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ABSTRACT 

Deta i led  l i t e r a t u r e  reviews were performed f o r  t h r e e  of t h e  organik p r i o r i t y  
p o l l u t a n t s .  These reviews were s t r i c t l y  o r i en t ed  toward t h e  t e r r e s t r i a l  system 
response,  i nc lud ing  s o i l  adsorp t ion ,  microbia l  decomposition, a b i o t i c  l o s s e s ,  
p l a n t  phy to tox ic i ty  and uptake by v e g e t a t i v e  spec i e s .  Data and conclus ions  from 
t h e s e  eva lua t ions  can be used d i r e c t l y  i n  land  t reatment  des ign ,  i n - s i t u  s p i l l  -- 
cleanup des ign ,  and multi-media e f f e c t s  s t u d i e s  on t e r r e s t r i a l  systems. 

Spec i f i c  s o i l  decomposition experiments were conducted f o r  di-n-butyl 
p h t h a l a t e  (DnBP) and 2,4 d in i t ropheno l  (DNP). The h a l f  l i f e  of DnBP when app l i ed  
a t  1 ,000 - 10,000 ppm (dry s o i l  b a s i s )  was i n  excess  of 26 weeks wh i l e  a t  200 
pprn t$ i s  about 12 weeks ( t h e  l a t t e r  i s  c l o s e r  t o  a c t u a l  land  t rea tment  loading  
r a t e s ) .  For DNP t h e  ha l f  l i f e  was Pess than  4 weeks f o r  s o i l  loadings  of 5-50 pprn 
(dry s o i l  b a s i s ) .  

V o l a t i l i z a t i o n  and a b i o t i c  l o s s  r a t e s  f o r  DnBP and DNP were a l s o  determined. 
DnBP had less than 5% l o s s  by t h e s e  mechanisms whi le  DNP l o s s e s  were g r e a t e r  than 
90%. 

Phy to tox ie i ty  s t u d i e s  were conducted on corn,  soybean and f e scue  seeds  
f r e s h l y  p lan ted  i n  t h e  chemical-soi l  mixture.  For t o luene  a  s i g n i f i c a n t  germina- 
t i o n  e f f e c t  was determined a t  2000 ppm f o r  corn and soybeans, whi le  e f f e c t s  on 
f r e s h  top  weight were not  gene ra l ly  evidenced u n t i l  20,000 ppm. These e f f e c t s  
tended t o  d isappear  a f t e r  t h r e e  weeks a s  demonstrated by a  second p l an t ing .  
DnBP a f f e c t e d  soybean germinat ion a t  200 pprn but  no t  corn (even a t  20,000 pprn). 
However a t  200 pprn t h e  f r e s h  top weight of a l l  t h r e e  spec i e s  was reduced below 
c o n t r o l s .  Again, t h e s e  e f f e c t s  disappeared on second p l an t ing .  DNP was t h e  
most phytotoxic  w i th  germination e f f e c t s  appearing a t  80 pprn f o r  corn and 40 pprn 
f o r  soybean. Between 20 and 40 ppm DW (dry s o i l  b a s i s )  reduced t h e  f r e s h  top  
weight of corn,  soybean and f e scue .  There was some r educ t ion  i n  growth i n h i b i -  
t i o n  a t  +second p l a n t i n g ,  and almost complete e l imina t ion  of e f f e c t s  a t  a  t h i r d  
p l an t ing  I& weeks a f t e r  i n i t i a l  loadingm I n  gene ra l ,  f o l i a r  a p p l i c a t i o n  a t  t h e  
same a r e a l  r a t e s  produced Pess e f f e c t s  f o r  t h e s e  t h r e e  organic  p r i o r i t y  pol lu-  
t a n t s .  

Disclaimer Statement 

Contents of t h i s  publication do not necessarily r e f l e c t  the  views and 
pozicies of  the  Of f ice  of Water Research and Technology, U .  S. Depmtment of  
the In ter ior ,  nor does mention of  trade names or commercial products con- 
s t i t u t e  t h e i r  endorsement or recommendation for use by the  U.S. Gouernment. 
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CONCLUSIONS 

The r e sea rch  r e s u l t s  repor ted  h e r e i n  a n t i c i p a t e  t h e  gene ra l  t r end  t o  e s t q b l i s h  
t h e  behavior  of p r i o r i t y  p o l l u t a n t s  i n  waste management a l t e r n a t i v e s  f o r  
i ndus t ry .  I n  t h e  municipal  e f f l u e n t  and s ludge  land  t rea tment  a r e a s  t h e s e  
r e sea rch  r e s u l t s  a r e  t h e  e a r l y  assessments  of p r i o r i t y  p o l l u t a n t  behavior .  

There have been cons iderable  r e sea rch  s t u d i e s  on a s p e c t s  of t h e  t e r r e s t r i a l  
response t o  t h e  a d d i t i o n  of di-n-butyl p h t h a l a t e  (DnRP), t o luene ,  and 2 , 4  
d in i t ropheno l  (DNP). These informat ion  a r e  u s e f u l  i n  land t rea tment  design.  
It would appear  t h a t  a  s i m i l a r  l e v e l  of prev ious  r e s e a r c h  may a l s o  be a v a i l -  
a b l e  f o r  o t h e r  organic  p r i o r i t y  p o l l u t a n t s .  

A u x i l l i a r y  u t i l i z a t i o n  of t h e  decomposition and v e g e t a t i v e  response informat ion  
of t h i s  r e p o r t  a r e  l i k e l y  i n  

i. i n  s i t u  s p i l l o r  c o n t a m i n a t e d s i t e  cleanup of organic  p r i o r i t y  
p o l l u t a n t s ,  

ii. multimedia impact of compounds on t h e  t e r r e s t r i a l  system. 

Di-n-butyl p h t h a l a t e  i s  b i o l o g i c a l l y  decomPosable i n  a  s o i l  system al though 
t h e  r a t e  i s  moderate t o  low. A t  r e a l i s t i c  r a t e s  of a p p l i c a t i o n  t o  l a n d ,  DnRP 
e x e r t s  l i t t l e  phyto toxic  e f f e c t  t o  f r e s h l y  p lan ted  o r  a l r e a d y  growing p l a n t s .  

The decomposition l o s s  r a t e s  f o r  DNP a r e  l e s s  c l e a r .  There i s  s u b s t a n t i a l  
disappearance of DNP but  a b i o t i c  pathways a r e  probably very  s i g n i f i c a n t ,  a t  
l e a s t  i n i t i a l l y .  DNP i s  a l s o  phyto toxic  but  whether t h e s e  concen t r a t ions  
a r e  l i k e l y  i n  a  waste  s t ream app l i ed  t o  l and  i s  unc lea r .  

Toluene i s  moderately phyto toxic  t o  corn ,  soybeans, and f e scue  a t  h igher  
r a t e s  of a p p l i c a t i o n .  These e f f e c t s  d i sappear  w i t h i n  t h r e e  weeks. 

T r e a t a b i l i t y  was measured f o r  t h r e e  organic  p r i o r i t y  p o l l u t a n t s  t hus  develop- 
i ng  land a p p l i c a t i o n  a s  nondischarge op t ion  f o r  c e r t a i n  i n d u s t r i a l  wastes .  
The presence of t h i s  op t ion  reduces t h e  p a r t i a l  t rea tment  and s t ream d i s -  
charge a l t e r n a t i v e  thus  impacting p o s i t i v e l y  water r e sou rces .  

The organic  p r i o r i t y  p o l l u t a n t  information from t h i s  r e sea rch  i s  a  p a r t  of 
a  c o n t i n u a l  expansion of land t rea tment  technology t o  g r e a t e r  v a r i e t y  of 
wastes  ( a s  e f f l u e n t s  o r  s ludges) .  

RECOMMENDATIONS 

Deta i led  l i t e r a t u r e  reviews of a l l  t h e  organic  p r i o r i t y  p o l l u t a n t s  should 
be undertaken be fo re  f u r t h e r  t e r r e s t r i a l  response r e s e a r c h  is formulated.  

Having def ined  t h e  s o i l  disappearance r a t e s  and t h e  c r i t i c a l  l e v e l  a t  which 
phy to tox ic i ty  occurs ,  uptake s t u d i e s  a r e  t h e  next  l o g i c a l  s t e p .  A t  l e v e l s  
below phy to tox ic i ty  experiments should be conducted t o  determine t h e  amount 
of DnRP, t o luene ,  and DNP t h a t  e n t e r  t h e  p l a n t .  

More s p e c i f i c  organic  compounds should be  eva lua ted  i n  regard  t o  land  
t rea tment  design.  
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PVC, polyvinyl  a c e t a t e ,  po lyvinyl idene  c h l o r i d e ,  po lys tyrene ,  e t h y l  c e l l u -  
l o s e ,  c e l l u l o s e  n i t r a t e ,  c e l l u l o s e  a c e t a t e ,  c e l l u l o s e  a c e t a t e  b u t y r a t e ,  
ch lo r ina t ed  rubber ,  h igh  s tyrenebutadiene  p r o t e i n  compound, s h e l l a c ,  
ac ry l i c - type  r e s i n s ,  polyamides, p o l y e s t e r s ,  epoxy a lkyds ,  phenolic  a lkyds ,  
polyurethan,  n i t r i t e ,  neoprene-rubber and ch lo re thy lene  r e s i n s .  

Occurrence 

A s  t h e  p l a s t i c s  and o the r  waste products  conta in ing  PAEs come i n  
con tac t  w i th  s o i l  and water ,  t h e  problem of p l a s t i c i z e r  contamination and 
p o l l u t i o n  becomes a  p o s s i b i l i t y  p a r t i c u l a r l y  i f  s to red  i n  massive amounts 
i n  a  l a n d f i l l .  Di-n-butyl p h t h a l a t e  i s  widely d i s t r i b u t e d  i n  t h e  environ- 
ment, appearing i n  some samples of we l l  wa te r s ,  d r ink ing  a s  we l l  a s  irri- 
ga t ion  wa te r s ,  s o i l s ,  p l a n t s ,  f i s h ,  animals ,  food, human t i s s u e ,  and blood. 

Shackelford and Keith (1976) r epo r t ed  t h a t  di-n-butyl p h t h a l a t e  may 
be p re sen t  below d e t e c t i o n  l i m i t s  i n  ground water ,  w e l l  water ,  d r inking  
water  and r i v e r  water .  I n  a  r e c e n t  survey of t h e  M i s s i s s i p p i  River Del ta  
and of t h e  Gulf of Mexico (Giam e t  a l .  1978) t h e  concen t r a t ions  of sediment 
and water  were 12 and 0.2 ppm, r e s p e c t i v e l y .  Of t h i s ,  on ly  one-third t o  
one-half were di-n-butyl ph tha l a t e .  

Overcask e$ al, (1981) e x t r a c t e d  p h t b l a t e s  from Lakeland sand, Davidson 
a 

c l ay  loam, and o t h e r  s o i l s  i n  80% e thanol  and analysed by u l t r a - v i o l e t  
spee t rophotcmet rya t  276 nm. The background l e v e l s  f o r  t h e  broad c l a s s  of 
compounds absorbing a t  276 nm were i n  t h e  range of 1,200 t o  1,400 ppm f o r  
t h e  Davidson c l a y  foam and Lakeland sand. 

Bauman (1967) de t ec t ed  p h t h a l a t e  e s t e r s  i n  t h e  l i p i d  e x t r a c t s  of s o i l  
samples s t o r e d  i n  s tandard  s o i l  bags which may have contaminated t h e  
sampled s o i l .  C i f ru l ak  (1969) discovered 800 ppm PAEs by weight i n  s o i l  . 
which may have been contaminated by r i v e r  sediments and s ludge m a t e r i a l .  
Ph tha l a t e  concen t r a t ion  i n  sediment and water  f a r  exceed t h a t  i n  b i o t a  o r  
a i r .  To ta l  PAE i n  t h e  a i r  over  t h e  Gulf of Mexico showed mean concen t r a t ion  
of 0.7 ng/m3. Ph tha l a t e s  have a l s o  been de t ec t ed  i n  t h e  a i r  samples i n  ng 
q u a n t i t i e s  nea r  t h e  i n c i n e r a t o r s  i n  Hamilton, Ontar io (Canada) where waste  
p l a s t i c s  a r e  burned. 

The ex ten t  of PAE d i s t r i b u t i o n  and occurrence i n  n a t u r a l  s o i l s  i n  t h e  
absence of o r  due t o  man's a c t i v i t y  i s  no t  f u l l y  known. P h t h a l i c  a c i d  and 
dimethyl p h t h a l i c  a c i d s  a r e  known t o  be formed by Gibbere l la  f u j i k u r o i ,  b u t  
t h e  mechanism of t h e i r  formation remains unstudied (Gross e t  a l .  1963) .  
Dibutyl  pheha la t e s  a r e  a l s o  synthes ized  i n  n a t u r e  by a  s o i l  bacter ium s t r a i n  
BD 34, capable  of u t i l i z i n g  2-butyne-1, 4-diol  a s  a  carbon source  but  i n -  
apab le  of u t i l i z i n g  glucose.  Thus t h e  n a t u r a l  occurrence of di-n-butyl 
p h t h a l a t e  i n  s o i l s  by mic rob ia l  b iosyn thes i s  appears  t o  be a  p o s s i b l e  
source  (Miyoshi and Harada, 1970).  

There i s  evidence t h a t  PAEs a r e  b iosynthes ized  and occur n a t u r a l l y  
i n  p l a n t s  and organisms (Autian, 1973; Peaka l l ,  1975, and Mathur, 1974b). 
P h t h a l i c  a c i d  and i t s  s h o r t  cha in  a l k y l  e s t e r s  occur i n  l i p i d  e x t r a c t s  of 



p l a n t  m a t e r i a l s ,  microbes and tobacco smoke (Sugiyama e t  a l .  1966).  
Ph tha l i c  a c i d  can be synthes ized  i n  r a t  l i v e r  and some b a c t e r i a  can bio- 
syn thes i ze  d i e s t e r s  of p h t h a l i c  ac id  (Nair ,  1971).  Thus t h e  occurrence of 
PAEs found i n  b i o l o g i c a l  and geochemical samples being of n a t u r a l  s y n t h e s i s  
cannot be r u l e d  ou t .  

There may have been some c o n t r i b u t i o n  of contamination p r i o r  t o  o r  
dur ing  sampling and ana lyses .  For example, l i p i d  s o l u b l e  p h t h a l a t e  e s t e r s  
can m i g ~ a t e  from p l a s t i c  packaging i n t o  foods. Feofanov e t  a l .  (1971) 
est imated t h a t  150 mg di-n-butyl p h t h a l a t e  moved i n t o  1 kg cheese wi th  15% 
f a t  conten t .  P h t h a l a t e  e s t e r s  have a l s o  been i d e n t i f i e d  i n  f a t  used i n  deep 
f r y e r s  (Perkins 1967).  

Rubfn (1971) hypothesized t h a t  shock lung may be r e l a t e d  t o  i nc reas ing  
p h t h a l a t e  l e v e l s  i n  blood due t o  u se  of p l a s t i c i z e d  PVC tubing and s t o r a g e  
bags f o r  t r a n s f u s i o n s  i n  s u r g i c a l  ope ra t ions .  This  hypothes is  has no t  been 
confirmed a s  of today (198%). Ph tha l i c  ac id  i s  of low t o x i c i t y  and i s  ex- 
c r e t e d  q u a n t i t a t i v e l y .  The t o x i c  of p h t h a l a t e s  depends l a r g e l y  on t h e  
n a t u r e  of a l coho l .  In  di-n-butyl p h t h a l a t e  case ,  b u t y l  a lcohol  i s  r e -  
l ea sed  on hydro lys i s ,  which i s  r e a d i l y  metabolized i n  l i v i n g  organisms. 
The 50% l e t h a l  dose, LDS0, of di-n-butyl p h t h a l a t e  f o r  mice is  4 g /kgiweight .  
E s t e r s  w i th  g r e a t e s t  s o l u b i l i t y  i n  water  e x h i b i t  g r e a t e s t  t o x i c i t y .  The - h i g h e r .  
t h e  mobecular weight of p h t h a l a t e ,  lower t h e  t o x i c i t y  (Fishbein e t  a l . ,  1972).  
On human s u b j e c t s ,  a  s i n g l e  o r a l  dose of 5  g d i e t h y l  hexyl p h t h a l a t e  (DEHP) 
d id  no t  do any n o t i c e a b l e  damage. A t  10  g DEHP admin i s t r a t i on ,  DEHP caused 
mild g a s t r i c  d i s tu rbances  and some l o o s e  s t o o l s .  There i s  no such d a t a  on 
di-n-butyl ph tha l a t e .  

Thus p h t h a l a t e  a c i d  e s t e r s  have been recognized a s  mic ropo l lu t an t s  of 
t h e  n a t u r a l  ecosystem and have become ubiqui tous  because of l a r g e  s c a l e  
manufacture and use  i n  t h e  environment. The s teady  b u i l d  up of PAEs i n  t h e  
environment i s  of g r e a t  concern t o  environmental s c i e n t i s t s ,  engineers ,  
conserva t ion  groups, i n d u s t r i e s  a s  we l l  a s  government agencies .  And there-  
f o r e ,  t h e  f a t e  of PAEs f n  t h e  n a t u r a l  environmental must be understood and 
t h e  i n v e s t i g a t i o n s  should be i n i t i a t e d  under c o n t r o l l e d  environmental con- 
d i t i o n s  t o  f i n d  ou t  t h e  b e s t  management a l t e r n a t i v e s  f o r  waste conta in ing  
p h t h a l a t e  a c i d  e s t e r s .  The o b j e c t i v e  of t h i s  review i s  t o  compile ava i l -  
a b l e  information on t h e  va r ious  f a t e s  of di-n-butyl p h t h a l a t e  and o t h e r  PAEs 
i n  t h e  t e r r e s t r i a l  environment. 

BEHAVIOR I N  SOILS 

S o i l  Response t o  PAEs 

PAEs a r e  considered broadly present  i n  n a t u r e  and s o i l  environment. In  t h e  
v i c i n i t y  of a  PAE manufacturing f a c t o r y  i n  Finland where wastes  were dumped, 
t h e  s o i l  l e v e l  d id  no t  exceed 0.5 ppm d ie thy lhexy l  p h t h a l a t e  (DEHP) 
' ( ~ e r s s o n  e t  a l . ,  1978).  A t  t h i s  low l e v e l ,  s o i l  ar thropod popula t ion  was 
increased .  The muscle and kidney of p ike  (Esox l u c i u s )  were f r e e  from con- 
taminat ion but  t h e  p i k e ' s  l i v e r  d id  accumulate PAEs. I n  higher  animals t h e  



d i r e c t  admin i s t r a t i on  of p h t h a l a t e  e s t e r s  a t  very  h igh  l e v e l s ,  produced 
evidence of i n h i b i t i o n  of r e p l i c a t i n g  c e l l s  and man i f e s t a t ion  of 
t e r a t o g e n i c  and mutagenic a c t i v i t y  of t h e s e  compounds (Dillingham and 
Autian, 1973).  Appl ica t ion  of 200 ppm of di-n-butyl p h t h a l a t e  t o  a  
Davidson c l a y  loam and a  Lakeland sand, r e s u l t e d  i n  a  s l i g h t  decrease  i n  
t o t a l  b a c t e r i a l  count per  gram of s o i l .  A t  1 ,600 ppm a p p l i c a t i o n  r a t e  
a f t e r  90 days of c o n t a c t ,  t h e  number of b a c t e r i a  were reduced from 5 .3  x  
1051g s o i l  i n  c o n t r o l  t o  2.9 x 1o5Ig s o i l  i n  t r e a t e d  Davidson c l a y  loam. 
I n  Lakeland sand,  e f f e c t s  of di-n-butyl p h t h a l a t e  t rea tment  were more 
pronounced than  i n  Davidson c l a y  loam. 

In f luence  of PAE a p p l i c a t i o n  a t  low l e v e l s  (up t o  2,000 ppm) on 
s o i l  phys i ca l  and chemical p r o p e r t i e s  have no t  been eva lua ted ,  bu t  a r e  
pro jec ted  t o  be  minimal a s  f a r  a s  s o i l  f e r t i l i t y  i s  considered.  Higher 
l e v e l s  may induce n u t r i t i o n a l  s t r e s s e s  by immobil izat ion of n i t rogen ,  
phosphorus and mic ronu t r i en t s  r equ i r ed  t o  s u s t a i n  a  mic rob ia l  popula t ion  
u t i l i z i n g  PAEs a s  energy and carbon sources .  Thus t h e  e f f e c t s  of phtha- 
l a t e  a c i d  e s t e r s  a t  high a p p l i c a t i o n  r a t e s  would be s i m i l a r  t o  t h a t  of 
hydrocarbons, o rganic  a c i d s  and a l coho l s ,  o i l s ,  and aromatic  compounds 
(Overcash and P a l ,  1979).  The C / N  r a t i o  of t h e  s o i l  waste  mixture w i l l  be 
widened and t h e r e  would be immobil izat ion of N ,  P, S, and o t h e r  e s s e n t i a l  
n u t r i e n t  elements r equ i r ed  f o r  r ap id  microbia l  p r o l i f e r a t i o n .  The microbes 
t h a t  a r e  s e n s i t i v e  t o  PAEs would probably not  .be a s  a c t i v e  a s  t hose  u t i l i z -  
i ng  PAEs a s  s u b s t r a t e .  R e a l i s t i c a l l y ,  s o i l  l e v e l s  of PAE h igh  enough t o  
evidence C / N  s h i f t s  and changes i n  phys i ca l  p r o p e r t i e s  probably would never  
occur .  

Biodegradat ion 

There i s  cons iderable  evidence t h a t  PAEs a r e  biodegraded and meta- 
bo l ized  by enzymatic rou te s  i n  h igher  animals ,  p l a n t s ,  and microbes. Tarvin 
and Bushwell (1934) repore ted  f o r  t h e  f i r s t  t ime t h a t  Rhodopseudomonas palus-  
t r i s  p a r t i a l l y  degraded p h t h a l i c  a c i d .  S t a h l  and Pessen (1953) used 
Asperg i l lus  v e r s i c o l o r  QM 432 and Pseudomonas aeruginosa QMB 1408 t o  s tudy  
t h e  breakdown of p l a s t i c i z e r s .  N-octyl, e thylhexyl ,  and methylheptyl  
p h t h a l a t e s  were s tudfed  a s  carbon sources  f o r  t h e  organisms and i t  was 
found t h a t  t h e  3  isomers of o c t y l  e s t e r  supported no growth of A. v e r s i c o l o r  
bu t  supported t h e  growth of P.aeruginosa.  

Klausmeir and Jones (1960) found t h a t  c u l t u r e s  of Fusarium 2 P3 were 
capable of growing on d i b u t y l  p h t h a l a t e  and o t h e r  p h t h a l a t e  e s t e r s  such a s  
dimethyl p h t h a l a t e ,  d i e t h y l  p h t h a l a t e ,  b u t y l  i sodecyl  p h t h a l a t e ,  and 
i soocty l - i sodeeyl -phtha la te .  The mechanism of degrada t ion  was proposed a s  
d e - e s t e r i f i c a t i o n  of one of t h e  a lcohol  moe i t i e s  on t h e  d i e s t e r ,  y i e l d i n g  
monoester p h t h a l a t e  w i th  no f u r t h e r  d e - e s t e r i f i c a t i o n  of t h e  second group. 
The e s t e r a s e s  i n  most b i o l o g i c a l  systems a r e  capable of hydrolysing most of 
t h e  PAEs w i t h  except ion  of DEHP ( d l e t h y l  hexyl p h t h a l a t e ) ,  which degrades 
very  slowly under most cond i t i ons .  Klausmeir and Jones (1960) hypothesized 
t h a t  an e x t r a c e l l u l a r  e s t e r a s e  was involved which may have been very s p e c i f i c  
f o r  t h e  d i e s t e r  s u b s t r a t e .  





Enge lhard t  e t  a l .  (1978) s t u d i e d  t h e  m i c r o b i a l  metabol ism of  v a r i o u s  
d i a l k y l  p h t h a l a t e s .  P e n i c i l l i u m  l i l a c i n u m ,  Nocardia ,  A r t h r o b a c t e r ,  
Pseudomonas and A l c a l i g e n e s  biodegraded di -n-butyl  p h t h a l a t e  t o  mono-n- 
b u t y l  p h t h a l a t e ,  and t h e  b u t a n o l  moiety  was u t i l i z e d  as a ca rbon  s o u r c e .  
As o u t l i n e d  i n  F i g u r e  1.1, it  was thought  t h a t  mono-n-butyl p h t h a l a t e  
degraded t o  p h t h a l i c  a c i d ,  a l t h o u g h  i t  was n e v e r  d e t e c t e d  a s  a n  i n t e r -  
media te  (Enge lhard t  e t  a l .  1975) .  They i d e n t i f i e d  p r o t o c a t e c h u i c  a c i d  and 
4,5-dihydroxy p h t h a l i c  a c i d  as i n t e r m e d i a t e s  which were  metabo l ized  f u r t h e r  
t o  C02 and H20. S i m i l a r  pathway was conceived by Ribbons and Evans (1960) 
f o r  s o i l  ~seudomonads .  They expec ted  t h a t  mixed p o p u l a t i o n s  o f  s o i l  were  
most e f f e c t i v e  i n  degrad ing  PAEs. The h y d r o l y s i s  of second a l c o h o l  moiety  
was found as t h e  rate l i m i t i n g  s t e p  i n  b i o d e g r a d a t i o n .  Var ious  r e p o r t s  on 
b i o d e g r a d a t i o n  of PAEs are summarized i n  Tab le  1.1. 

Table  1.1. ReportS -on Biodegrada t ion  o f  PAEs. . - 

I n v e s t i g a t o r  Summary on  Biodegrada t ion  
-- 

T a r v i n  e t  a l .  (1934) Rhodopseudomonas p a l u s t r i s  degraded p h t h a l i c  
a c i d  

S t a h l  e t  a l .  (1953) Pseudomonas a e r u g i n o s a  QMB 1408 decomposed 
n - o c t y l  e s t e r  

Klausmeir e t  a L  (1960) Fusar ium 2p3 degraded di -n-butyl  p h t h a l a t e  
and o t h e r  e s t e r s  of p h t h a l i c  a c i d  

Ribbons and Evans (1960) PAE d e g r a d a t i o n  was more r a p i d  w i t h  mixed 
p o p u l a t i o n  t h a t  w i t h  p u r e  c u l t u r e  of 
Pseudomonads. The r a t e  l i m i t i n g  s t e p  i n  
b i o d e g r a d a t i o n  was t h e  h y d r o l y s i s  of ,second 
a l c o h o l  moiety .  Mechanism of  p h t h a l a t e  de- 
g r a d a t i o n  was p o s t u l a t e d .  

S t a n i e r  e t  a l .  (1966) 

Eggins  e t  a l .  (1971) 

Mathur (1974a) 

Pseudomonads u t i l i z e d  o - p h t h a l i c  a c i d  a s  
G-source and t e r e p h t h a l i c  a c i d  was a l s o  
degraded by t h e  same organism.  

U t i l i z a t i o n  of 7  p l a s t i c i z e r s  by m e s o p h i l i c  
organisms and breakdown p r o d u c t s  o f  2 
p l a s t i c i z e r s  by t h e r m o p h i l e s  were  r e p o r t e d .  

Degrada t ion  of PAE a t  4  and l Q e C  was 
m a r g i n a l  b u t  a t  22-25OC and 32OC was sub- 
s t a n t i a l  when di -n-butyl  p h t h a l a z e  and 
o t h e r  PAEs were added t o  a loam s o i l  a t  
0.3% rate of  s o i l  we igh t .  



Table  1.1. (Continued) 

I n v e s t i g a t o r  Summary on Biodegrada t ion  

M i l l s  and Eggins (1974) Thermophi l ic  f u n g i  decomposed d i o c t y l  
p h t h a l a t e  and t h e  growth of t h e r m o p h i l i c  
organism was abundant  on a m i n e r a l  media 
c o n t a i n i n g  I% d i o c t y l  p h t h a l a t e  a s  ca rbon  
and energy  s o u r c e .  

Engelhardt  e t  a l .  (1975 Pen ic i lP ium l i l a c i n u m  and 3  b a c t e r i a  
and 1977) l a t e r )  were invo lved  i n  de- 

g r a d a t i o n  of d i -n-butyl  p h t h a l a t e .  The 
i n t e r m e d i a t e s  and m e t a b o l i t e s  of b io-  
d e g r a d a t i o n  were a l s o  i d e n t i f i e d .  

Mathur and Rouat t  (1975) S e r r a t i a  marcescens  degrades  DEHP up t o  
2 .5% c o n c e n t r a t i o n  i n  t h e  media and can 
decompose 95% of t h e  PAE i n  3  weeks. 

Nagata e t  a l .  (1976) 

Enge lhard t  e t  a l .  (1976 Nocardia ,  A r t h r o b a c t e r ,  Pseudomonas s p e c  
and 1978) 5030, and A l c a l i g e n e s  s p e c ,  DSM30128 bio-  

degraded di -n-butyl  p h t h a l a t e  v i a  4,5- 
d ihydroxy-ph tha l i c  a c i d ,  p r o t o - c a t e c h u i c  
a c i d ,  and cis-cis-B-carboxymuconic a c i d .  
Mechanism of d e g r a d a t i o n  was i d e n t i f i e d .  

B a c t e r i a l  s t r a i n  PB73 degraded 90% o f  
di -n-butyl  p h t h a l a t e  i n  60 h r s  w h i l e  
b a c t e r i a l  s t r a i n  PO32 degraded 80% of  
d i o c t y l  p h t h a l a t e  i n  60 h r s  from a medium 
c o n t a i n i n g  1% PAE. These s t r a i n s  cou ld  
grow i n  a medium c o n t a i n i n g  up t o  20% of  
PAE . 

Saeger  and Tucker (1976) ' PAE p l a s t i c i z e r s  and m e t a b o l i t e s  r a p i d l y  
underwent u l t i m a t e  d e g r a d a t i o n  i n  d i f f e r -  

, e n t  mixed m i c r o b i a l  sys tems  a t  concen t ra -  
t i o n s  r a n g i n g  from 1 t o  83  mgl l  r i v e r  
w a t e r  o r  a c t i v a t e d  s l u d g e .  

Harada and Koiwa (1977) AlcaPfgene P3 and PP2, Cornynebacterium 
P49, 1P4, 1 P t  and A r t h r o b a c t e r  1P3, TP2 
a t t a c k e d  p h t h a l i c  a c i d ,  t e r e p h t h a l i c  a c i d ,  
and i s o p h t h a l i c  a c i d ,  and t h e  p r o d u c t s  of 
metabol ism were  3-hydroxyphthal ic  and 
p r o t o c a t e c h u i e  a c i d .  



