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Abstract 
The transport of contaminants in soil and plant systems 
depends on the properties of the contaminant, aque-
ous phase flow, soil properties, and size and growth of 
the plants.There is convective flow of the aqueous phase 
in soil, plant roots, and plant stems because of differ-
ences in the pressure of water or matrix potential as a 
function of position. Significantly larger quantities of 
water are lost to the atmosphere through evapotranspi-
ration when growing plants are present. Contaminants 
are transported to the soil surface in plant roots and in 
the soil. 

Contaminants such as trichloroethylene (TCE) and 
methyl-tert-butyl ether (MTBE) diffuse through the walls 
of roots and stems. Volatile compounds such as TCE 
diffuse through the gas phase in unsaturated soil into 
the atmosphere. In small roots, TCE transported up-
ward in the aqueous phase may diffuse out through the 
walls of the roots into the unsaturated soil and to the 
atmosphere. In large mature trees, TCE has been found 
in the xylem in locations where the groundwater is con-
taminated with TCE. The concentration of TCE de-
creases with height because the TCE diffuses out 

through the plant cells between the xylem and bark of 
the trees. 

Since MTBE is more soluble in water and less volatile 
than TCE, it is transported through the roots into plant 
stems of alfalfa.The loss of MTBE through the walls of 
the stems appears to be limited by diffusion through the 
plant cells in the stem wall.This process has been mod-
eled with a transport model. 

Introduction 
The fate and transport of water and contaminants in 
soil with growing vegetation has been the subject of 
research in our laboratories for more than nine years. 
Since much of the information contained in the oral pre-
sentation is available in other manuscripts and publica-
tions, the primary purpose of this manuscript is to identify 
these publications and provide information on the sig-
nificant transport processes which have been observed 
in our investigations. 

Methods 
Most of the experimental research has been conducted 
using plant growth chambers in a laboratory setting. 
These chambers include two identical U-shaped chan-
nels, each 10 cm wide, 35 cm deep, and approximately 
180 cm in axial length (Narayanan et al, 1995a and 
1995b; Narayanan et al., 1999a) and a six channel sys-
tem (Zhang et al, 1998a; Zhang et al, 1999). Each of 
the six channels was 10 cm wide, 110 cm long and 65 
cm deep with 60 cm of soil. Measurements have been 
made of the contaminant concentration in the inlet and 
outlet groundwater, the gas phase leaving the surface, 
and at points within the chambers. Experiments have 
been conducted with toluene, phenol, trichloroethylene, 
and methyl tert-butyl ether. 

Models have been developed and computer simulation 
has been used to provide additional information on the 
processes that are affecting the fate of the contaminants. 

Results 
The fate and transport of organic contaminants depends 
on the physical and chemical properties of the contami-
nants. In the early work with toluene and phenol, bio-
degradation in the soil appeared to be the primary mode 



of disappearance.Toluene degradation appeared to be 
limited to aerobic conditions (Davis et al., 1994; Erickson 
et al., 1994: Narayanan et al., 1995a; Narayanan et al., 
1998a and 1998b). Phenol may have been biodegraded 
anaerobically as well as aerobically. There was no evi-
dence that toluene and phenol were lost to the atmo-
sphere (Davis et al., 1994). 

In the research with trichoroethylene (TCE), biodegra-
dation was observed in the early research (Narayanan 
et al., 1995b), but it did not appear to be significant in 
the later research (Narayanan et al., 1999a). Experi-
ments were conducted to investigate the diffusion of 
TCE in plant systems (Davis et al., 1999). Values of 
diffusivity of TCE in plants were found to be about 0.1 to 
0.3 of the value of the diffusivity of TCE in liquid water. 
For small roots,TCE which moves upward with soil water 
in plant roots may move out of the roots near the soil 
surface by diffusion. Narayanan et al. (1999a) has shown 
that the concentration of TCE is very low at the soil sur-
face because of gas phase diffusion in unsaturated soil. 
With alfalfa plants in TCE contaminated soil, there is 
little evidence of TCE moving up into the plant stem; 
however, Vroblesky et al.(1999) has shown that TCE 
does move up into large trees. While the estimated 
diffusivity for TCE is similar in the trees, the radial dis-
tances are larger and thus, the concentrations of TCE 
in the xylem are detectable and significant. 

