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matic removal of phenol stopped the 
moment the peroxidase activity disap- 
peared. Neither phenol nor H 2 0 z  alone 

Reports inactivated the enzyme under the same 
conditions. Hence, inactivation of per- 
oxidase takes place during the enzymatic 
reaction, most likely as  a result of the 
interactions of the phenoxy radicals with 
the enzyme's active center. Calculations 
based on our experimental data indicate 
that, during its lifetime, one molecule of 

Peroxidase-Catalyzed Removal of Phenols from 

Coal-Conversion Waste Waters 
peroxidase can remove approximately 
10,000 molecules of phenol (Fig. I ,  pH 
9). 

Since the pH of industrial aqueous 

Abstract. A novel, enzymatic approach has been developed for the remolwl oj 
phenols from coal-conversion aqueous efluents. Treatment 11'ith horseradish peroxi- 
dase and hydrogen peroxide precipitates 97 to 99 percent of the phenol in a \t,ide 
range of p H  and phenol concentrations; both model mi-~t~rres and real industrial 
~ ~ a s t e - \ ~ ~ a t e r  samples ha13e been treated successfully. Other pollrrtants, such as 
polychlorinated biphenyls, can be enzymatically coprecipirated vrith the plienols. 

effluents may vary, we examined the pH 
dependence of the enzymatic removal 
of phenol. We found that horseradish 
peroxidase can precipitate phenol in a 

Phenols are the major organic pollut- 
ants in aqueous effluents from coal-con- 
version processes ( I ) .  Since most phe- 
nols are toxic (2, 3 ) ,  they must be re- 
moved from waste waters if such pro- 
cesses are to be environmentally 
acceptable. Current methods for remov- 
ing phenols from industrial waste waters 
include solvent extraction, microbial 
degradation, adsorption on activated 
carbon, and chemical oxidation (3, 4) .  
Although these methods are effective, 
they suffer from such shortcomings as 
high cost, incompleteness of purifica- 
tion, formation of hazardous by-prod- 
ucts, and applicability to  only a limited 
concentration range (3, 4).  Therefore, 
better technologies are needed. 

We propose a novel approach to de- 
phenolization of coal-conversion waste 
waters based on the use of peroxidase, 
the enzyme that polymerizes phenolic 
compounds to lignin in plants ( 5 ) .  This 
enzyme oxidizes numerous phenols with 
HzOz (6), generating phenoxy radicals 
which diffuse from the active center of 
the enzyme into solution: there they re- 
act with phenol molecules, forming pol- 
yaromatic products (6). These insoluble 
polymers then precipitate out of solution 
and can be separated by simple filtration. 
We describe here how the peroxidase 
treatment may be used to remove phe- 

nols from both model and "real" sarn- 
ples of coal-processing waste waters. 

Upon addition of horseradish peroxi- 

remarkably wide range-from pH 3 to 
12. The optimum is a t  pH 9 (Fig. I ) ,  
which fortunately is close to the typical 

dase (7) and H202 .  a solution containing 
phenol immediately turns brown and a 
precipitate forms gradually. a response 

pH of coal-conversion, in particular 
coal-gasification, waste waters (10). The 
removal efficiency was independent of 

not brought on by the use of either 
reagent alone. To  quantify the degree of 
water purification achieved, one may 
define "removal efficiency" (3) as  the 

whether the mixture was stirred, shaken, 
or left undisturbed; however. it was 
higher when the enzyme was added in- 
crementally rather than all at once. 

percentage of phenol removed from solu- 
tion under a given set of conditions. 
When 0.5 unit of peroxidase per milliliter 

One of the major drawbacks of con- 
ventional dephenolization methods is 
that they are generally effective only 

and 2 mM H 2 0 2  were added to a phenol when phenol concentrations are either 
solution having a concentration of 0.1 
glliter [I00 parts per million (ppm) or I .  l 
rnM] at pH 9, within 10 minutes the 

relatively low [for example, adsorption 
on activated carbon and microbial degra- 
dation (11, I2)] o r  relatively high [for 

phenol concentration ( 8 )  was reduced by 
half; no further reduction occurred dur- 
ing a subsequent incubation. Addition of 

example, solvent extraction (12)l.  There- 
fore, we examined our enzymatic treat- 
ment in the practically significant range 

more H 2 0 2  did not increase the removal of phenol concentrations from 0.01 to 5 
glliter (pH 9). We selected concentra- 
tions of peroxidase and HzOz based on 
three facts: (i) at a phenol concentration 

efficiency. However, addition of enzyme 
(another 0.5 unitlml) brought the remov- 
al efficiency to about 85 percent, and 
addition of yet another 1 unitlml in- 
creased it to about 99 percent (Fig. I).  