T a b l e  1.1. (Cont inued)  

I n v e s t i g a t o r  Summary on  Biodegrada t ion  

Kurane e t  a l .  (1977a and b)  Pseudsmonas a c i d o v o r a n ~  256-1 decomposed 
0-P- comple te ly  i n  72 hours .  
Most p h t h a l a t e  e s t e r s  cou ld  b e  a s s i m i l a t e d  
r e g a r d l e s s  of t h e  s i d e  c h a i n  l e n g t h .  
Branched a l k y 1  p h c h a l a t e  was a s s i m i l a t e d  
b e t t e r  t h a n  n - a l k y l  p h t h a l a t e ,  

Overcash e t  a l .  (1981) Mixed p o p u l a t i o n s  o f  microbes  from Davidson 
c l a y  loam and Lakeland sand e f f e c t i v e l y  
biodecompoaed di -n-butyl  p h c h a l a t e ,  rangirbg 
from 18 t o  34% of  t h e  added amount a t  1 ,000  
t o  l 0 , 0 0 0  ppm a p p l i c a t i o n  rate over  3 months 
p e r i o d .  At 200 and 800 ppm a p p l i c a t i o n  
r a t e s ,  t h e  l o s s e s  due t o  m i c r o b i a l  decay 
were  h i g h e r  o v e r  t h e  same f n c u b a t i o n  p e r i o d .  

Saeger  and Tucker (1976) r e p o r t e d  t h a t  PAEs were  degraded i n  a c c l i m a t e d  
a c t i v a t e d  s l u d g e  p r o c e s s e s  i n  which t h e  p h t h a l a t e  ester was hydro lysed  t o  
p h t h a l i c  a c i d  monester  and a n  a l c o h o l .  Graham (1973) r e p o r t e d  91% degrada-  
t i o n  of DEHP and 99% d e g r a d a t i o n  s f  b u t y l b e n z y l - p h t h a l a t e  i n  a n  a c t i v a t e d  
s l u d g e  p r o c e s s  under e o n t r o l P e d  c o n d i t i o n s  a t  a c o n t i n u o u s  f e e d i n g  r a t e  of 
5  mg/48 h o u r s ,  Thom and Agg (1955) observed enhancement o f  p h t h a l a t e  b io-  
d e g r a d a t i o n  by b i o l o g i c a l  sewage r r e a t m e n t  w i t h  s u i t a b l e  a c c l i m a t i z a t i o n .  
Experiments by Monsanto m d i c a t e d  b i o d e g r a d a b i l i t i e s  o f  91% f o r  DEHP and 
99% f o r  b u t y l  benzy l  p h t h a l a t e  compared t o  99+% f o r  l i n e a r  a l k y l  benzene 
s u l f o n a t e  i n  a semicon t inusus  a c t i v a t e d  s l u d g e  u n i t .  

Saeger  and Tucker (1976) concluded t h a t  p h t h a l a t e  e s t e r s  and subsequen t  
m e t a b o l i t e s  undergo u l t i m a t e  d e g r a d a t i o n  i n  mixed m i c r o b i a l  sys tems of 
s l u d g e s  and r i v e r  w a ~ e r / s e d f m e n t s  a t  c o n c e n t r a t i o n s  r a n g i n g  from 1 t o  8 3  
mg/l .  Mathur e t  a l .  (P974a) found t h a t  f o u r  p h t h a l a t e  e s t e r s  b iodegraded i n  
s o i l  and sugges ted  t h e  mechanisms t o  b e  some form of h y d r o l y s i s  by s p e c i f i c  
e s t e r a s e s .  Degrada t ion  r a t e s  d e c r e a s e d  a t  lowe: t empera tu re .  Johnson and 
Lulves  (1975) i n  a  l a b o r a t o r y  s t u d y  found t h a t  -"C-carbonyl l a b e l e d  di-n- 
b u t y l  p h t h a l a t e  degraded i n  f r e s h w a t e r  h y d r o s o i l  w i t h  a h a l f  l i f e  of 1 day 
under  a e r o b i c  c o n d i t i o n s .  The r a t e  of d e g r a d a t i o n  was much lower  under  
a n a e r o b i c  c o n d i t i o n s .  The f i r s t  d e g r a d a t i o n  s t e p  was a l s o  found t o  b e  
enzymat ic  h y d r o l y s i s  t o  a p h f h a l i c  a c i d  monoester and a n  a l c o h o l .  Subsequent 
o x i d a t i v e  d e c a r b o x y l a t i o n  of t h e  exposed COOH group may r e s u l t  i n  1 ,2 -  
dihydroxybenzene as a f i n a l  s t a b l e  p r o d u c t .  



A f t r i n g  e t  a l .  (1977) found a n a e r o b i c  decay o f  p h t h a l i c  a c i d s  i n  t h e  
p r e s e n c e  of n i t r a t e s  and d e n i t r i f y i n g  p o p u l a t i o n .  The d e g r a d a t i o n  p roduc t  
was benzo ic  a c i d .  Comparison of t h e  decomposi t ion r a t e  t o  t h a t  under a e r o b i c  
c o n d i t i o n s  was n o t  made. 

Other  r e p o r t s  d e a l i n g  w i t h  b i o d e t e r i o r a t i o n  o f  p l a s t i c i z e r s  by s o i l  
organisms relate t o  World War 11, when p l a s t i c s  were  exposed t o  t r o p i c a l  
and s u b t r o p i c a l  c l i m a t e s .  The p l a s t i c s  became b r i t t l e  because  o f  t h e  l o s s  
o f  p l a s t i c i z e r  by m i c r o b i a l  decay.  Then e f f o r t s  were  d i r e c t e d  a t  deve lop ing  
more p e r s i s t e n t  p l a s t i c i z e r s  which cou ld  economica l ly  b e  i n c l u d e d  i n t o  formu- 
l a t i o n s  t o  keep p l a s t i c s  f l e x i b l e  and u n b r i t t l e  f o r  l o n g e r  t i m e  ~ e r i o d s .  I n  
1968, Booth and Robb b u r i e d  PVC f i l m s  i n  s o i l  i n o c u l a t e d  w i t h  ~seudomonas  and 
Brev ibac te r ium.  The e x t e n t  of p l a s t i c i z e r  decay was d i f f e r e n t  f o r  each 
s t a b i l i z e r  used i n  t h e  PVC f o r m u l a t i o n .  I n  t h e  same y e a r ,  Decoste (1968) re- 
p o r t e d  t h e  l o s s  of p l a s t i c i z e r s  from a v i n y l  c h l o r i d e  p l a s t i c  b u r i e d  i n  s o i l s  
o f  Georgia and New Mexico f o r  4 y e a r s .  Wendt e t  a l .  (1970) b u r i e d  p l a s t i c  i n  
s o i l  and found a 16% l o s s  i n  weight  o f  PVC f i l m  which he  a t t r i b u t e d  t o  bio-  
l o g i c a l  decay of PAEs t h a t  were l o s t  d u r i n g  2  weeks of c o n t a c t  a t  30°C. 
Eggins  e t  a l .  (1971) t e s t e d  b i o d e g r a d a t i o n  o f  s y n t h e t i c  polymers a t  48OC by 
s o i l  organisms and found t h a t  t h e r m o p h i l i c  f u n g i  d i d  a t t a c k  c e r t a i n  p l a s t i -  
c i z e r s  b u t  n o t  a l l .  Overcash e t  a l .  (1981) found t h a t  d i -n-butyl  p h t h a l a t e  
i s  l o s t  from s o i l s  when a p p l i e d  a t  rates r a n g i n g  from 200 t o  10,000 ppm of  
s o i l  we igh t .  The l o s s  r a t e s  ranged from 1 9  t o  34% o f  added amount o v e r  a  1 2  
week p e r i o d  f o r  a p p l i c a t i o n s  above 1 ,000 ppm i n  t h e  s o i l .  At 200 and 800 ppm 
a p p l i c a t i o n s  t h e  l o s s e s  were  of t h e  o r d e r  of 53 t o  57% of t h e  a p p l i e d  amount 
(Table  1 . 2 ) .  

Tab le  1 . 2 .  Ra tes  o f  d i -n-butyl  p h t h a l a t e s  l o s s  from amended Davidson c l a y  
loam. 

P h t h a l a t e  A p p l i c a t i o n  Rate  % o f  Added Amount Los t  Over 1 2  Weeks 
(ppm o f - s o i l  wt)  & 0.5%) 

200 55* 

6,000 1 9  

10,000 2 3  

* 
Glassware  was u t i l i z e d  i n  t h e  exper iment  w i t h  no c o n t a c t  o f  p l a s t i c s .  



A v a r i e t y  of organisms t a k e  up and accumulate p h t h a l a t e  e s t e r s ,  
Table 1.3.  P h t h a l a t e  a s s i m i l a t i n g  mic rob ia l  genera occur  abundantly 
i n  t h e  environment. Some of t h e  s o i l  s p e c i e s  t h a t  can u t i l i z e  PAEs have 
not  been cha rac t e r i zed  and t h e  l i s t  i s  indeed longer  t han  presented  i n  
Table 1 .3 .  A v a r i e t y  of b a c t e r i a l ,  fungal  and act inomycete s t r a i n s  have 
been shown t o  possess  t h e  a b i l i t y  t o  t a k e  up and accumulate p h t h a l a t e  
e s t e r s .  Mixed micropopulat ions can degrade PAEs more r a p i d l y  than  pure 
c u l t u r e s .  Degradation i s  slower under anaerobic  cond i t i ons  than  ae rob ic  
cond i t i ons .  A v a r i e t y  of m u l t i c e l l u l a r  organisms have demonstrated a b i l i t y  
t o  biodegrade di-n-butyl p h t h a l a t e s .  In summary, b io t ransformat ions  and 
b iodegrada t ion  a r e  important  f a t e  processes  f o r  p h t h a l a t e  e s t e r s  a s  a group, 
which a r e  degraded under most cond i t i ons .  

Table 1 .3 .  Microbial  Genera Decomposing P h t h a l a t e  Acid E s t e r s  i n  S o i l  
and Water. 

Bac te r i a  Fungi Actinomycetes 

Rhodopseudomonas 

Pseudomonads 

Ar throbac ter  

Alca l igenes  

S e r r a t i a  

B a c i l l i  

Corynebacterium 

Unknown and u n i d e n t i f i e d  
s t r a i n s  of mixed s o i l  
popula t ion  

Fusarium Nocardia 

Penic  i l l i u m  

Aspe rg i l l u s  

Cephalosporium 

Muc c 

Torula 

~ p o r o t r i c h u m  

Thermoascus 

Malbranchaea 

Chaetomium 

Thermoascus 



Chemical Conversions, Pho to lys i s ,  and V o l a t i l i z a t i o n  

The hydro lys i s  of p h t h a l a t e  a c i d  e s t e r s  i s  accomplished by both a c i d s  
and bases  (Thanassi and Bruice 1966).  Radhakrishnamurti and Pa t ro  (1971) 
ca l cu la t ed  t h e  second o rde r  r a t e  cons tan t  f o r  a l k a l i n e  hydro lys i s  of d i -  
methyl p h t h a l a t e  a t  30°C i n  50% aqueous dimethyl su l fox ide .  From t h i s  r a t e  
cons t an t ,  0.14 P i t e r /mo le / sec . ,  t h e  h a l f - l i f e  of PAEs was es t imated  t o  b e  1.6 
years .  I n  t h e  s o i l - p l a n t  system, a c i d  o r  a l k a l i n e  hydro lys i s  of PAEs a r e  
not  l i k e l y  t o  be s i g n i f i c a n t  un le s s  t h e  land  a p p l i c a t i o n  a r e a  i s  a  s e r i o u s l y  
a c i d  o r  a l k a l i - a f f e c t e d  s o i l .  

The PAEs do no t  undergo p h o t o l y t i c  decomposition. I n d i r e c t  pho to lys i s  
involving i n t e r a c t i o n  of -OH r a d i c a l  wi th  aromatic  r i n g  may proceed i n  
n a t u r a l  water  a t  a  very  slow r a t e  which i s  environmental ly  i n s i g n i f i c a n t  
(Dorfman and Adams, 1973). '  

No information was found i n  reviewed l i t e r a t u r e  t o  suggest  PAE v o l a t i l i z a -  
t i o n  a s  a  major t r a n s p o r t  p rocess  i n  s o i l - p l a n t  ecosystem. Di-n-butyl phtha- 
l a t e  i n  t h e  t e r r e s t r i a l  a s  w e l l  a s  a q u a t i c  environments a r e  v i r t u a l l y  non- 
v o l a t i l e  a t  usua l  temperatures .  There i s  some evidence t h a t  PAEs a r e  s l i g h t l y  
v o l a t i l i z e d  from p l a s t i c s  i n t o  a i r  a t  h igher  temperatures  (Thomas 1973 and 
Marx 1972).  P h t h a l a t e  e s t e r s  were found i n  t h e  a i r  and coated on t h e  windows 
of automobiles i n  hot  c l ima te  due t o  v o l a t i l i z a t i o n  from v i n y l  fu rn i sh ings  
(Autian 1973 and Mathur 1974a).  Thus i n  extremely ho t  cond i t i ons  t h e  PAEs 
may escape a s  vapors .  

Vapor p re s su re  f o r  PAEs a t  25OC a r e  extremely low, c o n t r i b u t i n g  much t o  
t h e i r  gene ra l  s t a b i l i t y  i n  p l a s t i c s ,  t h e  vapor p re s su re  of di-n-butyl phtha- 
l a t e  i s  approximately 0 .1  t o r r  a t  115OC ( P a t t y ,  1963).  Data on a c t i v i t y  co- 
e f f i c i e n t s  of PAE i n  water  o r  aqueous phase a r e  l ack ing  (Mackay and Wolkoff, 
1973).  V o l a t i l i z a t i o n  of PAEs from sorbed s t a t e  i s  much l e s s  than  i n  f r e e  
(unsorbed) s t a t e .  . 

Since di-n-butyl p h t h a l a t e  (DNBP) i s  r e a d i l y  sorbed on p a r t i c u l a t e s ,  
v o l a t i l i z a t i o n  i s  not  considered a  l i k e l y  t r a n s p o r t  p rocess  f o r  DNBP i n  
n a t u r a l  environment. Furthermore, t h e  s o l u b i l i t y  of DBP i n  water i s  f a i r l y  
h igh  (4,500 ppm), and a s  a  consequence t h e  v o l a t i l i t y  of DBP from a q u a t i c  and 
so i l -water  systems i s  f u r t h e r  decreased.  Under s t e r i l i z e d  s o i l  cond i t i ons ,  0 
Overcash e t  a l .  (1981) found no v o l a t i l i z a t i o n  of di-n-butyl p h t h a l a t e  from 
Davidson c l a y  loam and Lakeland sand amended wi th  2,000 ppm r a t e .  Af te r  3  
months of t rea tment ,  a l l  of t h e  added DBP was e x t r a c t e d  from t h e  spiked s o i l  
samples. This observa t ion  confirms t h e  r e s u l t s  of Saeger and Tucker (1976) 
where they  found no s i g n i f i c a n t  l o s s  due t o  v o l a t i l i z a t i o n  i n  an experiment 
w i t h  t w o  p h t h a l a t e  a c i d  e s t e r s  i n  an a c t i v a t e d  s ludge  p l a n t .  

Thus p h t h a l a t e  v o l a t i l i z a t i o n  from so i l -p l an t  system i s  not  viewed a s  
a  competi t ive o r  important process  f o r  e i t h e r  d i s p e r s i v e  l o s s  o r  t r a n s p o r t /  
migra t ion  i n  t h e  o v e r a l l  r e c y c l e  of s y n t h e t i c  organics .  Under n a t u r a l  con- 
d i t i o n s ,  t h e  v o l a t i l e  l o s s e s  would be l e s s  than  0.5% of t h e  t o t a l  PAE i n  t h e  
system. 



Adsorption, Leaching, and Runoff 

Sorp t ion  of p h t h a l a t e  a c i d  e  s t e r s  t o  p a r t i c u l a t e s  and corn ~ p l e x a t i o n  
wi th  humic subs tances  a r e  probably t h e  most important mechanisms f o r  bind- 
i n g  of p h t h a l a t e  e s t e r s  i n  s o i l s .  Since t h e  PAEs a r e  nonionic  t h e  b inding  
involves  s o l v a t i o n ,  a t t r a c t i o n  t o  s o i l  c o l l o i d s ,  o r  l i gand  exchange a r e  
t h e  probable mechanisms f o r  so rp t ion .  

P h t h a l a t e  e s t e r s  i n t e r a c t  r e a d i l y  w i th  f u l v i c  ac id  p re sen t  i n  s o i l s  
and water .  The i n t e r a c t i o n  forms a  f u l v i c  ac id-phtha la te  e s t e r  complex 
whiah 4s almost completely s o l u b l e  i n  water  and thus  mobi l izes  and t rans-  
p o r t s  p h t h a l a t e  e s t e r s  (Ogner and Schn i t ze r ,  1970).  A s  t h e  s o i l  pH in -  
c r e a s e s  from 2.5 t o  7.0, t h e  p h t h a l a t e  e s t e r  complexation wi th  s o i l  humic 
m a t e r i a l  decreases  by 25% (Matsuda and Schn i t ze r ,  1971).  It is  es t imated  
t h a t  one normal average molecular weight f u l v i c  a c i d  s o l u b i l i z e d  one mole 
of di-n-hutyl p h t h a l a t e .  In  24 hours ,  125 mg f u l v i c  a c i d  s o l u b i l i z e d  about 
35 mg d i -buty l  p h t h a l a t e  from a  mixture.  

Runoff d a t a  f o r  p h t h a l a t e  a c i d  e s t e r s  have not  been r epor t ed .  The low 
l e v e l  of PAEs i n  s o i l  and t h e  competing mechanisms of decomposition may 
r e a l i s t i c a l l y  l i m i t  any nonpoint source p o l l u t i o n a l  impact. Should i t  be 
necessary  t o  p r e d i c t  t h e  r a i n f a l l  runoff  t r a n s p o r t  of PAE's t h e  b a s i c  model 
formula t ions  a r e  a v a i l a b l e  (Donigian 1977, Overcash 1982).  One would u s e  
t h e  p e s t i c i d e  t r a n s p o r t  model w i t h  inpu t s  r e l a t i n g  t o  t h e  s o i l  l e v e l ,  
adso rp t ion / so lu t ion  c o e f f i c i e n t ,  and water s o l u b i l i t y .  

PLANT EFFECTS 

Phy to tox ic i ty  

F o l i a r  a p p l i c a t i o n  of di-n-butyl p h t h a l a t e  a t  0,  1, 10 ,  100, and 
1,000 kg/ha r a t e s  t o  soybean revea led  t h a t  100 kg/ha r a t e  was ,phyto toxic .  
Typical  b leaching  symptoms were apparent ly  s i m i l a r  t o  z i n c  dekic iency  
symptoms i n  p l a n t s  . 

E f f e c t s  of s o i l  appl ied  di-n-butyl p h t h a l a t e  on corn ,  soybean, and 
f e scue  revea led  t h a t  p h t h a l a t e  a p p l i c a t i o n  above c r i t i c a l  l e v e l s  produced 
b leaching  of o l d e r  l eaves  i n  every crop and s o i l  type.  The c h a r a c t e r i s -  
t i c  wh i t e  o r  bleached l e a f  symptom i n  ph tha l a t e -a f f ec t ed  p l a n t s  seems t o  
d isappear  w i t h  growth and t ime,  as p h t h a l a t e  l o s s  from s o i l  ensues.  The 
bleaching e f f e c t  could n o t  be co r r ec t ed  by supplemental z i n c  a p p l i c a t i o n s  
(Shea, 1981) t o  s o i l s .  Adverse p h t h a l a t e  e f f e c t s  on a l l  c rops  t e s t e d  
were v i s i b l e  a t  s o i l  concen t r a t ions  g r e a t e r  than  2,000 ppm. A t  20,000 
ppm r a t e ,  t h e  t o x i c i t y  symptoms p e r s i s t e d  longer  than  10 weeks. 

A t  200 and 2,000 ppm a p p l i c a t i o n  r a t e  of di-n-butyl p h t h a l a t e ,  t h e  
growth of corn ,  soybean, and f e scue  were increased  when p lan ted  a s  a  
second crop a f t e r  5  weeks of p h t h a l a t e  t rea tment .  The c r i t i c a l  phyto- 
t o x i c  l e v e l  of di-n-butyl p h t h a l a t e  i n  Lakeland sand is 200 ppm of s o i l  



I weight  and i n  Davidson c l a y  loam i s  2,000 ppm f o r  c o r n  and soybean. Above 
t h e s e  s o i l  i n c o r p o r a t i o n  l e v e l s ,  p h y t o t o x i c i t y  symptoms o f  di-n-butyl  
p h t h a l a t e  become a p p a r e n t .  The germlnatdon of soybean and c o r n  remained 
u n a f f m t e d  even a t  20,000 ppm rate b u t  t h e  growth was a f f e c t e d  a t  2,000 
ppm r a t e  of s o i l  we igh t .  S i m i l a r  o b s e r v a t i o n s  were  made f o r  f e s c u e .  

P l a n t  up take  and b ioaccumula t ion  

The ev idence  o f  p h t h a l a t e  up take  by t e r r e s t r i a l  p l a n t s  was judged t o  
be  n e g a t i v e  by Versar, I n c .  (1979).  Although PAEs have been i d e n t i f i e d  i n  
c e r t a i n  l i v i n g  organisms,  t h e r e  i s  dilemma on whether  t h e s e  a r e  b i o a c c u n u l a t -  
ed from t h e  e x t e r n a l  environment o r  s y n t h e s i z e d  by t h e  organism i t s e l f .  Re- 
c e n t  s t u d i e s  of p l a n t s  from s o i l s  w i t h  h i g h  r a t e s  o f  DNBP have shown some 
p h t h a l a t e  e s t e r  u p t a k e  (Shea 1981) .  

I n  a q u a t i c  sys tems ,  Metcal f  e t  a l .  (1973) r e p o r t e d  t h a t  p h t h a l a t e  
e s t e r s  were  biomagnif ied by a  v a r i e t y  o f  a q u a t i c  p l a n t s  b u t  t h e  d e g r e e  o f  
b ioaccumulat ion was l e s s  t h a n  o r g a n o c h l o r i n e  i n s e c t i c i d e s .  



Chapter 2  2,4-DINTTROPHENOL 

INTRODUCTION 

Chemistry and P r o p e r t i e s  

2 , 4 - d i n i t r o p h e n o l  (DNP) i s  a phenol  w i t h  NO2 s u b s t i t u t i o n s  a t  t h e  C-2 
and C-4 p o s i t i o n s  on t h e  a r o m a t i c  r i n g .  P r e p a r a t i o n  o f  2 , 4  DNP i s  by 
a l k a l i n e  h y d r o l y s i s  o f  2,4-dinitro-1-chlorobenzene, which i n  t u r n  i s  pre-  
pared from t h e  n i t r a t i o n  o f  monochlorobenzene  ar art ford, 1973) .  A l t e r n a t e  

. r o u t e s  o f  p r e p a r a t i o n  a r e  by n i t r a t i o n  o f  benzene w i t h  NO2 and mercurous 
n i t r a t e ,  and by t h e  o x i d a t i o n  o f  m-dini t robenzene.  Pure  DNP i s  a s o l i d  of 
y e l l o w i s h  t o  y e l l o w  or thorhombic  c r y s t a l s ,  w i t h  a  molecu la r  we igh t  of 184.11,  
a d e n s i t y  o f  1 .683  g/ml,  and a  m e l t i n g  p o i n t  of 112 t o  114'C (Anon, 1976) .  
The compound i s  s p a r i n g l y  s o l u b l e  i n  c o l d  w a t e r ,  b u t  s o l u b i l i t y  i n c r e a s e s  
w i t h  t e m p e r a t u r e ,  6 . 0  g / l  a t  25OC (Morrison and Boyd 1973) .  DNP is  q u i t e  
s o l u b l e  i n  most o r g a n i c  s o l v e n t s  and e s s e n t i a l l y  n o n - v o l a t i l e .  The com- 
pound i s  modera te ly  a c i d i c ,  w i t h  a  pKa of  4.09 (Pearce  and S i m p l i n s ,  
1968) .  The s t r u c t u r e  and i o n i z a t i o n  of DNP i s  g i v e n  i n  F i g u r e  2.1.  At pH 
2.6 ,  DNP i s  c o l o r l e s s ,  b u t  becomes y e l l o w  a t  pH 4 . 4 ,  and hence h a s  been 
used a s  a n  i n d i c a t o r  s p e c i e s  (Anon, 1976) .  DNP can a l s o  b e  used a s  a 
r e a g e n t  t o  d e t e c t  K+ and N H ~ *  i o n s .  

N i t r o  groups  a r e  e l e c t r o p h i l i c  , and t h e  e lec t ion-wi thdrawing  e f f e c t  
o f  one NO2 group on t h e  r i n g  enhances  t h e  r e a c t i v i t y  o f  t h e  oxygen on t h e  
other 'NO2 group.  Th is  i s  i m p o r t a n t ,  s i n c e  b i o d e g r a d a t i o n  of n i t r o a r o m a t i c  
compounds h a s  been found t o  i n v o l v e  t h e  convers ion  o f  NO2 g roups  t o  OH 
groups  (Alexander and Lustigman, 1966; McCormick et a l . ,  1976; Woodcock, 
1978) .  

- Alexander  and Lustigman (1966) proposed t h r e e  p o s s i b l e  p r o c e s s e s  i n  
t h e  t r a n s f o r m a t i o n  o f  DNP: (1)  r e d u c t i o n  of t h e  n i t r o  group,  (2 )  hydroxy- 
l a t i o n  o f  t h e  a r o m a t i c  r i n g ,  and (3)  d i sp lacement  of t h e  n i t r o  g roups  by 
hydroxyl  groups .  The p o s i t i o n s - o f  t h e  n i t r o  groups  a r e  i m p o r t a n t  i n  
de te rminfng  t h e  r e d u c f b i l i t y  o f  DNP. O r t h o - s u b s t i t u t e d  NO2 i s  g e n e r a l l y  
c o n s i d e r e d  t o  b e  more Y e a d i l y  reduced t h a n  p-NO2 i n  n i t r o p h e n o l s  
(McComick e t  a l . ,  1976) ,  b u t  p a r a  o r i e n t a t i o n  o f  t h e  hydroxyl  and n i t r o  
g ~ o u p s  may b e  more i m p o r t a n t  i n  m i c r o b i a l  d e g r a d a t i o n  of DNP (Gundersen 
and J e n s e n ,  1956) .  I n  any c a s e ,  n i t r o  g roups  of DNP ( a s  w e l l  a s  i n  d i n i -  
t r o a n i l i n e )  a r e  g e n e r a l l y . m o r e  s lowly  reduced t h a n  t h o s e  o f  d i n i t r o b e n z o i c  
a c i d  and d i n i t r o t o l u e n e  (McCormick et  a l . ,  1976) .  N i t r o p h e n o l s  are a l s o  
s u b j e e t  t o  o x i d a t i o n  th rough  n u c l e o p h i l i c  a t t a c k  by hydroxyl  r a d i c a l s  a t  
t h e  C-2 and C-4 r i n g  p o s i t i o n s ,  which may r e s u l t  i n  t h e  f o r m a t i o n  o f  
benzosemiquinones (Suarez  e t  a l . ,  1970) .  

S p e c t r o c h e m i c a l l y ,  CNP a b s o r b s  l i g h t  a t  360 nm ( a t  n e u t r a l  pH) and 
t h i s  c h a r a c t e r i s t i c  can  be used as an  a n a l y t i c a l  t o o l .  The p o s i t i o n  o f  
t h e  peak o f  maximum a b s o r p t i o n  i s  pH-dependent, though r a t h e r  s t a b l e  be- 
tween pH 6 . 0  and 1 2 . 0  ( S t e n l i d ,  1949; Rao, 1969) .  For  i l l u s t r a t i o n ,  t h e  
s p e c t r a  showing maximum absorbance  peaks  f o r  DNP a t  pH 1 . 5  and 8 . 5  are 
g iven  i n  F i g u r e  2.2.  







There  a r e  two dangers  i n h e r e n t  i n  t h e  u s e  of n i t r o p h e n o l s :  (1) t h e y  
may c a u s e  e x p l o s i o n s ,  and ( 2 )  t h e  f r e e  compounds a r e  h i g h l y  c o r r o s i v e  
(van Groenou, e t  a l . ,  1951) .  Thus t h e y  a r e  o f t e n  combined w i t h  o t h e r  
compounds, p a r t i c u l a r l y  m e t a l l i c  sa l ts ,  when used i n  i n d u s t r y .  

Occurrence 

P h e n o l i c  compounds have a widespread d i s t r i b u t i o n  i n  n a m r e ,  s i n c e  
t h e y  occur  b o t h  n a t u r a l l y  and a l s o  o r i g i n a t e  from i n d u s t r i a l  s o u r c e s  Q 

(Glass  and Bchm, 1991;  Reed, 1992;  L e i t h e ,  1973;  M i l l e r ,  1977,  Weber, 
1978; Weber and S h e e t s ,  1978; Overcash and P a l ,  1979) .  Sources  of 
i n d u s t r i a l  w a s t e  e f f l u e n t s  i n c l u d e  mines,  f o u n d a a s ,  m e t a l  and pe t ro leum 
p l a n t s  ( L e i r h e ,  19779. Nitrophenob may e n t e r  t h e  environment a s  a  de- 
g r a d a s i o n  p roduc t  of o t h e r  compounds, such  a s  i n  t h e  fo rmat ion  o f  p- 
n i c r o p h e n s l  from p a r a t h i o n  (Sethunanthan,  1973;  B a r i k  and Sethunanthan,  
1998) .  

N i t ~ a t e d  phenols  have been used i n  t h e  p r e s e r v a t i o n  s f  wood s i n c e  t h e  
end o f  t h e  19sh c e n t u r y  (van Groenou e t  a x . ,  l 9 5 1 ) ,  u s u a l l y  i n  combinat ion 
w i t h  m e t a l l i c  s a l t s  such  a s  NaF o r  ZnF2, NaCl, o r  K2CrOl.c. For example, 
FCAP t y p e  B ( f luor -chrome-arsena te  pheno l )  i s  a wate rborne  p r e s e r v a t i v e  
( o r g i n a l l y  manufactured i n  a  form known as TanoPi th)  c o n t a i n i n g  20% F, 37% 
C r 6 + ,  25% A s ,  and 16% DNP ( H a r t f o r d ,  1 9 7 3 ) -  

Davies (1967) r e p o r t e d  t h e  a v e r a g e  phenol  c o n c e n t r a t i o n  i n  was tewate r  
from 16 pe t ro leum r e f i n e r i e s  was 135  ppm, b u t  was reduced t o  a n  a v e r a g e  of 
7 .8  ppm by wastewater  t r e a t m e n t .  I n  s t u d y i n g  secondary  was te  t r e a t m e n t  
sys tems ,  M i l l e r  (1979) found t h e  a v e r a g e  c o n c e n t r a t i o n  of r e l e a s e d  p h e n o l i c  
compounds r e p r e s e n t e d  a  r e d u c t i o n  from 65 t o  99 p e r c e n t .  Reed (1972) ,  
u s i n g  a  t y p i c a l  e f f l u e n t  a n a l y s i s  of 0 .3  mg/l  p h e n o l i  c s ,  c a l c u l a t e d  t h a t  
6 . 2  Ib/A.would b e  a p p l i e d  t o  l a n d  r e c e i v i n g  2  i n c h e s  p e r  week o v e r  a 40 
week p e r i o d .  

