant re a so n  for ex pec ting  th e  m e m b ra n e  to b e
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highly s e n s i t iv e  to TNT is th a t  th e  reac tion  in th e  m e m b ra n e  is 

irreversible, ra ther  th a n  reach ing  an  equilibrium, TNT will con tinue  

to e n te r  t h e  m e m b ra n e ,  reac tin g  to form c o lo re d  p ro d u c ts  tha t  

a c c u m u la te  in th e  m e m b ra n e  until th e  a m in e  is d e p le te d .  The 

a ccu m u la ted  p roducts  c a n  then  b e  d e te c te d  by m easu rin g  th e  exten t 

to which th e y  a b so rb  light.

m. C hem icals  a n d Equipment

G e o n s  142 and  143 PVCs m anufactured  by B. F. Goodrich were 

o b ta in e d  from  G e o n  Vinyls. J e f fa m in e  T-403 w a s  o b ta in e d  from 

T exaco  C h em ica l C o m p an y  a s  a  p u re  liquid. It h a s  the  s truc tu re  

show n below:

2. Experim enta l

CH3
CH3CH;p------c  — OCHoCH—O — CHoCH

NH'2 c h 3
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T he  a v e r a g e  m o le c u la r  w eigh t o f  Je ffa m in e  T-403 is 4 0 3 .  The 

primary am in e  c o n te n t  is 6.1 m eq  g*1. Most o th e r  am ines  w e re  from 

A ldrich , e x c e p t  fo r  2 - m e th y l - 1 ,5 - d i a m in o p e n ta n e  w h ic h  w a s  

ob ta ined  from Dupont. Ail am ines  a r e  u sed  a s  received.

A nhydrous  te trahydrofu ran  (THF) w as  u s e d  a s  the  so lv en t  for 

c a s t in g  PVC m e m b ra n e s .  It w a s  o b ta in e d  from  Aldrich or by 

distilling re a g e n t  g r a d e  THF prior to  use.

E x p lo s iv e s  w e r e  o b ta in e d  from  th e  U .S .  Army T ox ic  and 

H a z a rd o u s  M aterials  A gency (THAMA) a s  r e fe r e n c e  m a te r ia ls  for 

eva lua ting  analytical m ethods.

M e m b ra n e  a b s o rp t io n  s p e c t r a  w e re  m e a s u r e d  u s in g  the  

S p e c t r o n ic  200 S p e c t r o p h o to m e te r  d e s c r ib e d  in C h a p te r  2. A 

m e m b r a n e  ex p o sed  to  a  blank so lu tion  w as  p la c e d  in th e  re fe rence  

cell. T h e  nitrogen c o n te n t  of th e  m e m b ra n e s  w a s  m e a s u re d  with a 

P e rk in -E lm e r  24 0 B  E le m e n ta l  A n a ly z e r  b y  th e  s tu f f  a t  the  

Instrum ent C en ter  in th e  d ep ar tm en t.

(2). P ro c e d u re s

M e m b ra n e s  w e r e  p rep a red  by  so lvent c a s t in g  from THF. The 

p ro c e d u re  which y ie ld s  the  b e s t  m e m b ra n e  is a s  fo llow s. Bulk 

polym erized PVC (0.5 g) is p laced  in a  25 ml g la s s  beak er  which has 

been  p red ried  a t 130 °C . After add ing  11 ml of anhydrous  THF, the 

b e a k e r  is covered  with a  p iece  of Parafilm to  exclude  a tm o sp h e r ic  

m oisture. The PVC g e l s  in ab o u t two hours. After it h a s  ge lled , the 

b e a k e r  is  gently  h e a t e d  with s tirring to m a k e  a  h o m o g e n e o u s
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solution. D O P (0.20 ml) and  Je ffam in e  T-403 (0 .12  ml) a r e  ad d ed .  

G entle  w arm ing an d  stirring a re  con tinued  until all c o m p o n e n ts  are  

well m ixed a n d  th e  solution a p p e a r s  c lear a n d  com plete ly  uniform. 

The solution is then a d d e d  to a  w arm , dried Petri dish (8.8 c m  inner 

d iam ete r)  a n d  c o v e re d  with a  lay e r  of dry Kim wipes to le t THF 

ev a p o ra te .  After th re e  d a y s  or m ore , a  c lea r  m e m b ra n e  h a s  form ed 

and is re ad y  for u se .  Prior to u s e  m e m b ra n e s  a r e  stored in se a le d ,  

dry v ia ls .  A n a lo g o u s  p r o c e d u re s  w e re  u s e d  to p r e p a r e  o th e r  

m e m b ra n e s  with different am ine  c o n te n ts  an d  th ic k n e sse s .

P rep a ra t io n  of s ta n d a rd  TNT solu tions h a s  b e e n  d e s c r ib e d  in 

C hapter  2. All o ther  explosives w e re  p repared  in the  s a m e  w ay  and 

have con cen tra tio n s  ranging from 20 to 80 ppm.

T h e  pH 5.0 buffer w a s  p re p a re d  by d issolving 16 g of sodium  

a c e ta te  in ab o u t 80 ml of water, add ing  ace tic  ac id  to bring th e  pH 

to 5 .0  a n d  then  add ing  w ate r  to bring the  final volum e to 100 ml. 

The pH 6 .0 , 7.0, a n d  8 .0  buffers w e re  p re p a re d  by adding  varying 

am ounts  of 0.1 M NaOH to 0.1 M N aH 2P04 and  ad just the final volume 

to 100 ml. The pH 9.0 buffer w as  p rep ared  by adjusting the  pH of 50 

ml of 0 .1 0  M tr ishydroxyam inom ethane  to pH 9 .0  with 0 .10  M HCI 

and  diluting to a  final volum e of 100 ml.

M e a s u re m e n ts  of th e  TNT co n cen tra t io n  in w ere  m a d e  by 

placing  tw o  0 .5X 3.0  c m 2 p ie c e s  of m e m b ra n e  in 200 ml of an 

a q u e o u s  TNT sam p le  in a  co n ta in e r  s e a le d  to p re v e n t  ev apora tion . 

The re a c t io n  w as  a l low ed  to p ro c e e d  for a  fixed period of time
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w ith o u t a h y  stirring. T h e  m e m b ra n e  w a s  t h e n  re m o v e d .  T he 

s p e c t ru m  of th e  m e m b ra n e  w a s  m e a s u r e d  by  a t ta c h in g  th e  

m em b ra n e  a t  the  ou ter  su rface  of a  q u a r tz  cuvet m a sk e d  so  th a t  the  

width of th e  light path  is 0 .2  cm . S u r fa c e  ten s io n  is sufficient to 

hold the  m oist m em b ra n e  on the cuvet. A nother p ie c e  of m em brane , 

s o a k e d  in th e  blank solution, w as  a t ta c h e d  to a  s e c o n d  cu v e t  to 

s e rv e  a s  th e  re fe ren ce . T h e  c u v e ts  w e re  filled with distilled w a te r  

to red u ce  th e  reflection a t  the quar tz -a ir  interface. T h e  a b s o rb a n c e  

a t  800  nm w a s  ad ju s te d  to zero to  c o m p e n s a te  for the  variation 

d u e  to the  d ifference in m em b ran e  th ickness .

L each ing  of a m in e  from m e m b ra n e s  in d is til led  w a te r  w a s  

e v a lu a te d  by titration. A p iece  of f re sh  m e m b ra n e  with an a r e a  of 

60  cm 2 (corresponding  to 0 .80 g) w a s  p laced  in 3 0 .0  ml of distilled 

w a te r .  After e x p o s u re  for a  known tim e, th e  l e a c h e d  am in e  w a s  

t i t ra ted  with 0 .0 1 2  M HCI which h a d  b e e n  s ta n d a rd iz e d  a g a in s t  

Je ffam in e  T -403 using methyl o ran g e  a s  the  indicator.

M em brane  nitrogen co n ten ts  w ere  m e a su re d  by th e  staff a t  the 

UNH Instrumentation C e n te r  using a  Model 240B Elem ental Analyzer. 

For th e  m e m b ra n e s  s to re d  in air for different p e r io d s  of time, sm all 

p ie c e s  of th e  m e m b ra n e  w ere  w a s h e d  with d istilled  w a te r  quickly 

to rem ove  th e  am ine th a t  had  le a c h e d  onto  th e  su rfa c e ,  th en  the  

m e m b ra n e  w a s  dried  with Kimwipe p a p e r  an d  a n a ly z e d .  D a ta  for 

m e m b r a n e s  s to r e d  in a ir  for d i f f e re n t  p e r io d s  of tim e w e re  

m e a s u r e d  u s in g  m e m b r a n e s  p r e p a r e d  a t  d i f f e re n t  t im e s .  All
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m e a s u re m e n ts  w ere  m a d e  a t th e  s a m e  tim e. M em b ran es  e x p o s e d  to 

0.01 M p h o sp h a te  buffer solution w ere  dried  in the  s a m e  way befo re  

analysis .  M e a s u re m e n ts  w ere  m a d e  a f te r  various  e x p o s u re  t im es .  

M e m b ra n e s  with d if fe ren t  initial a m in e  c o n c e n t r a t io n s  w e re  all 

m easu red  a t  the s a m e  time .

3. Results  an d  Discussion

m .  C h o ice  of Amine

M e m b ra n e s  w e re  p rep ared  using a  variety  of a m in e s .  T a b le  1 

qualitatively  s u m m a r iz e s  the  re su l ts .  C h em ica l com patibility  of th e  

amine with the  p lastic ized  PVC is im portant for ge tting  clear, tough  

m e m b ra n e s .  As n o te d  in T a b le  3.1, tr is (2 -am in o e th y l)a m in e  an d  

4 ,9 -d io x a -1 ,12- d o d e c a n e a m i n e  fail to  y ield  c l e a r  m e m b r a n e s .  

