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OF CHANGES IN CHEMICAL FORM 
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Abstract-Prior field studies near an old radioactive waste disposal site at Oak Ridge, TN, indicated that following 
root uptake, metabolism by deciduous trees rendered v c  less biogeochemically mobile than expected, based on 
chemistry of the pertechnetate (TcO;) anion. Subsequently, the form of technetium (Tc) in maple tree (Acer sp.) 
sap, leaves, wood and forest leaf litter was characterized using one or more of the following methods: dialysis, 
physical fractionation, chemical extraction, gel permeation chromatography, enzymatic extraction, or thin layer 
chromatography (TLC) on silica gel. Chromatography (Sephadex 6-25 )  of TcO; incubated in vitro with tree sap 
showed it to behave similar to TcO; anion. When labeled wood and leaf tissues were processed using a tissue 
homogenizer, 15% and 40%, respectively, of the Tc was solubilized into phosphate buffer. Most (65% to 80%) of 
the solubilized Tc passing a 0.45-micron filter also passed through an ultrafiltration membrane with a nominal 
molecular weight cutoff of 10,000 atomic mass units (amu). A majority (72% to 80%) of the Tc in wood could be 
chemically removed by successive extractions with ethanol, water and weak mineral acid. These same extractants 
removed only 23% to 31% of the Tc from maple leaves or forest floor leaf litter. Most of the Tc in leaves and leaf 
litter was removed only by strongly alkaline reagents typically used to release structural polysaccharides (hemi- 
celluloses) from plant tissues. Chromatography (Sephadex (3-25) of the ethanol-water extract from wood and the 
alkaline extract from leaves demonstrated that Tc in these extracts was not principally TcO; but was complexed 
with molecules > 1000 amu. Incubations of leaf and wood homogenates with protease approximately doubled the 
amount of Tc released from contaminated tissues. Ultrafiltration of protease-solubilized Tc from leaves and wood 
showed that 40% and 938, respectively, of the Tc was <10,000 amu. TLC of the <lO,OOO amu fraction indicated 
the presence of TcO; in wood but not in leaves. In the leaf, TcO; is converted to less soluble forms apparently 
associated with structural components of leaf cell walls. This conversion explains why v c  is not easily leached 
by rainfall from tree foliage and why 99Tc appears to accumulate in forest floor leaf litter layers at the Oak Ridge 
study site. 

INTRODUCTION 

A PRIOR report (Garten et al. 1986a) described the uptake 
of 99Tc by a stand of trees, principally red maple (Acer 
rubrum L.), intercepting contaminated ground water from 
a radioactive waste storage site. The chemical form of Tc 
in ground water and soil was characterized, and the re- 
cycling behavior of 99Tc from aboveground biomass to 
the forest floor was quantified. A companion paper (Bon- 
dietti and Garten 1986) presented details on studies of 
the chemical form and behavior of 99Tc in the study site 
soil, specifically associations with organic matter and the 
interaction between soil-associated, reduced forms of Tc 
and the very water soluble TcO; anion. 

In field studies, 99Tc was found migrating through 
soil as Tc04 anion (Garten et al. 1986a). However, the 
distribution and fate of 99Tc in trees indicated that me- 
tabolism following root uptake rendered it less biogeo- 
chemically mobile than expected, based on the chemistry 
of Tc04. Following characterization of the distribution 
of 99Tc in various components of the contaminated forest 
(Garten et al. 1986a), studies were undertaken to examine 
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the changes in chemical form as Tc moved from ground 
water, to tree wood, to leaves, and back to the forest floor 
in leaf litter (Fig. 1). This paper presents evidence for the 
modification of Tc during its metabolism by maple trees 
and discusses the significance of these changes in chemical 
form to its environmental cycling. 

MATERIALS AND METHODS 

Tc labeling of trees 
When possible, samples from a study area adjacent 

to a former waste disposal site were used (see Garten et 
al. 1986a for a description of the study area). Technetium- 
99 has been cycling in the terrestrial environment for at 
least a decade at the former waste site. Wood and leaf 
samples were collected during summer from red maple 
trees that were >20 cm in diameter at breast height. Using 
an electric drill, samples ( 5 -  to 7-cm deep) were removed 
from the trunks of red maple trees. The trees were growing 
in soil containing =28 Bq 99Tc g-' dry weight (dw) 
(quadrant B8, Table 2 in Garten et al. 1986a). Wood 
chips were frozen until analyzed 
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99Tc CONCENTRATIONS 