Low c o n c e n t r a t i o n s  o f  DNP may a c t u a l l y  b e  b e n e f i c i a l  t o  w a s t e  w a t e r  
t r e a t m e n t  sys tems .  Shah e t  a l .  (1975) r e p o r t e d  s t i m u l a t i o n  of g l u c o s e  
consumption when DNP was added t o  t h e  sys tem ( F i g u r e  2 . 3 ) .  Maximup'con- 
sumptfon o c c u r r e d  at. 5  x  M DNP (-0 .92 mgrl )  a t  which c o n c e n t r a t i o n  
t h e  sys tem was 85 p e r c e n t  more e f f i c i e n t  t h a n  t h a t  r e c e i v b g  no DNP. 
M a t e r i a l  b a l a n c e  c u r v e s  i n d i k a t e d  t h a t  t h e  e x c e s s  g l u c o s e  consumed was 
a e r o b i c a l l y  degraded by t h e  mic robes  t o  CO2 and H20. At h i g h e r  DNP con- 
c e n t r a t i o n s ,  g l u c o s e  consumption d e c r e a s e d ,  t h e n  f e l l  t o  a lmos t  z e r o  a s  
t o x i c  l e v e l s  were  reached .  The e f f e c t s  o f  DNP on g l u c o s e  consumption 
were a t t r i b u t e d  t o  i n c r e a s e d  r e s p i r a t i o n  and t h e  uncoupl ing  o f  o x i d a t i v e  
p h o s p h o r y l a t i o n  ( s e e  l a t e r  s e c t i o n )  

The r e a c t i o n s  and f a t e  of d i n i t r o p h e n o l s  ( a s  w i t h  a l l  o r g a n i c s )  i n  
t h e  environment a r e  dependent  on t h e  chemical  p r o p e r t i e s  of b o t h  t h e  
s l u d g e  components and s o i l  c o n s t i t u e n t s  r e c e i v i n g  them (Weber, 1978;  Weber 
and S h e e t s ,  1938) .  Chemical p r o p e r t i e s  of r h e  components i n c l u d e  mole- 
c u l a r  s t r u c t u r e ,  vapor  s t r u c t u r e ,  i o n i z a b i l i t y ,  p o l a r i z a b i l i t y ,  and w a t e r  







11s and nitrophenols and 
metabolites remove@. 

Major 
Chemical Optimum pH Metabolite(s) 

References Organism 

Simpson and Evans, 
1953 

o-nitropBeno1 7.0 - 7.5 
p-nitrophenol 7.5 - 8.0 

catechol, nitrite 
quind, nitrite 

Pseudomonas spp. 
Pseudomonas spp. 

2,4-dinitro phenol 7.3 - 8.5 Gundelson and 
Jensen, 1956 

. . 
Madhosingh 1961 

nitrite Corynebacterium 
simplex 

4-amino-2- 
nitro phenol 
2-amino-4- 
nitro phenol 

Fusarium exysporum 

Germainier and 
Wuhrmann, 1963 

Nocardia alba nitrite 

nitrite 
!3 

"Pseudomonads" 
"Arthrobac t er-like" 

Jensen and Lautrop- 
Larsen, 1969 

p-nitrophenol 7.0 
2,4-dinitrophenol 

Sethunathan, 1973 p-nitrophenol 5.5 (soil 
solsie) 

Bacillus sp. 

p-nitrophenol 7') Barik and 
Sethunathan, 1978 

nitrite Pseudomonas sp . 





o r i e n t a t i o n  of t h e  OH and NO2 groups, such a s  i n  metabolism by 
Corynebacterium simplex, i n  which n i t r i t e  i s  r e l e a s e d .  Thus, McCormick 
e t  a l .  (1976) summarized two p o s s i b l e  modes of a t t a c k  by microorganisms 
on n i t ropheno l s :  (1) r educ t ion  of t h e  n i t r o  groups t o  amino groups, 
followed by o x i d a t i v e  deamination wi th  t h e  r e l e a s e  of ammonia, o r  (2) 
t h e  r e l e a s e  of a n i t r o  group a s  n i t r i t e .  

The f i r s t  mode appears  t o  be t h e  most s i g n i f i c a n t  i n  t h e  metabolism 
of mono-substituted aromatic  n i t r o  compounds, inc luding  n i t robenzene  and 
n i t ropheno l  (Jensen and Lautrup-Larsen, 1967).  However, t h i s  may a l s o  be  
occurr ing  i n  t h e  metabolism of 2,4 DNP by t h e  fungus Fusarium oxysporum. 
Madhosingh (1961) observed t h a t  t h i s  organism was capable  of f a c i l i t a t i n g  
t h e  i n f e s t a t i o n  and spread of t h e  wood-decaying fungus Coprinus micaceus, 
by reducing t h e  t o x i c i t y  of t h e  wood p r e s e r v a t i v e  DNP. Both organisms a r e  
found i n  a s s o c i a t i o n  i n  decaying fence  p o s t s ,  but  Coprinus is f a r  more 
s u s c e p t i b l e  t o  Dm. I n  DNP-treated media (buf fered  a t  pH 7.2), 86 percent  
of 32.6 p moles/100 m l  was degraded t o  2-amino-4-nitrophenol and 4-amino- 
2-ni t rophenol ,  p l u s  an unknown (perhaps a m e t a b o l i t e  of one of t h e  former) ,  
dur ing  t h e  f i r s t  30 days of incubat ion .  The metabolism r a t e  was g r e a t e s t  
dur ing  t h e  f i r s t  20 days. The optimum pH f o r  t h e  process  was 7.1, and a 
decrease  i n  metabolism occurred under e i t h e r  more a c i d  o r  a l k a l i n e  condi- 
t i o n s ,  but  e s p e c i a l l y  a t  lower pH. A s  t h e  pH was lowered, t h e  4-amino isomer 
dominated; under more a l k a l i n e  cond i t i ons  t h e  2-amino isomer was t h e  major 
product .  Woodcock (1978), i n  reviewing t h e  microbia l  decomposition of DNP, 
diagramed t h e s e  pathways based on r educ t ion  observed by Madhosingh, and 
inc lud ing  n i t r o s o  in t e rmed ia t e s  pos tu l a t ed  by Yamashima e t  a l .  (1954) (F igure  
Z.4j.  

Decomposition of n i t ropheno l s  and d in i t ropheno l s ,  w i t h  subsequent r e -  
l e a s e  of n i t r i t e ,  has  been more f r equen t ly  r epo r t ed  i n  t h e  l i t e r a t u r e .  Two 
s p e c i e s  of ~seudomonas i s o l a t e d  from f i l t e r  beds of a b i o l o g i c a l  d e t o x i c a t i o n  
p l a n t  were demonstrated t o  decompose o- and p-ni t rophenol  (Simpson and Evans 
1953).  This a c t i v i t y  was pH dependent,  and maximal growth occurred between 
pH 7.0 and 7 .5  and between pH 7.5 and 8.0 f o r  t h e  o- and p-ni t rophenol  decom- 
posers ,  r e s p e c t i v e l y .  Metabolism r e s u l t e d  i n  t h e  product ion of ca t echo l ,  
which could then  be f u r t h e r  metabolized by previous ly  descr ibed  pathways 
(Gibson, 1968).  Simpson and Evans (1953) a l s o  i s o l a t e d  an  u n i d e n t i f i e d  
organism from a s o i l  which could s i m i l a r l y  metabol ize  DNP. Douros and Reed 
(1556) found t h a t  Pseudomonas aeruginosa and Pseudomonas p u t i d a  produced 
reasonable  growth on minera l  s a l t  media con ta in ing  DNP a s  t h e  s o l e  carbon 
source.  

Gundersen and Jensen (1956) demonstrated decomposition of DNP by 
Corynbacterium simplex, w i th  t h e  subsequent r e l e a s e  of n i t r i t e  (Figure 2.5) .  
This  decomposition was pH-dependent. For media DNP concen t r a t ions  of 0 .01 
t o  0 . 1  pe rcen t ,  decomposition occurred only  between pH 7.3  t o  8.5 (F igure  
2 .6) .  L i t t l e  a c t i v i t y  occurred a t  pH l e s s  than  7.0.  DNP became phyto toxic  
a t  e i t h e r  h igher  concen t r a t ions  (0.5% i n  t h e i r  s tudy)  o r  a t  lowered pH. 







N i t r i t e  r e l e a s e  was a l s o  observed i n  t h e  metabol ism of DNP by s t r a i n s  
of Nocardia a l b a  (Germanier and Wuhrman, 1963) .  They found t h a t  t h e  organism - 
a s s i m i l a t e d  35 p e r c e n t  o f  t h e  DNP-nitrogen, and 64 p e r c e n t  o f  t h e  n i t r o g e n  was 
d e t e c t a b l e  i n  t h e  n u t r i e n t  media a s  n i t r i t e .  Although t h e  a u t h o r s  s p e c u l a t e d  
t h a t  such  o x i d a t i v e  c l e a v a g e  o f  t h e  n i t r o  groups  would l e a d  t o  t h e  fo rmat ion  
of oxydihydroquinone,  t h i s  compound was n o t  found i n  t h e  medium. Thus t h e y  

I '  hypo thes ized  c l e a v a g e  o f  t h e  C-2 n i t r o  group, fo l lowed  by r i n g  f i s s i o n  and 
subsequent  c l e a v a g e  of t h e  n i t r o  group a t  C-4, a s  p r e v i o u s l y  shown f o r  
ch lo rophenoxyace t i e  a c i d  (Evans and Smith,  1954) .  Yet t h i s  mode shou ld  pro- 
duce a n  i n t e r m e d i a t e  4 - n i t r o  compound, and t h i s  was n o t  d e t e c t e d  i n  t h e  media.  
S i m i l a r  f i n d i n g s  were  r e p o r t e d  by Jensen  and Lauthrup-Larsen (1967),  who 
a t t e m p t e d  t o  e x p l a i n  t h e  p r o d u c t i o n  of n i t r i t e  as o c c u r r i n g  by n e c e s s i t y :  
s i n c e  t h e  metabol ism would r e q u i r e  a v e r y  a p p r e c i a b l e  p a r t  o f  t h e  s u b s t r a t e  
ca rbon  f o r  p r o t e i n  s y n t h e s i s ,  t h e r e  would be  h a r d l y  any H-donor remain ing  f o r  
t h e  r e d u c t i o n  of s u r p l u s  n i t r o g e n  from t h e  d i n i t r o  compounds t o  ammonia. Thus 
t h e  p r o d u c t i o n  o r  r e l e a s e  o f  n i t r i t e  would, i n  e f f e c t ,  be a n  energy-saving 
d e v i c e .  

Din i t ro -o-c reso l  (DNDC), DNP, and p i c r i c  a c i d  ( 2 , 4 , 6 - t r i n i t r o p h e n o l )  were  
a t t a c k e d  by A r t h r o b a c t e r  s p e c i e s  and formed n i t r i t e  i n  t h e  b a s a l  a g a r  medium 
a t  2  x  l o m 4  M DNP ( Jensen  and Lautrup-Larsen,  1967) .  I n  t h e  decomposi t ion o f  
DNOC by Pseudomonas, n i t r i t e  p r o d u c t i o n  d e c r e a s e d  w i t h  pH? below 8 .3 .  A t  pH 
7.0 ,  a  s t e e p  d e c l i n e  o c c u r r e d ,  and o n l y  s l i g h t  a c t i v i t y  was observed  a t  pH 
6.4.  Traces  of n i t r i t e  were found a t  pH 5 .9  t o  6 .0 ,  and no n i t r i t e  was 
measured a t  pH 4.0  t o  4 .4 ,  o r  above pH 8 . 0  t o  8 . 4 .  A s s i m i l a t i o n  o f  DNP was 
s i m i l a r ,  b u t  much reduced,  w i t h  o n l y  o n e - t h i r d  o f  t h e  DNP-N be ing  r e l e a s e d  
as n i t r i t e .  Th i s  was t a k e n  t o  i n d i c a t e  t h a t  DNP was l e s s  a v a i l a b l e  t h a n  DNOC. 
These a u t h o r s  t h e o r i z e  t h a t  t h e  i n c r e a s e d  i n h i b i t o r y  e f f e c t s  of DNP a t  low-er 
pH a r e  due t o  t h e  g r e a t e r  p e r m e a b i l i t y  of t h e  c y t o p l a s m i c  membrane t o  t h e  
u n d i s s o c f a t e d  molecu les ,  t h e  c o n c e n t r a t i o n s  of which a r e  de te rmined  by pH. 
But s i n c e  Pseudomonas was observed t o  b e  s t i l l  a c t i v e  a t  pH 4 .4 ,  t h e y  b e l i e v e  
it must have NO2-l iberat ing enzymes w i t h  p r o p e r t i e s  d i f f e r e n t  from t h o s e  o f  
o t h e r  decomposing o rgan i sms ,  o r  i t  may p o s s e s s  a more e f f i c i e n t  mechanism f o r  
t h e  r e g u l a t i o n  o f  i n t r a c e l l u l a r  pH. 

Gibson (1968) m a i n t a i n s  t h a t  t h e  secondary metabol ism of t h e  benzene 
r i n g  o f  pheno ls  i s  dependent  on d i h y d r o x y l a t i o n ,  i n  which OH groups  become 
o r i e n t e d  o r t h o  o r  p a r a  t o  e a c h  o t h e r  ( c a t e c h o l  b r  hydroquinone,  r e s p e c t i v e l y ,  
and p o s s i b l y  d e r i v a t i v e s ) .  Varga and Neujahr (1970) observed  t h i r t e e n  s t r a i n s  
of microorganisms ( 6  b a c t e r i a ,  3  y e a s t s ,  and 4  m y c e l i a l  f u n g i )  t h a t  cou ld  
grow on phenol  and produced c a t e c h o 1 , a s  a  d e g r a d a t i o n  p r o d u c t .  Subsequent 
d e g r a d a t i o n  o f  c a t e c h o l  o r  hydroquinone cou ld  t h e n  f o l l o w  (Gibson, 1968) .  

There  i s  a l s o  t h e  p o s s i b i l i t y  f o r  cometabolism ( s imul taneous  metabol ism 
of two compounds b o t h  n o t  n e c e s s a r i l y  u t i l i z e d  d i r e c t l y  by t h e  organism,  as 
demonstra ted f o r  p -n i t rophenol  by a n  i s o l a t e  of a  F lavobac te r ium s p e c i e s  o r  
a F lavobac te r ium- l ike  s p e c i e s  o f  b a c t e r i a  (Raymond and Alexander ,  1971) .  
4 - n i t r o c a t e c h o l  was found a s  a  d e g r a d a t i o n  p r o d u c t .  

N i t r o p h e n o l s  may e n t e r  t h e  environment a s  d e g r a d a t i o n  p r o d u c t s  of 
o t h e r  compounds. I n  a n  i n i t i a l  s t u d y ,  Se thuna than  (1973) showed t h a t  hydro- 



l y s i s  of t h e  organophosphaLe i n s e c t i c i d e ,  p a r a t h i o n ,  i n  f looded  s o i l s  
r e s u l t e d  i n  t h e  f o r m a t i o n  of p -n i t rophenol ,  which was t h e n  decomposed by 
a b a c t e r i u m  b e l i e v e d  t o  b e  a  s p e c i e s  of B a c i l l u s .  P -n i t rophenol  (20 
ppm) was degraded by 75 p e r c e n t  i n  24 h o u r s ,  and 100  p e r c e n t  a f t e r  48 
h o u r s  i n  i n o c u l a t e d  m i n e r a l  growth medium. I n  a l a t e r  s t u d y ,  B a r i k  and 
~ e t h u n a t h a n  (1978) found t h a t  a  Pseudomonas s p . ,  i s o l a t e d  from a p a r a t h i o n -  
amended a l l u v i a l  s o i l  (pH 6 . 2 ) ,  was c a p a b l e  o f  r . ead i ly  h y d r o l y z i n g  para-  
t h i o n  t o  p - n i t r o p h e n o l ,  and t h e n  degraded t h e  l a t t e r  w i t h  t h e  p r o d u c t i o n  
o f  n i t r i t e .  A F lavobac te r ium s p e c i e s  was a l s o  i s o l a t e d  which cou ld  com- 
p l e t e l y  h y d r o l y z e  40 ug p a r a t h i o n  i n  m i n e r a l  s a l t s  medium (pH 7.1)  i n  72 
h o u r s  and produce 18.6  ug of p -n i t rophenol .  These a u t h o r s  found no de- 
g r a d a t i o n  o f  DNP i n  a m i n e r a l  s a l t s  medium c o n t a i n i n g  1 5  mg/ l  DNP and 
i n o c u l a t e d  w i t h  pa ra th ion-enr ichment  c u l t u r e s  from e i t h e r  a n  a l l u v i a l  s o i l  
(pH 6 .2 )  o r  a n  a c i d  s u l f a t e  s a l i n e  s o i l  (pH 4 . 2 ) ,  even a f t e r  1 2  days  o f  
i n c u b a t i o n .  When 50 ppm DNP was added t o  t h e s e  same s o i l s  under  f l o o d e d  
c o n d i t i o n s ,  d e g r a d a t i o n  d i d  o c c u r  o v e r  t h e  same t i m e  p e r i o d  and n i t r i t e  
was recovered  from t h e  a l l u v 9 a l  s o i l  i n o c u l a t e d  w i t h  pa ra th ion-enr ichment  
c u l t u r e s  from t h a t  s o i l  (Tab le  2 . 2 ) .  DNP d e g r a d a t i o n  on t h e  a c i d  s o i l  
where no n i t r i t e  was produced,  may be  p a r t i a l l y  due t o  i n c r e a s e d  f u n g i  popu- 
l a t i o n s  a t  lower  pH. 

Tab le  2 .2 .  Metabolism of DNP i n  f l o o d e d  a l l u v i a l  and a c i d  s u l f a t e  s o i l s  
i n o c u l a t e d  w i t h  pa ra th ion-enr ichment  c u l t u r e s  from r e s p e c t i v e  
s o i l s  (Bar ik  and Se thuna than ,  1978) .  

I n c u b a t i o n  a f t e r  A l l u v i a l  S o i l  Acid S u l f a t e  S o i l  
I n o c u l a t i o n  

I n o c u l a t e d  Uninocu la ted  I n o c u l a t e d  Uninocu la ted  

0  h o u r s  450' (0)  468 (0 )  428 (0)  441 (0 )  

72 h o u r s  315 (0 )  323 (0 )  180 (0 )  208 ( 0 )  

7  d a y s  8 0  (40)  240 ( 0 )  0  (0)  105  (0)  

1 0  d a y s  0  (101) 120 (0 )  0  (0)  0  (0 )  

~ D N P  r e c o v e r e d .  

2 ~ i t r i t e  r e c o v e r e d .  

The s t u d i e s  o f  decompos i t ion  of 2 , 4  DNP and r e l a t e d  compounds have been 
a lmos t  e x c l u s i v e  i n c u b a t e d  media i n v e s t i g a t i o n s  u s i n g  microorganisms common 
t o  s o i l s .  Thus o n e  conc ludes  t h a t  s i n c e  decomposi t ion o c c u r s  t h e r e  i s  



a  s t r o n g  p r o b a b i l i t y  t h a r  m i c r o b i a l  breakdown would a l s o  o c c u r  i n  s o i l s  
r e c e i v i n g  2 ,4  DNP. However t h e  r a t e  o f  decomposi t ion may b e  lower  be- 
c a u s e  of less t h a n  optimum l a b o r a t o r y  c o n d i t i o n s  and because  of competing 
a d s o r p t i o n  phenomena. 

Chemical Convers ions ,  V o l a t i l i z a t i o n ,  and P h o t o l y s i s  

P -n i t rophenol ,  a t  a  c o n c e n t r a t i o n  of 200 mg/ l ,  h a s  been shown t o  be  
degraded i n  aqueous s o l u t i o n  w f t h i n  1 t o  2  months when exposed t o  s u n l i g h t ,  
r e s u l t i n g  in t h e  p r o d u c t i o n  o f  hydroquinone,  4 - n i t r o c a t e c h o l ,  and a  d a r k  
i n e x t r a c t a b l e  polymer (Nakagawa and Crosby, 1 9 7 4 ) .  No s p e c i f i c  i n f o r m a t i o n  
was l o c a t e d  f o r  2 ,4  DNP, b u t  a n  analogous photochemical  h y d r o l y s i s  would 
produce 4 - n i t r o c a t e c h o l ,  2 -n i t rohydroquinone ,  and 3 , 5 - d i n i t r o c a t e c h o l  (U.S. 
EPA, 1979) .  Coffman and Woodbridge (1974) showed t h a t  a d o s e  of one m i l l i o n  
r a d  o f  gamma r a d i a t i o n  would r e s u l t  f n  n e a r l y  complete  d e s t r u c t i o n  o f  t h e  
s t r u c t u r e  of phenol a t  PO mg/ l .  They presumed t h i s  o c c u r r e d  th rough  oxida-  
t i v e  r a d i o l y s i s  i n  t h e  p r e s e n c e  of w a t e r .  M a s s i n i  and Voorn (1967) r e p o r t e d  
t h e  r e d u c t i o n  of DNP t o  2-amino-4-nitrophenol i n  t h e  p r e s e n c e  of l i g h t ,  
a s c o r b a t e ,  and c h l o r o p h y l l  a .  P h o t o r e d u c t i o n  was observed t o  b e  s t i m u l a t e d  
by f e r r o u s  i o n s ,  which l i k e l y  a c t  a s  r e d u c t a n t s  i n  t h e  r e a c t i o n .  These 
r e a c t i o n s  a r e  u n d e r s t a n d a b l e ,  s i n c e  a r o m a t i c  n i t r o  g roups  a r e  g e n e r a l l y  r e -  
duced pho tochemica l ly  i n  t h e  p r e s e n c e  of s u i t a b l e  H-donors. 

The l o g  o f  t h e  o c t a n o l / w a t e r  p a r t i t i o n  c o e f f i c i e n t  o f  DNP(=P,53) i n d f -  
e a t e s  a d i g h e  po",enfiaL f o r  adacrpS;.hon by suspended a q u a c i c  o r g a n i c  matter, 
which may in glevrn also serve as  a r e d u c i n g  agency i n  photoredu.i~fi ion 

I (Morrison,  l-969). 

The vapor  p r e s s u r e  o f  4 - n i t r o p h e n o l  a t  e l e v a t e d  t e m p e r a t u r e s  (146°C) 
i s  o n l y  2.2 t o r r .  As a more h i g h l y  s u b s t i t u t e d  n i t r o p h e n o l ,  t h e  vapor  p r e s -  
s u r e  o f  2 ,4 -d in i t rophenol6under  ambient c o n d i t i o n s  would b e  expec ted  t o  b e  
l e s s ,  and as a r e s u l t ,  v o l a t i l i z a t i o n  is a h i g h l y  u n l i k e l y  t r a n s p o r t  pro- 
c e s s .  I n  a d d i t i o n ,  t h e  h i g h  s o l u b i l i t y  o f  2 , 4 - d i n i t r o p h e n o l  i n  w a t e r  
(5,600 mg/ l  a t  18°C) and i t s  p r e s e n c e  i n  s o l u t i o n  p r i m a r i l y  as a n  a n i o n  
s t r o n g l y  f a v o r  a p a r t i t i o n i n g  tendency toward w a t e r  r a t h e r  t h a n  a i r .  It 
i s  r e p o r t e d  t h a t  4 -n i t rophenol  does  n o t  even v o l a t i l i z e  from b o i l i n g  wate r  
(Morrison and Boyd 1973) and 2 , 4 - d i n i t r o p h e n o l  would be  expec ted  t o  behave 
s i m i l a r l y .  

Adsorp t ion  

Although few l i t e r a t u r e  r e p o r t s  on t h e  s o i l  b e h a v i o r  o f  2 ,4  DNP cou ld  
be l o c a t e d ,  r e s e a r c h  h a s  been r e p o r t e d  f m  o t h e r  p h e n o l i c s ,  i n c l u d i n g  
phenol ,  m o n o s u b s t i t u t e d  n i t r o p h e n o l s ,  p h e n o l i c  a c i d s ,  and p h e n o l i c  h e r b i -  
c i d e s .  Some o f  t h i s  work i s  d i s c u s s e d  b r i e f l y  i n  t h e  f o l l o w i n g  s e c t i o n .  ~ 

I ~ Cowan and White (1962) ,  u s i n g  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  and 
e l e c t r o n  d e n s i t y  measurements,  s t u d i e d  t h e  a d s o r p t i o n  o f  phenol  on ammonium 

I s a t u r a t e d  b e n t o n i t e  (decylammonium and dodecylarnmonium b e n t o n i t e ) .  Adsorp- 



t i o n  was g r e a t e s t  on dodecyhmmonium b e n t o n i t e .  The a u t h o r s  sugges ted  
t h a t  a d s o r p t i o n  was o c c u r r i n g  a t  h y d r o p h i l i c  s i t e s  th rough  e l e c t r o s t a t i c  
and hydrogen bonding,  w h i l e  a d s o r p t i o n  a t  nonpola r  s i t e s  would be  by van 
d e r  WaaLs bonding w i t h  t h e  a d s o r b a t e .  The g r e a t e r  a d s o r p t i o n  on t h e  
dodecylammonim b e n t o n i t e  was a t t r i b u t e d  t o  t h e  g r e a t e r  exposure  o f  c l a y  
s u r f a c e s  (43.5%) as a r e s u l t  o f  t h e  i n c r e a s e d  s p a c i n g  between c l a y  l a y e r s  
(88 a s  compared t o  4A i n  decylammonium b e n t o n i t e ) .  Adsorp t ion  was 
hypothes ized  t o  b e  deeermined by (1) t h e  b a l a n c e  between h y d r o p h i l i c  and 
nonpola r  s i tes and p r o p e r t i e s  o f  t h e  c l a y ,  and ( 2 )  t h e  p o s s e s s i o n  of a  
l o c a l i z e d  e e n t e r  o f  h i g h  e l e c t r o n  d e n s i t y  ( p o l a r  p o r t i o n )  and a n o n p o l a r  
p o r t i o n  i n  t h e  pheno l  molecule. 

Harris and Warren (1962) s t u d i e d  t h e  a d s o r p t i o n  and d e s o r p t i o n  of 
s e v e r a l  h e r b i c i d e s  by s o i l  and exchange r e s i n s ,  i n c l u d i n g  4 , 6 - d i n i t r o -  
sec -bu ty lphenol  (DNBP). A l l  of t h e  DNBP was adsorbed by t h e  a n i o n  ex- - 
changer  (Amberl i te  IRA-400) a t  pH 5 .4  o v e r  a c o n c e n t r a t i o n  r a n g e  from 1 0  
t o  30 x  l o m 5  M i n  27 m l  aqueous s o l u t i o n .  No a d s o r p t i o n  was observed on 
M i s s i s s i p p i  b e n t o n i t e  (p redomina te ly  Ca-montmori l loni te)  a t  pH 8 .4 ,  y e t  a t  
pH 2 , 3 ,  n e a r l y  a l l  o f  t h e  h e r b i c i d e  was adsorbed .  Adsorp t ion  was a l s o  
g r e a t e r  a t  O°C t h a n  a t  50°C. Th is  t empera tu re  d i f f e r e n c e  was e x p l a i n e d  
by t h e  f a c t  t h a t  a d s o r p t i o n  p r o c e s s e s  a r e  exo thermic ,  and reduced a d s o r p t i o n  
would b e  expec ted  a t  h i g h e r  t e m p e r a t u r e s .  

Using i n f r a r e d  a d s o r p t i o n  t e c h n i q u e s ,  Saltzman and Y a r i v  (1975) found 
t h a t  complexes o f  p - n i t r o p h e n o l  and m o n t m o r i l l o n i t e  were more t h a n  t h o s e  be- 
tween t h e  c l a y  and phenol .  While pheno l  desbrbed a lmos t  comple te ly  when 
s a t u r a t e d  f i l m s  were  l e f t  f o r  1 week a t  40 p e r c e n t  r e l a t i v e  humid i ty ,  al-  
most comple te ly  when s a t u r a t e d  f i l m s  were l e f t  f o r  1 week a t  40 p e r c e n t  
r e l a t i v e  h u m i d i t y ,  a lmos t  no p - n i t r o p h e n o l  was desorbed under t h e  same con- 
d i t i o n s .  Idhen t h e  complexes were  h e a t e d  under  a  vacuum, none o f  t h e  n i t r o -  
phenol ,  b u t  most of t h e  pheno l ,  was l o s t .  A  n i t r o  group a t t a c h e d  t o  a n  
a r o m a t i c  r i n g  a lmos t  always a c t s  l i k e  a  b a s e ,  and t h e  i n f r a r e d  a n a l y s i s  
s u g g e s t e d  t h e  f o r m a t i o n  o f  t h e  s t r u c t u r e s  i l l u s t r a t e d  i n  F i g u r e  2 .7 ,  i n  
t h e  a s s o c i a t i o n  o f  p -n i t rophenol  w i t h  t h e  c l a y .  C o n f i g u r a t i o n s  I and I1 
show binding' ,  i s  l i k e l y  t o  o c c u r  th rough  t h e  p h e n o l i c  (OH) group.  I n t e r a c t i o n  
I a p p e a r s  t o  o c c u r  i n  h y d r a t e d  81, K and Na - s a t u r a t e d  m o n t m o r i l l o n i t e ,  
w h i l e  I1 would o c c u r  under  dehydra ted  c o n d i t i o n s .  The p o s s i b l e  c o n f i g u r a -  
t i o n s  due t o  bonding w i t h  t h e  n i t r o  group a r e  r e p r e s e n t e d  by s t r u c t u r e s  III- 
V .  Under h y d r a t e d  c o n d i t i o n s , i n f r a r e d  a n a l y s i s  i n d i c a t e s  c o n f i g u r a t i o n  I11 
predominates  r e g a r d l e s s  o f  s u b s t r a t e d  c a t i o n s .  Under dehydra ted  conf igura -  
t i o n s  I1 would occur  between p - n i t r o p h e n o l  and t h e  c l a y  when N a ,  K ,  o r  Al 
a r e  p r e s e n t  and c o n f i g u r a t i o n  V would b e  most l i k e l y  when Ca and Mg dominate 
t h e  exchange s i t e s .  

The s t a b i l i t y  of t h e  a s s o c i a t i o n  may b e  due  t o  t h e  reduced a c c e s s i b i l i t y  
o f  t h e  e l e c t r o n  p a i r  o f  t h e  0- atom t o  an  H', and t h e  b a s i c i t y  of t h e  pheno l  
group may b e  i n s u f f i c i e n t  t o  b r e a k  hydrogen bonding t o  a h y d r a t e d  Kt c l a y  
s h e e t .  When m o n t m o r i l l o n i t e  was h e a t e d  under  a  vacuum a t  200°C, w a t e r  w a s  
l o s t ,  and d i r e c t  i n t e r a c t i o n  between t h e  b a s i c  oxygen s h e e t  and t h e  a c i d i c  
phenol  o c c u r r e d .  Thus phenols  can a p p a r e n t l y  compete w i t h  w a t e r  t o  a c t  as 





proton  donors o r  acceptors  i n  c l a y  i n t e r l a y e r s ,  and t h e  electron-withdrawing 
NO2 group enhances t h e  tendency of p-ni t rophenol  t o  a c t  a s  a  pro ton  donor. 