A plausible explanation for the incom- 

of 0.1 glliter, 1 unit of peroxidase per 
milliliter and 2 m M  Hz02  are required for 
a 99 percent removal efficiency (Fig. I);  
(ii) H 2 0 2  reacts stoichiometrically with plete removal of phenol by low concen- 

trations of peroxidase is inactivation of 
the enzyme. We confirmed this hypothe- 

phenol in peroxidase-catalyzed oxida- 
tion (6); and (iii) the fraction of the 
enzyme inactivated by the phenoxy radi- sis by direct assay (9) of the peroxidase 

activity in samples withdrawn before and 
after the reaction: in all cases, the enzy- 

cals is probably directly proportional to 
the initial phenol concentration. Thus, 



we varied the concentrations of the en- 
zyme and H202 SO that the ratios [perox- 
idasell[phenoll and [H20211[phenol] re- 
mained the same as for a phenol concen- 
tration of 0.1 glliter. The removal effi- 
ciencies obtained were 98 percent for 
phenol concentrations of 0.01 and 5 
glliter; that is, peroxidase-catalyzed de- 
phenolization is equally effective at low 
and high phenol concentrations provided 
that the concentrations of the enzyme 
and H202 are altered proportionally. 

Coal-conversion waste waters con- 
tain, in addition to phenol, ammonia, 
chloride, cyanide, thiocyanate, and oth- 
er constituents that adversely affect bac- 
terial and other methods of dephenoliza- 
tion (10). We therefore investigated a 
typical coal-gasification waste water 
with the following composition (10): phe- 
nol, 2 glliter; ammonia, 5 gfiter; chlo- 
ride, 19 glliter; cyanide, 0.1 glliter; thio- 
cyanate, 1 glliter; pH 9.0. When we 
added 2 units of peroxidase per milliliter 
and 2 mM H202 to a 0.1 glliter phenol 
solution containing ammonia, chloride, 
cyanide, and thiocyanate in the concen- 
trations indicated above, this treatment 
(which in the absence of the contami- 
nants afforded a 99 percent removal of 
phenol) resulted in a removal efficiency 
of only 10 percent. However, when we 
increased the concentration of phenol to 
2 glliter and the concentrations of peroxi- 
dase and H202 proportionally, the re- 
moval efficiency jumped to 97 percent 
(as compared to 98 percent for a phenol 
concentration of 2 glliter in the absence 
of other contaminants). Thus it appears 
that, although components of coal-gasifi- 
cation waste waters inhibit peroxidase, 
this inhibition is insignificant at high, 
practically important concentrations of 
phenol, probably because the latter dis- 
place the inhibitors from the complexes 
with the enzyme. 

The aforementioned experiments were 
performed with reconstituted aqueous 
effluents (10). To test our enzymatic 
method with "real" coal-conversion 
waste waters, we obtained a gallon of a 
flushing liquor from a coke plant (13). 
The sample had pH 8.6 and a phenol 
concentration of 0.4 glliter (8). To the 
sample we added 8 units of peroxidase 
per milliliter (the minimal concentration 
for this phenolic strength) and 14 mM 
H202 (14). After 1 hour at room tempera- 
ture, the removal efficiency was 97 per- 
cent. 

Easily removed phenols (that is, those 
having high removal efficiencies) aid in 
the enzymatic precipitation of hard-to- 
remove phenols and other aromatics 
(15). This phenomenon is probably due 
to the fact that the phenoxy radicals 

enzymatically produced from easy-to-re- 
move phenols can react with and copre- 
cipitate hard-to-remove ones, or that 
hard-to-remove pollutants can adsorb on 
the precipitating polymers of easy-to- 
remove phenols. We endeavored to de- 
termine whether peroxidase can copre- 
cipitate pollutants other than phenols 
from the coke plant waste-water sample. 
Polychlorinated biphenyls (PCB's) are 
toxic and persistent organic pollutants 
whose removal from water poses a diffi- 
cult environmental problem (16). 4,4'- 
Dichlorobiphenyl and 2,4,5-trichlorobi- 
phenyl are representative PCB's that are 
prevalent in commercial products (17). 
Addition of horseradish peroxidase and 
H202 to a 10-ppm solution of 4,4'-di- 
chlorobiphenyl and a 3-ppm solution of 
2,4,5-trichlorobiphenyl (pH 9) resulted in 
no measurable removal of the pollutants 
(18). But, when the same concentrations 
of the PCB's were dissolved in the coal- 
conversion waste-water sample, the en- 
zymatic treatment (60 units of peroxi- 
dase per milliliter, 100 mM H202) re- 
moved 91 and 86 percent of the pollut- 
ants, respectively. These findings have 
two important implications. (i) Even pol- 
lutants that are unreactive toward perox- 
idase might be enzymatically precipitat- 
ed if the waste water also contains other 
pollutants that are readily removed by 
the enzyme. (ii) In dealing with two 
waste-water streams, one responsive to 
the peroxidase treatment and the other 
not, it might be beneficial to combine 

4 8 

Peroxidase concentration 
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Fig. 1. The dependence of peroxidase-cata- 
lyzed precipitation of phenol on the concen- 
tration of the enzyme at different p H .  The 
conditions were as follows: phenol concentra- 
tion, 0.1 glliter; H 2 0 2  concentration, 2 mM; 
room temperature; corresponding portions of 
peroxidase added every half hour. The follow- 
ing buffers were used: 0.1M acetate for pH 3 ,  
O.1M phosphate for p H  7, and 0.1M borate for 
pH 9 and 10. 

them prior to the enzymatic treatment; 
the enzyme could then coprecipitate pol- 
lutants from both streams. 

