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Laboratory  s tudies  of con taminan t  part i t ioning and  t ranspor t  behavior  
are  d e p e n d e n t  u p o n  the exc lus ion  of biological act ivi ty f rom the  
exper imenta l  system. Isotherm sorpt ion methods  usual ly  sample  the 
aqueous  phase  of an aqueous-soil  mixture, and subsequent ly  rely upon a 
closed sys tem mass  ba lance  to de te rmine  the a m o u n t  of mater ia l  
par t i t ion ing  to the  solid phase .  Wi thout  the  a s s u r a n c e  of steri le  
condit ions,  losses due  to biological activity can be mis in te rpre ted  as 
sorp t ion  to solid subs t ra te ,  t hus  genera t ing  e r roneous  par t i t ion ing  
coefficients. Few studies to date indicate considerat ion of this effect. Of 
conce rn  is the  need to el iminate biological activity in a soil sample,  
wi thout  changing the intrinsic qualities of the soil which can affect the 
mechan i sms  of adsorption and desorption. Several techniques,  including 
7-irradiation, autoclaving, amendmen t  with poisons (e.g. HgC12, NAN3), 
and chemo-oxidants  (ethylene oxide) have been employed to sterilize soil. 
While some methods  of soil sterilization have been shown to change the 
na tu re  of the soil (Walker and Thompson,  1949), it is clear tha t  limited 
da ta  are available which describe the effects of these  processes  on the 
soil s t ructure,  and the consequent  effect on chemical partitioning. 

Since many  sterilization methods  can disrupt  the physical and chemical 
proper t ies  of the  soil, it is therefore  impor tan t  to identify the  least  
destructive and confounding methods in eliminating microbial activity in 
soil. In these experiments,  the efficacy of autoclaving and 7-irradiation as 
sterilizing methods  were compared,  and the effect of these methods  on 
the  physical  and  chemical  proper t ies  (surface area, cat ion exchange  
capacity, organic matter) of the t reated soil were evaluated. In addition, 
the  adso rp t ion  of 1 ,1 ,2 - t r i ch loroe thy lene  (TCE) on u n t r e a t e d  and  
autoclaved soil was examined to determine if autoclaving affected the 
chemical partit ioning behavior of the soil. TCE was selected as the solute 
for investigation because  (i) the mechan ism of its part i t ioning has  been  
well s tudied (Mokrauer and Kosson, 1989) and offers a frame of reference 
for experimental  results,  and (ii) no significant aerobic biodegradation for 
TCE has  been  described, making biological losses unlikely unde r  these  
exper imental  conditions. Other  solutes such  as benzene,  toluene,  and 
the xylenes are potentially subject  to significant aerobic biodegradat ion 
unde r  the typical adsorption isotherm conditions (Cerniglia, 1981). 
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MATERIALS AND METHODS 

The soil s t u d i e d  was  col lected f rom the  B / C  hor izon  of an  
uncon tamina ted  agricultural  site in Quakertown, N.J. Prior to use, all 
soil was sieved (2 mm) and air dried. Autoclaving cycles consisted of 30 
min at  121~ Irradiated softs were exposed to I0 kGy of y-irradiation 
in a commercial  laboratory. In addition, several soil t r ea tments  (i.e. 
dehydrated,  hydrated,  hydrated and pre-incubated) were also examined 
for their  effect on sterility. Hydrated softs were amended with 1 or 2 ml 
H20 per 3 g soft. 