The e f f e c t  of s e v e r a l  o rganic  compounds, inc luding  o-ni t rophenol ,  p- 
n i t ropheno l  and t s i n i t r o p h e n o l ,  on f l o c c u l a t i o n  of ca lcareous  Ca- and Na- 
s a t u r a t e d  Gi l a  c l a y  (predominately montmori l loni te)  w a s  s t u d i e d  by Cheng 
and Anderson (1968) (Table 2 .3 ) .  They found t h a t  t he  e f f e c t i v e n e s s  of 
organic  compounds on f l o c c u l a t i o n  of ca lcareous  c l ay  increased  a s  t he  pH 
dropped. to  6.0,  and t h i s  was a t t r i b u t e d  t o  t h e  formation of s o l u b l e  s a l t s  
and t h e  r e s u l t i n g  exchange of calcium f o r  sodium. Idhen t h e  carbonates  were 
removed, t h e  e f f e c t  of decreas ing  pH was n o t  ev ident  u n t i l  pH c 4.0, and 
t h i s  was thought t o  be r e l a t ed  t o  t h e  s o l u t i o n  of A 1  from t h e  c l ay  minera ls .  
The ability of t h e  n i t r apheno l s  t o  induce f l o c c u l a t i o n  was a t t r i b u t e d  t o  t h e  
presence of t h e  NO2 and OH groups. F l o r c u l a t i o n  may a l s o  involve  c h e l a t i o n  
by bonding co t h e  A 1  and Fe-exposed edges of t he  c l ay  p a r t i c l e s .  X-ray de- 
f r a c t i o n  showed f n t e r l a y e r  adso rp t ion  of both o- and p-ni t rophenol  on Na- 
montmori l loni te ,  whi le  only i n t e r l a y e r  adsorp t ion  of p-ni t rophenol  w a s  
observed on Ca-montmorilEonite, Incomplete,  o r  no adso rp t ion  was observed 
on s o i l  ve rmicu l i t e .  The au tho r s  p o s t u l a t e d  two mechanisms t o  account f o r  
t h e  observed f l o c c u l a t i o n  phenomena: (1)  t h e  l i n k i n g  tdge the r  of c l ay  
p a r t i c l e s  by s u b s t i t u t e d  a romat ic  compounds through t h e  a c t i o n  a s  d i p o l e s  
(with t h e  c a t i o n  l i nkages  occurr ing  a t  t h e  nega t ive  ends and a n i h  adsorp- 
t i o n  occu r r ing  ar  t h e  p o s i t i v e  ends ) ,  o r  through coord ina t ion  complexes of 
t h e  o rgan ic  compounds, and (2) t h e  l i n k i n g  toge the r  of c h e l a t i n g  agen t s ,  such 
a s  w i t h  EDTA, which would be capable of forming s t a b l e  bonds w i t h  t h e  A 1  and 
Fe ions  a t  t h e  edges of c l a y  p a r t i c l e s .  

Huang e t  a l .  (1977) r epo r t ed  t h a t  phenol ic  a c i d s  were r a p i d l y  adsorbed 
by n o n c r y s t a l l i n e  A 1  and Fe oxides ,  which were very e f f i c i e n t  i n  removing 
them from t h e  s o i l  s o l u t i o n .  Using x-ray d i f f r a c t i o n  techniques ,  t h e s e  
au tho r s  found t h a t  t h e  i n t e r n a l  s u r f a c e s  of ve rmicu l i t e  minera ls  g e n e r a l l y  
were n o t  of g r e a t  s i g n i f i c a n c e  i n  t h e  r e t e n t i o n  of phenol ic  a c i d s ,  which 
they a t t r i b u t e d  t o  s t e r i c  hinderance and nega t ive  r epu l s ion .  The high adsorp- 
t i o n  capac i ty  of hydroxy A 1  and Fe compounds f o r  phenol ic  a c i d s  w a s  a t t r i b u t e d  
t o  t h e  chemical r e a c t i v i t y  of t h e  p o s i t i v e l y  charged A1-OH2 0 . 5' and Fe-OHb a s +  
f u n c t i o n a l  groups towards t h e  nega t ive ly  charged C=O and R-0' groups. They 
found hydroxyl-A1 and -Fe compounds f a r  more r e a c t i v e  than  t h e  c l a y  minera ls  
i n  t he  adso rp t ion  of phenol ic  a c i d s .  The au tho r s  f u r t h e r  specu la t ed  t h a t  
such adso rp t ion  could r e s u l t  i n  (1) r educ t ion  i n  p h y t o t o x i c i t y  of t h e  pheno l i c  
a c i d s ,  (2) p r o t e c t i o n  a g a i n s t  b iodegrada t ion ,  and f o r  (3) a  c a t a l y t i c  e f f e c t  
i n  ox ida t ive  polycondensat ion of many phenol ic  molecules ,  which could r e s u l t  
i n  t h e  formation of s t a b l e  s k e l t o n s  i n  t h e  s o i l  humic m a t e r i a l s .  

PLANT EFFECTS 

Growth, Development, and Uptake 

. DNP has been observed t o  produce many e f f e c t s ,  bo th  d i r e c t  and i h d i r e c t ,  
on t h e  growth and development of p l a n t s ,  beginning wi th  germinat ion.  Pu roh i t  



Table 2.3. E f f e c t  of  s e v e r a l  phenols on f l o c u l a t i o n  i n  a 0.5% suspension of <2p G i l a  c l ay  
(Cheng and Anderson, 1968). 

Carbonates and 
Unaltered Clay Carbonates, Removed Compound Organic Matter Removed 

Ca-CIay Na-Clay Ca-Clay Na-Clay Ca-Clay Na-Clay 

pheno 1 

p-ni t rophenol  6:6 100.0 6.4 100.0 5 .7  6.7 3.3 0 . a  5.6 '17.8 5.9 9.6 

d in i t ropheno l  2.4 93.0 2.4 92.0 2.2 100.0 2.2 100.0 2.2 100.0 2.2 100.0 



(1978a) showed that t h e  g e r m i n a t i o n  of sunf lower  ( H e l i a n t h u s  annus  L.) 
s e e d s  was reduced by 50 p e r c e n t  w i t h  7,5 x PO-' M DNP i n  e i t h e r  d a r k n e s s  
o r  l i g h t ,  b u t  subsequenz shoat growch was more reduced i n  d a r k n e s s .  DNP 
a p p e a r s  t o  have i t s  g r e a r e s t  e f f e c r s  a t  che early s t a g e s  of r h e  g e r m i n a t i o n  
p r o c e s s .  Speer  (1973) demonserated t h a t  5 x LO-" M DNP ( a t  pH 6 . 5 )  pro- 
duced t h e  g r e a t e s t  r e d u ~ t i s n s  I n  t h e  ge rmina t ion  o f  Grand Rapids  l e t t u c e  
(Lac tuca  s a t i v a  L o  'Grand R a p f d s v )  when t h e y  were exposed d u r i n g  t h e  f i r s t  
0 t o  2 h o u r s  o f  a 12-hour germination p ~ r f o d  ( F l g u x e  2 . 8 ) .  

DNP i s  most t o x i c  t o  p l a n e s  a t  lower  pH, where ehe weak a c i d  i s  
l a r g e l y  i n  t h e  m o l e c u l a r ,  u n d i s s o c i a t e d  f o ~ r n  (Simon,  1953; S c e n l i d ,  1949) .  
I n  young wheat  ( T r i t i c u m  ~ s t i v u m  L.1 r o o t s ,  S t e n l i d  (1949) observed  t h e  
g r e a t e s t  DNP up take  a t  pH 4 .5 ,  The r o ~ t  t i p s  t u r n e d  y e l l o w i s h  a t  t h i s  pH, 
b u t  no change i n  c o l o r  wah observed  a t  pH 7 . 9 ,  In f a c t ,  f o r  e a c h  u n i t  
change i n  pH, DMP c o x i c r t y  Q a c  che same e o n c e n r r a t i o n )  h a s  been observed  t o  
d e c r e a s e  by as much as 208 p e r c e n t  (Simon, 19531, 

The g e n e r a l  e f f e c t  of pheno ls  on p l a n t  r o o t  growrh has  been s t u d i e d  by 
Wang e t  a l .  (1967).  They found t h a t  a t  a c o n c e n t r a t i o n  of 50 ppm, a  wide 
range  of s o i l  p h e n o l i c s  caused n e e r o s f c  r o o t s ,  l o s s  of r o o t  h a i r s ,  l e a f  
t i p  y e l l o w i n g ,  and o v e r a l l  p l a n t  s t u n t i n g  i n  s u g a r c m e  (Saccharum 
o f f i c i n a r u m  L.).. However, low c o n c e n t r a t i o n s  of phenol.ics are o f t e n  
s t i m u l a t o r y  towards  r o o r  i n i r i a t i o n  and develop men^, e . x h i b i t i n g  a a x i n - l i k e  - 
a c t i v i t y  o r  a c t i n g  th rough  i n d o l e s c e t i s  a c i d  (Psi#) metabol ism (Nanda and 
Dhawan, 1 9 7 6 ) .  Krul  (1968) observed  an i n c r e a s e  i n  r o o t  i n i t i a t i o n  i n  
p i n t o  bean CPhaaeolus -- v u l g a r i s  L.) h y p o c o f y l s  a t  DNP c o n c e n t r a t i o n s  from 
0 . 1  t o  100 mM. A t  100 mM, a t h r e e - f o l d  i n c r e a s e  i n  t h e  number o f  r o o t  
p r i m o r d i a  was observed  7 dhys  a f t e r  t r e a t m e n t .  I n  s t u d y i n g  s t r u c t u r e -  
a c t i v i t y  r e l a t i o n s h i p s  between m e t a b o l i c  e f f e c t o r s  and t h e  development o f  
r o o t s  i n  mung bean (Phaseo ius  a u r e u s  Kgxb.) c u t t i n g s ,  KruS e t  a l .  (1978) 
found maximum s t i rnuPa t ion  w z h  d m u b s t f t u e e d  n l t r o p h e n o l s  ( s u b s t i t u t i o n s  
a t  C-2, 4 ,  o r  61,  A coaipletx l o s s  of a e s i v i t y  w a s  obse rved  i f  t h e  hyf i roxyl  
group was r e p l a c e d ,  w h i l e  mono-subs t f tu ted  n i t r o p h e n o l s  were  o n l y  weakly 
a c t i v e .  I n  b l a c k  gram (Phaaeollza'mungo L . ) ,  5 yg/ml DNP enhanced r o o t i n g ,  
p a r t i c u l a r X y  i n  t h e  numbers of hairs p e r  root, by 233 p e r c e n t  i n  w a t e r ,  272 
p e r c e n t  i n  w a t e r  + 1 pg/rnE LAA, 3.72 p e r e e n t  i n  1 .0% s u c r o s e ,  and 271 per -  
c e n t  i n  w a t e r  4 P pg/ml 'M C 1,0% s u c r o s e  (Nanda and Dhawan, 1976) .  They 
s u g g e s t e d  t h a t  promotion was more l i k e l y  a r e s u l t  of i n c r e a s e d  r e s p i r a t i o n  
and t h e  uncoupl ing  a c t i o n  s f  DNP t h a n  due t o  i n t e r a c t i o n  w i t h  IAA o r  U A  
metabol ism.  Y e t  a n  i n d i r e c r  e f f e c t  on I M  c o n c e n t r a t i o n s  and t r a n s p o r t  may 
b e  o c c u r r i n g ,  s i n c e  Rubery (1949) observed  DNP-inhibit ion of TAA (and 2,4- 
d i c h l o r o p h e n o x y a c e t i c  a c i d ]  u p t a k e  by s u s p e n s i o n  c u l t u r e d  crown g a l l  c e l l s  
of P a r t h e n o e i s s u s  t r i e u s p i d a r a  Planch,  a t  a pH from 4 .0  t o  6 .5 .  Low con- 
c e n t r a t i o n s  s f  DNP (10 and 20 p m o l e s / l )  were a l s o  f o m d  t o  i n i t i a l l y  i n h i b i t ,  
t h e n  promote IBX e f f l u x .  Higher DNP c o n c e n t r a t i o n s  s t i m u l a c e d  t h e  e f f l u x  
of IAA. 

Bonner (19493 found t h a t  DNP was a  v e r y  power fu l  i n h i b i t o r  of o a t  
(Avena s p . )  s e e t f o n  growth ( F i g u r e  2 . 9 ) ,  and i n c r e a s e d  t h e  r e s p i r a t i o n  r a t e  
a t  5 mg/ l  and pH 4 . 5 .  Exposure t o  DNP i n h i b i t e d  t h e  u t i l i z a t i o n  of suc-  







rose ,  but  n o t  of pyruvate .  There was an  80 percent  reduct ion  i n  growth 
a t  5 mg/l DNP, y e t  a 19 t o  38 percent  i nc rease  i n  r e s p i r a t i o n  a l s o  occurred.  
Although growth was completely i n h i b i t e d  a t  10 mg/l, r e s p i r a t i o n  continued 
beyond 24 hours  a t  a r a t e  equal  t o  85 pe rcen t  of normal. Apparently,  a t  
low concen t r a t ions ,  DNP can suppress  Avena growth and t h e  e f f e c t  of auxin 
on growth wi thout  decreas ing  r e s p i r a t i o n .  Bonner found t h a t  n e i t h e r  a rg in -  
i n e ,  Mn, o r  IAA could o f f s e t  i n h i b i t i o n  due t o  DNP a t  the  concent ra t ions  
used. 

DNP has  been demonstrated t o  cause t h e  accumulation of n i t r i t e  i n  
exc ised  wheat l eaves  (Tri, t icum aest ivum L.  ' ~ e n t u r k ' ) ( K l e p p e r ,  1979).  
N i t r i t e  accumulatfon w a s  g r e a t e s t  i n  t h e  l i g h t ,  where a s  much a s  a 7,000- 
f o l d  i n c r e a s e  over  t h a t  i n  t h e  c o n t r o l s  was observed. DNP may p l a y  a r o l e  
i n  s t i m u l a t i n g  t h e  r educ t ion  of n i t r a t e  t o  n i t r i t e ,  y e t  i n h i b i t s  f u r t h e r  
r educ t ion  t o  ammonia i n  wheat l e a v e s .  A decrease  i n  n i t r i t e  r educ t ion  i n  
C h l o r e l l a  wi th  i n c r e a s i n g  concen t r a t ions  of DNP was a l s o  r epo r t ed  e a r l i e r  
by Kandler (1958), and the  response i s  i l l u s t r a t e d  i n  Figure 2.10. Inh ib i -  
t i o n  af r educ t ion  of n i t r i t e  could r e s u l t  i n  n i t r o g e n  d e f i c i e n c i e s  and 
even l ead  t o  t o x i c i t y  due t o  n i t r i t e  accumulation. Another explana t ion  
f o r  t h e  observed i n c r e a s e  i n  n i t r i t e  could be a s  a r e s u l t  of decomposition 
of DNP, s i n c e  t h i s  has  been shown t o  occur  i n  mic rob ia l  decomposition. 

DNP may a l s o  in f luence  t h e  permeabi l i ty  of p l a n t  c e l l s  t o  water .  
S t u a r t  (1973) demonstrated t h a t  1 x M DNP ( a t  pH 5.3)  reduced, t h e  
water  pe rmeab i l i t y  of p o t a t o  tube r  (Solanum tuberosium L.) d i s c s  by 44 
pe rcen t  compared t o  t h a t  of t h e  c o n t r o l s .  DNP a t  concen t r a t ions  of 5 and 
10 x M caused t h e  t i s s u e  t o  l o s e  t u r g o r ,  whi le  a t  1 x 10'~ M t h e r e  
were no e f f e c t s .  It was a l s o  shown t h a t  ATP a d d i t i o n s  were n o t  e f f e c t i v e  
i n  r e v e r s i n g  t h e  DNP-induced r educ t ion  i n  water  pe rmeab i l i t y ,  most l i k e l y  
due t o  t h e  f a c t  t h a t  DNP a l s o  promotes t h e  hydro lys i s  of ATP and i t s  un- 
coupling from r e s p i r a t i o n .  Couderchet and Girard  (1978) found t h a t  DNP 
decreased K' uptake from s o l u t i o n ,  bu t  a l s o  increased  t h e  l o s s  of Kf from 
t h e  p l a n t ,  presumably through a change i n  membrane pe rmeab i l i t y .  Humphreys 
(1975) suggested t h a t  K+ e f f l u x  accompanied t h e  i n f l u x  of H+ i o n s  which he  
observed i n  maize scutePlum exposed t o  5 x loq4. M DNP. He found H+ i n f l u x  
was pH dependent, and was slow a t  pH 5 .0 ,  b u t  increased  r a p i d l y  a s  pH was 
lowered t o  3.5,  He f e l t  t h a t  t he  I n f l u x  was induced, bu t  n o t  d i r e c t l y  
caused by the  DNP, and suggested t h e  involvement of an H+ pump o r  H + 
c a r r i e r  (perhaps an  ATPase). An ATP-driven H+ pump could be i n h i b i t e d  by 
DMP, a f t e r  which pas s ive  H' passage ac ros s  t h e  plasmalemma might occur .  
O r ,  i f  an ATPase c a r r i e r  i s  involved ,  DNP could cause i t  t o  r e v e r s e  by 
mqintaining high ADP (low ATP) l e v e l s  i n  t h e  c e l l s .  DNP-induced uptake of 
H i ons  was a l s o  imp l i ca t ed  by Rubery (1979) i n  t h e  promotion of cyto- 
plasmic a c i d i f i c a t i o n  i n  crown g a l l  c e l l s  of Par thenocissus  t r i c u s p i d a t a .  

Vatrubova-Vanousova (1977) found t h a t  DNP i n h i b i t e d  t h e  uptake of bo th  
~ b +  ( ~ i g u k e  2.11) and ca2' i ons  (Figure 2.12) by pumpkin p l a n t s  (Cucurbi ta  
pep: L.) from n u t r i e n t  s o l u t i o n .  ~ b +  uptake was s i g n i f i c a n f l y  reduced a t  
10- M DNP t o  57.5 pe rcen t  of t h a t  of t h e  c o n t r o l s  a f t e r  5 hours .  A t  t h i s  
concen t r a t ion ,  ca2+ uptake was decreased by 6 pe rcen t .  A t  lo-+ M DNP, ~ b '  







uptake was only 11 percen t  of t h a t  of t h e  c o n t r o l s ,  and was found only i n  
t h e  f r e e  spaces  of t h e  r o o t ,  whi le  ~ a *  uptake was s t i l l  72 percent  of t h e  
c o n t r o l s .  Vanousoxa suggested th.at only uptake i n t o  t h e  inne r  c e l l  spaces  
was DNP-sensitive, whi le  abso rp t ion  i n t o  f r e e  space was n o t  s e n s i t i v e  t o  
DNP. Most ca2* appeared i n  t h e  f r e e  space.  Trans loca t ion  shoots  were 
iriflueneed by DNP; the  ea2+ content  of t he  shoots  was reduced by ~ o - ~ M  
DNP, and t r a n s l o c a t i o n  was almost completely i n h i b i t e d  a t  h ighe r  concen- 
t r a t i o n s .  

Barber and Koontz (1963) s t u d i e d  t h e  uptake of DNP i n  b a r l e y  
(Hoodcum mulgure seed l ings  and i t s  e f f e c t  on t r a n s p i r a t i o n  and calcium 
accumulation. DNP a t  lc5~ s t r o n g l y  i n h i b i t e d  t r a n s p i r a t i o n  (F igure  2.13).  
The accumulation of calcium i n  t h e  shoot  was observed t o  be enhanced o r  
i n h i b i t e d  by DNP, depending on pH, DNP concent ra t ion ,  ca2' concen t r a t ion ,  
and per iod  of uptake. The e f f e c t  of DNP on t r a n s p i r a t i o n  appeared r e l a t e d  t o  
t h e  accumulation of t he  i n h i b i t o r  i n  t h e  shoot  and i t s  e f f e c t  on s toma ta l  
c lo su re .  Stomata1 c losu re  was induced w i t h i n  45 minutes a f t e r  adding 
M DNP at  pH 4,O, b u t  no c l o s u r e  occurred a t  pH 6 .0 ,  They suggested t h a t  t h e  
e f f e c t  of DNP on t r a n s p i r a t i o n  was n o t  due t o  a  decrease i n  water  conduct i -  
v i t y  of t h e  r o o t ,  s i n c e  ( i n  a n  unpublished s tudy  us ing  bean r o o t s )  conduct i -  
v i t y  was observed t o  i n c r e a s e  i n  t h e  presence of DNP, ca2+ uptake by b a r l e y  
r o o t s  was s i g n i f i c a n t l y  reduced by 10-~14 DNP (pH 4.0) a t  0 .5 m e q  ca2+/1 b u t  
n o t  a t  5 .0 meq ca2'/1. The a c t i o n  of DNP was observed t o  be p r i m a r i l y  depen- 
dent  on t h e  s o l u t i o n  pH: t h e  concen t r a t ion  r equ i r ed  t o  reduce t h e  r a t e  of 
t r a n s p i r a t i o n  and ca2' uptake by 50 percent  was 20 t o  25 t imes g r e a t e r  a t  
pH 6.0 than a t  pH 4.0. Calcium uptake was more s e n s i t i v e  t o  DNP than  t r ans -  
p i r a t i o n .  X 50 pe rcen t  r educ t ion  i n  t h e  r a t e  of uptake was a t t a i n e d  a t  only 
one-third of t h e  concen t r a t ion  r equ i r ed  t o  reduce t r a n s p i r a t i o n  by t h e  same 
amount ( a t  e i t h e r  pH). The uptake of DNP was s t u d i e d  us ing  a  r ad io i so -  
tope  and counted wi th  a p ropor t iona l  counter .  The g r e a t e s t  uptake of DNP 
occurred dur ing  t h e  f i r s t  12 hours  ( t h e  per iod  when ca2* uptake was s l o w e s t ) ,  
presumably be fo re  prolonged exposure s i g n i f i c a n t l y  damaged t h e  r o o t s  
(Figure 2.14).  DNP accumulation was g r e a t e s t  i n  shoots  of p l a n t s  wi th  l i v e  
r o o t s ,  sugges t ing  t h a t  l i v e  r o o t s  were h igh ly  permeabl? t o  DNP. This was 
a t t r i b u t e d  t o  t h e  f i p o p h f l f c  proper ty  of t h e  undissoc ia ted  DNP f a c i l i t a t i n g  
i t s  movement through t h e  p l a n t  membrane, and t h a t  t h e . i n i t i a 1  uptake of DNP 
was s o  r a p i d  t h a t  i t  was be l i eved  t o  move predominantely a long  t h e  l i p i d  
phase of t h e  plasmalemma d i r e c t l y  t o  t h e  p l a n t  v e s s e l s .  Also, t h e  accumulated 
DNP i n  the  shoots  was be l ieved  t o  be a l l  unmetabolized DNP, s i n c e  i n  paper  
chromatography a11  of t h e  I4c a c t i v i t y  was found i n  a  s i n g l e  s p o t  correspond- 
i n g  t o  t h a t  of t h e  i n h i b i t o r .  

Pemadasa and Koralege (1977) found t h a t  I O - ~ M  DNP prevented t h e  wide 
opening of s tomata of exc ised  t u r g i d  l eaves  of S tachytarpheta  i n d i c a  (L . )  
Vahl. dur ing  i l l u m i n a t i o n ,  and a l s o  prevented t h e i r  c l o s u r e  i n  t h e  dark.  
This  was a t t r i b u t e d  t o  DNP induced changes i n  s toma ta l  s t a r c h  and K+ con- 
c e n t r a t i o n  i n  t h e  guard c e l l s  (Figure 2-15] .  The au tho r s  suggested t h a t  
DNP, as.a r e s u l t  of i t s  e f f e c t s  on ATP and ox ida t ive  phosphorylat ion 
i n h i b i t e d  t h e  hydro lys i s  of s f ama ta l  s t a r c h  and t h e  a c t i v e  t r a n g p o r t  of 
£@ t o  and. from t h e  guard c e l l s .  Even i n  t h e  presence of DNP, t h e  s tomates  







opened f a i r l y  r a p i d l y  d u r i n g  t h e  f i r e s t  60 minutes  o f  exposure ,  b u t  subse-  
q u e n t l y  showed n o  f u r t h e r  change ( t h o s e  of u n t r e a t e d  l e a v e s  con t inued  t o  
open) a s  DNP became e f f e c t i v e .  S i m i l a r  e f f e c t s  of DNP were  a l s o  observed 
i n  t h e  s t o m a t e s  o f  s u n f l o w e r  (Pu roh i t ,  E948b), S i g n i f i c a n t  changes  i n  t h e  
opening o f  s t o m a t e s  o c c u r r e d  w i t h i n  3  h o u r s  a f t e r  i n c u b a t i o n  o f  ep idermal  
p e e l i n g s  i n  t h e  f i g h t  w i t h  6.25 x ~ o - ~ M  DNP, b u t  6  h o u r s  were  r e q u i r e d  
f o r  t h e  same r e s p o n s e  a t  3.75 x  ~ o - ~ M .  Complete c l o s u r e  o c c u r r e d  w i t h i n  
24 h o u r s  a t  8 .5  x ~ o ' ~ M  DNP, o r  a f t e r  12 h o u r s  a t  10 x ~ o ' ~ M  DNP. 

DNP i s  c l o s e l y  r e l a t e d  t o  3 , 5 - d i n i t r o c r e s o l  (DNOC), a s e l e c t i v e  h e r b i -  
c i d e  which h a s  been shown t o  be  r a p i d l y  t a k e n  up by p l a n t s  a t  t h e  s e e d l i n g  
s t a g e  by d i f f u s i o n  th rough  ep idermal  Layers  (Simon, 1953) .  In warm w e a t h e r ,  
DNOC a p p l i e d  t o  p l a n t  f o l i a g e  c a n  r e s u l t  i n  w i l t i n g ,  which l e a d s  t o  t h e  
c o l l a p s e  and d e a t h  o f  p l a n t s  w i t h i n  a few h o u r s .  A  l o n g e r  p e r i o d  i s  re- 
q u i r e d  i n  c o o l e r  wea ther .  DNOC h a s  been shown t o  be  a c t i v e l y  t r a n s l o c a t e d  
t o  t h e  l e a v e s  s f  p l a n t s  (Fogg e t  a l . ,  1948) .  A f t e r  l e a f  a p p l i c a t i o n  t o  
Simnapsis  a r v e n s i s  L.  l e a v e s ,  l i t t l e  movement was observed ,  and p e n e t r a -  
t i o n  was hypothes ized  t o  o c c u r  by s i m p l e  d i f f u s i o n  of t h e  u n d i s s o c i a t e d  
phenol  through t h e  l i p i d  components o f  t h e  membrane, a pathway commonly 
a s s o c i a t e d  w i t h  n o n i o n i c  forms of  chemica l s .  N e c r o t i c  s p o t s  a t  t h e  s i t e  
of a p p l i c a t i o n  were  a l s o  r e p o r t e d .  

The a p p l i c a t i o n  of a n d / o r  p r e s e n t  o f  DNP may a l s o  have some p o s i t i v e  
e f f e c t s  on p l a n t s .  P rakash  and J o s h i  (1977) observed t h a t  DNP a t  a  
c o n c e n t r a t i o n  of 1 0  ppm d e c r e a s e d  t h e  i n f e c t i o n  o f  s u g a r  cane mosaic v i r u s  
s t r a i n  A by 40 p e r c e n t  i n  maize a f t e r  t h e  inoculum was i n c u b a t e d  f o r  5  
minutes  a t  2 0 ' ~  w i t h  DNP. A 70 p e r c e n t  r e d u c t i o n  i n  i n f e c t i v i o n  o c c u r r e d  
when maize s e e d l i n g s  were t r e a t e d  w i t h  1 ,000  ppm DNP'16 hours  p r i o r  t o  
i n o c u l a t i o n  w i t h  t h e  v i r u s .  An 80 p e r c e n t s i n h i b i t i o n  o c c u r r e d  when DNP was 
a p p l i e d  8  hours  a f t e r  i n o c u l a t i o n .  A  d e c l i n e  i n  e f f e c t i v e n e s s  o c c u r r e d  a t  
a l a t e r  a p p l i c a t i o n  t ime ,  i n d i c a t i n g  t h a t  DNP i n h i b i t s  t h e  v i r u s  a t  t h e  
e s t a b l i s h m e n t  phase .  

The a b i l i t y  o f  p l a n t s  t o  degrade DNP o r  d e c r e a s e  i t s  t o x i c i t y  i s  less 
w e l l  unders tood ,  a l t h o u g h  i t  h a s  been shown t h a t  many p l a n t  c e l l s  can 
a c t i v e l y  degrade  p h e n o l i c  compounds ( B e r l i n  e t  a l . ,  1971) .  Enzymatic re-  
d u c t i o n  and d e g r a d a t i o n  of compounds c o n t a i n i n g  n i t r a t e  groups  cou ld  b e  a  
p o t e n t i a l  s o u r c e  of n i t r o g e n  (Klepper ,  1979) once t h e  chemical  i s  i n  a 
n o n t o x i c  form, a l t h o u g h  l a r g e  c o n c e n t r a t i o n s  would l i k e l y  b e  n e c e s s a r y ,  
and t h e s e  could  be  i n h i b i t o r y .  The impact  o f  such  a p r o c e s s  would b e  more 
b e n e f i c i a l  t o  m i c r o b i a l  growth t h a t  t o  t h a t  of p l a n t s ,  and could  l e a d  
i n d i r e c t l y  t o  p l a n t  b e n e f i t s .  One common c r i t i c i s m  of  p l a n t  d e g r a d a t i o n  
s t u d i e s  i s  t h a t  t h e r e  i s  v i r t u a l l y  no a s s u r a n c e  of e l i m i n a t i o n  of micro- 
organisms from t h e  e x p e r i m e n t a l  sys tem ( E l l i s  and Towers, 1970) ,  and t h i s  . 

cou ld  l e a d  t o  f a l s e  c o n c l u s i o n s .  