Instead  th e y  se e m  to  partition into a  s e p a r a t e  p h a s e  lead ing  to 

m ic ro d o m a in s  of a m in e  w ith in  th e  m e m b ra n e  w hich  m a n ife s t  

th e m se lv e s  a s  c lo u d in e ss .  Ethyl iso n ip e c o ta te  fo rm s a  m uch le s s  

tough m e m b ra n e  a n d  soon b e c o m e s  c loudy  and  yellow in th e  air. 

These  c lo u d y  m e m b ra n e s  can  n o t be  u se d  for the  m e a s u re m e n t  and  

were not s tu d ied  further.

W h e n  the  c l e a r  m e m b ra n e s  with d iffe ren t a m in e s  w e re  

e x p o s e d  to  a q u e o u s  TN T s o lu t i o n s  it w a s  fo u n d  t h a t  

N . N - d i e t h y l e t h y l e n e d i a m i n e ,  2 - m e t h y l - 1 , 5 - d i a m i n o p e n t a n e ,
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Table 3.1. Effect of amine structure on membrane response.

A m in e

Ethy lened iamine

2 - M e t h y l - 1 , 5 - d i a m i n o p e n t a n e

Dibutylamine

S t r u c t u r e

H2NCH2CH(CH2)3NH2

CH,

<C4H,),NH

R e sp on se

W e a k  color

Medium color

W e a k  color

T r i e th y l a m i n e  

T r i oc t y lamine

N,N-Die thy!e thylenediamine

T r i (2 - a m i n o e t h y l ) a m i n e

(C2HS)3N

(C,h )7)3n

(C2H5)2N(CH2)2NH2

(H2NCH2CH2)2NH2

No color

No color

3 -Di e t h y l am in o pr op y la m in e  (C2HS)2N{CH2)3NH2

St rong  color 

Cloudy membrane

S t r on g  color

3 -D ib u t y l am in o pr op y lam in e  {C4H9)2N(CH2)3NH2 S t ro ng  color

4 , 9 - D i o x a - 1 , 1 2 - d o d e c a n e a m i n e  H2N(CH2)30(CH2)40(CH2)3NH2 Cloudy  membrane

Ethyl  i son ipecotate

4 - A m i n o e t h y lp y r i d in e

H— N
/

H

C— oc2h  

O

CH2CH2NH2

Medium color

Medium color
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3 - d i e t h y l a m i n o p r o p y l a m i n e ,  3 - d i b u t y l a m i n o p r o p y l a m i n e  a n d  

Je ffam in e  T-403 g a v e  strong color, d ibuty lam ine g ive  medium color, 

am inoethy lpyrid ine  a lso  g a v e  m edium  co lo r  an d  th e  m em b ra n e  itsef 

s lo w ly  b e c a m e  y e l lo w  in s t o r a g e ,  a n d  t r io c ty la m in e  a n d  

trie thylam ine did not g ive  any  color. T h e s e  resu lts  tell us th a t  only 

primary an d  se c o n d a ry  am in es  yield o b se rv a b le  color. Low m olecu lar  

w e ig h t  a m in e s  with h igh  w a te r  so lub ility  yield  relatively  w e a k  

co lo r  b e c a u s e  the  a m in e s  a re  rapidly e x tra c te d  into the  a q u e o u s  

p h a s e  w h e re  no reac tion  occurs . A lipophilic p rim ary  or s e c o n d a ry  

a m in e  is requ ired  for maximum sensitivity .

Of th e  am in es  eva lua ted , Jeffam ine  T-403 p roved  to be  th e  

m o s t  sa t is fa c to ry  b e c a u s e  it co m b in e d  sen s i t iv e  r e s p o n s e  to TNT 

with stability to w ard s  lo ss  of n itrogen. J e ffam in e  T-403 is u n iq u e  

a m o n g  the  am in e s  te s te d  in th a t  it c a n  se rv e  a s  a  plasticizer. C le a r  

e l a s t i c  m e m b r a n e s  a r e  fo rm ed  by  s o lv e n t  c a s t in g  PVC with 

J e f f a m in e  T -4 0 3 . H o w ev er ,  g r e a t e r  s tab ili ty  is a c h ie v e d  with 

fo rm u la tio n s  th a t  a lso  include DOP a s  a  p la s tic ize r .  The u n iq u e  

c h a r a c t e r i s t i c s  of J e f f a m in e  T -403  m a y  re su l t  from  th e  g o o d  

compatibility of the  e th e r  cha in s  in th e  m olecule  with PVC. THF, a s  

a n  e ther , c a n  mix with PVC in any  proportion. C row n e th e rs  h a v e  

b e e n  lo a d e d  into PVC m e m b ra n e s  to  p ro d u c e  lithium ion s e le c t iv e  

e l e c t r o d e s .  67-68 F u r th e rm o re ,  th e  h ighly  b r a n c h e d  g e o m e try  of 

J e f f a m in e  T -4 0 3  a n d  its la rg e  m o le c u la r  w e ig h t  m ay limit its 

diffusion in th e  m e m b ra n e  an d  help to k e e p  it from leaching into th e
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a q u e o u s  so lu tion .

(2).  Choice o f PolWviDvl chloride!

The P V C  u sed  fo r  th e  initial m e m b ra n e  p re p a ra t io n  a n d  

eva lu a tio n  w a s  p rep a red  by em ulsion polym eriza tion . This type of 

PV C c o n ta in s  residual s u r f a c ta n t  with ionic func tiona l g roups,  69 

w hich  act a s  s i te s  for w a te r  accum ula tion  in th e  m e m b ra n e .  As a  

resu lt,  m e m b ra n e s  b e c a m e  cloudy w hen e x p o se d  to w a te r  for severa l 

h o u rs .

W hen th e  problem with the e m u ls io n  po ly m erized  PVC w a s  

recognized , fo u r  other ty p e s  of PVC w e re  evaluated: G e o n s  142 an d  

143  from B. F. Goodrich, r e a g e n t  g ra d e  PVC from Aldrich, and 1.8% 

carboxyla ted  PV C from Aldrich. The 1 .8%  carboxylated  PVC is le a s t  

su itab le  for th is  application. M em branes  p re p a re d  from  this material 

rapidly b e c o m e  cloudy in c o n ta c t  with w a te r  b e c a u s e  th e  carboxyl 

g ro u p s  act a s  hydrophilic s i t e s  that a t t r a c t  water. T h e  b e s t  PVC for 

o u r  purpose is G eo n  143, which is p r e p a re d  by a  bulk polymerization 

p ro c e s s  that d o e s  not requ ire  added su rfac tan t.  M e m b ra n e s  p repared  

from  this m a te r ia l  rem ain c le a r  for m o n th s  in c o n ta c t  with w ate r .  

T h e y  can b e  e x p o s e d  to a q u e o u s  TNT for longer p e r io d s  of time, 

a llow ing m o re  of the  b ro w n  product to  a c c u m u la te ,  resulting in 

lo w er  d e te c t io n  limits.

(3). Spectral P roperties a n d  R esponse  to  Other Exp losives

B e s id e s  TNT, the m e m b ra n e  a l s o  w a s  found  to  reac t  with

2 , 4 ,5 - t r i n i t r o t o l u e n e ,  ( 2 ,4 ,5 -T N T )  m e t h y l - 2 ,4 , 6 - t r i n i t r o p h e n y l -
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n itram in e  (tetryl) a n d  1 ,3 ,5 - tr in i t ro b en z en e  (TNB) to fo rm  colored  

p ro d u c ts .  However, th e  absorp tion  sp e c tra  of th e  p ro d u c ts  differ for 

d ifferent exp losives . Figure 3.1 sh o w s  ab so rp tio n  s p e c t r a  for 2 cm 2 

p ie c e s  of m e m b ra n e  e x p o se d  to  200  ml of e a c h  ex p lo s iv e  for 24 

hours. T h e  concen tra tions  w ere 5 ppm  for TNT and  TNB, a n d  2ppm for

2 .4 .5 -T N T  and  te try l. D ifferences  in th e  ab so rp tio n  s p e c t r a  m ean  

th a t  t h e  m e m b ra n e  c a n  be u s e d  to d isc r im in a te  a m o n g  different 

p o lyn itroarom atic  h y d ro c a rb o n s .

T h e  m e m b ra n e  d o e s  no t r e a c t  with hexahydro-1 ,3 ,5 -tr in itro -

1 .3 .5 - t r i a z in e  (R D X ) a n d  o c t a h y d r o - 1 , 3 , 5 , 7 - t e t r a n i t r o - 1 ,3 ,5 ,7 -  

te trazo c in e  (HMX) to form colored products. W eak  yellow color w as 

o b s e r v e d  for m e m b r a n e s  e x p o s e d  to 2 -a m in o -4 ,6 -d in i t ro to lu e n e  

(2-am ino-DNT) a n d  4 -am ino-2 ,6 -d in itro to luene  (4-am ino-DNT). The 

s p e c t r a  c o r re s p o n d e d  to the  so lu tion  s p e c t r a  of the  am ino-D N T's. 

Thus am ino-D N T's a r e  physically partitioning into the  m e m b ra n e ,  but 

do no t re a c t  with t h e  am ine. RDX and  HMX may a l s o  en te r  the  

m e m b ra n e .  H ow ever, their a b s o rp t io n  is a t  sh o r te r  w a v e le n g th s  

w here  it is o b sc u re d  by the intrinsic absorp tion  of the  m em b ran e .

