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ABSTRACT

Poplar and willow trees grown hydroponically accumulated TCE within the stem. Measured concen-
trations decreased with distance from the source indicating that radial diffusive lossissignificant. The
estimated half-timefor lossfrom stems of lessthan 1 cm diameter was variable, depending on the water flow
rate. Diffusivity estimates based on transit time and stem radiusindicated a diffusivity of about 10 cnm?/s.
When 4-8 mm diam. poplar stemswere loaded with TCE contaminant by immersion and then allowed to
equilibrate to the atmosphere, half-times were several hours. A model describing the diffusive process
indicates adiffusivity (D) of 3 x 107 cm#sgivesagood fit to the experimental data. It issuggested from
comparison of intact and peeled stems that the cambial layer is more resistant than the underlying tissue for
which aD nearer 10 cm#sisfound. If al of the resistance werein an outer layer of 0.5 mm thickness, the D
for that layer would be about 1 x 107 cm?/s. Sunflowers growing in contaminated soil showed a gradient of
contaminant distribution within the stem. The estimated radial diffusivity wassimilar to that of willowsand
poplars.
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INTRODUCTION

Thereismuchinterest inthe possibleintermediatransfer of contaminantsfrom water/soil to
air viaplants. Burken and Schnoor (1997) showed that a predi ctive rel ationship based on the
octanol:water partition coefficient could account for transfer of anumber of contaminantsthrough
small poplar trees. Recently Vroblesky et al. (1999) measured chlorinated etheneswithin thetrunks
of maturetreesgrowing on contaminated soil at the Savannah River site. We have shown that
transfer of chlorinated solventsoccurswith severa speciesof plantsincluding poplars, willows, and
sunflowers(Daviset ., 1998), generally in agreement with thework of Burkenand
Schnoor(1997). Recent studiesby Huinthislaboratory (Hu, 1998) have extended thiswork to
include measurement of sorptionto plant tissuesand estimation of theradia diffusivity of contami-
nantswhile moving through the stem of aplant. More detailed measurementsand analysesare
presented here.

METHODS

Vigorously growing, hydroponically cultured poplar or corkscrew willow treesof about 50
gfreshweight with awater usage of 5- 10 mL/hr were exposed to low concentrations (~10 mM)
of trichloroethylene (TCE). After 1-2 daysexposuretime, the plantswere dissected fromthetop
down, rapidly transferring 1-2 g pieces of stemto 65 mL bottleswhich were closed with mininert
valves. Atintervals, or after long-term equilibration, sampleswereanayzed by gaschromatogra-
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phy. Fresh and dry weightswere determined for the plant segments. From thesedata, aprofile of
the TCE distributionwithin the plant could be derived.

Assuming steady state transport, knowing thewater usage (mL/hr) and stem cross section
(cm?), onecan calculatethelinear superficial velocity (cm/ hr) of water from the stem baseto any
point within the stem below theleaves. Thetrangit timethrough agiven segment distance, derived
fromthelinear vel ocity, assumesthat the entire aqueous content of astem segment isin equilibrium.
Actual water content varied from 55-75%; for convenience avalue of 66% wasusedin calcula
tions. Theplantsused for these experimentshad multiple shootsarising from upper portionsof the
stem, so for estimating water fluxeswithin these shoots, it had to be assumed that water transport
was proportional to therelative cross-section of each shoot. When therewereleaves on the shoot
section being analyzed, it had to be assumed that theleaves on that segment and below it used only
asmall portion of thetotal water. Morethan 3/4 of theleaveswerelocated above the sections
andyzed.

During thewinter dormancy period, long-stem segmentswereremoved from hybrid poplar
treesand either used immediately or stored for afew daysunder refrigeration. The stem segments
wereimmersedinalargevolume (13 L) of water containing alow concentration of TCE (~13 uM).
Atintervals, the ssemswereremoved, blotted briefly, and snipped into pieceswhich weretreated
and analyzed asabove. End segments concentrationswere discarded fromtheanaysisto avoid
end effects. Thisprovided ameasureof theinward diffusionrate of TCE into the plant tissue.

To estimatethe outward diffusivity of TCE, stem segments (25-30 cm long) wereimmersed
inthe same conditionsfor 3 daysand then removed, blotted briefly, and placed into alarge (0.97
or 1.3L) bottle. Short piecesof the stem endswere cut off for separate analysisin smaller bottles
sedled with mininert valves. Gassampleswerewithdrawn at intervalsup to 24 hr to measurethe
outward diffusiveflux of TCE.

