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TRANSWRT OF NON-POLAR ORGANIC POLLUTANTS I N  A R I V E R  WATER - GROUNDWATER 

INFILTRATION SYSTEM: A SYSTEMATIC APPROACH 

1) R.P. SCHWARZENBACH and J. WESTALL 

Fede ra l  I n s t i t u t e  f o r  Water Resources and Water P o l l u t i o n  Control  (EAWAG), 
CH-8600 Diibendorf (Swi t ze r l and)  

ABSTRACT 

Laboratory ba t ch  and column experiments  have been conducted to  e l u c i d a t e  the 

s o r p t i o n  behaviour  of  v o l a t i l e  non-polar o r g a n i c  p o l l u t a n t s  (e.g. ,  halogenated 

a lkenes  and benzenes)  i n  a r i v e r  water - groundwater i n f i l t r a t i o n  system. I t  has  

been found t h a t  s o r p t i o n  i s  r e v e r s i b l e  and t h a t  t h e  degree of s o r p t i o n  (expressed 

by an e q u i l i b r i u m  p a r t i t i o n  c o e f f i c i e n t )  can be e s t ima ted  f o r  any non-polar or- 

g a n i c  compound. C a l c u l a t i o n s  o f  t h e  v e l o c i t i e s  ( r e l a t i v e  to  water) of mig ra t ion  

i n  groundwater f o r  a series of  compounds show t h a t  du r ing  i n f i l t r a t i o n  v o l a t i l e  

o r g a n i c  compounds a r e  r a p i d l y  t r a n s p o r t e d  from t h e  r i v e r  t o  t h e  groundwater.  

INTRODUCTION 

The behaviour  of  water contaminants  d u r i n g  i n f i l t r a t i o n  o f  r i v e r  waters t o  

groundwaters i s  o f  g r e a t  i n t e r e s t  because i n f i l t r a t i o n  i s  an impor t an t  p rocess  

f o r  groundwater r echa rge  and because many waterworks p l a c e  w e l l s  close t o  a r i v e r  

i n  o r d e r  t o  use bank f i l t r a t . i o n  as a f i r s t  s t e p  i n  t h e  t r ea tmen t  o f  r i v e r  water 

for  p u b l i c  water s u p p l i e s .  I n  a n a t u r a l  r i v e r  w a t e r  - groundwater i n f i l t r a t i o n  

system t h e  behaviour  o f  o r g a n i c  p o l l u t a n t s  i s  determined by many p h y s i c a l ,  bio- 

l o g i c a l ,  and chemical p rocesses .  I n  a f i e l d  s tudy  it is  o f t e n  d i f f i c u l t  t o  assess 

t h e  importance o f  each of  t h e s e  p rocesses  i n  determining t h e  n e t  mob i l i t y  o f  a 

p a r t i c u l a r  compound i n  t h e  ground. I n  t h e  l a b o r a t o r y ,  however, experimental  con- 

d i t i o n s  can be  c o n t r o l l e d  so t h a t  t h e  e f f e c t  o f  i n d i v i d u a l  t r a n s p o r t  phenomena 

can be  observed. In  t h i s  paper  w e  r e p o r t  t h e  r e s u l t s  of  a l a b o r a t o r y  s tudy  on t h e  

s o r p t i o n  behaviour  of  v o l a t i l e  non-polar o rgan ic  p o l l u t a n t s .  Some r e s u l t s  of  a 

r e l a t e d  f i e l d  s tudy  a r e  given elsewhere i n  t h i s  volume ( r e f .  1) .  

1) P r e s e n t  addres s :  Dept. of  Chemistry,  Oregon S t a t e  Un ive r s i ty ,  C o r v a l l i s ,  
Oregon 97331 ( U S A ) .  
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EXPERIMENTAL 

The sorption of various volatile non-polar organic pollutants (see Table 1) 

by river sediments, aquifer materials, lake sediments and pure oxides has been 

investisated in batch and column experiments. 

For the majority of the experiments with the natural materials the size frac- 

tion passing a 125 pm sieve was used. In batch experiments the sorbent/water ratios 

were typically between 1 : 5 and 1 : 10 (g dry weight of sorbent/g water). The 

initial concentrations of the compounds were in the range between 20 to 100 Llg/L. 

TABLE 1 

Examples of non-polar organic pollutants investigated in this study 

log octanol/water 
partition coefficient 

log K 
Compound name Structure 

1) 
ow 

toluene 2.69 

1,4-dime thylbenzene 3.15 

1,2,3-trimethylbenzene 

1,2,4,5-tetramethylbenzene 

perchloroethylene 

chlorobenzene 

1,4-dichlorobenzene 

1,2,4-trichlorobenzene 

3 

H 3 C @CH3 

H C  
3 

HC1 
‘c-c 

c1’ ‘c1 

c1 

c1 -@ c1 

c1 

c1-& c1 

3.60 

4.05 

2.60 

2.71 

3.38 

4.05 

c1 

1,2,4,5-tetrachlorobenzene c1 @ c1 4.72 

c1 

1) see ref. 5. 
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The q u a n t i t a t i v e  de t e rmina t ion  of t h e  compounds w a s  c a r r i e d  o u t  w i th  t h e  c losed  

loop  gaseous stripping/adsorption/elution procedure desc r ibed  by Grob and Ziircher 

( ref .  2 )  i n  combination wi th  high r e s o l u t i o n  g l a s s  c a p i l l a r y  gas  chromatography 

(ref. 3 ) .  The o r g a n i c  carbon c o n t e n t s  of t h e  s o r b e n t s  were determined by t h e  m e -  

thod o f  Baccini  ( r e f .  4 ) .  