Leaf litter was collected from the forest floor at the 
technetium study area. Because of lower-than-desired 
concentrations of 99Tc in tree leaves, leaves were also la- 
beled by allowing a small sugar maple tree (Acer sac- 
charum) to absorb 9 5 m T ~ O i  from an aqueous solution. 
The tree was excavated from the field and transported to 
a greenhouse. The root system was cut from the stem 
underwater, and the stem was put into a 50-mL test tube. 
All transfers were accomplished while the stem was sub- 
merged to prevent disruption to the xylem flow. Tech- 
netium-95m (5920 Bq of 95mTc0;) was added to the test 
tube and taken up by the tree over a 2-d period. The 
95mTc-labeled leaves were removed from the tree and fro- 
zen. Leaves from both the study area trees and the labeled 
sugar maple were fully formed, mature leaves. Techne- 
tium-95m is a y emitter with a radioactive half-life of 
61 d. 

Experiments with tree sap 
Sap was collected from red maple trees at the Tc 

study area during February of two successive years (1984 
and 1985) by inserting plastic tubing into holes drilled 4- 
5 cm deep in each trunk. The tubing ran into 8-L plastic 
bottles which were covered to keep out insects and debris. 

In the laboratory, the sap was stored in a freezer until 
analyzed. 

The binding of Tc with constituents in tree sap was 
tested in vitro using equilibrium dialysis experiments with 
95mT~.  In two experiments, each lasting 24 h, a solution 
of aqueous Tc0; was dialyzed against filtered (0.45-mi- 
cron) tree sap using a dialysis membrane with a nominal 
molecular weight (MW) cutoff of 3,500 amu. Upon com- 
pletion of the dialysis, the concentration of 9 5 m T ~  was 
checked on both sides of the dialysis membrane (Le., in 
both the sap and the distilled water). Departure from a 
1: 1 concentration ratio was expected if 9 5 m T ~  was binding 
to sap constituents. 

In vitro binding of TcO; to small molecules (4,000 
amu) in sap was also examined using gel permeation 
chromatography. Samples of filtered (0.45-micron) sap 
were incubated for 2 h and for 72 h at room temperature 
with - 100 Bq of 95mT~O;. Each sample was chromato- 
graphed on Sephadex G-25 gel* which has a nominal 
MW fractionation range of ~ 1 , 0 0 0  to 5,000 amu. The 
column was 25 cm long, with a 2.5-cm diameter and had 

* Sephadex G-25 gel, Pharmacia Fine Chemicals, Inc., 800 Cen- 
tennial Ave., Piscataway, NJ 08854. 
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a flow rate of -3.5 mL min-'. The eluant, 0.3 M NaCI, 
was collected in 3.8-mL fractions. The results of the chro- 
matography were compared with a separate, and otherwise 
identical, chromatography run with 9S"T~Oi in distilled 
water. 

Physical fractionation of Tc in wood and leaves 
The scheme for physical fractionation of Tc in wood 

and leaves was as follows: Tissues were disrupted using a 
tissue homogenizer for 5 min in a cold 0.1 M phosphate 
buffer and filtered through a coarse stainless steel screen. 
The unhomogenized residue was analyzed for Tc. The 
filtrate was centrifuged (10,000 X g, 25 min) to remove 
unbroken cells, cell debris and larger organelles. The su- 
pernate was successively passed through a 0.45-micron 
filter and ultrafiltration membranes with nominal MW 
cutoff limits of 10,000 amu and 1,000 amu. A control 
sample containing 9 5 m T ~ 0  i in phosphate buffer was 
passed through an identical set of filters to measure 
TcO; sorption by the membranes. Ultrafiltrations were 
performed under N2 (4.5 X lo5 Pa) at room temperature. 
Filters and the final filtrate were analyzed for Tc. 

~ 

Chemicalfractionation of Tc in leaves, wood and litter 
Samples of maple leaves, wood and leaf litter were 

freeze-dried and extracted according to the methods out- 
lined in Fig. 2, which were modified from those described 
by Bowen et a). ( 1962). The 99Tc-labeled wood and leaf 
litter samples were from the field; leaves were obtained 
from the 95"Tc-labeled maple tree. The plant material 
was processed using a tissue chopper to break it into small 
fragments and was then extracted successively, three times 
each, with the following reagents: 95% ethanol, distilled 
water, 0.2 N hydrochloric acid (HCI) and 2 N-sodium 
hydroxide (NaOH). Extractions were performed for 5 min 
with 50 mL of boiling reagent using a tissue homogenizer. 
Suspensions were cleared by centrifugation at 15,000 X g 
for 15 min and the supernates were pooled to yield the 
various soluble fractions. Replicate extractions were per- 
formed on leaves, wood and leaf litter. 