Immedia t e ly  following soil t r e a tmen t ,  s ter i l i ty  was  a s s e s s e d  by 
aseptically mixing 6.0 g of treated (autoclaved or y-irradiated) soil with 7 
mL of sterilized tryptic soy broth (30 g /L  distilled H20) in 16 mL Pyrex 
cul ture  tubes ,  which were capped and vortexed for 30-60 seconds.  
Following 3-5 days  incubat ion  at  28~ the broth was assessed  for 
turbidi ty and  plated (0.25 mL) onto tryptic soy agar plates (20 g Bacto 
agar + 30 g tryptic soy broth in 1 L distilled H20) using the spread plate 
technique.  Agar plates were observed daffy for 5-10 days, and single 
colony isolates were counted on plates positive for growth. All cul tures  
and plates were established in replicate (n=5). When the media b lanks  
showed turbidity and growth, the experiment was repeated. No growth 
implies no growth in any replicate in either broth or on solid media. 
Positive growth implies growth in at  least  1 of 5 replicates in ei ther  
broth, solid media, or both. On all occasions, growth in broth produced 
growth on solid agar, and on no occasion was growth found on solid agar 
without  turbidity in the broth. Positive controls (media plus unsterilized 
soil) and  media blanks were incubated with all soil cultures. 

Following steril ization, soils were forwarded to ei ther  the  Rutgers  
University Soil Testing Laboratory for composit ional analysis ,  or the  
Dept. of Ceramic Engineering, Rutgers University, for BET surface area 
analysis.  Compositional analysis included mechanical  sieve separation, 
organic mat ter  content, cation exchange capacity, and pH determination. 

Adsorp t ion  of ch lo r ina ted  h y d r o c a r b o n s  u n d e r  wa te r  s a t u r a t e d  
conditions were measured  via a solid-liquid equilibrium batch method.  
The se rum bottle method for isotherm analysis  is presented in detail 
e lsewhere (Kong et al., 1986; Mokrauer  and  Kosson, 1989), wi th  
modifications as described by Lam (1994). In brief, 50 g of soft were 
placed in 125 mL serum bottles, autoclaved once, and cooled to room 
tempera ture .  Each bottle was then  filled with a CaCI2 solut ion to 
minimize headspace  volume, and  sealed with a teflon butyl  rubber  
septum and a luminum crimp. 

After the  bot t les  were sealed and  weighed,  var ious  vo lumes  of 
t r ichloroethylene/methanol  solution were delivered to the bottles via gas- 
t ight syringes. It has  been shown tha t  methanol  concentrat ions up to 
0.1% by volume in soi l /water  mixtures  do not  affect the part i t ioning 
effects  of organic  so lu tes  (Kong et al., 1986). Ini t ia l  so lu te  
concent ra t ions  of 15-1000 m g / L  (0.03-8 mM) in se rum bott les were 
established. All bottles were shaken and allowed to equilibrate for 48-55 
hours  (Lam, 1994). After equilibration, the aqueous phase was sampled 
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via a gas-tight syringe and analyzed by gas chromatography (GC). Blank 
controls containing aqueous  solution and no soil were establ ished in 
parallel to account  for any solute vapor loss during the equilibration 
phase.  

TCE concen t r a t i ons  were de te rmined  us ing  gas c h r o m a t o g r a p h y  
(Hewlett-Packard 5890 or 5880 gas chromatograph) .  Operat ional  
parameters  have been described in detail elsewhere (Lam, 1994). 

RESULTS AND DISCUSSION 

Several methods  for eliminating biological activity in soil have been 
invest igated.  Wang et al. (1991) used  s t rep tomycin  sul fa te  and  
chlorotetracycline to inhibit  microbial activity in sediments  where they 
were s tudying the t ransport  of 2,4,6-trichlorophenol. Lion et al. (1990) 
used  0.02% NaN3 to inhibit  biological degradat ion in column studies  
examining the sorption of polynuclear aromatic hydrocarbons on to low 
carbon aquifer materials. Gore et al. (1984) used two drops of metallic 
mercury  in column s tudies  examining the differential t r anspor t  of 
chlorinated solvents through compacted clays. These authors  found tha t  
columns run  for only two days without the addition of mercury exhibited 
significant biological activity, and tha t  even in short  term experiments,  
inhibition of biological activity was essential. Potential disadvantages of 
these approaches include: competitive sorption of biological inhibitor and 
contaminant ;  formation of toxic methyl  mercury;  sorptive removal of 
antibiotics, thus  mitigating their biological effectiveness; and incomplete 
inhibition. 