C om paring  th e  sp e c tra  of th e  four trinitro c o m p o u n d s  with the  

sp e c t ra  obta ined  by Fyfe et al. for the  TNT anion , T N T -b ase  1:1 and 

1:2 ad d it io n  c o m p le x e s ,  20 w e  co n c lu d e  th a t  the  o b s e r v e d  TNT 

sp ec tru m  is mainly d u e  to TNT anion  absorp tion . The a n io n  probably 

ex is ts  a s  an  ion-pair  with p ro to n a te d  Je f fa m in e  ca tion . O therw ise , 

it w ould  b e  e x p e c te d  to leach from the  m em b ra n e .  T h e  s ing le  TNB
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F igure 3 .1 . A bsorption s p e c tra  of m e m b ra n e s  e x p o se d  to
TNT (A), TNB (B), TETRYL (C), a n d  2,4,5-TN T (D).
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a b so rp t io n  p e a k  s h a p e  a g r e e s  well with th e  sp e c tru m  of th e  1:2 

addition  com plex  of TNT with b a s e .  T h e  s p e c t r a  of 2 ,4 ,5-TN T an d  

tetryl re se m b le  th e  sp ec tru m  of TN T -base  1:1 addition com plex  with

2 ,4 ,5 -T N T  ab so rp t io n  sh if ted  to w ard s  th e  sh o r te r  w av e len g th .  This 

m ay b e  b e c a u s e  2,4,5-TNT is le ss  acidic a n d  b e c a u s e  s teric  effec ts  

with t h e s e  two c o m p o u n d s  p rev en t  fo rm ation  of th e  1:2 addition  

c o m p lex .

T he absorp tion  sp e c tra  of m e m b ra n e s  e x p o se d  to TNT for long 

p e r io d s  of tim e sh o w e d  sh ifts  in sp e c t ra l  d istribution with sh o r t  

w aveleng th  b a n d s  increasing relative to th e  main band  a t  510 nm. In 

very highly e x p o se d  m e m b ra n e s  the  band a t  510 nm b e c o m e s  only a  

sh o u ld e r  an d  a  n ew  p e a k  with m axim um  ab so rp tio n  a t  4 3 2  nm is 

o b se rv e d .

14). Effect of P las tic ize r

Dioctyl p h th a la te  (D O P) s e rv e s  a s  a  p las tic ize r  to k eep  th e  

m e m b ra n e  soft a n d  e las tic  which facilitates handling. Increasing  the  

p e rc e n ta g e  of DO P in the  m em b ra n e  in c re a s e s  the  ra te  of diffusion 

for both  TNT an d  am ine leading to faster  re sp o n se .  DOP m ay also  help 

to k e e p  th e  a m in e  inside  th e  m e m b ra n e  while exc lud ing  w a te r .  

M em b ran es  form ed  from PVC in the  a b s e n c e  of DOP w e re  hard an d  

rigid a n d  unsu itab le  for optical m e a su re m e n ts .  If too m uch  DOP w a s  

ad d ed ,  m e m b ra n e s  tended  to b eco m e  cloudy in water. A 2:5 DOP:PVC 

ratio w a s  found to b e  optimum and  w as  u se d  for m ost of the  resu lts  

rep o rted  here.
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As noted  above , Jeffam ine  T-403 can  s e rv e  a s  a  p lasticizer for 

PVC yielding m e m b ra n e s  th a t  re sp o n d  sensitive ly  to TNT. However, 

th e  p roperties  of th e s e  m e m b ra n e s  w ere  found  to c h a n g e  with time 

b e c a u s e  Je ffam in e  T-403 w as  su b je c t  to relatively rap id  extraction 

into w a te r  w h en  p r e s e n t  in c o n c e n tra t io n s  high e n o u g h  for it to 

s e r v e  a s  a  PVC p lastic izer .  This c a u s e d  th e  m e m b ra n e s  to lo se  

f l e x ib i l i t y .

B e c a u s e  DOP w a s  qu ite  sa tis fac to ry ,  o th e r  p la s t ic ize rs  w ere  

not ev a lu a ted .  However, o ther  p lastic izers  a r e  likely to  work ju s t  

a s  well.

(51. TNT Partitioning into th e  M em brane

To confirm  th e  ro le s  of D O P a n d  a m in e ,  t h e  following 

ex p e r im e n t  w a s  perfo rm ed . T h ree  m e m b ra n e s  with s im ilar  w eights  

a n d  su rface  a r e a s  w ere  p repared : o n e  with 0 .80 g  PVC, o n e  with 0.50 

g PVC an d  0 .30  ml DOP a n d  one  with 0.50 g PVC, 0.20 ml DOP an d  

0 .1 0  ml Jeffam ine  T-403. 15 cm 2 (equivalent to 0 .2  g) p ie c e s  of ea c h  

m e m b ra n e  w e re  put into s e p a ra te  3 0  ml so lu tio n s  con ta in ing  2 ppm 

TNT a n d  into s e p a r a te  30  ml b lanks.  For all th re e  s a m p le s ,  th e  

solution a b s o rb a n c e  of TNT a t  230 nm w as  m onitored a s  a  function 

of tim e and  co m p ared  to th e  a b so rb a n c e  of an  a q u e o u s  2 .0  ppm TNT 

so lu tion  p re p a re d  a t  th e  s a m e  time. No a p p a r e n t  c h a n g e  in TNT 

a b s o rb a n c e  w a s  o b se rv e d  for th e  solution contain ing  th e  pure  PVC 

m e m b ra n e .  TNT did not partition into PVC to a  significant extent in 

th e  a b s e n c e  of a  plasticizer.
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Figure 3.2 sh o w s  the d e c r e a s e  in TNT co ncen tra tion  with tim e 

for so lu t io n s  in c o n ta c t  with p la s t ic iz e d  m e m b r a n e s  with a n d  

w i th o u t  J e f f a m in e  T -403 . T h e  c o n c e n t r a t io n  of th e  so lu t io n  

c o n ta in in g  th e  p la s t ic iz e d  m e m b ra n e  w ith o u t a m in e  d e c r e a s e d  

rapidly a t  first, th e n  m ore gradually , a p p ro a c h in g  a  c o n s ta n t  v a lu e  

a f te r  90  T io u rsT  If it is a s s u m e d  t h a t  th e  d e c r e a s e  in TNT 

c o n c e n t r a t io n  in so lu tion  is d u e  only  to  p ar t it ion ing  into t h e  

m e m b ra n e ,  o n e  c a n  ca lcu la te  th e  partition coeffic ient to be 2 7 2  (= 

[TNT] in m em brane  / [TNT] in water).

T he  d e c r e a s e  in a b s o rb a n c e  with tim e is g re a te r  for the  am in e  

con ta in ing  m e m b ra n e  b e c a u s e  th e  reaction  with am in e  d e p le te s  free  

TNT in the  m em b ran e , causing m ore to diffuse in.

(61. Effect of p H on re sp o n se

T h e  influence of pH on r e s p o n s e  to  TNT w a s  ev a lu a te d  by 

exp o s in g  1.5 cm 2 p ie c e s  of m em b ra n e  to 200  ml of 2 .0  ppm a q u e o u s  

TNT solutions buffered at the following pH s: 5.0, 6.1, 7 .0 , 7.9 and  8 .8  

by add in g  20 ml of each  buffer so lu tions  to 20 ml of 4  ppm TNT 

so lu tions . Figure 3 .3  show s a b s o rb a n c e s  m e a s u re d  a f te r  12 an d  2 4  

hours. For the pH ran g e  from 6.1 to 8.8, th e  12 hour re sp o n se  w as  not 

s ign ifican tly  in f lu en ced  by pH . H ow ever, a t  pH 5, initial c o lo r  

fo rm ation  is w e a k e r  an d  g rad u a lly  d i s a p p e a r s  with time. At th e  

lower pH, there  is a  stronger ten d en cy  for th e  Je ffam ine  T-403 to b e  

p ro tona ted . Furtherm ore, the  a c e t ic  acid u s e d  in the  buffer sy s tem  is 

a  neu tra l m olecule  which m ay b e  ab le  to  e n te r  th e  m em b ra n e  a n d
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in te ra c t  with J e f fa m in e ,  in terfering  with its ability to  reac t  w ith  

TNT. In an y  ev en t  th e  m em b ra n e  m ay not b e  su itab le  for ana lys is  of 

ac id ic  en v iro n m e n ta l  s a m p le s .  T h e  po in ts  in F igure 3.3  w ere  no t 

c o n n e c te d  b e c a u s e  it w a s  s u s p e c te d  th a t  th e  n a tu re  of the bu ffe r  

m ay a lso  have  a  significant effect on the  re sp o n se .

T h e  d e c re a s e  in a b so rb a n c e  a t  pH 5 a t  long ex p o su re  times m ay  

a lso  ind ica te  th a t  th e  reac tion  of TNT with a m in e  is revers ib le  a t  

s h o r t  t im e  p e r io d s  within th e  m e m b ra n e .  T h e  m e m b ra n e  m a y  

s ta b i l i z e  th e  r e a c t io n  i n t e r m e d ia t e s  by limiting th e  r a te  of 

diffusion of s p e c ie s  within th e  m em b ran e .

(7). Effect of M em brane T h ickness

Increasing  th e  th ick n ess  of the  m em b ra n e  lead s  to an  in c re a se  

in sensitivity  a s  show n in F igure 3 .4. However, m e m b ra n e s  th icker  

than  0 .7 2  mm a re  le ss  flexible an d  tend  to b e c o m e  slightly cloudy. 

Most m e a s u re m e n ts  w ere  m a d e  with 0 .12  mm m em b ra n e s .  

f8T M em b ran e  Stability

M em b ran es  p rep a red  from G eon  143 with th e  optimum a m o u n t  

of D O P rem ain ed  c le a r  in w a te r  s e v e ra l  w e e k s .  H ow ever, a l though  

m e m b ra n e s  p r e p a re d  from Je ffa m in e  T-403 w e re  found  to b e  fa r  

m ore  s ta b le  th an  m e m b ra n e s  p re p a re d  from an y  o th e r  am ine, th e y  

w ere  still found to b e  su b je c t  to instability d u e  to am in e  leach in g  

from th e  m e m b ra n e .  T h e re fo re ,  e x p e r im e n ts  w e re  u n d e r ta k e n  to 

c h a ra c te r iz e  th e  ra te  of th e  leach ing  p r o c e s s .  L o ss  of J e f fa m in e  

T-403 from  m e m b ra n e s  s to re d  in air  w a s  d e te rm in e d  by e le m e n ta l

6 0
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a n a l y s i s  fo r  n i t ro g e n .  T h e  n i t ro g e n  p e r c e n t a g e s  (w/w) of 

m e m b ra n e s  s to re d  for d ifferent t im e s  in c lo se d  c o n ta in e r s  a r e  

show n in ta b le  3.2. F igure  3.5 s h o w s  the  d e c r e a s e  a s  a  function of 

s to ra g e  tim e. While th e r e  is m e a s u ra b le  lo ss  of n itrogen, over 80%  

of the  nitrogen rem ains  in the  m e m b ra n e  a f te r  s to ra g e  for 80 d a y s .  