Gel permeation chromatography of selected chemical ex- 
tracts 

The ethanol and aqueous fractions from the chemical 
extraction of maple tree wood were combined and con- 
centrated tenfold under vacuum on a rotary evaporator 
at 37OC. The NaOH extract from leaves was similarly 
concentrated. The concentrated fractions were centrifuged 
at 10,000 X g for 20 min, and 2-mL samples of the clear 
supernate were chromatographed on a column containing 
Sephadex G-25 (25 cm long X 2.5 cm in diameter; flow 
rate NN 3.5 mL min-I). Dilute salt solutions (0.1 to 0.3 
M NaCl) would not elute the concentrated samples of 
leaf and wood extracts from the gel; therefore, 0.2 M 
NaOH was used as an eluant. Fractions from the column 
were combined in increments of the void volume ( Vo). 
A 2-mL solution of TcO; anion was chromatographed 
under the same conditions for comparison. 

~~~~~~~~ 

To check for the in vitro sorption of free TcO; to 
molecules present in the NaOH extract, uncontaminated 
maple leaves were extracted according to the scheme in 
Fig. 2. A 2-mL portion of the NaOH extract was incubated 
for 24 h with 95"T~O; and then chromatographed ac- 
cording to the methods described above. 

Modified chemical fractionation of Tc in maple leaves 
Technetium-99 in maple leaves from the contami- 

nated field site was further characterized using a chemical 
extraction procedure for carbohydrates outlined by Rob- 
inson (1980). The extraction scheme is shown in Fig. 3. 
Leaves were homogenized in 95% ethanol to remove lipids 
and pigments. The defatted pellet was extracted for 1 h 
in boiling water and centrifuged to obtain an aqueous 
fraction containing low MW compounds, sugars, ionic 
substances, hydrophilic polysaccharides and soluble pro- 
tein. Pectic substances, polysaccharides and some soluble 
proteins were later precipitated from the cold aqueous 
extract by the addition of ethanol (final concentration 
80%) and ammonium sulfate. 

The water-insoluble material consisting of undis- 
solved cell-wall polysaccharides, structural carbohydrates 
and noncarbohydrates (Fig. 3) was extracted twice by 
shaking for 30 min with a solution of 0.2 N sodium bi- 
carbonate-0.3 N sodium carbonate (pH 10.2) and then 
centrifuged to pellet the extracted hemicelluloses. The 
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Fig. 2. Method of chemical fractionation of 99Tc in maple tree 
wood and leaf litter, and fractionation of ""'Tc in maple wood 
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Fig. 3. Modified method for the chemical fractionation of 9yTc 
in maple tree leaves from the Tc study site; makeup of the various 

chemical extracts is based on Robinson (1980). 

residue was extracted twice by shaking for 15 min with 
cold 17.5% NaOH to remove a second hemicellulose frac- 
tion. The final insoluble residue contained crude cellulose 
and polysaccharides. 

Enzymatic digestion of leaf and wood tissues 
Leaf and wood samples collected from the 99Tc study 

area were each enzymatically digested according to the 
scheme outlined in Fig. 4. Enzyme extracts were cleared 
by centrifugation. Tissues were first pulverized dry in a 
blender and then homogenized in phosphate buffer to 
break cell walls. Following digestion with protease, lipids 
were extracted with ethanol. The defatted material was 
further digested with amylase and cellulase. The final 
product was extracted with NaOH to remove alkali-sol- 
uble hemicelluloses. To determine the importance of the 
protease treatment to the release of Tc from plant tissues, 
a control extraction was performed under the same con- 
ditions as those outlined in Fig. 4, but excluding protease 
from the 24-h digestion. 

Chromatography and analysis of enzyme extracts 
Samples of 99Tc-contaminated leaves ( I9 g dw) and 

wood (14 g dw) from the study area were chopped to a 
fine powder in a blender and then homogenized 5 min 
in 100 mL 0.01 M phosphate buffer (pH 6.7). Chlor- 

amphenicol (5 mg) was added to each homogenate to 
prevent bacterial growth. Protease (500 mg) and pepsin 
(1 .O g) were added to digest each homogenate. Homog- 
enates were incubated for 72 h at 37°C in a water bath 
