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Abstract

There are several models that predict ambient (ground level) ozone pollution by 

transforming the 
+

data.  However, transformations sometime increase prediction error. 

Our goal 
,

is to directly model ambient ozone levels in regions located away from

monitoring stations.  Our objective is not to predict future ozone levels.
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Introduction

Ambient  ozone (O3) pollution 
.

is a major environmental problem in

many metropolitan areas in this country.  In particular, the Houston, Texas

area is second to Los Angeles in nationwide ambient air quality (Carroll,

Chen, George, Li, Newton, Schmiediche and Wang, 1997).  There are

several models for estimating  O3, however, many modeling strategies use

transformed 
/

data.  Our objective i s t o use the multivariate skew-normal

(MSN) distribution to directly model data in an attempt to reduce prediction

error. 0   The data, provided by the Texas Natural Resources Conservation
1

Commission, 
1

 are hourly ozone measurements of the 
/

Houston-Galveston

area for 1980 - 1993.  2

The Multivariate Skew-Normal Distribution

The MSN distribution,  a parametric distribution which has an extra

parameter to regulate skewness, includes the normal as a special case.  Its

density is given by

denote the N(0,1) density and distribution function,  respectively (Azzalini

and Valle, 1996).  O'Hagan and Leonard (1976) introduced the MSN 

density as a prior density for estimating normal location parameters.

  The MSN distribution is seldom used in practice, however, Azzalini

and Valle (1996)  superimposed contours of the bivariate skew-normal

f(z;λ)=2φ(z)Φ(λz),z∈ℜ.(1)

φ(z),Φ(z)



distribution onto Australian athletes' data since observed points and the

fitted density indicated skewness.  One advantage of using this 
/

distribution

is that it allows one to retain variables on their original scale, making them
/

more interpretable. 

Ambient Ozone Levels

  The recombination of oxygen after ionization by photochemical

reactions form O3  (Guttorp, Meiring and Simpson, 1997).  Various species3
o4 f Nitrogen Oxide ( NOx) are primary precursors to O3 (Cox and Ensor,

1995).  Temperature, as sunlight,  is another contributor to the formation of

O3.  We will consider 5 the pairs o f variables (temperature, ozone) and

(NOx,ozone) and use the bivariate case to model O3. 

Preliminary Results

Figures 1 and 2 are scatter-plots of (temperature, ozone) and

(NOx,ozone), respectively.  Observed points display skewness in each of

the components.  We use the 
/

conditional mean, given by Azzalini and Valle

(1996),  to predict O3.

where H(x) denotes the hazard function of the standard normal density.

Further Research
   

E(Y_Z=z)=ϖz+(∆-ϖδ)/6 ()1-∆H(-λz),(2)H(x)=φ(x)/Φ6
(-x),(3)



Some components of pollution modeling are not incorporated into

equation (2).  For example, emission and deposition of precursors, diffusion0
and turbulent 2 motion,  and chemical reactions involved in the creation and

destruction o
7

f O3 (Cox and Ensor, 1995) are not accounted for.  In future

research, we will incorporate these and other features into the model,

specifically define parameters of the distribution and access the quality of

the model. 

We will also address the topic of missing data since this is an issue

with the NOx data.

The data set that covers through 1996 will soon be available, so we

will compare this with the present data.
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Phytoremediation of 2,4,6-Trinitrotoluene using Catharanthus
roseus�
Rice University, Department of Chemical Engineering
Angélica Diana Rodríguez

Abstract

Soils contaminated with 2,4,6-trinitrotoluene (TNT) from former munitions

facilities are present world wide.  Using hairy root cultures of the periwinkle, Catharanthus

roseus, TNT is effectively and inexpensively transformed into less harmful substances.

The effects of TNT on C. roseus in its exponential and stationary growth phases will be

examined with this experiment.

Introduction

Hairy root cultures used in this experiment are derivative root structures of

Catharanthus roseus, commonly known as the periwinkle, and contain intrinsic abilities to

phytoremediate TNT at various life stages.  The four main life phases of hairy roots are:�

lag (inoculation), exponential growth, stationary, and death.  The inoculation phase is the

stage right after roots have been subcultured and added to a new flask environment (50 mL

medium) to begin growth.  Roots experience a lag phase during inoculation where no

growth or increase in mass is observed.  This occurs for a short while until the exponential

growth phase begins.  Hairy roots grow exponentially until stationary phase is reached,

that is, the stage where the roots will not grow any longer and eventually die, entering the
�

death phase in which an exponential decay occurs (Bailey & Ollis).  The exponential

growth and stationary phases are the two life stages in which TNT phytoremediation will

be examined.
 

Phytoremediation is an intracellular (inside the root) process which benefits the

extracellular (outside the root) environment.  During phytoremediation, the hairy roots take

up metals and toxic chemicals, and then transform them into less harmful substances.  This¡

method of rejuvenating the toxic soil is preferred to expensive incineration and composting



which produces recalcitrant reduction products (Lauritzen, et. al 1996).  Effects of TNT on¢

C. roseus  have been studied using growth kinetics to model its life cycle by adding various

TNT concentrations to all growth phases of the hairy roots and measuring its concentration

at different time intervals.