F u r th e rm o re ,  th e  ra te  of n itrogen lo ss  a p p e a r s  to d e c r e a s e  with 

t im e .

Leaching  of am in e  from m e m b ra n e s  in w a te r  a s  d e te rm in ed  by 

titration is show n in F igure 3.6. T h e  initial leaching  ra te  w as  qu ite  

high, but d e c r e a s e d  with time. At th e  point w h e re  50%  of the  am ine  

h ad  left th e  m em b ra n e ,  th e  leach ing  rate w a s  le ss  th a n  1% of th e  

am ine per day.

The initial high leaching  ra te  m ay  be influenced by severa l 

fac to rs . O n e  is that th e r e  may b e  e x c e s s  a m in e  a t  th e  m em b ra n e  

s u r fa c e  prior to e x p o s u re  to w a te r .  The s e c o n d  is t h a t  the  fresh  

m e m b r a n e  m ay  b e  o v e r s a t u r a t e d  with a m in e .  T h e re f o re ,  a n  

e x p e r im en t w a s  u n d e r ta k e n  to d e te rm in e  w h e th e r  m e m b ra n e s  with 

lower n itrogen c o n ten ts  w ere  m ore  s tab le .

Leaching of am ine  in pH 7.0  0 .0 1 0  M p h o sp h a te  buffer solution 

a t  long t im e  per io d s  w a s  s tu d ie d  by d e te rm in in g  th e  n itrogen 

content. P ie c e s  of m e m b ra n e s  p re p a re d  with 0 .6  g PVC, 0 .2 4  ml DOP 

a n d  varying am o u n ts  of Jeffam ine T -403 from 0.20  ml to  0 .05 ml in 

0 .0 3  ml in te rv a ls  w e re  put into pH 7.0 b u ffe r  so lu tion , and  th e  

nitrogen c o n te n ts  of th e  m e m b ra n e s  w ere  m e a su re d  a s  a  function of

6 2



Table 3.2

Nitrogen content of m em branes in storage for different times.

Time in s to rage  (day) Nitrogen concentration (%)

0 1.16 1.15

22 1.09 1.05

42 1.02 1.06

64 0.91 0.99

79 0.88 0.97
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time. T h e  nitrogen p e r c e n ta g e s  m e a s u re d  a f te r  d ifferen t e x p o su re  

tim es a r e  show n in Table  3.3. F igure  3.7 sh o w s  plot of th e  resu lts  of 

3 m e m b ra n e s  with initial am ine c o n te n ts  of 0 .2 0  ml, 0 .1 4  ml an d  

0 .08 ml. T he  final a m in e  co n ten ts  of the  m e m b ra n e s  w e re  confirmed 

by determ ining the  r e sp o n s e  to a  10 ppm TNT solution after  soaking  

in pH 7.0 buffer in 4 6  days. The r e sp o n s e  w a s  less  sensitive  than  for 

f re sh  m e m b ra n e s ,  b u t  all th e  m e m b ra n e s  ex h ib ited  a b s o r b a n c e  

v a lu es  g re a te r  than 1.1 after two d a y s  e x p o su re  time.

An im portant conclusion  from the  re su l ts  in T ab le  3 .3  is th a t  

th e  ra te  of loss  is le s s  for m e m b ra n e s  p re p a re d  to h a v e  low initial 

nitrogen co n ten ts .  T h e  crossing of th e  cu rves  in Figure 3 .7  indicates  

th a t  m e m b ra n e s  h a v e  high initial am ine  c o n te n t s  ac tu a lly  con ta in  

le s s  a m in e  th an  m e m b ra n e s  with low initial am in e  c o n te n ts  a f te r  

long e x p o su re  tim es. Determination of low TNT co ncen tra tions  

o v e r  long e x p o s u re  tim es  may b e  m ore se n s i t iv e  with m e m b ra n e s  

p rep ared  to initially h a v e  less  a m in e .

T he  r e s p o n s e  of fresh m e m b ra n e s  with different initial am in e  

con ten ts  to 2 ppm TNT is shown in Figure 3.8. The ex p o su re  time w as  

24  hours. It can  be  s e e n  that m e m b ra n e s  with higher a m in e  con ten ts  

re sp o n d  m o re  sensitively . But th e  re s p o n s e  is not p roportional to 

am ine co n ten t.

E x p e rim en ts  w e re  a lso  p e rfo rm ed  in w hich  m e m b ra n e s  w ere  

so a k e d  in distilled w a te r  for 10 d a y s  and  th en  ex p o sed  for a  w eek  in 

the  dark to a  well w a te r  sam ple  sp ik ed  to con ta in  0.10 ppm  TNT. The
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Table 3.3

N itrogen p e r c e n ta g e  (w/w) of m e m b ra n e s  with d ifferen t 

initial a m in e  c o n te n ts  a f te r  e x p o s u re  to pH 7.0 buffer 

solution for different p e r io d s  of time.

Amine added 1 st day 8th day 22th day 46th day

0.20 ml 1.24 0.38 0.28 0.17

0.17 ml 1.07 0.29 0.23

0.14 ml 0.92 0.37 0.31 0.22

0.11 ml 0.81 0.44 0.33

0.08 ml 0.61 0.51 0.46 0.34

0.05 ml 0.44 0.38 0.33 0.26
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a b s o rb a n c e  after ten  d a y s  w a s  0.15. A fresh  m e m b ra n e  u n d e r  the  

s a m e  conditions g a v e  an  a b so rb a n c e  of 0.24.

In practice , m e m b ra n e s  should  not b e  p re e x p o se d  to w ate r  an d  

should b e  s to red  in a  s e a le d  environm ent to minimize am ine  loss.

(9)- Response to TNT

F ig u re  3 .9  s h o w s  th e  r e s p o n s e  a s  a  fu n c t io n  of TNT 

concen tra tion  for m e m b ra n e s  e x p o s e d  to TNT for 1, 5, a n d  10 days . 

A b s o rb a n c e  is p roportiona l to TNT c o n c e n tra t io n  for a  c o n s ta n t  

e x p o su re  time, provided the  total a b s o rb a n c e  rem ains  low. At higher 

a b s o rb a n c e  th e re  is no ticeab le  cu rv a tu re  in th e  r e s p o n s e  function. 

T he  s lo p e  of th e  r e s p o n s e  c u rv e  in c r e a s e s  with e x p o s u re  tim e 

a lthough  no t proportionally . By controlling th e  r e s p o n s e  tim e th e  

m e m b ra n e  c a n  b e  u s e d  to d e te c t  a  w ide r a n g e  of c o n c e n tra t io n s .  

A lthough 1 d a y  e x p o s u r e  is a p p ro p r ia te  for s a m p le s  with TNT 

c o n cen tra t io n s  a ro u n d  1 or 2 ppm , 10 ppm  TNT g ives  d iscern ib le  

color in a  coup le  of m inutes. M em branes  e x p o se d  to a q u e o u s  10 ppb 

TNT so lu tions for a  w eek  in the  dark  had  visually d e te c ta b le  color.

T he  a b s o rb a n c e  over long ex p o su re  time is g re a te r  if s a m p le s  

a re  p ro te c ted  from light. This s u g g e s t s  th a t  r e s p o n s e  is influenced 

by p ro d u c t  p h o to d e c o m p o s i t io n .  T h is  e f fe c t  is s ig n if ic a n t  for 

d e tec tion  of TNT a t  low levels an d  over  p ro longed  e x p o s u re  time. 

Most of th e  exper im en ts  did not tak e  spec ia l c a re  to avoid  room light 

e x c e p t  w h e re  indicated.
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MOV Application_to Field S a m p le s

M e m b r a n e  r e s p o n s e  w a s  f i r s t  e v a l u a t e d  u s in g  a n

u n c o n ta m in a te d  g ro u n d w a te r  s a m p le  o b ta in e d  from a  well n e a r  

H anover, NH. T he  pH of the  g roundw ater w as  7.6. M em branes  exposed  

to  th is  u n trea ted  g roundw ater  s am p le  did not dev e lo p  any  o b se rv ab le  

co lo r . Portions w ere  th en  sp iked  to con ta in  0 .10 , 1.0, an d  4 .0  ppm 

TN T. T he a b s o r b a n c e s  of m e m b ra n e s  e x p o s e d  to t h e  sp ik e d

g ro u n d w ate r  s a m p le s  w ere  co m p ared  to th e  a b s o rb a n c e s  for a  se r ie s  

of m e m b ra n e s  ex p o sed  to s tan d a rd  TNT solutions in p h o sp h a te  buffer 

a t  pH 7.0. C a lcu la ted  p e rc e n ta g e  reco v erie s  w ere  105% , 103%  and  

9 5 %  for 0.10, 1.0 and 4 .0  ppm TNT, respectively.