Small sunflower seedlingsweretransplanted to acylinder packed with soil from near the
former Riley County landfill. Thecylinder waswatered from bel ow with asol ution containing 25
ML/L of TCE. After the plantshad grownto~25 cm, they wererapidly harvested from thetop
down and contaminant concentration was determined asfor the poplar and willow stems.

Resultsfromtheinflux or efflux experimentswere plotted aslog functionsto derivead ope
for the 19-order transfer process, from which ahalf-time could be estimated. Knowing thedimen-
sonsof thestem segments, it ispossibleto cal culateadiffusivity assuming auniform cylindrical
shapeand composition. Thisisderived fromtherelationship given by Rose (1981) wherethe
characterigtic of the half-timefor theentirecylinder is0.0631=Dt /r>.

The samereationship given above can be used to estimate adiffusivity for the dataacquired
withactively transpiring plantsif one assumesthat thelinear vel ocity of water flow isafunction of
crosssectional areaand volumetrangported per unittime. Asasimpleapproximation, assuming a
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steady state flow and sorption equilibrium, the concentration decrease asthewater movesup the
semisdueentirdy toradid diffusvelossesduring that movement. Knowingtheradia dimension of
the stem and thetrangit time between two points, one can use the observed concentration decrease
topredict adiffusvity intheradia direction.

RESULTS

Table 1 showscal culated diffusivitiesfor stem segmentstaken fromtwo intact, actively
transpiring willow and two poplar trees. Ineach case, stemswere cut into segmentsfor analysis
and theresultswere graphed as concentration of TCE in ug/g dry weight of stemtissue. A best
visua fit to the change of concentration asafunction of distance along the stemwasdetermined, to
estimate the changein relative concentration a ong aportion of the stem represented by several
segments. DetailsaregivenintheM.S. thesisof J. Hu (1998). Assuming that theradiusof thestem
doesnot change appreciably over theinterval being anayzed, and knowing thewater usage by the
plant, itispossibleto calculatethelinear vel ocity of water withinthe plant stem and hencethe
residencetime of apacket of water moving from the basetoward thetop. Thediffusiveloss
outward was assumed to be equivalent to the diffusivelosswhich would occur if astem segment of
thesamecylindrical crosssectionwere exposed to uncontaminated air during astaticincubation, as
described by Rose (1981). If theradiusdecreasesover along interval of stem length, the estimated
diffusivity will be somewhat misestimated by thisprocedure, depending onwhat ischosen asabest
estimate of theaverageradius.

Asmay beseenin Table 1, thediffusivity estimates agreerather well, within about 3-fold,
despiteagreater than 10-fold differencein stem cross-sectiona areas. Asexpected, for smilar
trangit times, smaler stemslost alarger fraction of theinput TCE. A necessary assumptionisthat
the observed concentration of TCE isasteady-state concentration. Each plant transpired several
timesitsmassof water. The main stem, which containsasmall fraction of thetotd plant volume, had
~20 equiva ent volumes or more passed throughit. Earlier studiesshowed that thisissufficient to
reach the steady state when acontaminated sol ution ispumped through along-stem segment (Hu,
1998).

Figure 1 showsatypicd efflux experiment, using astem segment from amature, dormant tree,
inthisinstancefor apeeled stem. Thelineshownisfrom al1%-order regression based on alog plot of
thedata. Indl experimentstherewasavery rapid rel ease of 10-20% of thetotal amount containedin
the stem; thiswas presumably theresult of athinlayer of trapped sol ution on the surface of thestem.
Becausethe stemsused for these studieshad matured in the autumn and dropped their | eaves, they
may not have apermeability comparableto that of actively growing shootsexamined above, which
generdly weregreen, more succulent, and presumably metabolicdly active.

Table2 summarizesthediffusvitiesderived fromfitting theinflux and efflux experimentswith
winter-harvested stems. Thetechnique of immersing the stem section inwater contaminated with
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TCE would necessarily result in production of athinliquid film on the surface of the stem, and
possibly withinlenticelsand small cracksintheyoung bark. Wemay anticipatethat diffusivities
derivedinthistype of experiment may be somewhat |ower than those obtai ned with shootsthat had
not been wetted. The magnitude of the effect dependsontherelative degree of air permesability of
actively growing and dormant stems.