One possible use of the proposed de- 
phenolization method would be to re- 
place conventional bacterial degradation 
of phenols in open ponds. The peroxi- 
dase treatment is much less sensitive 
than bacterial degradation to variations 
in pH, phenol concentration, other toxic 
pollutants, and temperature. Moreover, 
the enzymatically produced precipitate 
might be recovered for use as a fuel. To 
make the proposed method more eco- 
nomically feasible (19), one could either 
replace the horseradish peroxidase with 
a microbial counterpart possessing a 
similarly broad substrate specificity or 
clone the horseradish peroxidase genes 
into efficient enzyme-producing microor- 
ganisms. 

Laboratory of Applied Biochemistry, 
Department of Nutrition and Food 
Science, Massachusetts Institute of 
Technology, Cambridge 02139 
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Holocene Timberline Fluctuations in 
Jasper National Park, Alberta 

Abstract. Pollen, fossil logs, and macrofossils from three high-elevation sites in 
the Maligne Range, Jasper National Park, Alberta, provide the jrst  detailed record 
of timberline Jluctuations in the Canadian Rockies during the last 8700 years. 
Timberlines were much higher than at present between 8700 to 5200 years ago but 
oscillated signijicantly in elevation, with a major episode of timberline recession 
punctuating two periods of high timberline between about 6700 to 5900 and about 
8700 to 7000 years ago. Since 5200 years ago, regional timberlines have generally 
receded with perhaps brief reversals, reaching their lowest recorded positions 
sometime after 500 years ago. 

Past fluctuations in the alpine timber- 
line have proved to be sensitive indices 
of Holocene climatic changes in several 
areas of North America (I). We report 
the results of what we believe to be the 
first detailed investigation of Holocene 
timberline changes in the Canadian 
Rockies based on pollen, fossil logs, and 
macrofossils recovered from three sites 
above the present timberline in the Ma- 
ligne Range, Jasper National Park, Al- 

berta. These results provide a clearer 
definition of the Holocene climatic his- 
tory of this area, particularIy the Hyp- 
sithermal, than has been possible before 
now and are compared with data for 
other sites in the North American Cordil- 
lera. 

The Maligne Range forms the inter- 
fluve between the Athabasca and Ma- 
ligne rivers (Fig. 1) and consists of clas- 
tic Cambrian and Precambrian rocks ris- 

Fig. 1. Sketch map of a part of Jasper National Park, showing the site locations. 
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ing to 2500 to 3000 m above sea level. 
Climatic data are sparse (2). Rainfall 
increases with elevation and ranges from 
500 to 1000 mm per year (1300 to 5000 
mm of snowfall). The mean annual tem- 
perature for Jasper (elevation, 1061 m) is 
2.8"C, with July and January means of 
15.2"C and - 12.2"C, respectively. The 
Maligne and Athabasca valleys lie pri- 
marily within the subalpine forest zone 
and are dominated by varying propor- 
tions of Picea engelmanni Parry (Engel- 
mann spruce), Abies lasiocarpa (Hook.) 
Nutt. (subalpine fir), and Picea glauca 
(Moench) Voss (white spruce). The sum- 
mits and upper reaches of valleys in the 
Maligne Range are mantled by alpine 
tundra. All the sites reported here lie 
above present timberlines (Fig. 1) (3) and 
are surrounded by heath (Cassiope spp.) 
tundra communities intermixed with 
stands of Salix arctica Pall (arctic wil- 
low). Occasional dwarf subalpine fir 
(Abies lasiocarpa krummholz) occurs in 
the vicinity of the Watchtower Basin 
site. 

Pollen cores recovered from the 
Watchtower Basin and Excelsior Basin 
sites (4) provide the most complete and 
continuous records of past timberline 
oscillations in this area. We reconstruct- 
ed the direction and magnitude of past 
timberline changes from ratios of select- 
ed pollen taxa, using regression equa- 
tions derived from the relation between 
altitude and modern surface samples 
(Fig. 2) (5). When plotted against eleva- 
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Fig. 2. Elevational changes in AbiesIPinus 
pollen ratios (dots) from modern surface Sam- 
ples collected on Mount Edith Cavell, approx- 
imately 10 km south of Jasper. The regression 
line defined by curve 1 includes all samples 
above the timberline; curve 2 is based on all 
samples below the timberline; r = correlation 
coefficient; S.E.9 = standard error of the es- 
timated value of y. AbiesiPinus ratios (trian- 
gles) for surface samples of the Watchtower 
Basin (WB) and Excelsior Basin (EB) cores 
are shown for comparison. 