Four m unitions  w a s te w a te r  s a m p le s  w e re  o b ta in e d  from the  

C o ld  R eg io n s  R e s e a rc h  a n d  E ng inee ring  L a b o ra to ry  (CRREL) in 

H anover, NH. T he  pH v a lu es  of the s a m p le s  w ere  7.07, 6.72, 7.23, and  

7 .08 , respectively. Each sam p le  had  a  total volum e around  250  ml. 20 

ml of each  s a m p le  w a s  taken  for a  preliminary te s t  with a  p iece  of 

m e m b ra n e .  S a m p le  1 a n d  4  d e v e lo p e d  co lor very  quickly, while 

s a m p le s  2 a n d  3 s h o w e d  no co lor d e v e lo p m e n t  a t  all. A ccu ra te  

m e a s u re m e n ts  w ere  m a d e  by exposing 100 ml of sam ple  2 an d  3 to a  

p ie c e  of m em b ra n e  each  in the  dark for a  w eek . S am ple  1 a n d  4  w ere 

d ilu ted  by f a c to rs  of 20 an d  4, respectively , with distilled w a te r  to 

a  final volume of 20 ml. O ther p ieces  of m em b ran e  w ere  e x p o se d  to a  

b lank , 5 ppm , an d  10 ppm  TNT s ta n d a rd  so lu tions  u nder  th e  s a m e

conditions. A b so rb a n c e s  w ere  m e a su re d  in duplica te  a s  p r e s e n te d  in
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Table 3.4. Diluted sam p le s  1 an d  4  both h a d  a b s o rb a n c e s  close  to th e  

5  ppm  s ta n d a rd  solution. The TNT concen tra tion  w a s  ca lcu la ted  by 

c o m p a r iso n  with th e  5  ppm  s ta n d a rd  a b s o r b a n c e  b a s e d  on th e  

a s su m p t io n  th a t  B e e r 's  law is o b e y e d  for th e  m e a s u re m e n t .  T h e  

p re c is io n  of th e  m e a s u r e m e n t s  is lim ited  by t h e  v a r ia t io n s  in 

m em b ra n e  th ickness . P ieces  of m em brane  c u t  near th e  s id e  of th e  big 

p ie c e  a r e  th icker th a n  p ie c e s  from t h e  c e n te r  a n d  th u s  m o re  

sensit ive .  This m ay d u e  to th e  su rface  te n s io n  d e v e lo p e d  n e a r  th e  

wall of th e  Petri dish w hen th e  m e m b ra n e s  a r e  form ed. The a v e ra g e  

TNT c o n c e n tra t io n s  m e a su re d  by the  m e m b ra n e s  a r e  co m p a re d  to 

con cen tra tio n s  m e a su re d  by re v e rse  p h a s e  HPLC a t C R R E L6 in T ab le  

3 .5. Absorption s p e c tra  run on m em b ra n es  e x p o se d  to sa m p le s  1 a n d  

4  w ere  identical to sp e c tra  for m e m b ra n e s  ex p o sed  to  a q u e o u s  TNT 

s ta n d a r d s  confirm ing th a t  th e  o b se rv e d  m e m b ra n e  co lo r  w a s  d u e  

only to TNT. The sa m p le s  a s  received  w ere  slightly co lo red  and 

turbid; how ever, th is  did not interfere with th e  TNT m e a su re m e n t .

T h e  a b s e n c e  of a  d e te c ta b le  signal for sam p le  2  and  3 w a s  

qu ite  e n c o u rag in g  s in c e  it ind ica tes  that t h e  m em b ra n e  will not g ive  

fa lse  positive  re su l ts  w hen  e x p o s e d  to s a m p le s  tha t d o  not con ta in  

polynitro a ro m a tic  c o m p o u n d s .  This  is im portan t s in c e  we p ro je c t  

th a t  a n  im portan t application  for the  m e m b ra n e  will b e  for rap id  

sc reen in g  of s a m p le s  to e s ta b lish  w hether  th ey  shou ld  b e  su b je c te d  

to further ana lys is .
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Table 3.4

M easurem en t for th e  sam ple TN T determ ination.

S am ple  

5 ppm  TNT 

10 ppm TNT 

S am p le  1 

sa m p le  4

A bsorbance 

0 .7 2 0  0 .7 1 0

1 .1 2 0  1 .1 8 0

0 .6 1 8  0 .6 3 2

0 .6 3 8  0 .6 1 0

Mean

0 .7 1 5

1 .150

0 .625

0 .633

S am p le  1 

S am p le  2

TNT concentration

1 7 .3

8 9 .2

1 7 .7

8 5 .3

mean

17.5

87 .2
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Table 3.5

C om parison  of g ro u n d w a te r  TNT a n a ly s is  by 

m em brane  and HPLC.

concentration (ppm)
S am p le  No. M embrane HPLC

1 87.2 103

2 <d <d

3 <d <d

4 17.5 17.7

Note: <d indicates below limits of detection.
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4. Conclusions

W e h av e  deve loped  a  m em b ra n e  formulation th a t  is reaso n ab ly  

s t a b l e  a n d  r e s p o n d s  s e n s i t i v e l y  a n d  s e l e c t i v e l y  to  

p o ly n i t ro a ro m a tic  h y d ro c a rb o n s .  T he  m e m b ra n e  is su ita b le  for 

in -s i tu  d e te c t io n  of TNT c o n ta m in a t io n  u s ing  s im p le  v is u a l  

d e tec t io n .  T h e  m e m b ra n e  c a n  also  b e  co u p led  to fiber op tics  for 

r e m o te  in -s itu  op tica l m e a s u r e m e n t s  in g ro u n d w a te r .  T h is  is 

d e sc r ib e d  in th e  next chap te r .
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CHAPTER 4

SINGLE FIBER ABSORPTION MEASUREMENTS 

FOR REMOTE DETECTION OF TNT

1. B ackground

T h e  a d v a n t a g e s  of s in g le  fiber m e a s u r e m e n t s  h a v e  b e e n  

d e sc r ib e d  in C h a p te r  1. However, th e s e  m e a s u re m e n ts  a re  su b jec t  to 

high levels  of s t ra y  light. T h is  m a k e s  th e  ab so rp tio n  m e a s u re m e n t  

particularly  fo rm idab le  b e c a u s e  the  s tra y  light a n d  s ig n a l light h av e  

th e  s a m e  w a v e le n g th .  C h e m ic a l  s e n s o r s  b a s e d  on  s in g le  fiber 

m e a s u re m e n ts  of indicator absorp tion  h a v e  yet to b e  reported .

In v e s t ig a t io n s  of s in g le  fiber a b s o rp t io n  m e a s u r e m e n t s  in 

so lu tion  h av e  b e e n  reported  recently. A s  m en tio n ed  in C h a p te r  1, 

S k o g e rb o e  e t  al. h a v e  m inim ized the  e f fe c t  of s t r a y  light by using 

re frac tive  index m atch ing  to  d e c r e a s e  in te rface  reflection  a n d  by 

m o d u la t in g  th e  light s o u r c e  with lock in  am plifie r  d e te c t io n  to 

tem pora lly  re ject par t  of th e  s tray  light. 52 A nother a p p ro a c h  is to 

i n c r e a s e  th e  m a g n itu d e  of th e  co llec ted  signal in tensity  by using 

cell fo rm ed  by a  spec ia l n e e d le  with highly reflective walls a n d  a  

reflective  mirror which d ire c ts  light b a c k  into th e  f iber.70 In both 

c a s e s  th e  path leng th  for absorp tion  c a n  no t be m uch longer th a n  the
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d ia m e te r  of th e  optical fiber to in su re  th a t  th e  c o llec ted  s ignal 

light is m uch larger than  th e  s tray  light.

An in d i re c t  a p p r o a c h  to s in g le  op tica l f ib e r  a b s o rp t io n  

m e a su re m e n ts  h a s  b e e n  d eve loped  by Jo rd a n  e t  al. 71 Absorption is 

m e a s u re d  by its effect on em iss ion  intensity  from a  co-immobilized 

f luorophor. This id e a  is exem plified  by a  ch em ica l s e n s o r  for pH 

m e a s u re m e n t .  T he  s e n s o r  is p rep a red  by coimmobilizing phenol red 

(an ab so rb er)  and  eos in  (a fluorophor) in a  polym er gel a t  th e  distal 

en d  of the fiber. The f luo rescence  intensity varies  with pH b e c a u s e  

th e  abso rp tion  sp ec tru m  for th e  b as ic  form of p h en o l  red  over laps  

th e  eosin  em iss ion , leading to quench ing  via F o s te r  en ergy  transfer. 

P rov ided  a  su itab le  abso rber /f luo rophor  sy s tem  c a n  be  found, such  

a n  ap p ro ach  is le ss  su b jec t  to s tray  light b e c a u s e  th e  incident and  

m e a s u re d  in tensities  a r e  a t different w a v e le n g th s .

In th e  work d e sc r ib e d  in this c h a p te r  the  te c h n iq u e s  u se d  to 

a l le v ia te  t h e  in f luence  of s tr a y  light in s in g le  f iber so lu tion  

ab so rp t io n  m e a s u re m e n ts  w e re  c o m b in e d  with th e  TNT sen s i t iv e  

m e m b ra n e  d e sc r ib e d  in the  p receed ing  c h a p te r  to dev e lo p  a  system  

for rem o te  in-situ TNT m e a s u re m e n t .  T h e  possibility  of using  an 

a b so rb e r /f lu o ro p h o r  sy s te m  for indirect ab so rp tio n  m e a s u re m e n t  of 

TNT w as  a lso  investigated.
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2. Experimental

(1), Reagents

M em branes  w ere  p repared  a s  d esc rib ed  in C h ap te r  3. To p rep are  

f lu o re sc e n t  m e m b ra n e s ,  th e  f luorophor w a s  a lso  d isso lv ed  in THF 

prior to m em b ra n e  casting .

C oum arin  3 1 4  w a s  o b ta in e d  from Kodak, p e ry le n e  w a s  from 

Aldrich, an d  the  o th e r  fluorophors w ere  from M olecular P robes.

(2). Equipm ent an d  M easu rem en t Operation

F l u o r e s c e n c e  s p e c t r a  w e re  m e a s u r e d  on a n  SLM 8 0 0 0  

sp e c tro f lu o ro m e te r  with a  d o u b le  excita tion  m o n o ch ro m a to r  a n d  a  

s ingle  em iss ion  m onochrom ator . T he  b a n d p a s s  for all m e a s u re m e n ts  

w as  2 nm.