R e s p i r a t i o n  

DNP is  a r e s p i r a t o r y  i n h i b i e o r ,  t h a t  ls, i t  i n h i b i t s  t h e  up take  of 
oxygen when p r e s e n t  a t  t o x i c .  concentrations. However, af lower concen t ra -  
t i o m  t h e  compound h a s  been observed  t o  s t i m u l a t e  O2 upcake.  Beevers  (1953) 
found t h a t  I O - ~ M  DNP s t i m u l a t e d  O2 uptake  by corn ,  b u t  a s h a r p  d e c l i n e  
o c c u r r e d  a t  PO-*M. C o n c e n ~ x a t m n s  a s  low a s  P O - ~ M  r e s u l t e d  i n  t h e  s t i m u l a -  
t i o n  o f  O2 u p t a k e ,  bur maximum s t i m u l a t i o n  o c c u r r e d  a t  3 x ~ o - ~ M ,  where 
respiration was 970 p e r c e n t  o f  t h a t  of t h e  c o n t r o l s .  CO-7 o u t p u t  was observ-  
ed t o  rise and f a l l  a s  w e l l ,  and peaked ar 230 p e r c e n t  of t h a t  of t h e  eon- 
t r o l s  . T h i s  caused a n  i n c r e a s e  i n  t h e  r e s p f r a e o r y  quo t f  en% (RQ .-z~-_molles of 
C02 praducedfmoles  of 0 2  absorbed)  which approached 2 a t  t h i s  DNP concen- 
t r a t i o n  ( a t  pH 5 , 0 ) ,  S i m i l a r  o b s e r v a t i o n s  were  made by Gaur and Beevers  
(1959) i n  c a m 6  d i s c s ,  i n  which a 236 p e r c e n t  i n c r e a s e  in 02 u p t a k e  o v e r  
t h a t  o f  t h e  c o n t r o l s  was observed a t  a DNP c o n c e n t r a t i o n  of 2 .5  x ~ o - ~ M .  
The p a r a - s u b s t a t u t e d  mcnomer, p - n i ~ r o p h e n ~ l ,  a l s o  showed some s t i m u l a t i o n ,  
b u t  h f g h e r  concentrarf iens  were r e q u a r e d .  En c a s t o r  bean ( R a c i n i s  csmmunis L , )  
endosperm, t h e  maxunum s ~ i m u l a t i o n  of 02 consumption was observed a t  3 x 
M DNP, where t h e r e  w a s  a 204 p e r c e n t  i n c r e a s e  o v e r  t h a t  o f  t h e  c o n t r o l s .  At 
6.3 x P O - ~ M  DNP a 50 p e r c e n t  r e d u c t i o n  occur red  a s  t o x i c i t y  i n c r e a s e d .  
Kandler (9958) observed i n h l b i r i o n  of r e s p i r a t i o n  a t  c o n c e n t r a t i o n s  g r e a t e r  
t h a n  EQ-*M DNP i n  C h l o r e l l a ,  and s c f m u l a t i o n  a t  lower c o n c e n t r a t i o n s  was 
never  more t h a n  50 p e r c e n t  g r e a t e r  t h a n  i n  t h e  c o n t r o l s  ( F i g u r e  2 .10) .  

Porker  and Runeckles (1959) observed t h a t  a c o n c e n t r a t i o n  of 5 x 
M DNP produced a n  i n c r e a s e  in O 2  u p t a k e  by tobacco (Nacat iona tabacum L . )  
l e a f  d i s c s ,  and rezched  a s t e a d y  s e a r e  a f t e r  8 hours .  Higher  DNP concen t ra -  
% i o n s  o f  2 and 5 x l0-'M caused an initial i n c r e a s e  o f  O 2  u p t a k e ,  b u t  was 
fs1Powed by a s h a r p  d e c l i n e  t o  a lmost  z e r o  as t h e  sys tem become s i g n i f i c a n t l y  
damaged. S t i m ~ l a t i o n  - occur red  a t  lower c o n c e n t r a t i o n s ,  w i t h  a maximum 
between P O m 3  t o  10-"M DNP. Work by B o t t r i l l  and Hanson (1969) showed t h a t  
h i g h  c a n c e n t r a t i o n s  of DNP which caused t h e  i n h i b i t i o n  o f  O 2  u p t a k e  by c o r n  
(Zea -- maize L . )  r o o t  mirochondrla  was i n h i b i t i n g  m a l a t e  dehydrogenase  
a c t i v i t y ,  They sugges red  t h a t  t h i s  i n h i b i t i o n  may demons t ra te  t h a t  DNP 
a f f e c t s  r e s p i r a t i o n  a t  t h e  s u b s t r a t e  l e v e l .  

Like a l l  a c t i v i t i e s  of DNP, t h e  e f f e c t  on r e s p i r a t i o n  i s  b o t h  concen- 
t r a t i o n  and pH dependent .  These e f f e c t s  were observed i n  c o r n  (Beevers ,  
P953),  o a t  (Bonner, 19491, and whear ( S t e n l i d ,  1949) .  S t e n l i d  observed  more 
a c t i v i t y  of DNP i n  d e c r e a s i n g  r e s p i r a t i o n  a t  pH 4.5 - 4.4 ( F i g u r e  2.16) t h a n  
a t  pH 5.8 ta 7,0, He a l s ~  observed s i m i l a r  pH e f f e c t s  w i t h  o t h e r  n i t r o -  
p h n o l s ,  a l t h o u g h  h l g h e r  c o n c e n t r a e i o n s  were  r e q u i r e d  because  of t h e  h i g h e r  
pQ's  o f  chose  csmpounds. 

Glycoly sis 

High c o n c e n t r a t i o n s  of DNP induced i n c r e a s e s  i n  g l y c s l y s i s  i n  c a r r o t  
d i s c s  (Beevers ,  19531, a s  d e m o n s t r a ~ e d  by t h e  p r o d u c t i o n  o f  a l c o h o l  and 





a c e t a l d e h y d e  end p r o d u c t s  ( F i g u r e  2 , 1 7 ) .  A h i g h  RQ a l s o  o c c u r r e d  a t  
DNP e a n c a n t r a r i a n s  g r e a t e r  t h a n  I O - ~ M ,  which may i n f e r  t h e  i n d u c t i o n  of 
f  errnenta t %on, 

Forward and Chaung (1978) d i m o n s t r a t e d  t h a t  t h e  a d d i t i o n  of 9  x  
M DNF enhanced glycslys~s and the r ;edisbr ibuBion of p r o d u c t s  i n  c o r n  
c o l e o p r i l e s ,  The e l - f e c t s  were simU.ar t e  t h o s e  r e s u l r i n g  from oxygen ex- 
c l u s i o n .  The I n c r e a s e  in gl .ycolys is  muLd be e,he r e s u l t  o f  t h e  i n c r e a s e d  
r a t e  of  r a s p i r a t i o n ,  wbxch wowld promote a n  i n c r e a s e  in. t h e  u s e  of carbo-  
h y d r a t e  ( P c r t c r  and R m e r k l e s ,  1959) .  An i n c r e a s e  i n  o x i d a t i o n  o f  non- 
c ~ ~ b c h p d r a s e  m a t e r z a l s  was also observed .  S r e n l i d  (1949) found no st  imu- 
l a e i c n  of g l u c o s e  up take  by DNP i n  v h e a t  r o o t s ,  bu t  t h e  u p t a k e  was i n h i -  
b i t e d  ae hagher  r a n c e n r r a t i o n s .  Yet, a d d i t i o n s  o f  glucmse caused no 
s i g n i f i c a n t  i n c r e a s e  i n  r e s p i r a t i o n  i 2  t h e  p r e s e n c e  of DNP (KandPer, 1958) .  
Thus t h e  i n c r e a s e  In g l p e c k y s ~ s  wculd b e  t h e  r e s u l t  of an  i n s u f f i c i e n t  
c a r b o h y d r a t e  posP i n  t h e  p r e s e n c e  of e f f  e e t i v e  c o n c e n t r a t i o n s  of DNP. 

O x i d a t i v e  Phosphary1a t ion  - 

DNP i s  o f t e n  referred r o  a s  a  " c l a s s i c  uncoupPer o f  o x i d a t i v e  phos- 
p h o r y l a t i u n "  CBonner and MaPke-s, 19531, and t h e  observed e f f e c t s  on 
p l a n t s  and an imals  may be due t o  t h i s  energy-usurping activity. Un- 
eouplLng of s x i d a r l v e  p h o s p h o r y l a t i e n  p r e v e n t s  c o n t r o l  o f  r e s p i r a t i o n  
r a t e s  by t h e  amount of i n o r g a n i c  phospha te  o r  phospha te  a c c e p t o r  p r e s e n t  
(Mandle-r, 1 9 5 3 ) .  RandLer showed c h a t ,  I n  a  s t e a d y  s r a t e  of endogenous 
r e s p i r a t i z n ,  r h e  a d d i t x o n  of DNP l e a d s  t o  a n  i n c r e a s e  i n  t h e  accumula t ion  
of i n o r g a n i c  phospha te ,  Be found t h a i  ~ h e  P/O r a c i o  was l , 1 4  i n  t h e  
p r e s e n c e  o f  DNP as compared t o  a  c c ? ; ~ t r s l  o f  1 .78 ,  o r  a 30 p e r c e n t  i n h i b i -  
t l s n  of p h o s p h o r y l a ~ i o n .  

B a t t r f l i  and Hznson (1969) p r e s e n t e d  an  e x p l a n a t i o n  of t h e  a c t i o n  of 
DNP on s x i d a t i k e  p h o ~ p h c ~ r y l - a t i o n  based on work by S t o n e r  e t  a l .  (1964) 
( F i g m e  2.18) .  En a x i d a t i v e  p h o s p h o r y l a t i o n ,  an i n t e r m e d i a r e  ( X I ) ,  
essmtial  t o  t h e  c o u p l i n g  sitas of t h e  e l e c t r o n  m a n s p o r t  c h a i n ,  forms a  
h i g h  energy bond ( X - L ) .  The addiizion of phospha te  l e a d s  t o  t h e  f o r m a t i o n  
of a h i g h  energy phosphe3ryJ.ated i n t e r m e d z a t e  ( X I - P i ) ,  which p a s s e s  phos- 
p h a t e  t o  ADP, resulting En ATP f o r m z t i o n  and t h e  r e g e n e r a t i o n  of t h e  
o r i g i n a l  i n t e r m e d i a t e  ( X I ) .  The p r e s e n c e  o f  DNP promotes t h e  h y d r o l y s i s  
~f t h e  h i g h  energy bond ( X - I ) .  S i n c e  ATPase a c t i v i r y  i s  due  t o  t h e  
i r r e v c r s i b i l i r y  o f  t h e s e  s t e p s ,  che h y d r o l y s i s  o f  X-I brought  abou t  by 
DNP r e s u l t s  i n  i r r e v e r s i b i l i t y  and r h e  s t i m u l a t i o n  o f  ATPase, The e f f e c t  
o f  DNP c o n c e n t r a t i o n  on ATPase a e c i v i t y  i n  c o r n  r o o t  mi tochondr ia  i s  
i l l u s t r a t e d  i n  F i g u r e  2 ,19 .  

Srrni lar  effecrs of  DNP have been observed on p h o t o s y n t h e t i c  phos- 
p h o r y l a t i o n  (Wessels,  1959) .  He observed t h a t  5 x  1OmqPl and 2 x 
M DMP i n h i b i t e d  p h o t o s y n t h ~ t i z  phosphoryhat ion i n  t h e  p r e s e n c e  of v i t a m i n  
Kz by 4 0  and 10 p e r c e n t ,  r e s p e c t i v e l y ,  and i n  t h e  p r e s e n c e  of FMN 





( f l a v i n e  mononucleotlde) by 70  and 25 pe rcen t ,  r e s p e c t i v e l y .  A t  lower 
DNP concen t r a t ions ,  no b ' n i b i  t i o n  was observed,  and between 0.6 x ~ o - ~ M ,  
and 1,5 x 10-%f, t h e  gene ra t i cn  of ATP i n  i l luminared  c h l o r o p l a s t s  was 
s t imu la t ed .  This c a t a l y s t  ack fv i ry  was g r e a t e r  than  t h a t  prodzced by FMN 
a lone ,  bu t  was nor as g r e a t  as rlrar of v i t a m i n  K g  a lone .  S imi l a r  obser- 
v a t i o n s  w e r e  made cs fng  m-nicrophenol and e-ni.trophenol, bu t  on ly  s l i g h t  
ATE-stimdating a;.tivltp was observed w ~ t h  p-nirrophenal.  WessePs 
theo r i zed  thae  LBNP :nay acs (1) a s  an  e l e c t r o n  c a r r i e r  accoss  some gap in 
t h e  e l e c t r o n  zranspors  cha in  i n  l s a l a t e d  c k l o r o p l a s t s ,  (2) i n h i b i t  some 
r e a c t i o n  which, 111 t h e  absence of an in t e rmed ia t e  e l e c t r o n  c a r r i e r  such a s  
vitamfn Kg o r  FMX, conpetes  w i th  pb:rsphosphorylation i n  v i e r s ,  o r  (3) 

7- 

t h e r e  may be some connec t ion  between t h e  ea ra lyz ing  a c t i o n  and i t s  un- 
coupling a c t i v i t y  I n  oxkdat ive phosphorylat ion (a l thcugh o t h e r  uncoupling 
agen t s  were found ta be incapable  3f c a t a l y z i n g  phc tosyn the t i c  phosphoryla- 
t ion)  . - 

The e f f e c t  o f  DNP on p h o t o s y n ~ h e s i s  i n  Ch lo re l l a  was s t u d i e d  by 
Qndler  (1958) (Fqgure 2,I.O). High l i g h t  f n b e n s i t i e s  s t r o n g l y  i n h i b i t e d  
t h e  uptake of  glucsse by s t a rved  c e l l s ,  wh i l e  under low l i g h t  i n t e n s i t i e s  
glucose uptake w a s  s t imu la t ed .  At a  concen t r a t ion  of IO-'M~ DNP caused a n  
a d d i t i o n a l  50 percent  I n h i b i t i o n  c t  glucose uptake over that due t o  
i n t e n s e  l i g h t ,  y e t  p h c ~ o s g n t h e s f s  w a s  only partfaXPy blocked. A t  a DNP con- I 

c e n t r a r i o n  caus ing  a  30 pe rcen t  dec rease  in glucose uptake,  no e f f e c t  on 
p h o t o s ~ h e s b  was obser ved. O d y  very  high concen t r a t f  ons of DN'P r e s u l t e d  
En seve re  i n h i b i t i o n  o f  photosynthes is ,  t hus  i t  can be hypothesized t h a t  
t h e  p h s ~ ~ s y r r t h e t l c  mechanism i s  n o t  a  prfmary s i t e  of DNP a c t i o n  i n  p l a n t s .  

SUMMARY 

2,4-dfnitrbphenol (DNP) Is a moderately a c i d i c  phenol w i th  aspK, of , 

4 . B 3  -. -1s ~ ~ c ' c l r s  2s a  waste  cantmuinant originating from many i n d b s t r i a l  
sources ,  is  c l o s e l y  r e l a t e d  to s e v e r a l  c u r r e n t l y  used h e r b i c i d e s ,  and 
may occur a s  a d e g r a d a ~ i o n  product from o t h e r  compounds. DNP i s  s u b j e c t  
t o  r educ t ion ,  hydroxylar ion and hydroxyl displacement of t h e  n i t r o  groups,  
and r i n g  c leavage .  It i s  r a t h e r  t o x i c  (LDS0 En r a t s  = 30 mglkg), and 
t o x i c i t y  i s  i n v e r s e l y  r e l a t e d  s o  pH. 

The undissociaked molecules of DNP a r e  more r e a d i l y  taken up by 
p l a n t s ,  and have g r e a r e r  a c t i v i t y  than  t h e  d i s s o c i a t e d  an ions .  The p r i -  
mary modes of  a c t i o n  o f  DNP appear t o  be i n  i nc reas ing  r e s p i r a t i o n ,  un- 
coupling oxidazfve phosphorylat ion,  and a c t i v a t i o n  of ATPase, bu t  DNP 
a l s o  i n c r e a s e s  g%yeoBysis, and, a t  h igh  concen t r a t ions  i n h f b f e s  photo- 
s y n t h e s i s .  I n  p l a n t s  it may r e d ~ ~ c e  germfnaari&, ( p a r t i c u l a r l y  i n  t h e  
d a r k ) ,  i n h i b i r  s eed l ing  growth, cause considerable rooe damage, and re -  
s u l t  i n  t h e  accumulation of n i t r i r e  i n  s h o - t s .  DNP in f luences  t h e  water  
r e l a t i c in s  and n u t r i e n t  s t a t u s  o f  p l a n ~ s ,  probably by in f luenc ing  I-I+ move- 
ment (and t h u s  I(+ movement",across membranes (thus c a w i n g  t h e  c l o s u r e  of 
s t o n a t e s )  and, a t  h igher  concen t r a t ions ,  by d i r e c t l y  damaging t h e  



membranes. AC low concen t r a t ions  (nontoxic) i t  may c a t a l y z e  photosynthe t ic  
phosphorylat ion and encourage r o o t  i n i t i a t i o n  i n  some p l a n t s ,  and s t i m u l a t e  
microbia l  a s s i m i l a t i o n  of carbon. 

DNP i s  r a t h e r  p e r s i s t e n t  i n  s o i l s ,  p a r t i c u l a r l y  a t  low pH, but can be 
metabolized by a number of s o i l  organisms, inc luding  Fusarium oxysporum, 
Pseudomonas spp. ,  Cmynebaeterium simplex, Nocardia A h a ,  and poss ib ly  - 
some spec i e s  of Plavobacterium, Ar throbac ter ,  and B a c i l l q s .  The r e l e a s e  
of n i t r i t e  o f t e n  accompanies degrada t ion .  It i s  a l s o  s u b j e c t  t o  photo- 
ox ida t ion ,  photo-reduction, and chemical r educ t ion  and hydro lys i s  i n  t h e  
s o i l .  

Adsorption of t h e  DNP-relative DNBP w a s  observed t o  be g r e a t e s t  on 
an  anion exchange r e s i n  at h igh  pH, whi le  only molecular adsorp t ion  
occurxed on montmor i l lon i te  c lay .  Adsorption w a s  a l s o  g r e a t e r  a t  lower 
temperatures .  Para-ni t rophenol  w a s  observed t o  form s t a b l e  complexes wi th  
monhnor i l lon i te  c l a y ,  which was hypothesized t o  be due t o  bonding through 
water  b r idges  t o  t h e  c l a y  components and c a t i o n s ,  o r  d i r e c t l y  t o  t h e  c l a y  
under dehydrated condi t ions .  Ortho-nitrophenol,  p-ni t rophenol ,  and tri- 
n i t rophenol  were observed t o  cause f l o c c u l a t i o n  of G i l a  c l ay .  Floccula-  
t i o n  was g r e a t e s t  on ca lcareous  una l t e r ed  c l a y ,  and more on Ca-clay than  
on Na-clay. When carbonates  and organic  ma t t e r  were removed, on ly  p-nitro- 
phenol and t r i n i t r o p h e n o l  continued t o  cause f l o c c u l a t i o n .  F loccu la t ion  
may r e s u l t  from t h e  l f n k i n g  toge the r  of c l a y  p a r t i c l e s  through t h e  d i p o l e  
c h a r a c t e r i s t i c s  of t h e s e  compounds, through t h e  formation of coord ina t ion  
complexes, and t h e  l i n k i n g  toge the r  of c h e l a t i n g  agen t s  and t h e  bonding 
t o  A l  and Fe f d n c t i o n a l  groups i n  t h e  c l a y .  



Chapter 3 TOLUENE 

INTRODUCTION 

Chemistry and P r o p e r t i e s  

Toluene i s  a  methyl s u b s t i t u t i o n  on t h e  aromatic  benzene r i n g .  

A l t e r n a t i v e  terms f o r  t o luene  a r e  t o l u a l ,  phenyl-methane, methyl benzene 
methylbenzal,  o r  methacide. Toluene b o i l s  a t  110 .6O~ wi th  a  molecular 
weight of 92.1. The d e n s i t y  of t o luene  is 0.86 gfml a t  25OC. The-vapor 
p re s su re  a t  25Oe i s  28.7 t o r r  (Weast, 1977).  The vapor p r e s s u r e  curve 
f o r  t o luene  i s  aesc r ibed  by t h e  equat ion:  

l o g l o  
P = 6.95 - [1344/(214.4 + t ) ]  

where P i s  vapor p re s su re  i n  rnm Hg and t is  temperature i n  O C .  The r e -  
f r a c t i v e  index of t o luene  i s  1.494 a t  25°C. Other p r o p e r t i e s  and s p e c t r a l  
d a t a  of t o luene  i s  compiled by Thomas e t  a l .  (1977). The m e l t i n g - p o i n t  of 
to luene  i s  95' below t h e  f r e e z i n g - p o i n t  of water .  S o l u b i l i t y  of t o lune  i n  
water  i s  535 mg/l a t  25OC o r  566 ppm a t  20°C. The d i s t r i b u t i o n  c o e f f i c i e n t ,  
of to luene  i n  water  r e l a t i v e , t o  t h e  concen t r a t ion  of t o luene  i n  o i l  (when 
5 m l  of p a r a f f i n  o i l  w i t h  1 M to luene  concen t r a t ion  i s  brought i n  cpn tac t  
w i t h  25 m l  water  and permi t ted  t o  come t o  equi l ibr ium)  has  been determined 
f o r  t o luene  and found t o  be  0.0014. This  means t h a t  t o luene  i s  l i p o p h i l i c  o r  
hydrophobic. The logar i thm of t h e  oc tanol fwater  p a r t i t i o n  c o e f f i c i e n t  i s  
2.69 (Tute,  1971).  Toluene i s  more l i p o p h i l i c  thanabenzene but  l e s s  than  
xylene.  Although to luene  i s  a  p o l a r ,  o rganic  wi th  a  methyl and a  benzyl  
r a d i c a l  combined, i t  i s  h igh ly  flammable and a  r e a c t a n t  f o r  many o rgan ic  
s y n t h e s i s  processes .  Toluene i s  an e x c e l l e n t  organic  so lven t .  Toluene i s  
misc ib l e  i n  a l c o h o l s ,  e t h e r s  and most organic  so lven t s .  Toluene i s  be- 
l i e v e d  t o  be  l e s s  carc inogenic  than  benzene hence t h e  increased  usage of 
t o luene  a s  an  i n d u s t r i a l  chemical.  

Occurrence 

Toluene i s  widely d i s t r i b u t e d  i n  f i n i s h e d  d r ink ing  water ,  i n d u s t r i a l  
e f f l u e n t s ,  and ambient s u r f a c e  waters  (Shackelford and Kei th ,  1976).  
Toluene a l s o  occurs  n a t u r a l l y  i n  t h e  aroma of unprocessed r i c e  i n  t r a c e  



amounts. Out of 174 o r g a n i c s  i d e n t i f l e d  i n  t h e  aroma of unprocessed r i c e ,  
t o l u e n e  was one  of them. Toluene is  used a s  a d rug  c a r r i e r  and s o l v e n t  f o r  
d rugs  L ike  d ich lo rophen .  

I Toluene c o n c e n t r a t i o n  i n  t h e  ambient a i r  i n c r e a s e d  w i t h  au tomobi le  
exhaus t  a c t i v i t y ,  from 20 ppb t o  50 ppb i n  Toronto a r e a .  Th is  i s  roughly  
2.4 f o l d  of e m i t t e d  benzene c o n c e n t r a t i o n s  (8-20 ppb i n  a i r ) .  These con- 
c e n t r a t i o n s  v a r i e d  by a f a c t o r  o f  24 o r  more between sampling l o c a t i o n s  
( P i l a r  and Graydon, 1973) .  The a v e r a g e  t o l u e n e  c o n c e n t r a t i o n  i n  downtown 
Los Angeles d u r i n g  1966 was 37 ppb, w h e r e a s h  downtown Toronto d u r i n g  
1971  yas 30 ppb. For o c c u p a t i o n a l  s a f e t y  and h e a l t h ,  l e v e l s  NIOSH (1975) 
h a s  recommended t h a t  t o l u e n e  c o n c e n t r a t i o n  i'n a i r  on  a time-weighted 
aQerage of 40 hour  work week must b e  l e s s  t h a n  100 pprn (377 mg/m3 a i r )  w i t h  
a c e i l f n g  v a l u e  o f  200 pprn (754 mg/m3). The odor  t h r e s h o l d  f o r  t o l u e n e  i s  
40 pprn o r  150 mg/m3 a i r  (NIOSH 1975) .  

Toluene h a s  been found i n  m u n i c i p a l  s l u d g e s  a t  c o n c e n t r a t i o n s  as h i g h  as 
42 ppm, t h e  h i g h e s t  o r g a n i c  p o l l u t a n t  o f  t h e  munic ipa l  s l u d g e s . *  I n  m u n i c i p a l  
secondary  t r e a t e d  e f f l u e n t  t o l u e n e  l e v e l s  were  as h i g h  a s  1.1 mg/l  ( F e i l e r  
1980) .  Toluene is  one o f  t h e  most commonly used s o l v e n t  and p r o c e s s  r e a c -  
t a n t s  i n  many o r g a n f c  chemica l  i n d u s t r i e s .  Toluene i s  produced commercia l ly  
by f r a c t i o n a t i o n  of l f g h t  o i l s  of coke oven g a s ,  c a r b u r e t t e d  w a t e r  g a s ,  c o a l  
tar ,  and a r o m a t i c  hydrocarbons  from pe t ro leum c r a c k i n g  and hydroforming. It 
i s  used l a r g e l y  as a raw m q t e r i a l  i n  manufac tu re  o f  materials such  as dyes ,  
polymers,  f i b e r s ,  d e t e r g e n t s  and s y n t h e t i c  o r g a n i c .  I n  motor f u e l s ,  t o l u e n e  
i s  added a s  a n  a n t i k n o c k i n g  i n g r e d i e n t .  It i s  a l s o  used  as a s o l v e n t  i n  
chemical  p r o c e s s e s ,  p a i n t s  and v a r n i s h e s ,  d r y  c l e a n i n g ,  d e g r e a s i n g  and 
e x t r a c t  i o n .  

L i t e r a t u r e  on t o l u e n e  t o  mammals, b i r d s ,  f i s h ,  r e p t i l e s ,  amphibians  
and i n v e r t i b r a t e s  h a s  been reviewed by Miller et  a l .  (1977).  Although t h e r e  
i s  no i n f o r m a t i o n  a v a i l a b l e  on t h e  t r a n s p o r t  of t o l u e n e  i n  t h e  food cha in ,  
i t  i s  w e l l  known t h a t  t o l u e n e  i s  modera te ly  t o x i c  t o  f i s h ;  t h e  96 h r  LC50 
ranges  from 22.8 t o  59.3  ppm. T o x i c i t y  may p r o g r e s s i v e l y  i n c r e a s e  w i t h  
l e n g t h  of exposure .  The nox ious  odor o f  to luene-contaminated f i s h  is n o t  
removed by cooking and p r o c e s s i n g  o f  s u c h  f i s h  f o r  market  p r o d u c t s .  

BEHAVIOR I N  SOILS 

S o i l  Response t o  Toluene 

Dannel ly  (1979) observed  t h a t  add ing  t o l u e n e  a t  2% of s o i l  we igh t ,  
i n c r e a s e d  t h e  p o p u l a t i o n  of b a c t e r i a  and f u n g i  i n  Davidson c l a y  loam w h i l e  
t h e  a c t i m m y c e t e s  p o p u l a t i o n  was n o t  a f f e c t e d  s u b s t a n t i a l l y  d u r i n g  t h e  
f i r s t  7 days .  Waksman and S t a r k e y  (1923) a l s o  observed t h e  i n c r e a s e d  number 
o f  micro-organisms a f t e r  t h e  p a r t i a l  s t e r i l i z a t i o n  e f f e c t  of t o l u e n e  was 
o v e r .  Buddin (1914) n o t e d  t h a t  t o l u e n e  e x e r t e d  a p a r t i a l  s t e r i l i z a t i o n  
e f f e c t  on s o i 1 s . a t  500 pprn of s o i l  we igh t .  Ammonia accumula tes  i n  p a r t i a l l y  
s t e r i l i z e d  s o i l s  i n  e x c e s s  o v e r  c o n t r o l ,  e s p e c i a l l y  i n  s o i l s  r i c h  i n  t h e  
o r g a n i c  m a t t e r .  I n  low o r g a n i c  m a t t e r  s o i l s ,  r a p i d  development of f u n g i  ' 



may l e a d  t o  u t i l i z a t i o n  of minera l  N (Waksman and Starkey,  1923).  Waksman 
and Starkey (1923) found no c o r r e l a t i o n  between t h e  i n c r e a s e  i n  b a c t e r i a l  
numbers and accumulation of m o n i a  when s o i l s  wi th  d i f f e r e n t  organic  ma t t e r  
con ten t s  were compared a f t e r  t h e  a p p l i c a t i o n  of to luene .  Toluene has  a l s o  
been found t o  i n h i b i t  t h e  a c t i v i t y  of methane-producing b a c t e r i a  a t  200 
mg/l (Barash, 1957).  A t  20 mg/l,  t o luene  produced a  temporary i n c r e a s e  i n  
t h e  r a t e  of CH4 evo lu t ion  from sewage s ludge  (Barash, 1957).  

Toluene t rea tment  of s o i l  r e s u l t s  i n  d r a s t i c  r educ t ion  i n  b a c t e r i a l  and 
fungal  numbers and t o t a l l y  e l imina te s  t h e  actinomycetes popula t ion  a t  2 m l  
to luene /g  s o i l  r a t e  o r  160% of s o i l  w t .  (Vishvanath, e t  a l .  1975).  Gram 
p o s i t i v e ,  spo re  forming rods survived t h e  to luene  t rea tment  b e t t e r  t han  non- 
spo re  forming, gram p o s i t i v e  cocc i  i n  most s o i l s .  These high r a t e s  of t o luene  
t rea tment  a r e  q u i t e  uncommon i n  land t rea tment  systems un le s s  t h e r e  is  an 
a c c i d e n t i a l  s p i l l .  A t  h igh  a p p l i c a t i o n  r a t e s  (1.7 g/g s o i l )  t o luene  may 
e l i m i n a t e  enzyme a c t i v i t i e s  such a s  dehydrogenase, saccharase ,  u rease ,  and 
phosphatase a c t i v i t y  (Cerna, 1970).  Some r e s i s t a n t  spec i e s  of B a c i l l u s ,  
Aspe rg i l l u s ,  gram nega t ive  rods ,  and gram p o s i t i v e  cocc i  surv ived  t h i s  l e v e l  
of t o luene  a d d i t i o n .  Overcash and P a l  (1979) concluded t h a t  organic  ma t t e r  
appears  t o  provide some p r o t e c t i v e  a c t i o n  f o r  mic ro f lo ra ,  hence t h e  s t e r i l i z a -  
t i o n  e f f e c t s  a r e  more pronounced i n  l i g h t - t e x t u r e d  s o i l s  than  i n  heavy c l a y  o r  
o rgan ica l ly  r i c h  s o i l s .  The to luene  in f luence  on enzyme a c t i v i t y  is a l s o  
dependent on s o i l  type  (Thente 1970).  

When 50 p1  to luene  d c u l t u r e  i s  added t o  exponen t i a l l y  growing c u l t u r e s  
of Escher ich ia  c o l i ,  a  t i m e  dependent l o s s  of t u r b i d i t y  i s  observed which i s  
concurrent  w i th  a  l o s s  of m a t e r i a l  t o  t h e  medium and w i t h  unmasking of 
6-galactosidase.  In  a d d i t i o n ,  t h e  g a l a c t o s i d e  permease system is  des t royed .  
The l o s s  g f  RNA and p r o t e i n  a l s o  occurs  due t o  t h e  to luene  t rea tment .  Thus 
to luene  causes  d i s r u p t i o n  of E. - -  c o l i  and o t h e r  b a c t e r i a  (Jackson and DeMoss 
1965).  &her  r e p o r t s  (Woldringh, 1973) confirm t h a t  t rea tment  of - -  E. c o l i  
w i t h  0.25% to luene  caused p a r t i a l  d i s s o l u t i o n  of t h e  plasma membrane con- 
comitant w i t h  displacement of nuc lea r  m a t e r i a l  towards t h e  c e l l  per iphery .  