In s tud ies  on the  effect of sewage sludge on the adsorp t ion  of 
polychlorinated biphenyls, Fairbanks and O'Connor (1984) used 10 kGy 
of y-irradiation to successfully reduce biological activity. 

Table 1 presents  the efficacies of the sterilization methods.  These da ta  
show tha t  at  least  three separate autoclaving cycles were required to 
achieve sterility regardless of hydration. Preincubation for 7 days prior 
to autoclaving increased the sensitivity of the soil to sterilization. While 
it is generally recognized tha t  dry cells are more heat  res is tant  t h a n  
moist cells, hydrat ion did not appear to have any effect on the efficacy of 
sterilization. The decreased number  of cycles necessary  to achieve 
sterility in the pre- incubated samples suggests tha t  pre- incubat ion of 
hydrated samples may have facilitated germination of spores, rendering 
the soil sample more heat  sensitive from the beginning. Preincubation of 
samples  for less t han  7 days did not achieve sterilization even when  
autoclaved mult iple times, y-Irradiat ion was more effective t h a n  
autoclaving in producing sterilization, as only a single t rea tment  with 
approximately 10 kGy was sufficient. Hydration and pre-incubation had  
no effect on the efficacy of this treatment.  While multiple autoclavings 
were necessary to achieve complete sterility, single t rea tments  success- 
fully increased the incubation time required to produce growth (data not 
shown). In general, 1-2 autoclavings increased the time required to 
produce growth by 2-4 days. These data  suggest tha t  while complete 
sterility may  not have been achieved, the ability to reduce biological 
activity for the durat ion of the equilibration phase was achieved. 
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Tab le  I.  Ef fec t iveness  of  au toc l av ing  a n d  T-irradiat ion on  the  
s ter i l izat ion of soil 

Bacter ia l  
T r e a t m e n t  a G r o w t h  

O b s e r v e d  b 

I. AUTOCLAVING 

If. 

A. Dry_ soil 
Autoc laved  I t ime  
Autoc laved  2 t imes  
Autoc laved  3 t imes  
Autoc laved  4 t imes  

B. H y d r a t e d  soil c 
Autoc laved  I t ime  
Autoc laved  2 t imes  
Autoc laved  3 t imes  
Autoc laved  4 t imes  

C. H y d r a t e d  soil wi th  p r e - i n c u b a t i o n  d 
P r e - i n c u b a t e d  1 day; a u t o c l a v e d  1 t ime  
P r e - i n c u b a t e d  2 days;  a u t o c l a v e d  1 t ime  
P r e - i n c u b a t e d  5 days;  a u t o c l a v e d  1 t ime  
P r e - i n c u b a t e d  7 days;  a u t o c l a v e d  1 t ime  
P r e - i n c u b a t e d  7 days ;  a u t o c l a v e d  2 t imes  

y-IRRADIATION 

Dry  soil 
H y d r a t e d  soil - 3 g soil: 1 m L  H20  
H y d r a t e d  soil - 3 g soil:2 m L  H20  

H y d r a t e d  soil w i th  7 d a y  P r e - I n c u b a t i o n  c,d 

+ (5 /5)  
+ (4 /5)  

+ (5 /5)  
+ (4 /5 )  

+ (5 /5 )  
+ (5 /5 )  
+ (5 /5 )  
+ (5 /5 )  

+ (i15) 

a See  tex t  for m e t h o d s .  E a c h  s a m p l e  w a s  r u n  in rep l ica te  (n= 5). 
In  all cases ,  s ter i le  con t ro l s  p r o d u c e d  no  g rowth  on  solid med ia .  E a c h  
a u t o c l a v e  cycle w a s  30 m i n u t e s .  

b (_) Bac te r i a l  g rowth  impl ies  no  g rowth  in e i ther  b r o t h  or  solid 
m e d i a  or  in a n y  repl icate ,  while  (+) impl ies  g rowth  in e i the r  m e d i a  or  in 
bo th ,  in a t  l ea s t  1 of  the  5 repl ica tes .  See tex t  for detail .  

c 3 g soil to 1 m L  H 2 0 .  

d T u b e s  were  h y d r a t e d  a n d  p r e - i n c u b a t e d  a t  30~ for t he  
n u m b e r  of  d a y s  ind ica ted .  