and centrifuged at 5,400 X g to remove undigested ma- 
terial. Each supernatant was further cleared by centrifu- 
gation at 20,000 X g (30 min) and freeze-dried. The freeze- 
dried and reconstructed extracts were filtered through an 
ultrafiltration membrane to remove large molecules and 
proteins (nominal size > 10,000 amu), which were sub- 
sequently removed from the membrane by soaking in 25 
mL distilled water and analyzed for 99Tc. 

Each filtrate (< 10,000 amu) was freeze-dried, dis- 
solved in 3-5 mL of distilled water and analyzed for 99Tc. 
Small amounts (10 pL) of the filtrate that passed an ul- 
trafiltration membrane (<10,000 amu) were subjected to 
thin-layer chromatography (TLC) on silica gel using a 
butanol-water-acetic acid (4:5: 1) solvent system. TLC 
plates were developed with 2% ninhydrin solution, cut 
into 1 -cm sections, and the amount of radioactivity in 
each section was determined using liquid scintillation 
counting. 

Tc analysis 
Extracts and fractions from plant tissues labeled with 

9 5 m T ~  were analyzed directly using gamma spectrometry. 
Technetium-99 analyses were performed according to 
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published methods (Walker et al. 1980). Solid samples 
were saturated with ammonium hydroxide and ashed at 
500°C. The Tc was solubilized from the ash with a mixture 
of sulfuric acid and K persulfate. Technetium-99 was ex- 
tracted from acidified samples (liquids and extracts of 
ashed material) using tributyl phosphate (TBP). The TBP 
extract was successively washed with sulfuric acid and 
HCl, mixed with scintillator, and then counted for /3 ra- 
dioactivity on a liquid scintillation counter. Samples of 
tree sap were acidified and 99Tc was extracted into TBP 
using similar methods. Based on our experience with these 
methods, variability due to analytical errors was small; 
the coefficient of variation for replicate samples was <IO% 
(Garten et al. 1986a). 

RESULTS AND DISCUSSION 

Tree sap 
An analysis of sap from five maple trees, sampled in 

1984, revealed 99Tc concentrations ranging from - 16 to 
118 Bq L-'. The most highly contaminated sap collected 
contained <0.2 Bq 99Tc mL-' sample. This concentration 
was too low to permit characterization of the chemical 
form of 99Tc in tree sap. Concentration of the sap on a 
rotary evaporator (under vacuum) produced a sample 
that was both too viscous for chromatography and un- 
suitable for radiochemical analysis. 

In dialysis experiments, 95"T~Oi added to an 
aqueous retentate or an aqueous diffusate came into equi- 
librium on both sides of the dialysis membrane in the 
presence of tree sap. This membrane would have retained 
or excluded organic molecules in the sap with a nominal 
MW > 3,500 amu. The equilibrium concentrations after 
prolonged dialysis indicated that TcO; was not reduced 
by or irreversibly binding to constituents > 3,500 amu 
that might be present in the sap. Furthermore, 95"TcO; 
incubated with tree sap for 2 or 72 h and then chromato- 
graphed on Sephadex G-25 eluted from the chromatog- 
raphy column in a single peak, with a VE:Vo ratio of 3.6 
(replicate runs). Therefore, sap incubated with 9 5 m T ~  
chromatographed in the same manner as a standard so- 
lution of aqueous TcO; (VE:Vo ratio equaled 3.5). 

Technetium (IV) is reported to form chelate struc- 
tures with many naturally occurring organic ligands, in- 
cluding polycarboxylic acids, hydrocarboxylic acids, po- 
lyols, sugars, nucleotides, nucleosides, polysaccharides, 
and the sulfhydryl-containing amino acids cysteine and 
methionine (Paquette et al. 1980; Delmotte 198 1). Com- 
plexation of Tc (IV) with methionine is weak, apparently 
involving a charge transfer from the unionized amino N 
(Slitkin and Ellis 1978). Based on the results of dialysis 
experiments and gel permeation chromatography, it a p  
pears that Tc04 (Tc VII) is not reduced by or bound to 
sap constituents. The chemical form of Tc in xylem ex- 
udates from soybeans is reported to be TcO; anion (Ca- 
taldo et al. 1978; Roucoux 1980). Pertechnetate is also 
the predominant soluble form of Tc in homogenized 