Toluene damages t h e  membrane of Escher ich ia  c o l i  K-12 and was a s s o c i a t e d  
wi th  r e l e a s e  of per iplasmfc enzymes l i k e  p e n i c i l l i n a s e s  i n t o  t h e  surroundings 
wi th in  10 minutes of i ncuba t ion  a t  37OC (Teuber 1970).  Toluene i s  r o u t i n e l y  
used t o  s t e r i l i z e  s o i l  a t  h igh  l e v e l s  (about 1 .7  g  t o luene  pe r  g  d r y  s o i l ) .  
The b i o l o g i c a l  impacts of t o luene  t h a t  have been observed r e l a t e d  t o  ( i )  a  
dec rease  i n  e x t r a c e l l u l a r  u rease  a c t i v i t y ,  ( i i )  an i n c r e a s e  i n  ce l l -wa l l  
permeabi l i ty  of microorganisms, and ( i i i )  l y s i s  of s u s c e p t i b l e  c e l l s .  The 
combination of t h e s e  t h r e e  f a c t o r s  a t  h igh  loading  r a t e s  (such a s  170% of 
s o i l  weight) c o n t r i b u t e s  t o  p a r t i a l  s t e r i l i z a t i o n  of t h e  t r e a t e d  s o i l  samples. 
The t o l u e n e - r e s i s t a n t  popula t ion  e x h i b i t s  an  apparent  compet i t ive  advantage 
over the s e n s i t i v e  mic ro f lo ra  and fauna (Waksman and Starkey ,  1923).  Decay 
of t h e  dead pathogens and s e n s i t i v e  mic ro f lo ra  and fauna may l e a d  t o  an in -  
c reased  n u t r i e n t  a v a i l a b i l i t y  i n  to luene- t rea ted  s o i l s  over t h e  n a t u r a l  s o i l  
c o n t r o l s .  Toluene, per  s e ,  i s  h ighly  carbonaceous and i t s  u t i l i z a t i o n  a s  a  
s u b s t r a t e  w i l l  be  a s soc i a t ed  w i t h  
S, and o t h e r  e s s e n t i a l  e lements .  
by s o i l  microbes i s  s t i l l  unknown 

t h e  immobil izat ion of n u t r i e n t s  l i k e  N ,  P ,  
The e x t e n t  and r a t e  of t o luene  u t i l i z a t i o n  
and hence t h e  e x t e n t  of immobil izat ion of 



e s s e n t i a l  n u t r i e n t s  by s o i l  microbes  due t o  t o l u e n e  a p p l i c a t i o n  i n  s o i l  
canno t  be  a s s e s s e d  o r  p r e d i c t e d  based on a v a i l a b l e  i n f o r m a t i o n .  

B iodegrada t ion  

Toluene i s  one  o f  t h e  n a t u r a l l y  o c c u r r i n g  m e t a b o l i t e s  o r  i n t e r m e d i a t e s  
i n  t h e  decomposi t ion i n  s o i l  of o r g a n i c  chemica l s .  The a v a i l a b l e  ev idence  
i n d i c a t e s  t h a t  t o l u e n e  i s  a n  a c c e p t a b l e  s u b s t r a t e  f o r  s o i l  organisms 
(Overcash 1949) .  The t o l u e n e  b i o d e g r a d a t i o n  pathway i s  documented i n  
F i g u r e  3 .1 .  The d e g r a d a t i o n  of t o l u e n e  h a s  been s t u d i e d  by measur ing C02 
e v o l u t i o n  as w e l l  as t h e  d i s a p p e a r a n c e  o f  p a r e n t  compound. 

Many f u n g i ,  a c t i n o m y c e t e s ,  and b a c t e r i a  that u t i l i z e  o i l s ,  hydrocarbons ,  
and a r o m a t i c s  can  a l s o  m e t a b o l i z e  t o l u e n e .  Some s p e c i e s  o f  s o i l  b a c t e r i a  
a r e  c a p a b l e  o f  u s i n g  t o l u e n e  as a s o l e  ca rbon  s o u r c e  (Claus  and Walker,  
1964, Gibson e t  a l . ,  1966) .  The o ~ i d a t i v e ,  m i c r o b i a l  d e g r a d a t i o n  p roceeds  
via  h y d r o x y l a t i o n  of t h e  a r o m a t i c  r i n g  t o  a  m i x t u r e  o f  c a t e c h o l s  and 
c r e s o l s  which a r e  t h e n  metabo l ized  f u r t h e r .  The f i n a l  end p r o d u c t s  a r e  
C02, w a t e r ,  energy  and biomass.  I n  a n i m a l s ,  t o l u e n e  may b e  d e t o x i f i e d  by 
o x i d a t i o n  t o  benzo ic  a c i d  which t h e n  r e a c t s  w i t h  g l y c i n e  t o  form h i p p u r i c  
a c i d  (Ogata e t  a l ,  1970) .  H i p p u r i c  a c i d  i s  r a p i d l y  e x c r e t e d  i n  t h e  u r i n e .  

I 

Carpen te r  et a l .  (1978) s t u d i e d  t h e  m i c r o b i a l  t r a n s f o r m a t i o n s  o f  
14c  l a b e l e d  2 , 4 , 6 - t r i n i t r o t o l u e n e  i n  a n  a c t i v a t e d  s l u d g e  system and re- 
p o r t e d  t h a t  o n l y  0.5% of added r a d i o a c t i v i t y  was l o s t  a s  14c02.  Thus n i t r o -  
s u b s t i t u t e d  t o l u e n e s  a r e  r e s i s t a n t  t o  b i o d e g r a d a t i o n  and m i c r o b i a l  meta- 
bo l i sm (McCormick e t  a l .  1978) .  

Enzyme+ystems t h a t  c l e a v e  t h e  c a t e c h o l  r i n g  and o t h e r  a r o m a t i c  com- 
pounds i n t o  l i n e a r  o r g a n i c s  have been reviewed by Gibson (1966) .  Toluene 
h a s  a l s o  been no ted  t o  o x i d i z e  t o  c r e s o l s  th rough  epoxides  by t h e  mono- 
oxygenases of t h e  fungus  Cunninghamella b a i n i e r i  ( F e r r i s  e t  a l .  1 9 7 3 ) .  
Gibson (1971) p o s t u l a t e d  f o r m a t i o n  o f  dioxycompounds are s u b s e q u e n t l y  con- 
v e r t e d  t o  d i h y d r o d i o l s .  

Donnelly (1979) i n  a l a b o r a t o r y  s t u d y  examined t o l u e n e  l o s s e s  by micro- 
b i a l  decomposi t ion and t h o s e  by v o l a t i l i z a t i o n .  At 5 ,000,  10,000 and 
20,000 pprn a p p l i c a t i o n  rates of t o l u e n e  ( I4c)  t o  Davidson c l a y  loam, he  
found t h a t  200, 625, and 25 ppm t o l u e n e ,  r e s p e c t i v e l y  was l e f t  a t  r e s i d u a l  
a f t e r  .a week of  a p p l i c a t i o n .  Thus, a  maximum o,f 6 .25% o f  added t o l u e n e  
remained i n  s o i l  o v e r  a week o f  i n c u b a t i o n  and t h e  remain ing  was l o s t  by 
m i c r o b i a l  decay as w e l l  a s  v o l a t i l i z a t i o n .  





Chemical Conversions, Pho to lys i s  and V o l a t i l i z a t i o n  

Reaction of t o luene  i n  water by i r r a d i a t i o n  produces benzaldehyde, 
benzyl a l coho l ,  and a n  i somer ic  mixture  of c r e s o l s  ( J e f c o a t e  e t  a l .  1969): 

IRRAD TATED 
WATER 
(H202 ) 

The r a t e  of ox ida t ion  was no t  measured. Toluene i s  r e a d i l y  photolyzed wi th  
t h e  formation of benzyl r a d i c a l  which r e a c t s  w i t h  molecular  oxygen t o  g ive  
benzyl  hydroperoxide. The benzyl  hydroperoxide can photochemically t r a n s -  
form i n t o  benzyl a l coho l  and benzaldehyde. 

0 OH CHO 

BENZYL BENZYLHYDRO- 
PEROXIDE 

Toluene does -not absorb l i g h t  a t  wavelengths g r e a t e r  than  286 nm, but  
formation of a charge t r a n s f e r  complex between to luene  and molecular  oxygen 
absorbs e lec t romagnet ic  r a d i a t i o n  t o  a t  about  350 nm (Wei and Adelman, 
1969).  Pho to lys i s  of t h e  cha rge - t r ans fe r  complex, i s  r e s p o n s i b l e  f o r  t h e  
formation of benzyl a l coho l  and benzaldehyde under ambient cond i t i ons .  The 
r a t e s  of t h e s e  photochemical r e a c t i o n s  have n o t  been measured. The complex 
photochemical r e a c t i o n s  have been s t u d i e d  i n  s imula ted  smog chambers. The 
half-conversion t ime of t o luene  has been es t imated  approximately 1 5  hours 
wi th  benzaldehyde a s  t h e  p r i n c i p l e  product from t h e  photochemical r e a c t i o n  
of t o luene  (Lai ty  e t  a l .  1973) .  These es t imates ,  a r e  based on l a b o r a t o r y  
i r r a d i a t i o n  experiments of s h o r t  d u r a t i o n s  and db no t  account f o r  many 
v a r i a b l e s  w i t h i n  a n a t u r a l  ecosystem such a s  t h e  s o i l .  



P r i n c i p a l  mechanism of t o l u e n e  removal 
v o l a t i l i z a t i o n .  The vapor  phase  t o l u e n e  i s  

from a q u a t i c  environment i s  normal ly  
g e n e r a l l y  l o s t  by p h o t o l y s i s .  

The h a l f - l i f e  w i t h  r e s p e c t  t o  v o l a t i l i z a t i o n  from a  w a t e r  column (one 
mete r  t h i c k )  i s  e s t i m a t e d  t o  b e  5 .2  h r s  (Mackay and Leinonen, J 9 7 5 ) .  
Th i s  e s t i m a t i o n  i s  s u b j e c t  t o  f o l l o w i n g  assumptions  ( f )  t h e  t o l u e n e  concen- 
t r a t i o n  i s  i n  s o l u t i o n ,  r a t h e r  t h a n  i n  suspended c o l l o i d a l ,  i o n i c ,  complexed, 
o r  adsorbed form; ( i i )  t h e  vapor  i s  i n  e q u i l i b r i u m  w i t h  t h e  l i q u i d  a t  t h e  
i n t e r f a c e ,  ( i i i )  w a t e r  mixing w i t h  t o l u e n e  i s  r a p i d  s o  t h a t  t h e  c o n c e n t r a t i o n  
a t  t h e  i n t e r f a c e  approaches  t h a t  of t h e  b u l k  o f  w a t e r ,  and ( i v )  t h e  r a t e  of 
w a t e r  e v a p o r a t i o n  i s  n o t  a f f e c t e d  by t h e  t o l u e n e  mixing.  

Donnelly (1979) a l s o  conf i rmed s u b s t a n t i a l  l o s s e s  of t o l u e n e  from s o i l s  
under c o n s t a n t  a i r  f low b u t  cou ld  n o t  p a r t i t i o n  t h e  l o s s e s  due  t o  m i c r o b i a l  
decay from t h o s e  by v o l a t i l i z a t i o n .  Because o f  t h e  added p r o t e c t i o n  by s o i l  
o r g a n i c  matter and m i n e r a l  s o d 1  p a r t f c l e s ,  h a l f - l i f e  of t o l u e n e  v o l a t i l i z a -  
t i o n  from s o i l - p l a n t - w a t e r  sys tem i s  expec ted  t o  b e  l o n g e r  t h a n  from p u r e  
w a t e r  and t o  a g r e a t  e x t e n t  would depend on t h e  c o n c e n t r a t i o n  g r a d i e n t s  
e s t a b l i s h e d .  

Adsorp t ion  and Leaching 

Thomas and Lombardi (1971) concluded t h a t  a  s i n g l e  component i s o t h e r m  
f o r  t o l u e n e  a d s o r p t i o n  on a c t i v a t e d  c h a r c o a l  can  b e  f i t t e d  by a Langmuir 
e q u a t i o n .  Toluene i n  s o i l s  w i l l  reaet and a d s o r b  more on t h e  o r g a n i c  
f r a c t i o n  components t h a n  on  t h e  i n o r g a n i c  components. S i m i l a r  r e s u l t s  were  
confirmed by Moore and P h i l l i p s  (1975) f o r  c r u d e  o i l  a r o m a t i c s .  

The aqueous s o l u b i l i t y  of t o l u e n e  i s  535 ppm, The l o g  o c t a n o l / w a t e r  
p a r t i t i o n  c o e f f i c i e n t  i s  c l o s e  t o  2.7 i n d i c a t i n g  t h a t  t o l u e n e  would a d s o r b  
r e a d i l y  on t h e  o r g a n i c  sed iments  and s o i l  o r g a n i c  m a t t e r .  The e x t e n t  t o  
which t o l u e n e  a d s o r p t i o n  p r e v e n t s  i t s  removal i n  w a t e r  r u n o f f  h a s  n o t  been 
a s s e s s e d .  Organic  m a t t e r  and l i p o p h i l i c  f r a c t i o n s  i n  s o i l s  and sed iments  
p l a y  a g r e a t  r o l e  i n  t o l u e n e  a d s o r p t i o n - d e s o r p t i o n .  

Nathwani e t  a l .  (1977) found t h a t  t g l u e n e  a d s o r p t i o n  on s o i l s  fo l lowed  
F r e u n d l i c h  i s o t h e r m  between c o n c e n t r a t i o n  r a n g e s  1-100 ppm. The t y p i c a l  
F r e u n d l i c h  e q u a t i o n s  f o r  t o l u e n e  a d s o r p t i o n  i n  v a r i o u s  s o i l s  were:  

S =  KC^ = 3.52 C -  l ' O o 8  Wendover s i l t y  cia? (pH 5 .4 ,  o r g .  m a t t e r  16.2%) 

S = 2.69 C laoo2 V a u d r e i l  sandy loam (pH 5.1 ,  0.m. 10%) 

S = 0.9  c ~ ' ~ ~ ~  Grimsby s i l t  loam (pH 4 .3 ,  O.ml%) 

S = ug t o l u e n e  a d s o r b e d l g  s o i l  = ppm., 

S o i l s  a d s o r b  t o l u e n e  more s t r o n g l y  t h a n  benzene b u t  l e s s  t h a n  x y l e n e .  
The p e r c e n t  of t o l u e n e  desorbed from s o i l s  v a r i e s  i n v e r s e l y  w i t h  t h e  
amount o f  o r g a n i c  m a t t e r .  The amount o f  t o l u e n e  d e s o r p t i o n  d e c r e a s e s  
r a p i d l y  upon subsequen t  e x t r a c t i o n s .  The removal o f  s o i l  o r g a n i c  m a t t e r  
by h e a t i n g  c a u s e s  a  d e c r e a s e  i n  t o t a l  a d s o r p t i o n  of t o l u e n e  up t o  80%. 



T r a n s p o r t  of t o l u e n e  w i t h  runof f  w a t e r  and sed iments  i s  unknown. At 
low c o n c e n t r a t i o n s  s u c h  as i n  munic ipa l  s l u d g e ,  t o l u e n e  t r a n s p o r t  i n  
d r a i n a g e  w a t e r  would b e  i n s i g n i f i c a n t  because  of i t s  h i g h  v o l a t i l i t y  and 
m i c r o b i a l  d e g r a d a t i o n  p o t e n t i a l .  

PLANT EFFECTS 

Overcash e t  i1. (1981) s t u d i e d  t h e  p h y t o t o x i c  r e s p o n s e  of c o r n ,  
soybean and f e s c u e  t o  t o l u e n e  a p p l i c a t i o n s  i n  two benchmark s o i l s  - Lakeland 
sand and Davfdssn c l a y  loam a t  200, 800, 2,000 and 20,000 pprn a p p l i c a t i o n  
r a t e s ,  A 10% y i e l d  r e d u c t i o n  on t h e  Lakeland s o i l  was e v i d e n t  a t  200 pprn 
f o r  c o r n ,  800 pprn i n  soybean, and 2,600 pprn i n  f e s c u e .  At 2,000 pprn o r  more, 
t h e r e  was a t  l e a s t  50% o r  more r e d u c t i o n  i n  t h e  f r e s h  weigh t  o f  a l l  t h r e e  
c r o p s .  There  were no v i s i b l e  symptoms o f  t o l u e n e  t o x i c i t y  above t h e  c r i t i -  
c a l  l e v e l s .  I n  t h e  Lakeland s o i l ,  f e s c u e  a p p e a r s  t o  be  more t o l e r a n t  t o  
t o l u e n e ,  fo l lowed  by soybean and corn ,  r e s p e c t i v e l y .  On Davidson c l a y  loam, 
c o r n  was more t o l e r a n t  t h a n  soybean. The c r i t i c a l  p h y t o t o x i c  l i m i t  on 
Lakeland sand i s  200 t o  2,000 pprn of t o l u e n e  w h i l e  on  t h e  Davidson c l a y  loam 
t h e  c r i t i c a l  l e v e l  i s  2 ,000  t o  20,000 pprn t o l u e n e .  

Taluene e v a p o r a t e s  t o  a tmosphere  from t h e  s o i l - p l a n t  sys tem q u i t e  r e a d i -  
Py and IS aYse decomposed o r  metabo l ized  i n  s o i l s .  P l a n t i n g  o f  a second 
c r o p ,  5  weeks a f t e r  t h e  i n i t i a l  t o l u e n e  a p p l i c a t i o n  of 20,000 ppm, t h e r e  
was a  s t i m u l a t i o n  of p l a n t  growth,  p robab ly  due t o  i n c r e a s e d  n u t r i e n t  a v a i l -  
a b i l i t y  a s  a  r e s u l t  of  p a r t i a l  s t e r i l i z a t i o n  e f f e c t .  

I n  many greenhouse as w e l l  as gas-chamber exper iments  by C u r r i e r  (1951) 
f o l i a r  a p p l i c a t i o n  of t o l u e n e  vapor  on tomato,  b a r l e y ,  and c a r r o t  r e v e a l e d  
t h a t  1 . 3  x  M c o n c e n t r a t i o n  i n  a i r  was a d e q u a t e  t o  c a u s e  p h y t o t o x i c  
r e s p o n s e  w i t h i n  one-half  hour .  Toluene was more t o x i c  t o  p l a n t s  t h a n  
benzene g u t  l e s s  t o x i c  t h a n  x y l e n e  ( C r a f t s  and R e i b e r ,  1948) .  The f i r s t  
n o t i c e a b l e  symptom of  t o x i c i t y  was a  da rken ing  of t h e  t i p s  o f  t h e  youngest  
l e a v e s .  The darken ing  t h e n  s p r e a d  t o  o l d e r  l e a v e s .  There  was a  l o s s  of 
t u r g o r ,  w i t h  d roop ing  o f  s tems and l e a v e s .  I n  b r i g h t  s u n l i g h t ,  c h l o r o p h y l l  
was d e s t r o y e d ,  sometimes r e s u l t i n g  i n  complete  b l e a c h i n g  of t h e  dead por- 
t i o n s .  I n  a c o n t r o l l e d  growth chamber, c o n c e n t r a t i o n  of a r o m a t i c  hydro- 
ca rbons  i n  a i r  s t r e a m  was r e g u l a t e d  a t  2  x  l o m 4  M and t h e  t o x i c i t y  t o  p l a n t s  
i n c r e a s e d  a s  t h e  number of methyl  groups  on t h e  a r o m a t i c  r i n g  i n c r e a s e d .  
Even one  hour  exposure  t o  6.4 x  l o q 4  M ( p e r  1 o f  a i r )  c o n c e n t r a t i o n  o f  
benzene and t o l u e n e ,  more t h a n  50% damage t o  growth was a p p a r e n t  l e a d i n g  t o  
a complete  c o l l a p s e  o f  b a r l e y  s e e d l i n g s .  Among t h e  t h r e e  c r o p  s p e c i e s .  
t e s t e d ,  c a r r o t  was most r e s i s t a n t  t o  t o l u e n e  t r e a t m e n t  and tomato was t h e  
most s e n s i t i v e .  Bar ley  e x h i b i t e d  i n t e r m e d i a t e  r e s i s t a n c e  t o  a r o m a t i c  hydro- 
ca rbons .  C a r r o t s  were  a f f e c t e d  a d v e r s e l y  by a f o l i a r  s p r a y  of 1 0  m l  benzene,  
5  m l  t o l u e n e ,  o r  2  m l  o f  x y l e n e .  Toluene v a p o r s  can  e n t e r  t h e  p l a n t  f o l i a g e  
th rough  t h e  c u t i c l e  as w e l l  a s  th rough  s tomata .  Thus t h e  i n j u r i o u s  e f f e c t s  
depend n o t  o n l y  on  t h e  c o n c e n t r a t i o n  o f  t o l u e n e  i n  t h e  a i r ,  b u t  a l s o  on t h e  
l e n g t h  o f  t i m e  exposed.  Some of  t h e  c r i t i c a l  t ime  l i m i t s  f o r  a e r i a l  concen- 



t r a t i a n s  o f  t o l u e n e  r e l a t i v e  t o  p l a m  growth a t  l e 3  x M / l  a r e  1 / 2  h r  
f o r  c a r r o t s ,  b a r l e y  and rorriato, These tox3c e f f e c t s  of a e r i a l  vapor  may b e  
overcome w i t h i n  1-4 weeks, Tbe u x i c  e f f e c e s  sf f o l i a r  s p r a y  o f  t o l u e n e ,  
even a t  2 r n l l p s t  r a t e ,  i n c r e a s e d  w i t h  tjae. At 5 m i  t o l u e n e / p o t ,  more t h a n  
50% of b a r l e y ,  c a r r o r  and tomato WET@ damaged p e r m a n e n ~ l y .  A t  1 0  m l  t o  20 
ml /po t  s p r a y ,  t o l u e n e  kiiled rhe p l a n t s  c c m p l e t e l y ,  

Thus t h e  e f f e c t s  of h i g h  l e v ~ l s  ci t o l u e n e  sn p l a n t s  and s e e d s  are 
a c u t e .  I s S u e n r  i s  not  a c c u m ~ d a e ~ d  ,: s t o r e d  I n  p l a n t s  as such  and t h e  
k i l l i n g  e f f e c t  f a d e s  away wfth t i m e  akzer t r e a t m e n t ,  I n  e a s e  o f  s e e d s ,  i t  
i s  p o s t u l a t e d  t h a c  h i g h  l e v e l s  of t o l u e n e  w i l i  Zsll.1 t h e  embryo. A  g i v e n  
c o n c e n t r a t i o n  o f  t o l u e n e  i n  air i s  much mare t h a n  same c o n c e n t r a t i o n  i n  

-, w a t e r  ar solX. A l s s  :I.- F ~ I L . =  -z- -qb- - ? " - k r .  +: k z : : l  2s X C L Z  2 a j ~ 1 i . o ~ ~  t o  
p l a n t s  t h a n  cor responding  c o n c e n t r s t i o n j  i n  o i l s  3-c s o i l s ,  Toluene v a p o r s  
a r e  non-polar ,  l l p ~ p h i l r c  and mzy d i s s o l e e  l i p o p r c t e i n s  of the m e s o p h y l l i c  
c e l l  w a l l s  and membranes, 'Sai.uene -in vapor  form may b e  more a c t i v e  t h a n  i n  
l i q u i d  form. When p l a n c s  a r e  spr&yed ~ d e h  t o i u e n e ,  e v a p o r a t i o n  from s u r f a c e  
b e g i n s  immediate ly  and the m o u n t  g e t r i q g  iatc Leaf depends on v o l a t i l i t y  
f a c t o r s  and r e s i s t a n c e  L O  p e n e r r s c i i n  o f f e r e d  by t h e  l e a f  o r  s e e d .  The 
t o l u e n e  is  roxxc because it i s  a good fat s o l v e n t .  The r a p i d i t y  of v o l a t i l i t y  
and p e n e t c a t f o n  i s  Z : S  " 2 ~ ~ 3  ~1 E ' - ~ I Z ~ ~ I L  &z::~es=e ----- i c  ; ~ C ; T , E & D ~ : I : ~  and k i l l i n g  o f  
young grswing ~ i s s u e s ,  1 h ~  I . ipid r f ch  piasma membrane i s  d i s s o l v e d  by 
t o l u e n e  r e a d i l y  and ehus  abcve the c r i ~ i c a l  l e v e l s  of 0,03313 M/i fn aar 
(960 ng/m3),   he plane  growth Is a f f e c t e d  w i t h i n  a few minu tes .  Miwa e t  a l .  
(1946) n s t i e e d  t h a t  +col.ue~~e v a p o r s  damaged t h e  s e m i - p e m a b l l i t y  of t h e  pro- 
toplasm s f  sweet p o r a t c e s  c a u s f n g  d hcrdened omer c o v e r i n g .  

Toluene t o x i c i c y  csn be exp la ined  by i t s  a b i l i t y  t o  d i s s o l v e  o i l y  
m a t e r i a l s  and on 'rhe bss la  of p a r t i & i . c n  c o e f f i c i e n t s  :f t o l u e n e  between o i l s ,  
w a t e r ,  and a i r  o r  s o i l s ,  w a L e r ,  pl.arltsi, and a i r ,  Mechanisms of t o l u e n e  t o x i -  
c i t y  t o  p l a n r s  a r e  s imi la r  r o  chose  of benzene.  P r m g s h e i n  (1930) a l s o  
n o t i c e d  t h a t  taPuene a f f e c t e d  t h e  zntake o f  wa te r  by s e e d s  o f  L i p i n u s ,  - 9  Zea 
and-Pfsum. *Toluene in excess o f  2% of s o i l  weight  t e n d s  t o  k i l l  s e e d s  and 
i n h i b i t  ge rmina t ion .  Another e f f e c t  s f  i o l u e n e  i.s t h e  i n i t i a t i o n  o f  t h e  
o x i d a t i o n  of glu ta th ic ine  by a l i p s x f d a s e  enzyme in ungerminated pea  s e e d s .  
Th is  is  due cc,achange i n  f a t t y  a c f d  s u b s t r a t e  induced by t o l u e n e .  Normally,  
o x i d a t i o n  of gluta-chLone o c c u r s  o n l y  I n  g e r d d s a r e d  s e e d s  (Mapson 1955) .  
Toluene a p p e a r s  t o  e n t e r  the p l a n t  r e a d i l y  p robab ly  t h r o u g h  t h e  s t o m a t a  and 
c u t i c l e  ( C u r r i e r ,  1951) ,  Absorp t ion  o r  p e n e t r a t i o n  sf t o l u e n e  i n t o  p l a n t  
f o l i a g e  w i l l  depend en such  f a c t o x s  a s  L i p i d  make-up of c u t i c l e ,  plasma 
membrane, s u r f a c e  t e n s i o n ,  and r a c e  o f  v a p o r i z a t i o n .  

The impact of  t o i u e n e  contamfna~ted p l a n c s  on humans o r  h e r b i v o r e s  i s  
r e l a t i v e l y  unknown 2nd c n c l e a r -  Nor e m  i t  be  p r e d i c t e d  w i t h o u t  f u r t h e r  
s t u d i e s .  



P l a n t  Uptake 

I n f o r m a t i o n  on t o l u e n e  b ioaccumula t ion  i s  s c a n t y .  Metcal f  and Sanborn 
(1975) b e l i e v e d  t h a t  o r g a n i c  compounds, w i t h  w a t e r  s o l u b i l i t i e s  g r e a t e r  t h a n  
50 mg/l ,  e x h i b i t  l i t t l e  p o t e n t i a l  f o r  a q u a t i c  b ioaccumula t ion .  I n  terres- 
t r i a l  sys tems a l s o ,  t o l u e n e  does  n o t  a p p e a r  t o  be  d i r e c t l y  o r  a c t i v e l y  t a k e n  
up by t h e  p l a n t s  because  of t h e  h i g h  r e a c t i v i t y ,  v o l a t i l i t y ,  and r a p i d  d i s -  
appearance  from t h e  t o t a l  ecosystem.  I n d i r e c t l y ,  t o l u e n e  may p a s s i v e l y  a d s o r b  
on t h e  o r g a n i c s  i n c l u d i n g  r o o t s  o r  f o l i a g e  o r  may p e n e t r a t e  t h e  p l a n t s  by 
v i r t u e  of i t s  d i s s o l v i n g  c h a r a c t e r i s t i c s  and may c a u s e  l o c a l  damage on t h e  
r e a c t i o n  s i t e  by d i s s o l u t i o n  of l i p i d s  and by changing t h e  f a t t y . a c i d  com- 
p o s i t i a n  as w e l l  as o r g a n i c  a c i d  b a l a n c e s .  Toluene i s  absorbed and d e t o x i -  
f i e d  by r o o t s ,  f o l i a g e  a s  w e l l  a s  f r u i t s  (Durmishidze et a l .  1967,  ' 
Tkhe l idze ,  1969, J a n s e n  and Olsen,  1969) .  Russ ian  workers  (Durmishidze e t  a l .  
1976) have e s t a b l i s h e d  t h a t  o r g a n i c  a c i d s  a r e  t h e  p r imary  p r o d u c t s  of c leav-  
a g e  o f  t h e  t o l u e n e  a r o m a t i c  r i n g .  Using r a d i o a c t i v e  l a b e l e d  t o l u e n e ,  t h e s e  
a u t h o r s  found t h a t  c o r n  and bean s e e d l i n g  absorbed  t o l u e n e  more r a p i d l y  t h a n  
t h e  2-yr o l d  p l a n t s  o f  t e a  and g rape .  The t agged  ca rbon  from t o l u e n e  was 
i n c o r p o r a t e d  i n t o  v a r i o u s  o r  a n i c  f r a c t i o n s  of t h e  c e l l s  and some of  t h e  cl' 
l o s t  th rough  r e s p i r a t i o n  as ?'CO2. The o x i d a t i o n  o f  t o l u e n e  and i t s  metabo- 
l i t e s  t o  C02 was more r a p i d  i n  c o r n  and bean s e e d l i n g s  t h a n  p e r e n n i a l  p l a n t s .  
Most 1 4 c  i n c o r p o r a t e d  i n t o  o r g a n i c  a c i d s  s u c h  a s  g l y c o l i c ,  g l y o x a l i c ,  fumar ic ,  
succinZc,  and m a l i c  a c i d s .  Some r a d i o a c t i v i t y  was d e t e c t e d  i n  a r o m a t i c  amino 
a c i d s  ( p h e n y l a l a n i n c a n d  t y r o s i n e ) .  R e g a r d l e s s  o f  t h e  method by which t o l u e n e  
was t a k e n  up by p l a n t  r o o t s  o r  l e a v e s ,  t h e  same m e t a b o l i t e s  were  found i n  a l l  
s p e c i e s .  D i s t r i b u t i o n  o f  t o l u e n e  r a d i o a c t i v i t y  i n  v a r i o u s  s u b c e l l u l a r  f r a c -  
t i o n s  o f  c o r n  l e a v e s  a f t e r  48 houn exposure  a t  21°C i s  shown i n  Tab le  3 . 1  
(Durmishidze e t  a l .  1 9 7 4 ) .  