Sunflower seedlingsweregrown on TCE-contaminated soil under conditionsinwhich al of
the TCE was converted to DCE at depth. The DCE concentration within plants at the base was
lower than that observed in the soil several cm deep. Within the stem, the DCE concentration
decreased in samplestaken higher up the plant. Plantshad astem radiusof lessthan ~2.5mmand
alength of ~30 cm. With an estimated water use of 1-2 mL/h/plant, thetrangit time and the half-
timefor contaminant losswasnear an hour. Table 3 providesexamplesfor two plants. For both
plantsadiffusivity of lessthan 10° givesareasonablefit to the extent of contaminant lossover the
distance between midpoints of two stem segments.

CONCLUSIONS

TCE and DCE passrd atively quickly through stemsintheradial direction. Thelosscan be
measured inintact plants. Thislosshasimportant implicationsfor any study of theintermedia
transfer of TCE or other volatile organicsfrom soil to atmosphere. Onemust monitor not only the
transpiration water of the plant but al so the atmosphere surrounding the stems, particularly the
smaler ssemsnear the newly growing, leafy portionsof thetree or other plant.
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Table 1. Transfer and lossof TCE inintact poplar and willow trees.

Plant Part Radius | Interval vl_eilgi?[ry Transit | Loss | Diffusivity VZ?fjetri rl;see
(cm) (cm) (cm/hr) | time (hr) | (%) C(r):?/l;;

poplar #1 stem 0.34 9 45 2 35 >3 268 mL/23 tr.
branch 1 0.19 25 68 0.37 50 2
branch 2 0.16 26 68 0.38 62 15
branch 3 0.12 15 68 0.22 85 3

Poplar #2 stem | 0.31 7 35 0.2 10 3 299 mL/42 hr.
branch 3 0.2 15 30 0.49 34 1

Willow #1 stem 0.5 22 85 2.59 62 3 211 mL/48 hr
branch 0.2 39 54 0.72 38 2

Willow #2 stem 0.35 10 36 0.28 14 15 393 mL/42 hr
branch 1 0.2 14 55 0.25 52 3
branch 2 0.2 1955 55 .35 56 25

Poplar #1, 40 g fresh wt, used 268 mL in 25 hr; poplar # 2, 55 g freshwt, used 299 mL in42 hr;
willow # 1, 60 g freshwt, used 211 mL in48 hr; willow #4, 50 g fresh wt, used 383 mL in42 hr.
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Table 2. Radid diffusion of TCE through poplar stems.

Experiment Radius D from half-life | D, thin film?

date and treatment (cm) (X 107 cn¥ls) (X 107 cnréls)
1/7/99, with bark 0.25 3.3 1.3
12/24/98, with bark 0.31 2.7 0.7
1/7/99, with bark 0.43 7.5 0.4
1/18/99, no bark, new 0.36 9.5 N/A
1/18/99, no bark, dead 0.31 6.0 N/A
12/21/98, inward diff® 0.33 2.7 ND

N/A = not applicable; ND = not determined

1. Based on the method and equations provided by Rose (1981)

2. FromanequationinBird et d. (1960) assuming 0.5 mmfilm

3. Seven stem segmentswere pulled from areservoir of contaminated water at varioustimes (1/2,
1,2,3,5,7 & 22 hr) and the concentration of TCE within the stemswasderived from levelsobserved
inbottlesclosed with mininert valves, after equilibration.

Table 3. Contaminant lossin stemsof soil-grown sunflowers.

Experiment/position Segment length Weight Relative GC peak
(cm) ) height per weight
#1 Top* 7.9 0.7 57
2 75 0.8 7.4
3¢ 6.2 0.8 12.4
Bottom 6.8 11 18.3
#2 Top (+petioles) 25 21 53
2 75 1.8 20
3¢ 5.7 1.2 34
Bottom 4.6 12 36

1. Inexperiment # 1, an 8-cm segment of thetop wasquickly transferred to asmall bottle of water
to estimate water usage over the next hour. Thisindicated awater userateof 2 mL/hr. Thiswasa
wild sunflower.

2. For experiment #2, water usewas 1.2 mL/hr, estimated for the planted cylinder prior to plant
harvest. Thiswasadomestic confectionary seed selection.
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Rel conc of TCE in poplar stem w/o

bark vs. time (new)
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Figure 1. Relative concentration of TCE inpoplar stem without bark versustime (new).
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