Plants impact transport by removing water from the soil. 
The gas phase diffusion in the unsaturated zone varies 
with the fraction of gas phase volume. As plants remove 
water from the soil, they increase the fraction of gas 
phase volume in the surface soil which enhances the 
transport of oxygen and volatile contaminants. When 
plants are present the movement of contaminants and 
the drying rate following precipitation are different than 
when plants are not present. 

When methyl tert-butyl ether (MTBE) is the contami-
nant, there is a greater tendency for the contaminant to 
be found in the plant because of the greater solubility in 
water and the lower value of the Henry constant com-
pared to TCE. In our research with MTBE, values of 
diffusivity for MTBE in plant stems were found to be 
about two orders of magnitude smaller than those for 
MTBE in water (values were about 0.008 to 0.02 of those 
for MTBE in liquid water) (Zhang et al., 2000; Zhang, 
1999). 

The loss of volatile contaminants to the atmosphere has 
been investigated experimentally and through model-
ing and simulation (Davis et al, 1994; Davis et al., 1998b; 
Narayanan et al, 1999b). If the contaminant is trans-
formed rapidly in the atmosphere and if the degrada-
tion products are environmentally acceptable, 
phytovolatilization may be a desirable process to move 
the contaminants from the soil and groundwater into 
the atmosphere. Narayanan et al. (1999b) has shown 
that volatile organic concentrations in the atmosphere 
are usually well below the threshhold limit values where 
health concerns become significant. The rate at which 

contaminants are moved from the soil to the atmosphere 
is limited by the dissipation of water vapor into the at-
mosphere.Thus, when the contaminant and water move 
upward together, the rate is limited by the rate of evapo-
transpiration which is limited by the dissipation of the 
soil water into the air. For example, for TCE in soil water 
at a concentration of 1 mmol/L or 131 mg/L, the corre-
sponding concentration for TCE in water saturated air 
is 0.56 ppm by volume at 25 C. There is a significant 
dilution because of the expectation that all of the tran-
spired water must be dissipated into the air. 

The volume of water that is transpired by plants is sig-
nificant (Davis et al., 1998a). When the roots can find 
adequate water, alfalfa, poplars and willows may use 
as much as 2 meters of water in one year (2 cubic meters 
per square meter of area). Zhang (1999) has shown 
that water use in planted chambers is significantly 
greater than that in the unplanted chamber (Zhang et 
al., 1998b and 1999).There is significant interest in us-
ing plants as solar driven pumps to contain plumes and 
the vegetation as the treatment system. While the de-
gree of treatment depends on the contaminant, it has 
been shown that for many contaminants, plants may be 
used as part of a pump-and-treat system (Davis et al., 
1998a: Erickson et al., 1997: Narayanan et al., 1999b). 

References 
Davis, L. C., Muralidharan N., V. P.Visser, C. Chaffin, W. 
G. Fateley, L. E. Erickson, and R. M. Hammaker. “Alfalfa 
Plants and Associated Microorganisms Promote Bio-
degradation Rather than Volatilization of Organic Sub-
stances from Ground Water,” in Bioremediation through 
Rhizosphere Technology,T.A. Anderson and J. R. Coats, 
Eds_, ACS Symposium Series, N. 563 Washington D. 
C., 112-122, 1994. 

Davis L. C., M. K. Banks, A. P. Schwab, M. Narayanan, 
L. E. Erickson, and J. C. Tracy. “Plant-Based 
Bioremediation,” in Bioremediation: Principles and Prac-
tice, Vol. 2. Biodegradation Technology Developments, 
S. K. Sikdar and R. L. Irvine, Eds., Technomic Publ. Co., 
Lancaster, PA, 183-219, 1998a. 

Davis L. C., S.Vanderhoof, J. Dana, K. Selk, K. Smith, B. 
Goplen, and L. E. Erickson-”Chlorinated Solvent Move-
ment through Plants Monitored by Fourier Transform 
Infrared (FT-1R) Spectroscopy,” J. of Hazardous Sub-
stance Research, Vol. 1, No.4: 1-26. http:// 
www.eng.p,.ksu.edu/HSRC, 1998b. 