spinach roots (Lembrechts and Desmet 1985). 

Physical fractionation of Tc in wood and leaves 
At most, 2% of TcO; in aqueous solution was 

sorbed by a 0.45-micron filter. The ultrafiltration mem- 
brane with a MW cutoff of = 10,000 amu retained only 
1 % of the Tc. However, there was strong sorption (78%) 
ofTc0i  to the ultrafiltration membrane with a MW cutoff 
of = 1,000 amu. Technetium retained by the latter mem- 
brane and that present in the filtrate which passed the 
membrane was collected into a single fraction and des- 
ignated < 10,000 amu because filtration through the 
10,000 amu membrane immediately preceded filtration 
through the 1,000 amu membrane. 

Most of the Tc in wood chips and leaves not solu- 
bilized by homogenation was retained in the residue (Ta- 
ble l). Less than l% of the Tc solubilized by homoge- 
nation of wood chips, and not pelleted by centrifugation 
at 10,000 X g, was retained by a 0.45-micron filter, while 
10% of the Tc from leaves was retained by a 0.45-micron 
filter. For the wood extract, approximately one-third of 
the Tc that passed the 0.45-micron filter was retained by 
an ultrafiltration membrane with a nominal MW cutoff 
of 10,000 amu. In leaves, only one-fifth of the Tc in the 
<0.45-micron filtrate was retained by the latter type of 
membrane. In both wood and leaf extracts, most of the 
Tc that passed the 0.45-micron filter also passed the ul- 

Table I .  Distribution of Tc in various fractions produced by the homogenation of wood 
or leaf tissue in phosphate buffer, and the amount of solubilized Tc retained by a 0.45- 

micron filter and an ultrafiltration membrane (nominal MW cutoff 10,000 amu). 

Wood Leaves 

Fraction Bq "Tc 96 Total Bq 97mTc % Total 

Coarse residue 65.7 83 414 61 
(J) - Pellet 1.5 2 

Residue > 0.45-micron <0.2 < I  68 10 
Residue > approx. 10,000 arnu 4.1 5 38 6 
Soluble < approx. 10,000 arnu 1.4 9 162 24 
Total 79.0 99+ 682 101 

(Cell debris, mitochondria) 

'') Sample was lost, but prior experience is that < 1 %  ofthe Tc can be expected to occur in pellets 
obtained by this method. 
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trafiltration membrane (Table 1), indicating the presence 
of TcO; or soluble low MW complexes. 

The predominance of low MW forms of Tc solubi- 
lized from maple wood and leaves by homogenation in 
phosphate buffer is in agreement with prior studies of the 
chemical form of Tc in spinach (Lembrechts et al. 1985) 
and corn leaves (Garten et al. 1986b). In corn leaf ho- 
mogenates, 80% of the solubilized Tc was found in the 
cell cytosol obtained by centrifugation at 100,000 X g. 
Lembrechts et al. (1985) found that 93.5% of the Tc in a 
homogenate of spinach leaves remained in solution after 
centrifugation at 12,000 X g. More than 10 organic com- 
plexes of Tc were discernible in the supernatant, and 
between 80% and 90% of these complexes had a MW 
< 6.000 amu. 

Chemical fractionation of Tc in leaves, wood and litter 
Chemical extraction methods were used to charac- 

terize forms of Tc that were not readily solubilized by 
homogenation in phosphate buffer. In the 99Tc-labeled 
wood, most (72% to 80% ) of the Tc was removed by suc- 
cessive extractions with ethanol, water and weak mineral 
acid (Table 2). Much of the Tc in wood was removed by 
aqueous extraction, which was also expected to remove 
ionic substances, water-soluble carbohydrates and water- 
soluble protein. Only 20% to 28% of the Tc in wood was 
extractable by NaOH or was left unextracted in the final 
insoluble residue. 

Results from the chemical extraction of tree leaves 
and leaf litter were very different from those for wood 
(Table 2). Less than 10% of the Tc in leaves or leaf litter 
was removed using ethanol, and somewhat more (17% to 
29%) was removed by aqueous and acid extractions. Al- 
together, only 23% to 3 l % of the Tc present in leaves or 
leaf litter was extracted by the first three reagents (Table 
2). Most (66 to 7 1%) of the Tc present in maple leaves 
or tree leaf litter was insoluble and extractable only by 
boiling NaOH. This is a relatively large percentage com- 
pared with the percentage of insoluble forms previously 