S in g le  f ib e r  a b s o rp t io n  m e a s u r e m e n t s  w e r e  m a d e  with 

c o m p o n e n ts  of th e  SLM 8 0 0 0  sp ec tro f lu o ro m e te r .  T h e  fiber optic  

a r r a n g e m e n t  is sh o w n  in F igure  4 .1 . Light from  th e  exc ita tion  

m o n o ch ro m a to r  of th e  SLM sp ec tro f lu o ro m e te r  is fo c u se d  into o n e  

arm  of a  four port fiber optic co u p le r  with 200 m ic ro m ete r  co re  

d ia m e te r  g la s s -o n -g la s s  fiber (ADC Corporation , W estbo rough , MA). 

This is a c c o m p lish e d  with a  spec ia lly  m a c h in e d  hollow alum inum  

cylinder. O n e  e n d  of th e  cylinder fits o v e r  the  len s  housing  in the  

SLM s a m p le  com partm ent. The o ther end a c c o m m o d a te s  an  SMA style 

fiber o p tic  c o n n e c to r  on th e  co u p le r .  In p ra c t ic e  th e  a lum inum  

cylinder is ad ju s ted  to the  position which g ives  th e  g re a te s t
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Cap with Refractive
R e f le c te d  In ten s ity Index Matching Gel

Fiber Optic 
C oup le r

L ens  Housings

S p l ic e

In c id en t  In ten s ity

Modified SMA Connector

TN T-Sensitive M em b ran e

R e f le c to r

Figure 4.1. Experim ental a r ra n g e m e n t  for coupling fiber optics to 
SLM 8000 spectrofluorometer.
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in ten s ity  on th e  d e te c to r  a n d  is then  s e c u re d  in p la c e  with a  s e t  

s c r e w .

Light is tran sm it ted  th rough  the  co u p le r  and  a  sp lice  to a  200  

m i c r o m e t e r  c o r e  d i a m e t e r  H C S  p l a s t i c  c la d  s i l ic a  f ib e r  

(E nsign-B ickfo ld , A von, CT), w hich  l e a d s  to th e  TN T se n s i t iv e  

m em b ra n e .  The e n d  of the u n u se d  arm of th e  coupler is im m ersed in a  

re frac tiv e  index m atch ing  gel a n d  c o v e re d  with a  b la c k  co n n e c to r  

c a p  to  minimize t h e  am o u n t o f  re f lec ted  light. R e fra c t iv e  index 

m a tch in g  gel is a l s o  put in th e  sp lice  to  minimize reflection. For 

re f le c ta n c e  m e a s u re m e n ts ,  light from th e  T N T -sens itive  m em b ra n e  

re tu rn s  through t h e  coupler  d irec tly  to o n e  of the photom ultip liers  

of t h e  SLM 8000, bypassing  th e  em ission m onochrom ato r .  A g rad ed  

index  of refraction (GRIN) le n s  is u s e d  to focus light onto th e  

d e te c to r .  The b a n d p a s s  for all s ing le  fiber m e a s u re m e n ts  w as  2 nm.

F o r  m any m e a s u r e m e n t s  th e  p la s t ic  c lad  s i l ic a  fiber w a s  

om itted  and  the TNT-sensitive m em b ra n e  w a s  m ounted o n  one  arm of 

the coup ler .  Fiber e n d s  were p o lished  until a  shiny s u r f a c e  could b e  

o b s e rv e d  using a  m icroscope.

T h e  m em b ra n e  w as  a t ta c h e d  to the e n d  of the fiber a s  shown in 

F igure 4 .2 . A 905  s ty le  SMA c o n n e c to r  (Ensign-Bickford, Avon, CT or 

OFTI, Billerica, MA) w as  a t tach ed  to the e n d  of the fiber. The end  of 

th e  c o n n e c to r  w a s  ta p e re d  with a  file until it w a s  only  slightly 

larger th an  the f ib e r  diam eter. T h is  m ak es  th e  end of t h e  fiber m ore 

a c c e s s ib le  to th e  sample solution, enhancing  sensitivity by
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R e f le c to r

S plice  Bushing

TN T-Sensitive M em brane<4

SMA Connector

Optical Fiber

Figure 4.2. Schem atic  of TNT sen so r  tip.
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prom oting  m a s s  t ra n s fe r  from th e  bulk solu tion  to  the m e m b ra n e  

s u r f a c e .  O ptically  c le a r  e p o x y  res in , N orland  optical a d h e s iv e s ,  

te trah y d ro fu ran  (THF) a n d  a  s e r ie s  of g r e a s e s  w e re  e v a lu a te d  a s  

m ed ia  for coupling the  m em b ra n e  to the  fiber. Epoxy resins, TH F, and 

optical a d h e s iv e s  n e e d  to b e  cu red  for m ore  than  o n e  day to g e t  the 

m e m b ra n e  to a d h e re  to th e  e n d  of th e  optical fiber. THF m a y  also 

c a u s e  th e  m e m b ra n e  to b e c o m e  c loudy  w hen  it is u s e d  a s  an 

a d h e s iv e .  B e c a u s e  it b e s t  c o m b in e s  s a t is fa c to ry  a d h e s io n  with 

c o n v e n ie n c e ,  T h o m a s  L u b r ise a l  8 6 9 0 -B 2 0  w a s  u se d  for m o st 

m e a su re m e n ts .  For b e s t  re su lts  a  thin layer of th e  g re a se  is applied  

to th e  en d  of th e  optical fiber. It is th en  pu t into w a te r  for a  couple  

of m in u te s  to s a tu r a t e  th e  g r e a s e  with w ate r .  A sm all d is k  of 

TN T-sensitive  m e m b ra n e  is c u t  from a  la rger  p ie c e  with a  borer 

m a d e  by a  N o .18 syringe n e ed le  with its tip cu t off squarely to  give 

a  c le a n  cut. T he small p iece  is then p r e s s e d  a g a in s t  the e n d  of the 

fiber. T h e  resulting  s e n s o r  is p laced  in distilled w ate r  for s e v e ra l  

m in u te s  an d  re f le c te d  in ten s i ty  is m o n ito re d .  A s ta b le  s ig n a l 

co n f irm s  s a tis fa c to ry  a t ta c h m e n t  b e tw e e n  th e  m e m b ra n e  a n d  the 

f ib e r .

To e n h a n c e  th e  o b s e r v e d  in te n s i t i e s ,  a  r e f le c to r  w a s  

in c o rp o ra te d  into th e  s e n s o r  b eh in d  t h e  m e m b ra n e .  R e f le c to rs  

inc luded  200 m e s h  gold g r id s  (P o ly sc ie n c e s ,  Inc.) and  a  s tr ip  of 

s ta in le s s  s tee l.  T he  reflector w a s  g lued  onto  an SMA splice bush ing  

with epoxy  resin , a s  show n in Figure 4 .2 , m uch of th e  distal e n d  of
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th e  sp lice  b u sh ing  w a s  filed aw ay  leaving only two 2 mm thick 

s u p p o r t s  to hold  th e  reflec to r .  This a llow s th e  s a m p le  g r e a te r  

a c c e s s  to th e  m em b ra n e ,,  leading to im proved sensitivity.

W h en  th e  gold  grid w a s  u s e d  a s  th e  reflector, th e  sp lice  

b u sh in g  w a s  in se r te d  into th e  SMA c o n n e c to r  until th e  gold grid 

p r e s s e d  ag a in s t  th e  m em b ra n e  helping to hold it in p lace . W hen the  

s ta in le s s  s te e l  s trip  w a s  u s e d  a s  th e  reflector, th e  sp lic e  bush ing  

w a s  in se r ted  in th e  co n n ec to r  until th e  reflector w as  approx im ate ly  

1 mm from the  m em brane .

A long term  drift m e a s u re m e n t  ex p e r im en t w a s  perform ed  on 

a  f ib e r  o p t ic  p h o to m e te r  with a n  i n c a n d e s c e n t  s o u r c e  a n d  

in te r fe re n c e  filters for w a v e le n g th  se le c t io n .  In this  m e a s u re m e n t  

660 nm w a s  u se d  a s  the  re fe rence  intensity.

3. R esu lts  and  Discussion

m .  F luo rescen t M em brane M easu rem en ts

T h e  f lu o re s c e n c e  e n e rg y  t ra n s fe r / in n e r  filter e ffec t  a p p ro a c h  

to s in g le  fiber ab so rp tio n  m e a s u re m e n ts  w a s  tried a s  th e  initial 

a p p ro a c h  to rem o te  single fiber absorp tion  m e a su re m e n ts .  T he goal 

w a s  to inco rpo ra te  a  fluorophor into th e  PVC m e m b ra n e  su ch  th a t  

f lu o rescen ce  intensity would d e c r e a s e  a s  th e  colored p roduc t of the  

re ac t io n  b e tw e e n  TNT a n d  Je f fa m in e  T -403  w a s  fo rm e d  in th e  

m e m b ra n e .  B ey o n d  tha t ,  w e  h o p e d  to find a  s y s te m  s u c h  th a t
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f lu o re sc e n c e  would b e  a t te n u a te d  more a t  o n e  w av e len g th  th an  a t  

a n o th e r  s o  that th e  m easu red  p a ram e te r  cou ld  be  a n  intensity ratio 

w hich w ould  b e  in se n s i t iv e  to  drift. S e v e ra l  f lu o ro p h o rs  w e re  

in co rp o ra ted  into PVC m e m b ra n e  in a t te m p ts  to d e v e lo p  su c h  a  

system . S truc tu res  a n d  spec tra l p roperties  of the  r e a g e n ts  tried a re  

given in Table 4 .1 .T h e  first f luorophor to  b e  tried w a s  f luorescein . 

The iso th io cy an a te  derivative of f luorescein  w as  cova len tly  cou p led  

to J e f fa m in e  T -403  by the  following reac tio n ,  w hich  w a s  ca rr ie d  

out in THF:

S

R -N H 2 + S —C—N—R’ ------- ► R - I S H -C -N H R '.