Davis, L. C., Lupher, D., and L. E. Erickson. “Effects of 
Benzotriazoles on Sunflowers and Fescue,” Proceed-
ings of the 14th Annual Conference on Hazardous Waste 
Research, St. Louis, MO, 203-209. ham:// 
www.engg.ksu.edu/HSRC, 1999. 

Erickson, L. E., M. K. Banks, L. C. Davis, A. P. Schwab, 
N. Muralidharan, K. Reilley, and J. C.Tracy. “Using Veg-
etation to Enhance in situ Bioremediation,” Environ. 
Progress, 13: 226-231, 1994. 



Erickson, L. E.. “An Overview of Research on the Ben-
eficial Effects of Vegetation in Contaminated Soil,” An-
nals of the NewYork Academy of Sciences, 829: 30-35, 
1997. 

Narayanan, M., L. D. Davis, J. D. Tracy, L. E. Erickson, 
and R. M. Green. “Experimental and Modeling Studies 
of the Fate of Organic Contaminants in the Presence of 
Alfalfa Plants,” J. of Hazardous Material, 41: 229-249, 
1995a. 

Narayanan, M., L. D. Davis, and L. E. Erickson. “Fate of 
Volatile Chlorinated Organic Compounds in a Labora-
tory Chamber with Alfalfa Plants,” J. of Hazardous Ma-
terial, 41: 327-340, 1995b. 

Narayanan, M., J. C.Tracy, L. C. Davis, and L. E. Erickson. 
“Modeling the Fate of Toluene in a Chamber with Alfalfa 
Plants l.Theory and Modeling Concepts,” J. of Hazard-
ous Substance Research, Vol. 1, No. 5. http:// 
www.engg.ksu.edu/HSRC, 1998a. 

Narayanan, M., J. C.Tracy, L. C. Davis, and L. E. Erickson. 
“Modeling the Fate of Toluene in a Chamber with Alfalfa 
Plants 2. Numerical Results and Comparison Study,” J. 
of Hazardous Substance Research, Vol. 1, No. 5. http:/ 
/www.enpg.ksu.edu/HSRC, 1998b. 

Narayanan, M., N. K. Russell, L. C. Davis and L. E. 
Erickson. “Fate and Transport of Trichloroethylene in a 
Chamber with Alfalfa Plants,” International Journal of 
Phytoremediation, 1: 387-411, 1999a. 

Narayanan, M., L. E. Erickson, and L. C. Davis. “Simple 
Plant-Based Design Strategies for Volatile Organic Pol-
lutants,” Environmental Progress, 18: 231-242, 1999b. 

Vroblesky, D.A., C.T. Nietch, and IT. Morris, 1999.“Chlo-
rinated Ethenes from Groundwater in Tree Trunks,” 
Environ. Sci. & Technol., 33(3): 510-515. 

Zhang, Q., L. C. Davis, and L. E. Erickson. “Effect of 
Vegetation on Transport of Groundwater and Nonaque-
ous Phase Liquid Contaminants,” J. of Hazardous Sub-
stance Research, Vol. 1, No. 8. http:// 
www.en.2g.ksu.edu/HSRC, 1998a. 

Zhang, Q., L. C. Davis and L. E. Erickson. Using vegeta-
tion to treat methyl-tert-butyl ether contaminated ground-
water. Proceedings of the 13th Annual Conference on 
Hazardous Waste Research, Snowbird, UT, 272-283. 
http://www.engg.ksu.edu/HSRC, 1998b. 

Zhang, Q., L. C. Davis and L. E. Erickson, Transport of 
methyl tert-butyl ether (MTBE) through alfalfa plants, 
Environ. Sci. & Technol., submitted, 2000. 

Zhang, Q., “Phytoremediation Of Methyl Tert-Butyl Ether 
(MTBE) in Groundwater-Experimental and Modeling 
Studies,” PhD Dissertation, 1999, Kansas State Univer-
sity, Manhattan, KS. 

Acknowledgement 
This research was partially supported by the U.S. EPA 
under assistance agreements R-815709, R-819653, R-
825549, and 825550 to the Great Plains/Rocky Moun-
tain Hazardous Substance Research Center. It has not 
been submitted to EPA for review and, therefore, may 
not necessarily reflect the views of the agency and no 
official endorsement should be inferred.The Center for 
Hazardous Substance Research provided partial fund-
ing. 