Methods and Materials

C. roseus hairy root clone LBE-6-1, grown in Gamborg B5/2 salts and 30g/L

sucrose in constant stirrer and bacteria free environment with no light  was maintained prior

to experimentation (Bhadra, et. al).  For exponential growth phase tests, 20, 30, and
�

40(mg/L) concentrations of TNT were added to the flasks containing 5g fresh weight (FW)

roots at 19 days per 50mL medium.  Stationary phase tests were performed by adding TNT

concentrations of 15.97, 28.00, 42.34, and 55.44 (mg/L) to roots in stationary phase.

Samples of medium were withdrawn at specified intervals and later analyzed by using a

High Performance Liquid Chromatography (HPLC).

Results

    Exponential Growth Phase

During exponential growth, the hairy root and TNT concentrations are

simultaneously changing as displayed in Figure 1 and Figure 2.
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These systems can be modeled according to equation 1, the second order reaction rate law

(Hill) :

r  = -k * [X] * [TNT]     (1)

r = reaction rate (L/g-day)

k = reaction rate constant

[X] = Plant concentration (g FW/L)

[TNT] = TNT concentration (mg/L)

The second order rate law is implemented in a Matlab routine which loops through matrices

of plant mass and TNT concentrations then uses the ‘fmin’ function to determine the least

squared error values and calculates the kinetic constants for each system.  Table 1 displays

the kinetic constants for the three different batches of flasks.
�

Table 1  TNT Reaction Rate Constants in Exponential Phase, 34 day cycle

TNT Concentration
(mg/L)

Kinetic Rate Constant
( L/g-hr)

20 0.0075 ± 0.0032

30 0.0126 ± 0.0051

40 0.0156 ± 0.0030

As the TNT concentration increases, the reaction rate constant also increases.

These rate constants are helpful in modeling the growth of hairy roots by modeling their

growth according to the  specific growth rate equation  (equation 2) which is only valid for

exponential growth phase (Blanch & Clark):

r = ¤ µ * [X]     (2)

r = reaction rate (L/g-day)¤

µ = specific growth rate constant (day-1)

[X] = plant concentration (DW)



Using [X]=100 g/L and the reaction rates from Table 1, 
¥

µ can be backed out of equation 2

which will yield the specific growth rate and the doubling time of the hairy roots, shown in¢

Table 2.

Table 2 TNT effects on C. roseus
¦

 growth in Exponential Phase, 34 day cycle

[TNT]
(mg/L)

DW Specific
Growth Rate

(day 
-1

)

DW
Doubling

Time
(day)

FW Specific

Growth Rate (day 
-1

)

FW Doubling
Time (day)

Control 0.185 3.74 0.0503 13.8
20 0.0125 ±

0.00704
89.4 ± 58.0 0.145 ±§  0.0331 4.79 ±§  0.685

30 0.0134 ±
0.00523

59.3 ± 29.8 0.140 ±§  0.0479 5.16 ±§  1.22

40 0.0130 ±
0.0035

55.5 ± 14.9 0.126 ±§  0.0389 5.76 ±§  1.77

These values for the specific growth rate show that as the TNT concentration increases, the

rate of growth decreases slightly.  It is important to notice that specific growth rates can

only be determined using dry weight (DW) values (Blanch & Clark).  These dry weight

values are measured after the hairy roots have been freeze dried and all water has been¨

removed from their roots and vary from the fresh weight growth rates by one order of

magnitude.

    Stationary Phase

The stationary life cycle phase of hairy roots occurs approximately 21-24 days after

inoculation.  At this phase, hairy roots have passed their peak growth period and are no

longer growing.  However, TNT degradation in this phase is phenomenal.  As shown from

Figure 4, a rapid disappearance of TNT occurs within the first 48 hours of addition;

25.6% to 32.2% of the initial TNT concentration was degraded during the first time

interval.
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Plant concentration [X] where will have a constant concentration [X] = 100g/L as

TNT concentrations are changing with time, therefore it is assumed that stationary phase is

modeled according to the pseudo-first order reaction rate law, similar to equation 1.  The

kinetic reaction rate constants for stationary phase are listed in Table 3.  They have been

determined analytically by graphing the rate of [TNT] change versus [TNT].  These values

are should be relatively similar to the kinetic rate constants of the exponential phase.

Table 3 TNT effects on C. roseus
¦

 in Stationary Phase, 30 hour cycle

TNT
Concentration

(mg/L)

Kinetic Rate Constant
( L/g-hr)

15.97  0.0184 ±§  0.00237
28.00 0.0566 ±§  0.0255
42.34 0.0892 ±§  0.0344
55.44 0.139 ±§  0.0819



Conclusion

TNT disappearance was only observed in the presence of live C. roseus hairy roots

in 50mL of medium.  As the TNT disappeared in the medium, traces of 2-monoamino-4,6-

dinitrotoluene (ADNT) and 4-monoamino-2,6-dinitrotoluene began to appear.    These two

isomers of ADNT are the only byproducts detected of TNT’s transformation so far and

were the byproducts were formed in both phases.  Hairy roots in exponential growth¢

transformed the TNT slower than those in stationary phase.  However, both sets of roots
�

effectively transformed TNT with final concentrations ranging from 0 ppm to 4 ppm.

C. roseus has abilities to transform low concentrations of TNT at a rapid and efficient pace.

The reproducibility and upscaling of these results promises a future for biodegradation and

environmental clean-ups using natural catalysts.
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