S a l o n i u s  e t  al. (1967) d e m o n s t r a t e d  t h a t  i r r ad i a t i on  a n d  a u t o c l a v i n g  of  
m o i s t e n e d  softs  i n c r e a s e d  the  so lub le  f r ac t i on  of  NH4-N, c a r b o h y d r a t e  
a n d  o rgan ic  m a t t e r  c o m p a r e d  to t r e a t e d  d ry  s a m p l e s .  In  add i t ion ,  t h e y  
f o u n d  t h a t  so lubi l ized  c a r b o h y d r a t e  a n d  o rgan ic  m a t t e r  w e r e  i n c r e a s e d  
m o r e  in t h e  a u t o c l a v e d  s a m p l e s .  O t h e r  s t u d i e s  s u p p o r t  t he  o b s e r v a t i o n  
t h a t  i r r a d i a t i o n  a l t e r s  t he  soil  to a l e s s e r  e x t e n t  w h e n  c o m p a r e d  w i t h  
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autoclaving and other forms of heat  t rea tment  (Stotzky and Mortensen, 
1959). 

Tables 2 and 3 present  the effects of sterilization on several properties 
of the soil. These data  reveal tha t  y-irradiation had minimal effect on the 
size dis t r ibut ion of the soil particles, while autoclaving appeared to 
increase the percent  sand and decrease the percent  clay fractions,  
p robab ly  by caus ing  increased  aggregat ion of soil pa r t i cu la tes .  
Consis tent  with this observation, Table 2 also shows tha t  autoclaving 
decreased the BET surface area of the soil sample by 55%, while y- 
i r radiat ion decreased it by only 16%. This change in surface area, 
which may  be secondary to changes in the ionic composit ion of the 
media (increase in dissolved electrolytes), has  been postulated to have a 
significant affect on the adsorpt ion of organic compounds .  Table 3 
shows tha t  both sterilization methods had minimal effect on the chemical 
propert ies  of the soil. In general, however, both me thods  slightly 
increased the pH and cation exchange capacity of the soil, but  had little 
to no effect on the organic mat ter  content .  Salonius  et al. (1967) 
d e m o n s t r a t e d  t h a t  y- i r radia t ion  and  au toc lav ing  inc reased  the  
conductance of the samples b~r increasing the concentration of dissolved 
electrolytes,  especially Ca +z  and Mg +z, while Na + changed only in 
autoclaved samples. While these changes alone are not likely to have a 
significant affect on the adsorptive characteristics of the soil, they may 
have a significant impact on the ability of microorganisms to grow and 
compete in the soil matrix treated (Salonius et al., 1967; Salonius et al., 
1970). 

Table 2. Effect of sterilization method on selected physical properties 
of soil 

Surface Area 
Soil Treatment sand silt clay Change 

[%] [%] [~ [m2/~] I%1 

CONTROL 25 50 25 14.3 0 

AUTOCLAVED 
1 time, Dry 39 46 15 6.4 55 
3 times, Dry 33 50 17 
1 time, Hydrated a 33 50 17 

~/-IRRADIATED 
Dry 25 44 31 12.0 16 
Hydrated a 21 50 29 
Hydrated b 23 50 27 

a 3 g soil to 1 mL H20. 
b 3 g soil to 2 mL H20. 
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Table 3. Effect of sterilization method on selected chemical 
propert ies  of soil 

Cation 
Organic Exchange 

Soil Treatment  Matter Capacity pH 
[%] [meq/g] 

CONTROL 3.5 12.7 6.6 

AUTOCLAVED 
1 time, Dry 3.4 12.7 6.3 
3 times, Dry 3.7 15.1 6.8 
1 time, Hydrated a 3.5 1 3.1 7.0 

y-IRRADIATED 
Dry 3.3 15. I 6.7 
Hydrated a 3.3 12.7 6.9 
Hydrated b 3.4 12.6 7.4 

a 3 g soil to I mL H20.  

b 3 g soil to 2 mL H20.  