Transport of Contaminants 

in Plant and Soil Systems


Larry E. Erickson, Lawrence C. Davis, 

Qizhi Zhang, and Muralidharan Narayanan 

Kansas State University, Manhattan, KS 66506 





Trichloroethene concentration in tree cores, in 
nanomoles of gas per liter of core water 

Trichloroethene concentration in cores along the trunk of tree 7 (bald 
cypress). Cores from the northern trunk were not collected in July 1997. 
(From Vroblesky et al., Environ. Sci. & Technol., 33: 510 (1999).) 

Estimated values of diffusivity for trichloroethylene in trees


Tree Diffusivity cm2/s Source of data 

Poplar 1.6×10-6 

1 × 10-6 

2 × 10-6 

3 × 10-6 

Hu 

Davis et al. 

Davis et al. 

Davis et al. 

Willow 1.6 × 10-6 

1.5 × 10-6 

2 × 10-6 

3 × 10-6 

Hu 

Davis et al. 

Davis et al. 

Davis et al. 

Bald Cyprus 3 × 10-6 Vroblesky et al. 

Diffusivity of trichloroethylene in water is 1 × 10-5 cm2/s. 



Comparison of confined and unconfined gas phase concentrations of 
trichloroethylene (TCE) for several different concentrations in 
ground water at 25oC and 1 atmosphere. 
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ppmv = parts per million by volume. 
*	 Confined gas phase concentrations are assumed to be in equilibrium with the liquid 

phase. 
**Unconfined gas phase concentrations are based on evaporation of water vapor and TCE 

together. 

Integrated amount of MTBE lost to the atmosphere over 
time from the soil surface of six channels. 
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MTBE concentration in plant water as a function of stem position from 
the soil surface. The points are experimental data and the solid lines are 
the exponential fittings of form c = c0exp(-αz). The concentration is 
normalized to the inlet concentration (0.844 mM). 
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MTBE concentration in plant water as a function of stem position 
from the soil surface. The points are experimental data and the solid 
lines are the exponential fittings of form c = c0exp(-αz). The 
concentration is normalized to the inlet concentration (0.844 mM). 



Concentration distribution within the plant stem as a function of the 
characteristic distance  , with uniform concentration at Z = 0. 

Concentration is reduced to the overall concentration at Z = 0. 
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Concentration distribution within the plant stem as a function of 
for plant #7-31-1, with non-uniform concentration at Z = 0. 
Concentration reduced to the overall concentration at Z = 0. 
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Comparison of Standard Deviations of Two 
Model Solutions from the Experimental Data

Plant# 7-31-1 7-31-2 7-31-3 8-31-1 8-31-2 8-31-3

uniform 0.0753 0.0782 0.0748 0.0929 0.0771 0.0676

non-
uniform 0.0452 0.0524 0.0519 0.0608 0.0373 0.0253

 M ass balance of w ater and estim ated  fraction  of M T B E  
 transpired  by plants  during  the three- m onths test period. 

C hannel #, 
description  

1, 
plan ted 
and 
aerated  

2, 
plan ted  
but n ot 
aerated  

3, 
plan ted 
but n ot 
aerated  

4, 
unplan ted
and n ot 
aerated  

5, 
plan ted 
but n ot 
aerated  

6, 
plan ted 
and 
aerated  

Total w ater added 
(L ) 

186 191 185 199 

Evapotranspired 
water (E T) (L ) 

81 109 37* 106 108 

Estim ated average 
p lan t uptake of 
M TB E (fraction ) 

0.015 029 0.024 0.0** 0.032 035 

Estim ated greatest 
p lant up take of 
M TB E (fraction ) 

0.035  0.068 0.056 0.0** 0.075 080 

C orrected recovery 0.78 69 0.80 1.0 0.85 71 

R ecovery w ith  
average plan t 
up tak e 

0.80  0.72  0.82 1.0 0.88  0.75  

*  here w as only evaporation of w ater in this unplanted channel. 
**N o plant uptake for this channel. 
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Simulated aqueous phase concentration 
of MTBE and TCE for θs = 0.29 
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