Tab le  3.1.  D i s t r i b u t i o n  of t o l u e n e  r a d i o a c t i v i t y  i n  v a r i o u s  s u b c e l l u l a r  
f r a c t i o n s  o f  c o r n  l e a v e s .  

cl', % t o t a l  
r a d i o a c t i v i t y  

F r a c t i o n  c14; t o t a l  
r a d i o a c t i v i t y  

Nuc le i  and ce l l  7 . 1  Ribosomes 0.8 
membranes 7 . 1  S o l u b l e  s u b s t a n c e s  54.6  

Plasmids  25.5  
Mitochondria  1 2 . 0  

A s s i m i l a t i o n  of t o l u e n e  i n  p l a n t s  c o n t r i b u t e d  55% t o  s o l u b l e  sub- 
s t a n c e s  and 25.5% t o  p l a s m i d s ,  and remain ing  t6 mit roef iondr ia ,  n u c l e i ,  and c e l l  
membranes, e t c .  The g e n e r a l  pathway of t o l u e n e  metabol ism i n  p l a n t s  i s  
o u t l i n e d  i n  F i g u r e  3 .2  (Durmishidze e t  a l .  1974) .  It i s  t h u s  c l e a r  t h a t  
p l a n t s  can  a s s i m i l a t e  and d e t o x i f y  t o l u e n e  by ' o x i d a t i v e  decomposi t ion.  The 





oxidative-decomposition products  of t o luene  a r e  incorpora ted  i n  t h e  o v e r a l l  
metabol ic  c y c l e  of p l a n t s .  ' 

Toluene i s  metabolized by f r q i t s  of s e v e r a l  p l a n t s  such a s  avocado 
and f r u i t  (Janskn and Olson, 1969).  Tkhel idze (1969) found t h a t  14c 
to luene  was metabolized i n  grape b e r r i e s  dur ing  germinat ion,  growth and 
matura t ion .  An enzyme system i n  p l a n t s  i s  thus  capable  of degrading 
benzene r i n g  and t ransforming aromatic  i n t o  a l i p h a t i c  compounds. In  
summary, t o luene  t h a t  e n t e r s  t h e  p l a n t  system e i t h e r  through r o o t s ,  stems, 
l eaves ,  o r  f r u i t s  is  no t  bioaccumulated o r  t r a n s l o c a t e d  a s  such but  i t  is  
r e a d i l y  metabolized and a s s i m i l a t e d  i n t o  t h e  p l a n t - c e l l  components and 
carbon d ioxide .  The excess  t o luene  d i s s a l v e s  p l a n t  c e l l  l i p i d s  and 
damages o r  k i l l s  t h e  young th s sues  ( l i p i d s  r i c h ,  r a p i d l y  growing mer is te -  
mat ic  c e l l s ) .  



Chapter 4  DECOMPOSITION' STUDIES OF DI N BUTYL PHTHALATE 

MATERIALS AND METHODS 

S o i l s  u t i l i z e d  f o r  v a r i o u s  e x t r a c t i o n ,  b iodegrada t ion ,  and v o l a t i l i z a -  
t i o n  experiments were Davidson c l a y  loam, Lakeland sand, and Norfolk f i n e  
sandy loam. S o i l  c h a r a c t e r i s t i c s  a r e  descr ibed  i n  Table 4.1.  

P h t h a l a t e  Ex t r ac t ion  and Recovery Experiments 

About 20 g  of dry  s o i l  f o r  Davidson c l a y  loam, Lakeland sand ,  Norfolk 
f i n e  sandy loam and pure sand were spiked s e p a r a t e l y  t o  0 ,  1 ,000,  2,000, * . 
4,000, 6,000, and 10,000 pprn di-n-butyl p h t h a l a t e  l e v e l  on a weight b a s i s .  
For sp ik ing  purposes,  2  m l  of 0 ,  10,000, 20,000, 40,000, 60,000, o r  100,000 
pprn s o l u t i o n  of di-n-butyl p h t h a l a t e  i n  80% e thanol  was added t o  each 20 g  
s o i l  sample i n  p l a s t i c  tubes .  Af t e r  thorough mixing and s o i l  c o n t a c t ,  t h e  
samples were e x t r a c t e d  i n  20 m l  of 80% e thano l .  The e x t r a c t  was analyzed 
f o r  p h t h a l a t e  a t  276 nm on an  u l t r a v i o l e t  spectrophotometer .  From t h e s e  
d a t a ,  r e c o v e r i e s  of p h t h a l a t e  e x t r a c t i o n  i n  80% e thano l  were ca l cu la t ed ;  

Since t h e  greenhouse screening  experiments,  i nd i ca t ed  t h e  phyto'toxi- 
c i t y  symptoms a t  2,000 pprn a p p l i c a t i o n  r a t e  most l and  t rea tment  
system would u t i l i z e  an a s s i m i l a t i v e  capac i ty  of 1 ,000 t o  2,000 pprn phtha- 
l a t e  of t h e  s o i l  weight.  Hence, t h e  e x t r a c t i o n  e f f i c i e n c y  of 80% e thano l  
were ex t ens ive ly  s tud ied  a t  l oad ing  range of 1,000 ppm t o  2,000 pprn ( s o i l  
weight b a s i s ) .  

I n  a  second experiment ,  5  g  Davidson c l a y  loam w a s  used and sp iked  
w i t h  di-n-butyl p h t h a l a t e  a t  0  and 1;000 ppm . l eve l .  s e v e r a l  r e p l i c a t i o n s  
were s t a r t e d  a t  a  t ime so t h a t  a f t e r  a thorough mixing and s o i l  c o n t a , ~ t ,  t h e  
samples could be e x t r a c t e d  a f t e r  d i f f e r e n t  shaking pe r iods ,  v i z . ,  0 .5 ,  1 .0,  
2.0, 5.5 and 24  hours  a f t e r  t rea tment  w i t h  2 0  m l  of 80% e thano l .  The 
e x t r a c t s  were analysed f o r  di-n-butyl  p h t h a l a t e  and percent  r e c o v e r i e s  
c a l c u l a t e d  f o r  each shaking t ime.  

I n  a  t h i r d  experiment,  s o i l  sample s i z e  w a s  f u r t h e r  reduced t o  2 g .  
Again t h e  Davidson c l a y  loam was used and a  s o i l  sample was amended wi th  
2,000 pprn of di-n-butyl p h t h a l a t e .  Af t e r  1 hour of s o i l  c o n t a c t  and 
e q u i l i b r a t i o n ,  t h e  s o i l  samples were e x t r a c t e d  wi th  10 m l  of 80% e thano l  
and allowed t o  shake f o r  d i f f e r e n t  t imes ranging between 0 .5 ,  1 . 0 ,  2.0,  
5.5, and 24 hours .  The e x t r a c t s  were analyzed f o r  di-n-butyl p h t h a l a t e  
and t h e  percent  r ecove r i e s  f o r  d i f f e r e n t  shaking pe r iods  were c a l c d a t e d .  
While t h e r e  was some p h t h a l a t e  Leaching from t h e  tubes  t h e  amount was very  
low compared t o  t h e  concen t r a t ions  being u t i l i z e d  i n  t h e  s tudy .  The t o t a l  
e x t r a c t a b l e  p h t h a l a t e , i n  p l a s t i c  tube  amounted t o  6.2 pgLtube which i s  
equ iva l en t  t o  0.31 pprn i n  t h e  e x t r a c t  or. l e s s  than  1% of t h e  amount p re sen t  



Table 4.1. Charac texis t ie  p r o p e r t i e s  of s o i l s  used i n  Di-n-butyl ph tha la t e  
experiments . 

Soi l  Property Davidson Norfolk f i n e  Lake1 and 
c l ay  loam sandy loam sand 

Seventh Approxi- Clayey, Kaolini- Fine loamy Typic Quartzi- 
mate Name t i c ,  thermic s i l i c e o u s ,  psamment , 

(oxidic)  Rhodic , thermic typ ic  thermic coated 
pa leudu t t s  pa leudu t t s  e n t i s o l  

Clay, % 3 0 10 5 

S i l t ,  % 3 0 

Sand, % 4 0 7 5 8 9 

Texture c l a y  loam sandy loam sand 

Bulk dens i ty ,  g /cc  1.13 1.4 1 . 3  

Base s a t u r a t i o n ,  % 7 5 2 5 '20 

Organic ma t t e r ,  % 1 .6  1 . 0  1 .4  

Exch. Ca, meq/100 g 3.0 0.5 1.3 

Exch. Mg, meq/100 g 1 .2  0.7 0.5 

Exch. Na, meq/100 g 0.14 0.02 0.08 

Exch. K, meq/100 g 0 .3  0.02 0.1 

CEC, meq/100 g 8.7 2.6 3.9 



i n  each gram of s o i l .  Thus, t h e  p h t h a l a t e  contaminat ion from tubes  was 
n e g l i g i b l e .  P h t h a l a t e  e x t r a c t i o n  e f f i c i e n c y  of 60% e thano l  was comparable 
t o  t h a t  of 80% e thano l .  

Biodegradat ion Loss Study 

Experiments a t  low a p p l i c a t i o n  r a t e s  were conducted wi th  Davidson 
c l a y  loam and Lakedand sand a t  0, 200, 800 and 1,600 pprn di-n-butyl 
p h t h a l a t e  of s o i l  weight.  About 10  g of  s o i l  (dry weight equ iva l en t )  were 
used f o r  each t rea tment  w i th  6 s e p a r a t e  f l a s k s  t o  a l low d u p l i c a t e  ana lyses  
a t  4 ,  12 ,  and 26 weeks a f t e r  t h e  incubat ion  began. The s o i l  was weighed . 
d i r e c t l y  i n t o  incuba t ion  beakers .  The mois ture  was maintained a t  nea r  
f i e l d  c a p a c i t y , t h a t  i s  60% of s a t u r a t i o n ,  by making up every week t h e  
l o s t  weight due t o  evapora t ion  of water .  To minimize water  l o s s  t h e  beakers  
were covered w i t h  pelefbrated aluminum f o i l ;  Thd i ncuha t ion  was c a r r i e d  
out  a t  room temperature,  21 9 2 ' ~ .  The samples were e x t r a c t e d  wi th  95% 
e thanol  and analysed by U Y - s ~ e ~ t r o ~ h o t o m e t e r  f o r  p h t h a l a t e s  a t  276 nm. 
The UV-spectrophotometric d a t a  were saved f o r  conf i rmat ion  wi th  gas 
chromatographic ana lyses  of t h e  same samples t o  +verify t h e  p h t h a l a t e  
concen t r a t ions  i n  t h e  e x t r a c t  a&T t o  t e s t  t h e  r e l i a b i l i t y  of m-spec t ro -  
photometrfc ana lyses .  These ana lyses  gave a r a t i o  of 1 . 3  9 0.4 f o r  t h e  
DnBP concen t r a t ion  measured by UV t o  t h a t  de t ec t ed  by GC: The UV 
determined concen t r a t ions  were ussd i n  t h e  d a t a  ana lyses .  

Addi t iona l  t r ea tmen t s  were s e t  up wi th  qua r t z  sand a t  200 pprn of 
di-n-butyl p h t h a l a t e  supplement and a t  1 ,600  pprn DnBP i n  a b lank  (no 
s o i l )  t rea tment  s i m i l a r  i n  a l l  o the r  ways t o  t hose  f l a s k s  w i th  s o i l  
samples. D i f f e r e n t  r a t e s  of di-n-butyl p h t h a l a t e  were used i n  p l a n t  
response experiments t o  f i n d  t h e  c r i t i c a l  phyto toxic  l e v e l  (0 ,  200, 
2,000 and 20,000 pprn o f  s o i l )  i l l u s t r a t e d  t h a t  t h e  p h y t o t o x i c i t y  l i m i t  
i s  about 2,000 pprn o r  h ighe r  f o r  most t e s t  spec i e s  (Shea, 1980).  Hence, 
a range of p h t h a l a t e  loading  r a t e  from 0, 1 ,000,  2,000, 4,000, 6,000 and 
10,000 was u t i l i z e d  t o  a s s e s s  p o t e n t i a l  of s o i l  microbes i n  t h e  phyto- 
t o x i c  range. The decomposition k i n e t i c s  a t  h igh  loading  r a t e s  was 
e s p e c i a l l y  i n v e s t i g a t e d  t o  f i n d  ou t  t h e  l e n g t h  of t ime pe r iods  needed 
p r i o r  t o  crop p l a n t i n g  i n  c a s e  of l oad ing  r a t e  o r  a c c i d e n t a l  s p i l l s  i n  
excess  of p h y t o t o x i c i t y  l i m i t s .  

In a s e p a r a t e  experiment,  Davidson c l a y  loam was amended wi th  0, 
1 ,000,  2,000, 4,000, 6,000, and 10,000 pprn of di-n-butyl p h t h a l a t e  and 
t h e  percent  l o s s  of added m a t e r i a l  dur ing  2 ,  4 ,  and 12 weeks of incuba- 
t i o n  was measured by t h e  i n d i r e c t  method of s o i l  e x t r a c t i o n  and de t e r -  
minat ion of remaining p h t h a l a t e  i n  t h e  e x t r a c t  a t  end of each incuba t ion  
per iod .  About 20 g Davidson c l a y  loam (dry weight equ iva l en t )  were ' 

weighed i n  p l a s t i c  tubes  and t r e a t e d  wi th  1,000,  2,000, 4,000, 6,000, 
and 10,000 pprn di-n-butyl p h t h a l a t e .  Af t e r  a thorough mixing t h e  mois- 
t u r e  was brought up t o  60% of s a t u r a t i o n  and incubat ion  was c a r r i e d  out  
a t  room temperature.  Moisture l o s s  was made up by weighing every  o t h e r  



week. Each t rea tment  was r e p l i c a t e d  6 t imes and 2 r e p l i c a t e s  of each 
t rea tment  were analyzed f o r  di-n-butyl phtha1ate  a t  2 ,  4 ,  and 12 weeks 
a f t e r  incubat ion .  The moist s o i l  samples were e x t r a c t e d  w i t h  20 m l  of 
95% e thanol  and d i l u t e d  wi th  80% e thanol  p r i o r  t o  US-speetrophotometric 
a n a l y s i s .  Loss of di-n-butyl p h t h a l a t e  from s o i l s  a s  a func t ion  of 
t ime was c a l c u l a t e d  f o r  each r a r e  of Loading. 

V o l a t i l i z a t i o n  Loss Study 

About PO g each on a d ry  weight b a s i s  of Davidson c l ay  loam and 
Lakeland sand were weighed i n  p l a s t i c  tubes  f o r  t h i s  s tudy and di-n-butyl 
p h t h a l a t e  was added a t  one r a t e ,  2,000 ppm of s o i l  weight .  A s e t  of 
controEs f o r  each s o i l  were s e c  up t o  s u b t r a c t  t h e  background l e v e l s  from 
t r e a t e d  samples. A b l ank . (ns  s o i l )  but  - ~ - i s ~ _ % h e  phehak i i e  content correspond- 
i ng  t o  2,000 ppm l e v e l  xss a l s o  prepared t o  neasure  t h e  p h t h a l a t e  l o s s  
from t h e  incubat ion  system when no s o i l  was p re sen t .  The s o i l  mois ture  
was r a i s e d  t o  80% af  s a t u r a t i o n .  Ihe con ta ine r s  were c o t t o n  ed and 
t h e  s o i l  samples were s t e r i l i z e d  wi th  e thy lene  oxide  a t  1 5  1 pres su re  
f o r  2  days. The incubat ion  was c a r r i e d  out  a t  room temperature.  Dupli- 
c a t e  samples were exerac ted  a t  2,  4 ,  and 12 weeks a f t e r  t h e  incuba t ion  
wi th  25 m l  of 80% e thano l .  The e x t r a c t  was analysed f o r  di-n-butyl t 

p h t h a l a t e  and t h e  percent  recovery of p h t h a l a t e  a f t e r  each incubat ion  
period was c a l c u l a t e d ,  The percent  l o s s  s f  p h t h a l a t e  o r  ga in  of 
p h t h a l a t e  under s t e r i l i z e d  cond i t i ons  was a s ses sed  i n d i r e c t l y  by sub- 
t r a c t i o n  of percent  recovery from t h e  qdded amount taken  a s  100%. 

RESULTS 

Ex t rac t ion  E f f i c i e n c i e s  

Recovery percentages of added p h t h a l a t e  from Davidson c l ay  loam, 
Lakeland sand, Norfolk f i n e  sandy loam, and pure sand a r e  presented  i n  
Table 4.2. The r e c o v e r i e s  a t  a l l  l e v e l s  of amendment ranged from 89 t o  
120%. The p h t h a l a t e  recovery i n  e x c e s s a f  t h a t  from qua r t z  sand can 
be a t t r i b u t e d  t o  n a t i v e  o rgan ic  compounds i n  s o i l  t h a t  adsorb a t  276 nm. 
The d a t a  c l e a r l y  e s t a b l i s h  t h a t  80% e thanol  i s  a  good e x t r a c t a n t  of 
di-n-butyl p h t h a l a t e  and n e a r l y  100% recovery i s  a t t a i n a b l e  a t  1,000, 
2,000, 4,000, 6,000, and 10,000 ppm a p p l i c a t i o n  r a t e s .  Table 4.3 is 
assembled from two s e p a r a t e  experiments which i n d i c a t e  t h a t  recovery 
of added p h t h a l a t e  from Davidsm c l a y  loam i s  unaf fec ted  by ( i )  shaking 
time between 0 .5  and 24 hours ,  ( i i )  amount of s o i l  sample s i z e  f o r  
e x t r a c t i o n  e f f i c i e n c y  t e s t s  and ( i i i )  t h e  amount of p h t h a l a t e  added t o  
s o i l  between 9,000 and l0 ,000  ppm r a t e s  (Table 4 .2) .  The minimum con- 
t a c t  t ime bPtween s o i l  and e thanol  e x t r a c t a n t  was 52 minutes during 
which 30 minutes was i n  shakfng. 

B i  odegradat ion  Rates 

Cumulative l o s s  of di-n-butyl p h t h a l a t e  from Davidson c l a y ,  
Lakeland sand, pure  sand, and blank a t  low a p p l i c a t i o n  r a t e s  (between 



Table  4 .2 .  Recovery of added df-n-butyl  p h t h a l a f e  from s p i k e d  s o i l s  i n  
80% e t h a n o l .  

>k 
So il Back- % r e c o v e r y  o f  added p h t h a l a t e  a t  rates 

ground 
l e v e l ,  P, 000 2,000 4,000 6,000 10,000 

PPm P pm PPm PPm PPm PPm 

Davidson c l  1390 8  9  9  9 9  7  1 0 1  1 0 6  

Lakeland sand I254  120 113 97 9  9  1 0 3  

Norfolk  f s l  676 PO9 103  95 9 9  11 5 

P u r e  sand 6  3  9  5 9  0  9  2  9  6  9 6  

* 
Recovery was c a l c u l a t e d  a f t e r  s u b t r a c t i o n  of t h e  background l e v e l s .  

Tab le  4.3. Recovery of added df-n-butyl  p h t h a l a t e  from s p i k e d  s o i l  
. samples  i n  80% e t h a n o l  a t  d i f f e r e n t  shak ing  t tmes .  

Shaking Time, % r e c o v e r y  s f  added p h t h a l a t e  a t  rates 

h r  1 , 0 0 0  ppm 2,000 ppm 
(5 g  s o i l  used)  (2 g s o i l  used)  

d* 

0 . 5  9 1  (52 min)& 1 0 3  
>k 

1 . 0  94 (82 min) 107 

>k 
96 ( 1 4 2  min) 

- 

* 
T o t a l  c o n t a c t  t ime ,  i n  minu tes .  



200 and 1 ,600  pprn of s o i l  we igh t )  i s  shown i n  Tab le  4.4. At 200 pprn 
a p p l i c a t i o n  r a t e ,  a lmos t  a l l  d i -n-butyl  p h t h a l a t e  was l o s t  w i t h i n  26 weeks 
from Davidson c l a y  loam whereas  l o s s  from Lakeland sand d u r i n g  t h e  same 
p e r i o d  was o n l y  66% of  t h e  added amount. T o t a l  l o s s e s  d u r i n g  26 weeks 
a t  850 and 1 , 6 0 0  pprn a p p l i c a t i o n  r a t e s  ranged between 35 and 43% from 
b o t h  s o i l s ,  There  was no l o s s  o f  d i -n-butyl  p h t h a l a t e  from p u r e  sand a t  
200 pprn a p p l i c a t i o n  rate th roughout  t h e  c o u r s e  o f  s t u d y .  Blank (no s o i l ) ,  
co r responding  t o  1 , 6 0 0  pprn a p p l i c a t i o n  rate i n  s o i l s ,  d i d  n o t  e x h i b i t  any 
l o s s  w i t h  t ime .  It was i n f e r r e d  from t h e s e  exper iments  t h a t  d i -n-butyl  
p h t h a l a t e  l o s s  by v o l a t i l i z a t i o n  was minimum and most o f  t h e  l o s s  occur red  
th rough  b i o d e g r a d a t i o n  i n  s o i l - w a t e r  sys tems .  

B a c t e r f a l  enumerat ion o f  v a r i o u s  p h t h a l a t e  t r e a t e d  s o i l  samples 
a f t e r  90 days  o f  i n c u b a t i o n  i n d i c a t e d  a d e c r e a s e  i n  b o t h  s o i l s  a t  1 ,600  
pprn PAE t r e a t m e n t .  Blanks (no s o i l )  c o n t a i n e d  10,000 b a c t e r i a  p e r  m l  
w h i l e  c o n t r o l  Davidson c l a y  loam c o n t a i n e d  5 . 3  x  l o 5  and c o n t r o l  Lakeland 
sand 3 .3  x l o 5 .  A p p l i c a t i o n  o f  PAE a t  800 pprn l e v e l  t o  Lakeland sand d i d  
n o t  i n f l u e n c e  s o i l  b a c t e r i a l  p o p u l a t i o n  a p p r e c i a b l y ,  whereas t h e  popula- 
t i o n  of Davidson c l a y  loam was more s e n s i t i v e  to p h t h a l a t e  a p p l i c a t i o n ,  
even a t  200 pprn r a t e .  Data on b a c t e r i a l  enumerat ion f o r  v a r i o u s  t r e a t - .  
ments i s  p r e s e n t e d  i n  Tab le  4.5.  Glucose t r e a t m e n t  o f  Davidson c l a y  loam 
a t  800 and 1 ,600  pprn r a c e s  i n c r e a s e d  t h e  b a c t e r i a l  coun t  i n  s o i l ,  b u t  as 
a r e s u l e  of this a c t i v i t y ,  no p h t h a l a t e  was d e t e c t e d  d u r i n g  t h e  s o i l  
metabolism. 

I A t  h i g h  a p p l i c a t i o n  r a t e s  (between 1 ,000 and l0,OQO ppm of s o i l  
I w e i g h t ) ,  cumula t ive  l o s s  of d i -n-butyl  p h t h a l a t e  ranged between 18-24% 

of  t h e  added amount o v e r  1 2  week i n c u b a t i o n  p e r i o d  (Table  4 .6 ) .  These . 
r e s u l t s  a g r e e  w i r h  the 800 and 1 ,600  pprn di -n-butyl  p h t h a l a t e  s t u d i e s  
conducted o v e r  t h e  26 week p e r i o d  b u t  n o t  w i t h  t h e  200 pprn i n v e s t i g a t i o n .  
Thus below a c e r t a f n  s o i l  l e v e l  below go0 pprn t h e  decompos i t ion  r a t e  may 
be  g r e a t e r  t h a n  t h a t  above 800 ppm. No t r e n d  was e v i d e n t  w i t h  r e s p e c t  
t o  t h e  r a t e  of p h t h a l a t e  a p p l i c a t i o n  and p e r c e n t  of added p h t h a l a t e  l o s s  
from amended s o i l s  above 800 ppm. The h a l f - l i f e  o f  added p h t h a l a t e s  may 
be  c l o s e  t o  4  months i n  Davidson c l a y  loam and 8  months i n  Lakeland sand 
f o r  a l l  r a t e s  of a p p l i c a t $ o n  above 800 pprn i n  s o i l s .  At lower  rates o r  
w f t h  r e p e a t e d  a p p U c a t j o n s  a f t e r  a p h t h a l a t e  u t i l i z i n g  p o p u l a t i o n  is  
e s t a b l i s h e d ;  t h e r e  is  c o n s i d e r a b l e  p o s s i b i l i t y  t h a t  h a l f - l i v e s  of di-n- 
b u t y l  p h t h a l a t e  may b e  c o n s i d e r a b l y  s h o r t e r .  

V o l a t i l T z a t i o n  Loss R a t e s  and Exten t  

An i n v e s t i g a t i o n  o f  the e x t e n t  o f  p h t h a l a t e  v o l a t i l i z a t i o n  l o s s e s  
o r  g a i n s  from s o i l s  o v e r  2 ,  4 ,  and 1 2  week p e r i o d  i s  p r e s e n t e d  i n  Tab le  
4 . 7 .  P h t h a l a t e  l o s s  d i d  n o t  exceed 5 .6% of added amount i n  any c a s e  and 
a t  any t ime  under  t h e  i n c u b a t i o n  c o n d i t i o n s .  I n  b o t h  s o i l s ,  i n c u b a t i o n  
under s t e r i l i z e d  c o n d i t i o n s  l e d  t o  g a i n s  of p h t h a i a t e  i n  n e g l i g i b l e  
amounts p robab ly  from t h e  c o n t a i n e r  o r  s o i l  t h a t  d i d  c a r r y  o rgan ic .  sub- 
s t a n c e s  p e c u l i a r  t o  p h t h a l a t e  a b s o r p t i o n  peak a t  276 nm. The p h t h a l a t e  
g a i n s  were r e l a t i v e l y  small, r a n g i n g  f r o m . 2 . 5  t o  6.3% o f  t h e  added 



Table 4 .4 .  Loss of di-n-butyl p h t h a l a t e  from Davidson c l a y  loam, 
Lakeland sand, qua r t z  sand, and blank a t  low a p p l i c a t i o n  
r a t e s  over 12  and 26 weeks of incubat ion .  

Bh tha l a t e  Appl ica t ion  Rate Loss of Di-n-butyl P h t h a l a t e  
(% of added amount) 

f 

ppm, s o i l  weight 12 weeks 2 6 weeks 

Davidson c l a y  loam 

Lakeland sand 

200 

800 

1,600 

Quartz sand 

200 

Blank (no s o i l )  

1 ,600 



Table 4.5.  B a c t e r i a l  counts  i n  s o i l  and blank samples t r e a t e d  w i t h  
p h t h a l a t e  (Di-n-butyl) and glucose.  

Treatment B a c t e r i a l  Number/g s o i l  

Di-n-butyl p h t h a l a t e  t rea tments :  

Davidson c .1.  c o n t r o l  

Davidson c.1.  + 200 pprn Di-n-BP 

6.4 x 10  
5 

Davidson c.1. + 800 pprn Di-n-BP 

2.9 x 10  
5 

Davidson c .1 .  + 1,600 pprn Di-ndBP 

No s o i l  + 1,600 ppm Di-n-BP 1 . 0  x 10 
4 

3 .3  x 1 0  
5 

Lakeland s. c o n t r o l  
I 

, 3 .1  x 10  5 
Lakeland s .  + 200 pprn Di-n-BP 

Lakeland s .  + 800 pprn Di-n-BP 

Lakeland s. + 1,600 ppm Di-n-BP 3.5 x 1 0  
4 

Glucose t rea tments :  

Davidson c .1 .  + 200 ppm Glucose 4.2 x 1 0  
5 

Davidson c .1.  + 800 ppm Glucose 8 .5  x 10  
5 

8 .6  x 1 0  
5 

Davidson c .1.  + 1,600 pprn Glucose 

9 x 10  
5 

I n i t i a l  count i n  Davidson c .1.  

1 x l o  7 
I n i t i a l  count i n  Lakeland s. 



Table 4.6.  Loss of di-n-butyl p h t h a l a t e  from Davidson c l a y  loam a t  
a p p l i c a t i o n  r a t e s  ranging from:1,000 t o  10,000 ppm of s o i l  
weight .  

P h t h a l a t e  a p p l i c a t i o n  Loss of Di-n-butyl p h t h a l a t e  i n  (% of added 
r a t e  (ppm of s o i l  amount ) 
weight) 

2 weeks 4 weeks 12  weeks 

Table 4.7 .  Extent  of di-n-butyl p h t h a l a t e  l o s s  and ga in  under s t e r i l i z e d  
cond i t i ons  from s o i l s  spiked wi th  2,000 ppm di-n-butyl 
ph tha l a t e .  

S o i l  Treatment Re la t ive  l o s s  o r  ga in  of p h t h a l a t e  
(% of added amount) over :  

2 weeks 4 weeks 12  weeks 

1. Davidson c .1.  + 
2,000 ppm DaBP +4 -3.1 +2.5 

2. Lakeland sand + 

2,000 ppm DnBP +3.1 -5.6 +6.3 

68 



amount. Thus v o l a t i l i z a t i o n  l o s s e s  o r  ga ins  under chemical s t e r i l i z a -  
t i o n  w i t h  e thylene  oxide were n e g l i g i b l e  because t h e s e  f a l l  w i th in  t h e  
range of v a r i a b i l i t y  i n  measurements. 

SUMMARY 

Input  of p h t h a l a t e  a c i d  e s t e r s  (PAW) i n t o  s ludges  and s o i l s  has 
increased  s t e a d i l y  w i t h  use  of p l a s t i c i z e r s .  The o b j e c t i v e s  of t h e  p re sen t  
s tudy  were (5) t o  determine t h e  e x t r a c t i o n  recovery of PAEs from s o i l s ,  
and ( i i )  t o  f i n d  out  t h e  p o t e n t i a l  r a t e s  of PAE degrada t ion  and l o s s  
from s o i l  environment. The e x t r a c t i o n  was c a r r i e d  out  w i th  80% e thanol  
and p h t h a l a t e s  were determined by W spectrophotometry. P h t h a l a t e  re -  
covery from spiked s o i l s  ranged from 80-120% of t h e  amount i n  va r ious  
s o i l s  . 

A s e r i e s  of l a b o r a t o r y  incubat ion  experiments were conducted under 
n a t u r a l  and s t e r i l i z e d  s o i l  condi t ions .  Loss of PAE was measured from 
Davidson c l a y  loam and found t o  be 18  t o  34% of t h e  added amount (1,000 
t o  10,000 ppm of s o i l  weight)  over  a  12  week per iod .  I n  another  experi-  
ment a t  800 and 1,600 ppm a p p l i c a t i o n  r a t e ,  t h e  l o s s  r a t e s  ranged from 
35 t o  43% of added amount over a  26 week incubat ion  per iod .  The 
p h t h a l a t e  l o s s  w a s  p r imar i ly  due t o  b i o l o g i c a l  decomposition. Up t o  
800 ppm, t h e r e  was no evidence of p h t h a l a t e  l i m i t i n g  b a c t e r i a l  popula- 
t i o n  but  a t  1,600 ppm, b a c t e r i a l  number decreased t o  one - f i f t h  and one- 
e igh th  of t h e  o r f g i n a l  popula t ion  i n  c o n t r o l  samples. There was no 
evidence of p h t h a l a t e  l o s s  by v o l a t i l i z a t i o n  under s t e r i l i z e d  o r  un- 
s t e r i l i z e d  s o i l  condi t ion .  