RESULTS 

The r e s u l t s  o f  t h i s  l a b o r a t o r y  s o r p t i o n  s t u d y  are summarized below. For a more 

d e t a i l e d  d i s c u s s i o n  o f  t h e  va r ious  experiments  conducted as w e l l  a s  f o r  a review 

o f  t h e  l i t e r a t u r e  on  t h i s  t o p i c ,  t h e  r e a d e r  i s  r e f e r r e d  to  another  paper by the 

same a u t h o r s  ( r e f .  5 ) .  

For non-polar o rgan ic  compounds of  low t o  i n t e r m e d i a t e  l i p o p h i l i c i t y  it has 

been found t h a t :  

(1) Sorp t ion  by sediments  and a q u i f e r  materials is  r e v e r s i b l e .  

( 2 )  For c o n c e n t r a t i o n s  t y p i c a l l y  encountered i n  n a t u r a l  wa te r s ,n  l i n e a r  s o r p t i o n  

isotherm is  a p p r o p r i a t e  to  d e s c r i b e  s o r p t i o n  equ i l ib r ium:  

S ( z )  = K z ( s )  . C ( z )  
P 

mol 
where S ( z )  = c o n c e n t r a t i o n  o f  compound z on s o l i d  phase [L1 

C(z )  = c o n c e n t r a t i o n  o f  compound z i n  l i q u i d  phase (water) [-I pmol 

cm3 

9.5 

a. 
K z ( s )  = sorbent /water  p a r t i t i o n  c o e f f i c i e n t  of  t h e  compound z 
P 

( 3 )  The p a r t i t i o n  c o e f f i c i e n t  K z ( s )  o f  a given compound z between a n a t u r a l  

s o r b e n t  s and water  i n c r e a s e s  wi th  i n c r e a s i n g  o rgan ic  carbon c o n t e n t  of  

t h e  so rben t .  A s  exempl i f i ed  i n  F igu re  1 f o r  a series o f  c h l o r i n a t e d  ben- 

zenes,  a h igh ly  s i g n i f i c a n t  c o r r e l a t i o n  w a s  found between t h e  Kz(s) va lues  

of a given compound z and t h e  o r g a n i c  carbon c o n t e n t s  f ( s )  o f  t h e  so rben t s  

c o n t a i n i n g  more than 0.1 % o r g a n i c  carbon ( f  

P 

P 

oc 
( s )  A 0.001 g o rg .  C/gs).  

oc  

(4 )  The more l i p o p h i l i c  a compound is, t h e  s t r o n g e r  it is sorbed.  The oc tano l /  

water p a r t i t i o n  c o e f f i c i e n t  KZ 

i ts l i p o p h i l i c i t y .  For a l l  non-porous s o r b e n t s  i n v e s t i g a t e d ,  a h igh ly  s ig -  

n i f i c a n t  l i n e a r  c o r r e l a t i o n  w a s  found between t h e  loga r i thms  o f  t h e  p a r t i -  

t i c n  c o e f f i c i e n t s  ~ ~ ( s ) o f  t h e  d i f f e r e n t  compounds and t h e  logari thms o f  t h e  

corresponding oc tano l /wa te r  p a r t i t i o n  c o e f f i c i e n t s  KZ 

of a compound can b e  used as a measure o f  
ow 

P 
( c f .  examples i n  

o w  
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Figure 2)  : 
10-9 Kz(s) = a ( s )  log KZ + b ( s )  

P ow 

The s lope a ( s )  of  the  regression l i n e  y i e l d s  information on the  chemical 

nature  of the  mater ia l  responsible  f o r  sorp t ion  ( r e f .  5 ) .  

-1 
( 5 )  Sorption equi l ibr ium can be assumed a t  flow v e l o c i t i e s  less than 0.1 cm min . 

A t  higher v e l o c i t i e s  it is  poss ib le  t h a t  a compound may be t ransported f a s t e r  

i n  the ground than one would assume from equi l ibr ium considerat ions.  

From the  r e s u l t s  of t h i s  study an empir ical  expression can be der ived f o r  

es t imat ion of the p a r t i t i o n  c o e f f i c i e n t  K z ( s )  of any non-polar organic  compound 

z between a given na tura l  sorbent  s ( s i z e  f r a c t i o n  < 125 pm) and water: 
P 

log Kz(s) = 0.72 log K Z  + log f ( s )  + 0.49 
P ow oc 

( f o r  sorbents  with f ( s )  2 0.001) 
oc 

Fig. 1. P a r t i t i o n  c o e f f i c i e n t s  ( s )  f o r  
some se lec ted  non-polar organic  compounds 
a s  a funct ion of the  organic carbon con- 
t e n t  of  t h e  sorbents .  