R N H 2 re p re s e n ts  Je ffam ine  T -403  m olecu le  and R 'N C S  r e p re s e n ts  

f lu o re sc e in  iso th io c y a n a te .  W h e n  this f lu o re s c e n t  d e r iv a t iv e  w a s  

in c o rp o ra ted  into t h e  PVC m e m b ra n e ,  t h e  f lu o re s c e n c e  efficiency 

w a s  significantly re d u ced .  M e m b ra n e s  con ta in ing  la rg e  a m o u n ts  of 

f lu o re s c e in  (25 m g  f lu o re sc e in  i so th io c y a n a te  p e r  0 .5  g PVC) 

f lu o re s c e d  s trongly . However, th e  f lu o re s c e n c e  in ten s i ty  did no t 

c h a n g e  significantly w hen  the  m em b ra n e  w a s  e x p o se d  to TNT. This 

may b e  c a u s e d  by two factors: one  is th a t  the m e m b ra n e  itself is

co lo red  b y  f lu o re sc e in  an d  t h e  a b s o rp t io n  c h a r a c te r i s t i c s  w e re  

do m in a ted  by the  fluorecein r a th e r  than th e  product of th e  reaction  

b e tw een  TNT a n d  am ine; th e  s e c o n d  r e a s o n  is th a t  m uch of the  

f lu o re sc e n c e  we o b se rv e d  is d u e  to the su r fa c e  f luorescein
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T able  4.1. S tru c tu re  and f lu o re scen ce  p rop ertie s  of f luorophors 

te s te d  for TNT m easurem ents .

HD

C = 0

NCS

F luoresce in  iso th io c y a n a te  
Emission peak : 530 nm. 
Excitation p eak : 488 nm.

CH3(CH2)7 (CHgJyCHg 
N

4 - ( N lN - D io c ty la m in o ) - 7 -n i t r o b e n z -  
2 - o x a - 1 ,3 - d i a z o l e .
Emission peak : 538 nm.
Excitation p eak :  473 nm.

Q ©
.OlQ

Pyrene  iso th io cy an a te .  
Emission p eak : 460 nm. 
Excitation p eak : 400 nm.

NCS
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Table 4.1. (Continued).

B en z o flu o ra n th e n e .  
Emission peak: 4 4 8  nm. 
Excitation peak: 3 7 0  nm.

Coum arin  314.
Em ission peak: 4 8 0  nm. 
Excitation peak: 4 0 2  nm.

P e ry len e .
Emission peaks: 4 5 2  nm, 478 nm. 
Excitation peaks: 4 1 0  nm, 440 nm.
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em iss io n ,  which w a s  not a b so rb e d  by th e  co lo red  p ro d u c ts  form ed 

in s ide  the  m em brane .

N ex t,  4 - ( N ,N - d i o c t y l a m i n o ) - 7 - n i t r o b e n z - 2 - o x a - 1 , 3 - d i a z o l e  

w a s  d irectly  in c o r p o ra te d  into m e m b r a n e s .  H o w ev er ,  a s  with 

f lu o re sce in ,  very  high a m o u n ts  w e re  requ ired  to  g e t  m e a s u ra b le  

f lu o r e s c e n c e .

Neither p y ren e  iso th iocyana te  nor b e n z o f lu o ran th en e  sh o w ed  

s ig n if ican t f lu o re s c e n c e  w h en  in c o rp o ra te d  into PVC m e m b ra n e s .  

S tro n g e r  f luo rescence  w a s  observed  for coum arin 314. However, the 

accum ula tion  of brown p roduct did not lead  to significant c h a n g e s  in 

s p e c t r a l  d is tr ib u tio n .

T he  only  f lu o ro p h o r  th a t  s h o w e d  p ro m is e  w a s  p e ry le n e .  

In te n s i t ie s  w e re  g r e a te r  th a n  for t h e  o th e r  f lu o ro p h o rs  a n d  the  

fo rm a tio n  of th e  re d d ish -b ro w n  p ro d u c t  did le a d  to o b s e rv a b le  

c h a n g e s  in th e  ratio of in tensities  of th e  p e ry le n e  em iss io n  b a n d s  

th a t  could be  re la ted  to TNT concen tra tion . However, pery lene  is not 

s t a b l e  in PVC. In s tead  th e  f lu o re s c e n c e  s ignal d e c r e a s e s  during 

m e m b ra n e  s to rag e .  A typical result is g iven in F igure 4.3. 0 .040  mg

p ery len e  w as  a d d e d  to 0 .50  g PVC an d  o ther constituen ts  to m ak e  the 

f lu o rescen t m em b ran e . T he  two c u rv es  a re  f lu o rescen ce  s p e c t ra  of a  

m e m b ra n e  be fo re  a n d  a f te r  ex p o su re  to  1 ppm TNT solution for 12 

h o u rs ,  respectively . It c a n  b e  s e e n  th a t  f lu o re sc e n c e  in ten s it ie s  a t  

all w av e len g th s  d e c r e a s e  w hen  the  m e m b ra n e  w a s  e x p o se d  to TNT. 

B e s id e s  absorption by th e  brown p roduct formed in th e  m em b ran e ,
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Figure 4 .3  F lu o rescen ce  sp ec tra l c h a n g e  for p e ry len e  trea ted  
m em b ran e  u p o n  e x p o su re  to TNT so lu tions.
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f lu o re sc e n c e  q u en ch in g  m ay  a lso  con tr ib u te  to th is  d e c r e a s e  s ince  

nitro c o m p o u n d s  a re  known to be  efficient q u e n c h e r s .  F lu o re scen ce  

in ten s i te s  a lso  d e c r e a s e  w h en  m e m b ra n e s  a re  s to re d .  W e attribute 

this to pery lene  aggregation  in the  m em brane .

B e c a u s e  of th e  failure to d ev e lo p  a  suitably  f lu o re sc e n t  PVC 

m e m b r a n e  a n d  r e p o r ts  of s u c c e s s f u l  s in g le  f ib e r  a b s o rp t io n  

m e a s u r e m e n t s  in t h e  l i t e r a tu r e ,  t h e  f l u o r e s c e n c e  e n e r g y  

t ra n s fe r / in n e r  filter e ffec t  a p p ro a c h  w a s  a b a n d o n e d  in fav o r  of 

d irect a b so rp tio n  m e a s u re m e n ts .

(2). C hoice  of Reflector

A lthough light re f lec ted  a t  th e  in te rface  b e tw e e n  th e  PVC 

m e m b ra n e  a n d  th e  a q u e o u s  s a m p le  p rov ides  a  s ignal,  it is w eak  

b e c a u s e  of th e  relatively sm all refractive index d iffe ren ce  b e tw een  

the  two m edia. To minimize the  effect of stray  light on signal, it is 

im portant to u s e  a  reflector. The u se  of a  gold grid a s  the  reflector 

le a d s  to  a  fivefold i n c r e a s e  in r e f le c te d  in te n s i t ie s  w hile  still 

allowing c o n ta c t  b e tw een  th e  m e m b ra n e  a n d  th e  sa m p le .  Although 

th e  go ld  grid  w a s  u s e d  s u c c e s s fu l ly ,  it is s u b je c t  to s e v e ra l  

d i s a d v a n ta g e s :  (1) gold h a s  re d u c e d  reflectivity a t  560  nm  and  

below, (2) th e  grid blocks par t  of th e  su rfa c e  reducing  th e  ra te  of 

m em b ra n e  re sp o n se ,  and (3) th e  epoxy resin u sed  to g lue  th e  grid to 

th e  b u sh in g  c a n  slowly s p r e a d  over  th e  grid, blocking c o n ta c t  with 

the  sa m p le  after a  w eek or s o  and preventing color developm ent.

A 1000  m e s h  nickel grid w a s  e v a lu a te d  a s  a  reflecto r and
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fo u n d  to b e  u n sa t is fa c to ry  d u e  to poor reflectivity  a n d  lack of 

m e c h a n ic a l  s tren g th .

W h en  a  s tr ip  of s ta in le s s  s te e l  is u s e d  a s  a  reflec tor, 

in ten s it ie s  in c re a se  by fac to rs  a s  large a s  19. Sensitivity  to TNT 

w a s  e n h a n c e d  by keep ing  the  reflector aw ay  from the m e m b ra n e  so 

t h a t  it d id  not b lock  c o n ta c t  with th e  s a m p le .  H o w ev er ,  this 

a r r a n g e m e n t  is s u b je c t  to e r ro r  if th e  s a m p le  a b s o r b s  a t  th e  

w a v e le n g th s  u s e d  to  p ro b e  t h e  m e m b r a n e .  Unlike t h e  grid 

a r ra n g e m e n t ,  the  s ta in le s s  s te e l  strip d o e s  no t help to hold th e  

m em b ran e  in place.

T he d is ta n c e  b e tw e e n  th e  s ta in le s s  s te e l  reflec to r  a n d  the  

m e m b ra n e  w a s  a d ju s te d  to b e  a b o u t  1 mm. It w a s  found th a t  this 

a l lo w s  th e  s a m p le  suffic ien t a c c e s s  to t h e  m e m b ra n e  to g e t  

sen s i t iv e  r e s p o n s e  to TNT. W h en  a  m e m b ra n e  w as  c h a n g e d ,  the  

d i s ta n c e  w a s  a d ju s te d  to g ive  ap p ro x im a te ly  th e  s a m e  level of 

r e f le c te d  in tensity .

(31, Single Fiber Absorption S p e c tra

F ig u re  4 .4  s h o w s  s in g le  fiber a b s o r b a n c e  s p e c t r a  for a  

m e m b ra n e  befo re  a n d  after e x p o s u re  to 5 ppm  TNT for 24  hours. 