found in corn leaves (40%, Garten et al. 1986b), soybean 
leaves (38%, Roucoux 1980), and tomato leaves (1670, 
Myttenaere et al. 1980). The large release of Tc upon 

extraction with alkali indicates some association of this 
element with structural carbohydrates in the maple leaves. 
Recovery of the initial amount of Tc in leaftissues through 
the complete extraction scheme (Table 2) was estimated 
tobe 100%. 

Gel permeation chromatography of selected chemical ex- 
tracts 

Since most of the Tc in wood was extractable by 
successive treatment with ethanol and water, and most 
of that in leaves was extractable by treatment with alkali, 
these extracts were examined by gel permeation chro- 
matography. A standard solution of 95mT~0i  eluted from 
a Sephadex G-25 column in the third and fourth void 
volumes (Fig. 5 ) .  By comparison, a large portion of the 
Tc in the ethanol-water extract of maple wood and the 
NaOH extract of leaves eluted in the second void volume 
(Fig. 5 ) ,  indicating that Tc in these extracts was not pre- 
dominantly TcO; but was Tc complexed with molecules 
> 1,000 amu. There was a higher percentage of TcOi 
present in the ethanol-water extract from maple wood 
than in the NaOH extract from leaves (Fig. 5 ) . 

When Tc04 was incubated for 24 h using the NaOH 
extract from unlabeled maple leaves and chromato- 
graphed on the G-25 column, all radioactivity eluted in 
a single peak at precisely three void volumes. Therefore, 
TcOi was not reduced by organic substances extracted 
from leaves using NaOH. This control demonstrated that 
Tc was not forming complexes with hydrolysis products 
or other artifact molecules formed during alkaline ex- 
traction of the leaf tissue. 

. 

Modified chemical fractionation of Tc in maple leaves 
A modified chemical fractionation scheme more 

suited to carbohydrate extraction from plant tissues re- 
vealed that ethanol and water-soluble fractions from ma- 
ple leaves contained only 22% of the total Tc in the leaves 
(Table 3). As in the first series of chemical extractions 
with 95"'Tc-labeled leaves, most of the 99Tc could be re- 
moved from the leaves only with alkali (bicarbonate-car- 
bonate solutions or NaOH). Technetium extractable with 
the bicarbonate-carbonate solution was designated hemi- 

Table 2. Percentage of the Tc in labeled wood, leaves and leaf litter extracted using successive homogenation with 
ethanol, water, HCl and NaOH. The insoluble residue was that material remaining after extraction with NaOH. 

Percentage of Tc extracted from 
~ ~~~~~ 

95mTc-labeled 95"Tc-labeled 9%-labeled leaf 
"Tc-labeled wood wood leaves litter 

Mean (Cvp Mean (CV) Mean (CV) Mean (CY 

Ethanol 10 (0.14) 26 (0.1 1) 6 (0.03) 2 (0.16) 
Water 56 (0.04) 45 (0. I I )  12 (0.19) 19 (0.03) 

2 M NaOH 21 (0.13) 12 (0.35) 71 (0.01) 66 (0.57) 
Insoluble residue 7 (0.18) 8 (0.25) 6 (0.39) 3 (0.47) 

0.2 N HCI 6 (0.90) 9 (0.06) 5 (0.01) 10 (0.20) 

CV = coefficient of variation for replicate extractions. 
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Fig. 5. Chromatograms of 9 5 m T ~  (TcO;), the combined etha- 
nol-water extract of 99Tc from maple wood, and the NaOH 
extract of 95mTc from maple leaves chromatographed on Seph- 
adex G - 2 5  (column length 25 cm, column diameter 2.5 cm, 
flow rate 3.5 mL min-', eluant 0 . 2  M NaOH). Fractions of 
eluate were pooled in the first, second, third, fourth and fifth 

void volumes ( V,). 

cellulose I and that extractable with NaOH was designated 
hemicellulose 11. Hemicellulose refers to various poorly 
defined polysaccharides of the cell wall, exclusive of cel- 
lulose, that are soluble in dilute alkali. 

Technetium that was soluble in NaOH was further 
fractionated into low MW and high MW hemicellulose 

by immediately acidifying the extract to pH 4.5 (Robinson 
1980). Less than 5% of the Tc was found in the high MW 
hemicellulose precipitate. This extraction scheme indi- 
cated that Tc was incorporated in or otherwise associated 
with structural elements of the cell walls in maple leaves. 

Enzymatic digestion of maple leaf and wood tissue 
Digestion of contaminated leaves and wood with 