< 

3 

2 

- 

Correlation between K i ( S )  and K& 

Fig. 2. Log < ( s )  a s  a l i n e a r  func- 
t i o n  of log 
f o r  some sorbents  (KEw = octanol /  
water p a r t i t i o n  c o e f f i c i e n t ) .  

KEw: Regression l i n e s  
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Thus, if the octanol/water partition coefficient KZ of a compound z and the or- 

ganic carbon content of the sediment or aquifer material (size fraction<125 pm) 

are known, the velocity of the compound (relative to water) in the ground can be 

estimated. Table 2 contains such calculated relative velocities for various pol- 

lutants. These values predict volatile non-polar organic pollutants (compounds 

1 to 6) to be very mobile in the ground. 

ow 

TABLE 2 

Calculated average relative velocities of some non-polar organic pollutants in 
the ground: (a) river sediment, (b) aquifer material. See description of field 
system (refs. 1 and 5). 

a) River sediment 

Compound 
Z 

No Name 

KZ (< 125 pm) 1) K_ 2 (soil) 2, Average relative 

7 

chloroform 
perchloroethylene 
chlorobenzene 
p-xylene 
p-dichlorobenzene 

0.6 
2.0 
2.0 
4.2 
6.1 

0.25 
0.85 
0.85 
1.75  
2.55 

hexachlorobenzene 520 218 
(HCB) 

1) foc = 0 . 0 0 7 3 .  

p = 2.5 g/cm , E = 0.20. 3 )  - 

equilibrium. 

2) Size fraction 0 < 125 pm (evenly distributed!) = 42 %, 

= (1 + Po KZ)-l , ref. 6. 4) Sorption 
3 

vzfiwa ter E P  

b) Aquifer 

Compound 
z 

No Name 

K: (< 125 K: (soil)6) Average relative 

1 chloroform 0.1 0.02 0.8 
2 perchloroethylene 0 . 3  0.06 0.6 
3 chlorobenzene 0.3 0.06 0.6 
4 p-xylene 0.6 0.12 0.45 
5 pcdichlorobenzene 0 . 8  0.16 0.4 
6 trichlorobenzene 2.6 0.52 0.15 

7 hexachlorobenzene 
( HCB ) 

71 14 0 . 0 0 7  

6) foc = 0.001. 

p = 2.5 g/cm , E = 0.20. 

6) Size fraction @<125 pm (evenly distributed!) = 20 %, 

= (I+ P ( 1 - E )  KZ)-l , ref. 6. 8) Sorption 
3 

7 ,  'zfiwa ter E P  
equilibrium. 



CONCLUSIONS 

(1) I n  a n a t u r a l  r i v e r  water - groundwater i n f i l t r a t i o n  system v o l a t i l e  organic 

compounds are rap id ly  t ransported from t h e  r i v e r  t o  t h e  groundwater. Thus, 

i f  a r iver  i s  permanently loaded with such p o l l u t a n t s  and i f  these compounds 

a r e  not  eliminated by b io logica l  o r  chemical processes during i n f i l t r a t i o n ,  

l a rge  groundwater a reas  may be contaminated. The r e s u l t s  of a recent  f i e l d  

study ( r e f .  1) confirm t h i s  conclusion. These f ind ings  are, i n  p r i n c i p l e ,  

a l s o  v a l i d  f o r  less v o l a t i l e  non-polar organic  p o l l u t a n t s ,  although such 

compounds a r e  l e s s  mobile i n  the  ground (cf .  e .g . ,  r e l a t i v e  ve loc i ty  of 

hexachlorobenzene (HCB) ,  compound 7 i n  Table 2 ) .  

(2)  The degree of sorp t ion  of a given non-polar organic  p o l l u t a n t  by any natural 

r i v e r  sediment o r  a q u i f e r  mater ia l  can be estimated. Thus, by using a rela- 

t i v e l y  simple i n f i l t r a t i o n  model ( including advection, d i spers ion  and sorp- 

t ion /desorp t ion) ,  it i s ,  f o r  example, poss ib le  t o  p r e d i c t  t h e  impact of a 

sudden increase i n  concentrat ion of a given p e r s i s t e n t  non-polar organic  

p o l l u t a n t  i n  the  r i v e r  on the  q u a l i t y  of t h e  groundwater c lose  t o  the  r iver .  

Such predic t ions  of the  temporal v a r i a t i o n s  i n  concentrat ion t o  be expected 

f o r  a given compound i n  the  groundwater (as a response t o  an inc ident  i n  the 

r i v e r )  can be of g r e a t  importance i n  cases  where bank f i l t e r e d  water is used 

f o r  publ ic  water suppl ies .  

( 3 )  The conclusions of t h i s  study a r e  appl icable  t o  a wide range of sorp t ion  and 

t ranspor t  problems including a r t i f i c i a l  groundwater recharge, and leaching 

of p o l l u t a n t s  from l a n d f i l l s .  
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