Chapter 5 DECOWOSITION STUDIES OF 2,4-DINITROPHENOL 

MATERIALS AND METHODS 

The s o i l s  used f n  these. experrnents  wi th  d i n i t r s p h e n o l  were Davidson c l a y  
loam and Lakeland q ~ n d ,  The c h a r s e t c r i s k i c s  of ehese s o i l s  a r e  given i n  Table 
4  The mofst s e n l s  were g-raund, homogenized and s ieved  p r i o r  t o  each 
experiment,  

k i s t  Davidson c l a y  Goam (24.5X mois ture )  was weighed i n t o  p l a s t i c  tubes  i n  
amounts equivalent ta 10 g d r y  weight. From. t h e  greenhouse screening  exper i -  
ments, i t  was esncLuded t h a t  t h e  2,4-Dm a f f e c t e d  p l a n t  growth a t  concen t r a t ions  
a s  low as 10  ppm and g m m h  sr many c e s t  c rops  was seve re ly  r e s t r i c t e d  a t  100 
ppm o r  hfgh-ee, Hence t h e  soi;  samples were t r e a t e d  f n  d u p l i c a t e  w i th  0 ,  5 ,  1 0 ,  
20, 50, and 100 ppm Dm cn a d r y  s o i l  wefght b a s i s ,  The samples were mixed 
thoroughly f o r  u n f f o m f t v  o f  each t rea tment ,  Afzer 24 hours  of t r ea tmen t ,  t h e  
samples were ex t r ac t ed  w i t h  20 ELL c f  95% arhanol  by means of a  c e n t r i f u g e .  The 
superna tan t  was analyzed f a r  2 ,4-dinf trophenol  by u l t r a v i o l e t  spectrophotometry 
a t  255 and 360 nm and a l s o  by h igh  p re s su re  l i q u i d  chromatography (HPLC). 
Exeraet ion e f f i c i e n c y  o f  95% erhanol  f o r  D I P  from s o i l s  was c a l c u l a t e d  from 
t h e s e  d a m ,  

Determination of 2,4-DNP Loss With M o i s ~  F i e l d  S o i l  

Moist Davfdson clay ham was veighed i n t o  p l a s t i c  tubes  i n  amounts equiva- 
l e n t  t o  4 g  dry weight, The foPdowing t rea tments  were s e t  up wi th  6 r e p l i c a t e s .  

1, S o i l  c o n t r o l  
2. S o f l  9 5 ppm DNP 
3 ,  Sof l  8 12.5 ppm DNP 
4. S o i l  8 25 ppm DNP 
5, S o u  -+ 50 ppm DNP 
6, Blank (no s o i l )  w i th  same t rea tment  a s  5 .  

The s o i l  mois ture  i n  each t rea tment  was r a i s e d  t o  80% of s a t u r a t i o n  and 
incubat ion  cmrr5ed o u t  a t  room temperature,  20 + 5OC. The tubes  were covered 
wi th  pe r fo ra t ed  pa ra f i lm  t o  a l low a e r a t i o n .  The moisture l o s s e s  were made up 
every o t h e r  week and mo%sture f l u c t u a t i o n s  ranged between 40% and 80% of 
s a t u r a t i o n  m f s t u r e  during the  t e n u r e  s f  experiment. The samples were 
ex t r ac t ed  4 ,  1 2 ,  24, and 36 sveeks a f t e r  incubat ion  wi th  95% e thanol .  The 
e x t r a c t s  were analyzed by UV-spectrsphotometry a t  360 nm and 255 nm f o r  2,4-  
DNP. Afeer app ropr i a t e  adjustments  f o r  t h e  e x t r a c t i o n  e f f i c i e n c y ,  t h e  q u a n t i t y  
of DNP Post over  each incubat ion  per iod  was c a l c u l a t e d ,  

Determination cf 2,4-DNP Loss With S t e r i l e  S o i l s  

En t h i s  experiment,  both Davidson c l a y  loam and Lakeland sand were u t i l i z e d .  
About 5 g  dry weight equ iva l en t s  s f  each s o i l  were placed i n  t h e  p l a s t i c  cen- 
t r i f u g e  tubes ,  The r rea tments  were: 



1, Davidson eel. c o n t r o l  
2 ,  Davfdson c o l a  9- 3-00 ppm DNP 
3 .  Lakeland s. csnc ro l  
4 .  Lakeland s .  + PO0 ppm DNP 
5. No s o i l  + same t rea tment  a s  2  and 4. 

Each t rea tment  was r e p l i c a t e d  6 rimes t o  a l low d u p l i c a t e  ana lyses  a t  2,4 and 12  
weeks a f t e r  i n c u b a ~ i o n ,  The tubes  were co t ton  plugged and t h e  t r e a t e d  s o i l  
samples were s t e r i l i z e d  chemical ly wi th  e thy lene  oxide  a t  15 l b s  p r e s s u r e  f o r  2  
days. The incubat ion  was c a r r i e d  out at room temperature.  A t  t h e  end of each 
incubat ion  per iod ,  d u p l i c a t e  samples were e x t r a c t e & w i t h  25 ml of 95% e thanol .  
The e x t r a c t  was analysed on a UV-spectrophotometer a t  app ropr i a t e  wavelengths 
f o r  2,4-DNP, The Boss s f  Dm from s o i l s  under chemical ly s t e r i l i z e d  cond i t i on  was 
ca l cu la t ed  from t h e s e  d a t a ,  

RESULTS 

Ex t rac t ion  E f f i c i e n c i e s  

Recoveries of 2 ,4-dinf trophenol  (DNP) from Davidson c l a y  loam (amended wi th  
5, 10 ,  20, 50, and 100 ppm) a r e  presented  i n  Table 5.1.  The same e x t r a c t  i n d i c a t e s  
a  range of r ecove r i e s  by t h e  3 me~hods  of de te rmina t ion .  Analyses by HPLC d id  not  
e x a c t l y  reproduce t h e  recovery d a t a  by UV-spectrophotometry a t  e i t h e r  wavelength. 
For HPLC, t h e  range s f  DNP recovery from s o i l s  was l a r g e ,  83 t o  120%, which in- 
c r eases  ~ 5 t h  inc reas ing  r a t e  of DNP app l i ca t ion .  The d a t a  on DNP recovery per- 
centages by UV-spectrophotometry, a t  255 nm h were most c o n s i s t e n t  ranging from 
81  t o  112% a t  each loading  r a t e .  Recovery percentages of DNP c a l c u l a t e d  from d a t a  
obtained by UV-spectrophotometry a t  360 nm were a l s o  c o n s i s t e n t  ranging between 
90 and 120% of added amount w i th  no c l e a r  t r end  r e l a t i v e  t o  t h e  r a t e  of DNP added 
t o  s o i l .  The e x t r a c t i o n  e f f i c i e n c y  was a t t a i n a b l e  by UV-spectrophotometry a t  255 
nm and 360 nm, which i s  confirmed by HPLC recovery d a t a  a l s o .  

Loss,R%tes of 2,4-Diaitrophenol from S o i l s  

A t  5 ,  12.5, 25, and 50 ppm a p p l i c a t i o n  r a t e s  of DNP t o  Davidson c l a y  loam, 
t h e  % Essses over d i f f e r e n t  incubat ion  pe r iods  a r e  presented  i n  Table 5.3. 
~ i g h e s t  r a t e s  of l o s s  occurred dur ing  f i r s t  4  o r  12  weeks. There were substan-  
t i a l  l o s s e s  of DNP from blanks a s  w e l l ,  ranging from 40% of added amount i n  1 2  
weeks t a  49% of added amounts i n  24 weeks. Losses of DNP from s o i l s  always 
exceeded t h e  no-so i l  blanks.  From t h i s  i t  could be  i n f e r r e d  t h a t  a t  l e a s t  one 
ha l f  of DNP was l o s r  by mechanisms o t h e r  than  s o i l  microorganisms dur ing  t h e  
incuba t ion  per iod  s f  24 weeks. 

I n  o rde r  t o  f fnd  t h e  ex t en t  of DNP l o s s  r a t e s  by nonbio logica l  r o u t e s  such 
a s  chemical and phys i ca l  r o u t e s ,  t h e  r e s u l t s  of an experiment conducted under 
s t e r i l e  cond i t i ons  a r e  presented  i n  Table 5.3.  A t  100 ppm a p p l i c a t i o n  r a t e s ,  
t h e  chemical and phys i ca l  l o s s  r a t e s  of DNP from Davidson c ; l .  and Lakeland s. 
were of t h e  o rde r  of 92.5% and 90.8% of t h e  added amount, r e s p e c t i v e l y ,  during 
f i r s t  2 weeks of  incubat ion  under s t e r i l i z e d  cond i t i ons .  These high r a t e s  of 
DNP l o s s  from both s o i l s  were r ep roduc ib l e  a t  4  and 12  weeks of incubat ion  and 



Table 5.1.  Recovery of added DNP from Davidson c l a y  loam. 

Tr eatxiiiit ' %  recovery from s o i l  by 
wi th  DNP UV (360 nm) UV (255 nm) HPLC 

S o i l  + 5 ppm 120 112 100 - 120 

S o i l  8 1 0  ppm 9 0 

S o i l  $. 20 ppm 100 

S o i l  -b 50 ppm 108 

S o i l  + 100 ppm 104 8 1 102 

Table 5.2. Loss of DNP from Davidson c l a y  loam under n a t u r a l  ( u n s t e r i l i z e d  
eondf t ions .  

Treatment Percent  of added amount l o s t  over  
wi th  DNP 4 weeks 12  weeks 24 weeks 

S o i l  9 5 ppm 40 - 65 

S o i l  + 12.5 ppm 62 - 66 

S o i l  + 25 ppm 65 - 68 

S o i l  + 50 ppm 70.5 - 71.5 8 7 82 

Blank 8 200 ug 0 4 0 4 9 

Table 5.3. Loss of DNP from Davidson c l a y  loam and Lakeland sand under 
s t e r i l i z e d  cond i t i ons .  

Treatment Percent  of added amount l o s t  over  
2 weeks 4 weeks 12 weeks 

5 g. Davidson c.1. + 500 pg DNP 92.5 

5 g Lakeland s. + 500 ug DNP 90.8 

No s o i l .  8 500 p g  DNP 



were considered ab ioIogica1 .  Since DNP is  a  we l l  known f o r  i t s  capac i ty  t o  
i n h i b i t  r e s p i r a t i o n  a s  an uncoupler of o x i d a t i v e  phosphorylat ion and, whi le  
a  s i n g l e  molecule of DNP would c a r r y  on i t s  uncoupling func t ion  r epea t ed ly ,  t h e  
mechanisms of chemical and/or  phys i ca l  l o s s  of DNP from s o i l s  a s  a func t ion  of 
t h e  a r e  r e l a t i v e l y  unknown. But h igh  l o s s e s  dur ing  f i r s t  2 t o  4  weeks suggest  
d i r e c t  o r  i n d i r e c t  adso rp t ion ,  photo-oxidation,photoreduction,and/or hydrolys is .  
These a r e  a  few hypo the t i ca l  explana t ions  f o r  h igh  l o s s e s .  No d i r e c t  evidence 
of v o l a t i l i z a t i o n  e x i  sts i n  l i t e r a t u r e  (Versar,  Inc.  1979).  

As an  uncoupler of ox ida t ive  phosphorylat ion i n  t h e  r e s p i r a t i o n  process ,  
DNP is t o x i c  t o  s o i l  microorganisms a s  we l l  a s  p l a n t  r o o t s .  The concentra- 
t i o n s  as low a s  1 0  ppm may prevent  ox ida t ive  phosphorylat ion and y e t  s t i m u l a t e  
t h e  r a t e  of oxygen consumption. 

The r e l a t i v e l y  r a p i d  l o s s  of 2,4 DNP wi th  a  s t e r i l e  s o i l  i n d i c a t e s  t h e  
chemical,  pho to lys i s  and poss ib ly  v o l a t i l e  pathways a r e  t h e  major mechanisnl. 
f o r  l o s s .  Since t h e  no s o i l  experiment y ie lded  about a  50% l o s s  of DNP then  
pho to lys i s  i s  l i k e l y .  The f a c t  t h a t  t h e  l o s s e s  wi th  s t e r i l e  s o i l s  exceeded 
those  wi th  moist s o i l s  may i n d i c a t e  some b i o l o g i c a l  binding of 2,4 DNP which 
reduces t h e  a b i o l o g i c a l  pathway f o r  l o s s .  



Chapter  6  - PHYTOTOXECITY STUDIES OF TOLUENE, DL-n-BUTYL FHTHALATE 
AND 2,4-DINPTROPHENOL APPLIED TO CORN, SOYBEAK, AND FESCUE 

Toluene,  d i -n-butyl  p h t h a l a t e ,  and 2 , 4 - d i n i t r o p h e n o l  were  a p p l i e d  
t o  Lakeland sandy loam and Davidson c l a y  s o i l s  and t h e  e f f e c t s  of t h e  
chemica l s  on t h e  g e r m i n a t i o n  and growth o f  c o r n ,  soybean, and f e s c u e  
were measured.  Measurements were a l s o  made on t h e  e f f e c t s  of t h e  chemica l s  
a p p l i e d  t o  t h e  f o l i a g e  of t h e  t h r e e  c rop  p l a n t s .  

MATERIALS AND METHODS 

Soi l -Appl ied S t u d i e s  

Toluene and di -n-butyl  p h t h a l a t e  were  a p p l i e d  t o  and mixed w i t h  433 g  
of Lakeland o r  524 g  of Davidson s o i l  ( d r y  w e i g h t s )  a t  r a t e s  of 0  ppm, 
200 pprn ( 0 . 1  m l ) ,  2,000 pprn (1.0 m l ) ,  and 20,000 ppm (10 ml ) .  Dry c r y s t a l -  
l i n e  2 , 4 - d i n i t r o p h e n o l  was added t o  and mixed w i t h  400 g  ( d r y  w e i g h t )  o f  
each  of t h e  s o i l s  a t  r a t e s  of 0  ppm, 1 0  pprn (4  mg), 20 pprn (8 mg), 40 pprn 
(16 mg), 80 pprn (32 mg), and 100  pprn (40 mg). The s o i l s  were  added t o  
s ty rofoam p o t s  and immediate ly  p l a n t e d  w i t h  4  c o r n  (Zea mays L. ' P i o n e e r ' ) ,  - 
6  soybean (Glyc ine  - max L. 'Ransom'), and 1 . 5  cm3 t a l l  f e s c u e  ( F e s t u c a  
a r u n d i n a c e a e  L. 'Kentucky 3 1 ' )  s e e d .  Ten m l  of f u l l  s t r e n g t h  Hoagl3nd's  
n u t r i e n t  s o l u t i o n  were added t o  t h e  s o i l s  i n  each  p o t  weekly.  P l a n t s  
were measured and h a r v e s t e d  a t  t h e  end o f  3 weeks. 

Lakeland s o i l  had a  n a t i v e  pH o f  4.0 and a  pH of 5 .5  t o  6 .0  when 
l imed w i t h  Ca C o g .  Davidson s o i l  had a  n a t i v e  pH of 4.5 t o  5.0.  

Fol iage-Appl ied S t u d i e s  

5 
Corn, soybean,  and f e s c u e  were seeded  as d e s c r i b e d  p r e v i o u s l y .  At 2  

weeks a f t e r  p l a n t i n g ,  t o l u e n e ,  a t  rates of 0 ,  1 0 ,  100,  and 1 , 0 0 0  kg /ha  
(based on  a p o t  a r e a  o f  56.7 cm2), i n  3 m l  of w a t e r  ( p l u s  2  d r o p s  o f  
"Tween 20" s u r f a c t a n t )  was a p p l i e d  t o  t h e  f o l i a g e  o f  a l l  t h r e e  c r o p s  and  
d i -n -bu ty l  p h t h a l a t e ,  a t  t h e  same rates, i n  6  m l  o f  w a t e r  ( p l u s  "Tween 
201"), was a p p l i e d  t o  t h e  f o l i a g e  o f  c o r n  and soybean. 2 , 4 - d i n i t r o p h e n o l ,  
a t  r a t e s  o f  0 ,  2,  4 ,  6 ,  8 ,  and 1 0  kg /ha ,  i n  1 0  m l  o f  w a t e r ,  was a p p l i e d  
t o  t h e  f o l i a g e  o f  a l l  t h r e e  c r o p s .  Two weeks a f t e r  chemical  t r e a t m e n t  
t h e  c rop  p l a n t s  were  h a r v e s t e d  and f o l i a g e  and r o o t  measurements were  t a k e n .  

RESULTS AND DISCUSSION 

Soi l+Appl ied S t u d i e s  

Toluene a p p l i e d  t o  t h e  s o i l  d e c r e a s e d  t h e  ge rmina t ion  of t h e  i n i t i a l  
p l a n t i n g  of c o r n  and soybean a t  r a t e s  of 2 ,000 and 20,000 pprn b u t  had no 
e f f e c t s  a t  t h e  lower r a t e s  o f  a p p l i c a t i o n  (Table  6 . 1 ) .  Toluene had no 
e f f e c t  on  g e r m i n a t i o n  of t h e  second p l a n t i n g  of t h e  two s p e c i e s  and had 
p robab ly  v o l a t i l i z e d  from t h e  s o i l  by t h a t  t i m e .  



Table 6.1. E f fec t  of t o luene ,  di-n-hutyl p h t h a l a t e ,  and 2,4-gini t rophenol  
incorpora ted  i n  Lakeland sandy loam s o i l  (unlimed) on germi- 
n a t i o n  of corn  and soybean seed.  

% ~ e r m i n a t i o n '  

Corn Soybean 

Rate I n i t i a l  second2 I n i t i a l  second2 
Chemical (ppm) P l a n t i n g  P l a n t i n g  P lan t ing  P lan t ing  

Toluene 

Di-n-butyl 
p h t h a l a t e  

2 ,4-d in i t ro-  
phenol 

1 
Means of d u p l i c a t e  s t u d i e s  f o r  t o luene  +ad 2,4-dini t rophenol  on corn 
and soybeans, and di-n-butyl p h t h a l a t e  on corn ,  and s i n g l e  s tudy  f o r  
di-n-butyl p h t h a l a t e  on soybean. 

2 
The second p l an t ing  was made 3 weeks a f t e r  chemicals were app l i ed  t o  
t h e  s o i l .  



Di-n-butyl p h t h a l a t e  app l i ed  t o  t h e  s o i l  g r e a t l y  decreased soybean 
seed germinat inn i n  both p l a n t i n g s  a t  a l l  t h r e e  r a t e s  of a p p l i c a t i o n  but  
had no e f f e c t  on t h e  germination of corn (Table 6 .1) .  Since t h e  
chemical a f f e c t e d  t h e  germinat ion of t h e  second p l a n t i n g  of soybean, i t  
was appa ren t ly  s t i l l  present  i n  t h e  s o i l  i n  a  b i o l o g i c a l l y  a v a i l a b l e  form 
a t  t h e  end of t h e  3  week per iod .  

2 ,4-dini t rophenol  app l i ed  t o  t h e  s o i l  decreased germinat ion of bo th  
p l an t ings  of corn  a t  r a t e s  of 60, 80, and 100 pprn (Table 6 .1 ) .  The 
chemical decreased soybean seed germinat ion a t  r a t e s  a s  low a s  20 ppm, i n  
t h e  second p l a n t i n g ,  and completely k i l l e d  soybean seeds  a t  r a t e s  of 80 
and PO0 ppm, i n  t h e  f i r s t  p l an t ing .  

Di-n-butyl p h t h a l a t e  app l i ed  t o  s o i l  s i g n i f i c a n t l y  decreased t h e  
growth of corn and soybean by 29 t o  80% a t  r a t e s  of 200 pprn and higher,  
and decreased t h e  growth of f e scue  by 56 t o  89% a t  r a t e s  of 2,000 pprn and 
h igher  (Table 6 .2) .  The chemical appeared t o  be equa l ly  e f f e c t i v e  i n  
both s o i l s ,  bu t  was s i g n i f i c a n t l y  more p e r s i s t e n t  i n  t h e  Davidson s o i l  
than  i n  t h e  lirqed Lakeland s o i l .  

Di-n-butyl p h t h a l a t e  app l i ed  t o  Lakeland sandy loam s i g n i f i c a n t l y  
i n h i b i t e d  t h e  h e i g h t ,  f r e s h  top  weight ,  and f r e s h  r o o t  weight of corn a t  ' 

r a t e s  of 200 pprn and h ighe r  (Table 6 .3) .  P l an t  growth i n h i b i t i o n  was 
r e l a t i v e l y  s im5lar  f o r  a l l  r a t e s  of t h e  chemical and ranged from 1 3  t o  
24% i n h i b i t i o n  of p l a n t  h e i g h t ,  30 t o  47% i n h i b i t i o n  of f r e s h  t o p  weight ,  
and 26 t o  44% i n h i b i t i o n  of f r e s h  r o o t  weight.  I n h i b i t i o n  was h ighes t  
a t  t h e  h ighes t  concent ra t ion  app l i ed ,  however. 

Toluene app l i ed  t o  Lakeland sandy loam (limed) and Davidson c l a y  s o i l s  
i n h i b i t e d  corn and soybean growth i n  t h e  i n i t i a l  p l a n t i n g  a t  t h e  20,000 
ppm r a t e  only  and d id  no t  s i g n i f i c a n t l y  a f f e c t  t h e  growth of f e scue  
(Table 6.4) .  Rates  a s  low a s  200 pprn to luene  i n h i b i t e d  growth of corn  on 
t h e  Davidson s o i l ,  but  even t h e  h ighes t  r a t e  of 20,000 pprn had l i t t l e  o r  
no e f f e c t  on growth of sbybean o r  f e scue  on t h i s  s o i l .  Toluene had no 
s i g n i f i c a n t  e f f e c t s  on t h e  growth of t h e  c rops  i n  second p l a n t i n g s .  

2 ,4-dfni t rophenol  app l i ed  t o  Lakeland sandy loam s o i l  s i g n i f i c a n t l y  
d e c r e a e d . t h e  growth of corn and f e scue  i n  i n i t i a l  p l a n t i n g s  by 25 and 11%, 
r e s p e c t i v e l y ,  a t  r a t e s  a s  low a s  20 pprn (Table 6 .5) .  Increased  r a t e s  
decreased p l a n t  growth p ropor t iona te ly  and r a t e s  a s  low a s  60 pprn com- 
p l e t e l y  k i l l e d  soybean p l a n t s .  Liming t h e  Lakeland s o i l ,  g r e a t l y  and 
s i g n i f i c a n t l y ,  decreased phy to tox ic i ty  of t h e  chemical t o  corn  and f e scue  
b u t  d id  no t  have a  s i g n i f i c a n t  e f f e c t  on soybean. The chemical was a l s o  
s i g n i f i c a n t l y  l e s s  t o x i c  t o  t h e  crops i n  t h e  Davidson s o i l  a s  compared 
wi th  Lakeland. Each succes s ive  p l a n t i n g  of crop's was l e s s  a f f e c t e d  by 2,4- 
d in i t ropheno l  demonstrat ing t h a t  t h e  chemical degraded o r  somehow became 
l e s s  t o x i c  w i th  t ime. 



Table  6.2.  E f f e c t s  o f  s o i l - a p p l i e d  di -n-butyl  p h t h a l a t e  on f r e s h  t o p  
w e i g h t s  of c o r n ,  soybean,  and f e s c u e  grown i n  Lakeland 
sandy loam ( l imed)  and Davidson c l a y  s o i l s  ( a t  3  weeks a f t e r  
p l a n t i n g ) .  

Chemical I n i t i a l  P l a n t i n g  Second P l a n t i n g  
S o i l  Ra te  Corn Soybean Fescue Corn Soybean Fescue 
Type ( P P ~  ( g  1 (g)  (g 1 (i3 1 (g1 ( g )  

Lakeland 0  15.1a1 4 .2a  0.9b 18.7a  3.8a 2 . l a  
2  00 8.4b 3 .0ab 1 . 2 a  17.2a  2 .8a  1 .9a  

2,000 3.  Oc 2.7ab 0 . 4 ~  1 9 . l a  3 .9a  1 . 8 a  
20,000 3 . 2 ~  1 . 6 b  O.ld 1 9 . l a  4 . l a  1 , l b  

Davidson 0  9.6a 
2  00 7.4b 

2,000 4 . 2 ~  
20,000 3 ,  oc 

1 
Treatment means w i t h i n  a coEumn fo l lowed  by t h e  same number are n o t  s i g n i -  
f i c a n t l y  d i f f e r e n t  a t  t h e  5% l e v e l ,  a s  determined by Duncan's m u l t i p l e  

I r a n g e  t e s t .  

2 ~ r r e g u l a r  g e r m i n a t i o n  and growth p rec luded  measurements. 

Table  6.3. E f f e c t s  of df-n-butyl  p h t h a l a t e  a p p l i e d  t o  Lakeland sandy loam 
s o i l  on growth o f  c o r n  ( a t  3  weeks a f t e r  p l a n t i n g ) .  

Rate  P l a n t  h e i g h t  F r e s h  Top Weight F r e s h  Root Weight 
( P P ~  ( 4  %I ( g >  % I (g 1 % I 

2,000 28. l b c  1 9  6 . l c  3  5 6 . 6 e  4 1 

20,000 2 6 . 4 ~  2  4  5.0d 4  7  6.3e 4  4 

'% I = p e r c e n t  i n h i b i t i o n .  
%ee  f o o t n o t e  1 of  Table  6.2. 



Table 6 . 4 .  E f f e c t s  of t o luene  appl ied  t o  Lakeland sandy loam (limed) and 
Davidson c l a y  s o i l s  on f r e s h  top  weights  of corn,  soybean, 
and f e scue  ( a t  3 weeks a f t e r  p l an t ing ) .  

S o i l  
TYP e  

Chemical I n i t i a l  P l a n t i n g  Second P l a n t i n g  
Rate Corn Soybean Fescue Corn ,  Soybean Fescue 
( P P ~ >  (g> (g) (8) (g)  (8)  (g)  

Lakeland 

Davidson 

1 
See foo tno te  l of Table 6.2. 
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Fol ia r -Appl ied  S t u d i e s  

Toluene a p p l i e d  t o  c o r n  and soybean f o l i a g e  a t  r a c e s  of 1, 1 0 ,  100 ,  
and 1,000'ppm had l i t t l e  o r  no e f f e c t s  on growth of t h e  p l a n t s  (Table  
6 . 6 ) .  A p p l i c a t i o n  of t h e  chemical  t o  f e s c u e  f u l f a g e  appeared t o  st imu- 
l a t e  growth of t h e  p l a n t  by 67 t o  89%.  

Di-n-butyP p h t h a l a t e  a p p l i e d  t o  t h e  f o l i a g e  of c s r n  a t  r a t e s  of 1, 
1 0 ,  and 1 0 0  pprn had no e f f e c t s  bue t he  1 ,000  ppm r a t e  i n h i b i t e d  growth 
by 88%. Soybean growth was i n h i b i t e d  by 40% by t h e  100 pprn r a t e  of 
d i -n-butyl  p h t h a l a t e  and t h e  1 ,000  pprn r a t e  i n h i b i t e d  growth of t h e  
p l a n t  by 87%. 

2 , 4 - d i n i t r o p h e n o l  a p p l i e d  t o  t h e  f o l i a g e  of p i a n t s  growing i n  
Lakeland s o i l  s i g n i f i c a n t l y  i n h i b i t e d  t h e  growth o f  corn ,  soybean,  and 
f e s c u e  f o l i a g e  a t  rates of 4 ,  6 ,  and 8  ppm, r e s p e c t f v e l y  (Tab le  6 . 4 ) .  
Higher  r a t e s  o f  t h e  chemical  were  r e q u i r e d  t o  cause  similar i n h i b i t o r y  
e f f e c t s . t o  p l a n t s  growing i n  t h e  Davfdson s o i l .  Root growth of c o r n ,  
soybean,  and f e s c u e  were s i g n i f i c a n t l y  i n h i b i t e d  by r a t e s  of 6 ,  4 ,  and 
4  ppm, on t h e  Lakeland s o i l ,  and 6 ,  and 8  pprn f o r  c o r n  and soybeans  on 
t h e  Davidson s o i l .  Roct growth of f e s c u e  growing on t h e  Davidson s o i l  
was n o t  s i g n i f i c a n t l y  e f f e c t e d  by even t h e  h i g h e s t  r a t e  o f  f o l i a g e  
a p p l i e d  2 , 4 - d i n i t r o p h e n o l ,  The 1 0  pprn r a t e  o f  2 , 4 - d i n i t r o p h e n o l  
i n h i b i t e d  f o l i a g e  growth of c s r n ,  soybean,  and f e s c u e  by 31, 45,  and 64%, 
r e s p e c t i v e l y ,  on t h e  Lakeland s o i l .  



Table  6.6.  E f f e c t  of f o k x a r  a p p l 5 c a r f o n s  of r o l u e n e  and di -n-butyl  
p h t h a l a t e  on y i e l d s  ( f r e s h  t o p  weigh t )  s f  e o r n  and soybean. 

DNRP 

' 1 n c ~ u d e s  a few d r o p s  s f  "Tween 20" s u r f a c t a n t ,  2 ~ p p i l e d  a t  3 t o  4 l e a f  
growth s t a g e ,  3~ p l i e d  at s e e m d  t r z f o l i a c e  growth s r a g e ,  ' ~ ~ p l f e d  t o  10 
cm t a l l  p l a n t s ,  'DNBP = di-n-butyl  phihalare, &% I = percenc  growth 
i n h f b f t i s n ;  p o s i t i v e  s i g n  signifies s t i m u l a t i o n .  

Table  6 .7 ,  E f f e c t s  of f o l f a r - a p p l i e d  2 , 4 - d i n i t r o p h e n o l  on f r e s h  f o l i a g e  
and r o o t  weights of e o r n ,  soybean,  and f e s c u e  grown i n  Eakeland 
sandy loam and Davfdson c l a y  s o i l s  (chemical  a p p l i e d  90 2  week 
o l d  p l a n t s  and e v a l u a t e d  2 weeks l a t e r ) .  

Chemical Corn Soybean FPeseue 
S o i l  Rate F o l i a g e  Root F o l i a g e  Root F o l i a g e  Root 
Type (kg/'ha) (g) ( 8 )  (g l  Zg 1 ( g l  (91 

Lakeland 0  
2  
4 
6  
8 

1 0  

Davidson 0  
2  
4 
6 
8 

1 0  

9.67a 
7.75ab 
5.29bc 
4.75bc 
4 .  OOc 
2 . 7 1 ~  

' s e e  f o o t n o t e  1 o f  Tab le  6 .2 .  
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