protease increased the release of Tc from plant tissue ho- 
mogenates relative to control incubations performed in 
the same manner without protease. When homogenized 
tissues were incubated without protease, 22% and 9% of 
the 99Tc was released from wood and leaves, respectively. 
The inclusion of protease in incubations more than dou- 
bled the removal of Tc from wood and from leaves (Table 
4). Subsequent extraction of protease-treated leaves with 
ethanol, amylase, cellulase and alkali demonstrated that 
almost half of the 99Tc in maple leaves was associated 
with hemicellulose ( NaOH extractable) and undegraded 
cellulose or other structural polysaccharides (residue) 
(Table 4). 

Analysis and chromatography of the enzyme extracts 
In enzyme (protease + pepsin) soluble-extracts from 

99Tc-contaminated leaves, 60% of the Tc did not pass an 
ultrafiltration membrane with a nominal MW cutoff of 
10,000 amu. Of the 40% that passed the membrane, 85% 
of the @ radioactivity showed little migration from the 
origin in TLC ( Rf = 0 to 0.08) and was accompanied by 
a strong stain in response to ninhydrin reagent. In enzyme- 
soluble extracts from wood, 93% of the 99Tc passed the 
same type of ultrafiltration membrane. TLC showed that 
63% of the 0 activity in the <10,000 arnu fraction migrated 
with an Rr value of =0.40 and was not accompanied by 
a positive reaction to ninhydrin. TLC of TcOl anion 
alone (standard solution) revealed that 98% of the 99Tc 
migrated with an RF value of -0.48. 

CONCLUSION 

A data summary detailing evidence for the relative 
importance of free TcOZ and organically bound Tc in 

Table 3. Amount of percentage distribution of wTc in chemical extracts of maple 
leaves (see Fig. 3 for the extraction scheme and constituent makeup of the 

various extracts). 

Fraction Generalized constituents Ba % 

Ethanolic supernate Lipids and pigments 1.4 9 

Supernate Ionic substances, sugars 1.4 9 
Water soluble 

Pellet Pectic substances and 3.3 4 
polysaccharides 

Water insoluble 

Bicarbonate insoluble 
Bicarbonate soluble Hemicellulose I 14.8 18 

NaOH soluble Hemicellulose I! 31.1 39 
Pellet Cellulose and polysaccharides 16.7 21 
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Table 4. Release of 9yTc from homogenized maple leaves and wood by successive 
treatments with protease, ethanol, amylase, cellulase and sodium hydroxide (see 

Fig. 4 for method). 

Percentage removed by treatment with 99Tc in 
residue 

Tissue Protease Ethanol Amylase Cellulase NaOH % 

Wood 51 35 1 < I  8 1 
Leaves 21 24 I 1 36 13 

contaminated leaves and wood indicates that there are 
multiple forms of Tc in maple trees (Table 5 ) . The high 
extractability of Tc by successive extractions with ethanol 
and water showed that Tc incorporated into maple wood 
occurred in predominantly soluble forms. Chromatog- 
raphy of the ethanol-water-soluble fraction indicated some 
presence (<lo%) of free TcOi, but most ofthe Tc in this 
fraction appeared to be organically complexed with mol- 
ecules > 1,000 amu. If Tc is transported as TcO; in the 
xylem sap, its metabolism and incorporation into woody 
tissues apparently involves some association with hydro- 
philic organic complexes, most of which are smaller than 
10,000 amu. 

Part of the Tc incorporated into maple wood (1 2% 
to 21%) was chemically removed using NaOH or re- 
mained after alkaline treatmknt in the insoluble residue 
(7% to 8% ), indicating that nearly one-fourth of the Tc 
in wood was structurally incorporated into cell walls. Al- 
kali-soluble hemicelluloses, which originate chiefly from 
cell walls, typically comprise about 30% of the sapwood 
from deciduous trees (Rogers and Perkins 1968). 

Table 5. Data summary indicating the relative importance of 
organically bound and free TcO; in contaminated maple leaves 

and wood. 

Evidence Consistent with Tc as TcO; in Wood 
65% ofthat solubilized by physical methods was <10,000 arnu 
66% of 7 1 % was chemically extracted using ethanol and water 
93% of that solubilized by protease digestion was <10,000 amu 
Tc in a protease extract < 10,000 arnu migrated like TcO; in TLC 