B e c a u s e  th is  is a  s in g le  b e a m  instrum ent, th e  initial sp e c t ru m  is 

s im ply  th e  p o w er  sp e c t ru m  of th e  x en o n  lam p  m odified  by the  

v a r io u s  optical e le m e n ts  tha t th e  b e a m  t r a v e r s e s  en  ro u te  to the  

de tec to r .  After the  e x p o su re  to TNT, reflec ted  intensity d e c r e a s e s  at 

th e  w av e len g th s  w h e re  the  reddish-brow n p ro d u c t  of th e  reaction
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betw een  TNT a n d  m em brane  ab so rb s .

B e c a u se  it p rovides a  s trong  s ignal a t  a  w av e len g th  far from 

th e  absorp tion  b a n d  of th e  reddish-brow n product, th e  b a n d  a t 8 2 4  

nm w a s  c h o s e n  a s  a  r e f e r e n c e  in tensity . T he  TNT signal w a s  

m e a s u re d  a t  5 0 0  nm, c lo s e  to th e  a b so rp t io n  m ax im um  for th e  

redd ish -b row n p roduct.  T he m e a s u re d  p a r a m e te r  w a s  th e  ratio of 

intensity a t  8 2 4  nm to the intensity a t  500 nm.

(4). Stray Light in the  M easu rem en t

S tray  light levels w e re  m e a s u re d  a s  th e  rem ain ing  reflec ted  

intensity  a t  5 0 0  nm for m e m b ra n e s  e x p o s e d  to high co n c e n tra t io n s  

of TNT for e x te n d e d  p e r io d s  of tim e s u c h  th a t  t h e  m e m b ra n e  

t ra n sm it tan ce  w a s  le ss  than  1%. The low est s tray  light levels  w ere  

o b s e rv e d  w hen  th e  m em b ra n e  w a s  a t ta c h e d  directly to o n e  arm of 

th e  fiber optic c o u p le r  a n d  th e  s ta in le s s  reflector w a s  u se d .  U nder 

t h e s e  conditions s tray  light cou ld  b e  a s  little a s  7 .7%  of th e  initial 

intensity o b se rv e d  before the  m em b ra n e  w a s  e x p o se d  to TNT. W hen 

th e  gold grid w a s  u sed  a s  th e  reflector, s tray  light leve ls  w e re  

typically on th e  o rd e r  of 15%  of the  initial intensity for u n e x p o se d  

m e m b ra n e s .  S t ra y  light le v e ls  rem a in ed  c o n s ta n t  w h e n  the  room  

ligh ts  w ere  sw itc h e d  off, ind icating th a t  a m b ie n t  room  light d o e s  

no t significantly contribute  to th e  s tray  light. But d irec t e x p o su re  of 

th e  plastic c lad  fiber to sunlight should b e  avo ided  a s  th is  in c re a se s  

th e  o b se rv ed  s tra y  light and  influences th e  o b se rv ed  spec tru m .

W hen th e  m e m b ra n e  w a s  p laced  o n  th e  e n d  of 200 nm
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m ic ro m e te r  c o re  d ia m e te r  p la s t ic  c lad  fu se d  s il ica  optical fiber, 

which w a s  sp liced  to th e  fiber optic  coupler ,  the  relative s tray  light 

leve ls  in c re a s e d  significantly. Typical s tra y  light le v e ls  w ere  18%  

of t h e  initial in ten s i ty  with t h e  s t a in l e s s  s te e l  m irro r  a s  th e  

re f le c to r  a n d  2 8%  with th e  g o ld  grid m e m b ra n e .  Two f a c to rs  

con tr ibu te  to this  in c re a se .  O n e  is reflection a t  the  in terface  in the  

sp lice , s in ce  th e  g la s s -o n -g la s s  fiber optic coup le r  a n d  plastic  c lad  

s il ica  f ibe r  h a v e  d if fe ren t re frac t iv e  in d ic e s .  T h e  o th e r  is th e  

in tensity  loss  a t  th e  sp lice . Both fa c to rs  c a n  b e  im proved  if the  

s a m e  type  of optical fiber is u s e d  th ro u g h o u t  in s te a d  of coupling 

g la s s -o n -g la s s  fiber with a  low num erical a p e r tu re  (0 .20) to p lastic  

c lad  fu se d  silica with a  higher num eric  a p e r tu re  (0.37).

C o rre c te d  a b s o r b a n c e s  c a n  b e  c a lc u la te d  from known s tra y  

light levels .72 However, b e c a u s e  s tray  light levels can  c h a n g e  w h en  a  

new  p ie c e  of m em b ra n e  is p laced  on th e  e n d  of the  fiber, we did not 

a t te m p t  th is.

(5 ) .In tensity  Levels

R eflec ted  intensity  levels  a r e  typically 500  t im es  g re a te r  than  

th e  d a r k  c u r re n t  of th e  p h o to m u ltip lie r .  This  is a  s ig n if ican t  

a d v a n t a g e  of s in g le  f iber a b s o rp t io n  m e a s u r e m e n t s  re la tive  to 

s in g le  fiber f lu o re s c e n c e  m e a s u re m e n ts .  S ing le  f iber f lu o re s c e n c e  

m e a s u re m e n ts  a re  red u ced  in intensity for sev e ra l  r e a s o n s  including:

(1) in d ica to r  lev e ls  a r e  u su a lly  too low to  a b s o r b  all in c id en t  

rad ia t io n ,  (2) f lu o re s c e n c e  is e m it te d  ran d o m ly  in all d irec tio n s ,
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only a  sm all fraction of th e  total em itted  in tensity  is co llec ted  by 

th e  f ib e r ,  a n d  (3) f l u o r e s c e n c e  q u a n tu m  y ie ld s  a r e  o f te n  

s ig n if ican tly  l e s s  th a n  unity. As a  c o n s e q u e n c e ,  s in g le  f ibe r  

f lu o re s c e n c e  m e a s u re m e n ts  often  requ ire  a  high inciden t in tensity  

which c a n  lead  to p ro b lem s d u e  to p h o to d e g ra d a t io n .  In c o n tra s t ,  

s in g le  fiber a b s o rp t io n  m e a s u r e m e n t s  a r e  p o s s ib le  with m u ch  

w e a k e r  inc iden t in tensities .

(6). R e sp o n se  to TNT

Experim en ta lly , it w a s  found  th a t  th e  initial v a lu e s  of th e  

intensity  ratio varied  by a s  much a s  7%  w hen  s e p a r a t e  m e m b ra n e s  

w e re  u s e d  o n  d ifferen t d a y s .  T h e re fo re ,  r e s p o n s e  to TNT w a s  

m e a s u r e d  in te rm s  of th e  p e rc e n t  in c r e a s e  in in tensity  ratio  to 

p rov ide  a  co m m o n  initial point for all m e a s u re m e n ts .  F igure 4 .5  

s h o w s  th e  p e r c e n t  in c r e a s e  in in tensity  ratio a s  a  function  of 

ex p o su re  time for s e p a ra te  p ieces  of m em b ran e  e x p o se d  to 0, 1, 2, 4, 

8 a n d  16 ppm  a q u e o u s  TNT. T h e s e  d a ta  w ere  m e a s u re d  with th e  

m e m b ra n e  a t ta c h e d  directly to o n e  arm  of th e  f iber optic cou p le r .  

T h e  c u rv e s  level off a t  th e  h ig h e r  TNT c o n c e n tra t io n s .  T h is  is 

e x p e c te d  given th e  logarithmic re lationship  b e tw een  a b s o rb a n c e  an d  

concen tra tion . For 16 ppm  TNT, r e s p o n s e  levels off quickly a t  long 

e x p o s u re  t im es  a s  th e  m e m b ra n e  ab so rp t io n  b e c o m e s  large , a n d  

s tra y  light b e c o m e s  th e  main contribution  to th e  in tensity  a t  500  

nm . T h e  d a ta  for the plot is given in Table 4.2.

Figure 4 .6  show s the  intensity ratio a t 3, 9, a n d  23 hours a s  a
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Table 4.2

Percent increase in the  ratio of intensity reflected at 824 nm to 

the intensity reflected a t 500 nm for various TNT concentration at 

different times.

Time Ratio increase at different TNT concentration
(hour) 0 1 ppm 2 ppm 4 ppm 8 ppm 16 ppm

0.00 0 0 0 0 0 0
1.00 4.9 5.6 14.8 37.1
1.50 5
2.00 14.4 78.6
2.33 11 31
2.42 13.1 14.1 22.5 127
3.00 45.1
3.20 202
4.00 61.3
4.20 20.6 27 40 295.5
5.00 85.8
5.70 63.1
7.00 449.4
8.33 145.2
8.43
9.00 3.5
9.15 36.9
20.00 99.4
21.47 76.3
21.50 109.8
22.00 4.9 575.3
23.00 203.8 409.7
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fu n c tio n  of TN T c o n c e n t ra t io n .  R e s p o n s e  a p p r o a c h e s  linearity , 

fa lling  off a t  h igh  c o n c e n t r a t io n s  w h ich  c o r r e s p o n d s  to h igh 

m e m b ra n e  abso rp tion .

TNT d e te c ta b i l i ty  is lim ited by drift in th e  in ten s i ty  ratio . 

T h e  in tensity  ra tio  with pH 7 .0  buffer so lu tion  in c r e a s e d  by an  

a v e r a g e  of 3% /day  for 9 d ay s .  S ince  the  in c re a se  for 1 ppm  a q u e o u s  

TNT with f re sh  m e m b ra n e  w a s  m e a s u r e d  to b e  7 6 % /d a y ,  th e  

d e tec tion  limit for TNT should b e  less  than  0.1 ppm TNT.

4. C onclusions

W e h a v e  d e m o n s t r a t e d  th a t  d i re c t  s in g le  f ib e r  a b s o rp t io n  

m e a s u re m e n ts  a r e  co n v en ien tly  im p lem en ted  using a  reflec tor to 

m a x im iz e  r e f le c te d  in ten s ity  a n d  re f ra c t iv e  index  m a tch in g  to 

r e d u c e  s tray  light. R em ote  s in g le  fiber ab so rp t io n  te c h n iq u e s  h av e  

b e e n  used  to d e te c t  aqueo u s  TNT.
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