In the ba tch  adsorpt ion studies, the amoun t  of solute adsorbed onto soil 
is calculated via mass  ba lance  and  the concent ra t ion  of solute in the 
fluid phase  at  equilibrium. Metabolism of dissolved adsorba tes  would 
resul t  in overestimation of adsorption. 

F rom the  previous  tables,  it is clear t ha t  au toc laved dry soil had  a 
smal ler  surface  a rea  t han  un t r ea t ed  soil, suggest ing tha t  autoclaving 
migh t  have  co l lapsed  a po r t i on  of smal l  pores  in soil due  to 
pressur iza t ion  and depressur iza t ion  cycling of the autoclaving process.  
In addition, autoclaving might also enhance  aggregation, resul t ing in a 
smaller clay fraction and greater  apparen t  sand fractions. However, it is 
impor tan t  to note tha t  the organic mat te r  and cation exchange capaci ty 
of the  autoclaved soil remained essentially unchanged.  Figure 1 shows 
the  a ds o rp t i on  i so the rm obta ined  for TCE in bo th  au toc laved  and  
un t r ea t ed  soil. Since TCE is recalci t rant  unde r  the i sotherm condit ions 
employed,  no loss of TCE u n d e r  the  unster i l ized i so therm condi t ions  
would be anticipated.  Hence, any difference in TCE adsorpt ion between 
the  two ba t ch  s tudies  conduc ted  should  be entirely a t t r ibu ted  to the  
effects of autoclaving. These data  show tha t  the TCE part i t ion isotherms 
were comparable,  suggesting tha t  autoclaving had minimal effect on the  
behavior  of the con taminan t  in these  ba tch  studies.  These data  suppor t  
the  conclus ion  tha t  the  availability of potent ia l  binding sites and  not  
neces sa r i l y  su r face  area,  a re  i m por t an t  in defining the  adsorp t ive  
capacity of a given soil. Since there  was essentially minimal to no change 
in the  charac ter is t ics  of y-irradiated or mult iply autoclaved soil, ba t ch  
i s o the rms  were de t e rmined  only for au toc laved  samples .  While 7- 
i r r ad i a t i on  m a y  d i s r up t  the  soil less, it may  be cons ide red  less 
advantageous  because  of its higher cost and decreased accessibility 
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Figure 1. Adsorption isotherms for TCE on autoclaved and unt rea ted  soil 

when compared to autoclaving. 

Recent  i so the rm da ta  collected in ou r  lab sugges ts  t ha t  the  ionic 
s t rength  of the solution, which might change following the addit ion of 
var ious  poisons,  can  also affect sorptive capaci ty  of the  soil or the 
the rmodynamic  activity in solution of the organic solute. It is generally 
well accepted tha t  Ca +2 and Mg +2 can increase  the f locculat ion and  
aggregation of soil part iculate,  while Na + may facilitate disaggregation. 
The add i t ion  of poisons ,  whe t he r  they  be organic  (antibiotics) or 
inorganic  (NaN3, HgC12), can affect the ionic s t rength  of the medium,  
and may also bind non-specifically to sites on the par t iculates  leading to 
a l te red  s u b s t r a t e  binding of o the r  dissolved solutes ,  as has  been  
demons t ra ted  with aniline for example (Byrne, 1991). 

Clearly, these  s tudies are limited to the analysis of a single soil sample 
and single contaminant .  While these data  are suggestive of the fact tha t  
autoclaving may not  have a large impact  on TCE behavior  in vitro, it 
cannot  be extrapolated to all contaminants  in all soils. Clearly, it would 
be difficult to perform such  s tudies  with easily metabolized subs t ra tes .  
These  da ta  do suggest  tha t  b iodegradat ion  should  be cons idered  in 
ba tch  adsorpt ion isotherm studies.  It is recommended  tha t  p rocedures  
for the  a s s e s smen t  of microbial activity be conduc ted  in parallel with 
par t i t ioning s tudies  in order  to assure  tha t  biological activity has  not  
interfered with the partitioning results.  
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