Evidence Consistent with 0rganicall.v Bound Forms of Tc in Wood 
35% of that solubilized using physical methods was >10,000 amu 
Tc in ethanol-water extracts did not chromatograph like TcO; 
20% to 28% was alkali extractable or in an insoluble residue 
Protease increased extractability from wood homogenates 

Evidence Consistent with Tc as TcO; in Maple Leaves 
80% of that solubilized using physical methods was t10,000 arnu 

Evidence Consisleni nbith Organically Bound Forms of Tc in Maple 

19% of that solubilized using physical methods was >10,000 amu 
Most (=70%) was alkali extractable or in an insoluble residue 
Chromatography of Tc in alkaline extracts did not resemble TcO; 
Protease increased extractability from leaf homogenates 
60% of the protease soluble Tc was > 10,000 amu 
Tc in protease extracts < 10,000 arnu did not migrate like TcO; 

Leaves 

in TLC 

There was little evidence for the Occurrence of large 
amounts of TcO; in maple leaves; however, most (80%) 
of the Tc that could be solubilized by physical methods 
was < 10,000 amu in MW. The chemically insoluble na- 
ture of Tc in maple leaves and the large amount (70%) 
extractable with NaOH indicated an association with 
molecules in the leaf cell walls. Chromatography on 
Sephadex G-25 showed that Tc in the alkaline extract was 
not TcO; . Furthermore, leaf Tc solubilized using protease 
reacted strongly with ninhydrin and, unlike TcOi , 
showed little mobility in TLC on silica gel. 

The in vitro formation of methionine and cysteine 
complexes with Tc, demonstrated by other researchers 
(Roucoux 1980; Delmotte 198 1), implicates structural 
protein in the cell wall as a potential site for Tc accu- 
mulation. Structural models of the primary cell wall in 
plants, based on suspension-cultured sycamore (Acer 
pseudoplatanus) cells, indicate that a protein layer is 
sandwiched between hemicellulose layers that are H 
bonded to cellulose chains (Bonner and Varner 1976). 
Hence, the cell wall protein is protected by insoluble 
structural polysaccharides (cellulose and hemicellulose ) 
from attack by treatment with ethanol, water and weak 
acids. Extraction with NaOH solubilizes the hemicellulose 
and frees Tc associated with cell wall protein. Protease 
treatment of maple leaves released only 21% of the leaf 
Tc, perhaps because protease treatments are ineffective 
in releasing cell wall protein unless wall polysaccharides 
are first chemically degraded. Enzyme treatment with cel- 
lulase (Table 4 )  also removed a negligible amount of the 
leaf Tc, probably because the cell wall protein was still 
protected by insoluble layers of structural polysaccharides. 

Technetium in contaminated ground water appears 
to be absorbed by tree roots as TcO; and transported in 
the xylem stream to leaves, where Tc (VII) is reduced to 
Tc (IV) and organically complexed during metabolism. 
The organic complexation of Tc in maple leaves (and 
perhaps wood) has implications for the cycling of 99Tc in 
forests (Fig. 1). Observations on the probable incorpo- 
ration of Tc into the structural components of maple 
leaves explains several observations from field studies 
(Garten et al. 1986a; Garten 1987), including 1) the pro- 
gressive accumulation of 99Tc in tree leaves over the 
growing season, 2 )  the apparent accumulation of 99Tc in 
forest floor leaf litter layers, 3) the small amount of 99Tc 
leaching from tree leaves by rainfall, and 4) the presence 
of organic soil fractions enriched in 99Tc. 

- 

, 
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Chemical extractions of soil from the 9’Tc-c~ntam- 
inated study site reveal that between 14% and 23% of the 
soil Tc was extractable with dilute NaOH (humic sub- 
stances) (Garten et al. 1986a). Approximately two-thirds 
of the 99Tc extracted from soil using NaOH will not pass 
a dialysis membrane a MW cutoff of 3,500 amu. 
Many years Of 99Tc uptake by tree roots, and 
incorporation into structural components of the leaf, and 
decomposition of seasonal leaf fall has substantially con- 

tributed to the presence of Tc-organic matter complexes 
in the forest soil. 
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