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Spend A Summer With A Scientist
Paola Argaez

Mentor: Dr, Richard Tapia

This summer program was a valuable experience for me as an undergraduate student. I
learned a lot from graduate students as well as other undergraduate students involved in
this program. Their experiences have helped me to look beyond an undergraduate career.
Because of their different backgrounds, their excellence ideas and view of the future, I can
now understand and appreciate how important diversity is in this country.

As part of the Spend a Summer with a Scientist program, I had a project to complete. My
main goal was to learn to use Latex. Latex is a software program that scientists, engineers,
and graduate students use to write their technical reports and presentations. My goal was
to use Latex to format and edit a book consisting of some notes for an optimization course
taught at Rice University. These notes which were written by Dr. Tapia, will be use as
the class course textbook for the fall 1997 eventually will be formally published as a book.

The process of learning Latex was totally new for me because I had no experience with
such a computer language. I had previously written papers for my classes, but in this case
a regular editor would not do it, since editors do not deal with such symbols as integral,
matrices or even other complex mathematical expressions. In the process of writing in Latex
I also learned Unix which is the operating system I worked with. I could not completed
my project without learning both Unix and Latex. In the end after so many mistakes and
frustrations, I finished the project. Besides doing the project I also learned some Linear
Algebra and Vector Calculus in order to prepare for the next semester. An important issue

that I learned in Linear Algebra was a classical problem for Algebra and Geometry:

arx + by = Cis by (1)
ag + be = OQ, 12

for this system of linear equations we can have any of the following three solutions:

1. A Unique Solution: which is when the lines intersect.

2. An Infinite Number of Solutions: when both lines represent only one line.




3. No Solution: when the lines are parallel or have the same slope.

Equation (1) can be expressed as a product in the following way
AX =b
where
A= [ala bla az, 62]
X = [.17, y]T7 b= [ch C2]T'

Using Linear Algebra the solution of the system is given by:
X =A%

where AT is the pseudo-inverse of the matrix A.

The pseudo-inverse has the following properties: Any Matrix has a unique pseudo-inverse
At such that satisfies:

(1) AATA=A

(11) ATAAT = AT

(127) (AAT)T = (AAT)

(iv) (ATA)T = AT A.

The solution is interpreted in the following way:

1. A Unique Solution
X=X

where
Al = AT,
2. An Infinite Number of Solutions:

minimize || X]||2

subject to AX =b.



3. No Solution:
minimize || X2 3)
subject to ||AX — bl|s.
Overall it has been a great summer for me. The people in the program were very
friendly and helped me tremendously when I needed it. But most important, I learned

a lot about Linear Algebra, Latex and the axe editor.



William Christian Jr.
Spend a Summer with a Scientist - 1997

CRPC
Rice University, Houston, TX

Consider the standard Integer Programming problem (IP)

minimize clx
subjectto  Axr < b

z > 0

r e ZL.

A typical approach to solving these problems is to generate inequalities which
successively “cut oft” infeasible regions of the polytope P = {;r: € Rkt Az < b}.

With the support of the Spend a Summer with a Scientist program I inde-
pendently surveyed several classic and more recent texts of Integer Program-
ming and Operations Research. The subjects included Linear Programming,
Integer Programming, Probability and Data Structures.

In addition, I began to code a Branch and Bound code to solve general
Integer Programming problems. After completing this code, I shall begin to
implement different classes of cutting plane algorithms.

Although this research with the Spend a Summer with a Scientist program
was preliminary, it is the foundation for my future work.



On the Use of the Multivariate Skew-Normal
Distribution for Directly Modeling Ambient
Ozone Levels*

Nancy L. Glenn**

August 8, 1997

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.

Some Key Words: Multivariate skew-normal distribution; Bivariate skew-normal
distribution; Ambient ozone.

* Research supported by the Center for Research and Parallel Computation, Rice University, Houston, Texas

** Graduate Student, Department of Statistics, Rice University, Houston, Texas



Introduction

Ambient ozone (O,) 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 O,, however, many modeling strategies use
transformed data. Our objective i sto use the multivariate skew-normal
(MSN) distribution to directly model data in an attempt to reduce prediction
error. The data, provided by the Texas Natural Resources Conservation
Commission, are hourly ozone measurements of the Houston-Galveston
area for 1980 - 1993.

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

f(z; N)=2¢(z) d(Az), zOO. (1)

o 2), P(2)

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



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 O, (Guttorp, Meiring and Simpson, 1997). Various species
of Nitrogen Oxide (NO,) are primary precursors to O, (Cox and Ensor,
1995). Temperature, as sunlight, is another contributor to the formation of
O,. We will consider the pairs o fvariables (temperature, ozone) and
(NO,,0zone) and use the bivariate case to model O,.

Preliminary Results

Figures 1 and 2 are scatter-plots of (temperature, ozone) and
(NO,,0zone), respectively. Observed points display skewness in each of
the components. We use the conditional mean, given by Azzalini and Valle
(1996), to predict O..

B v _7=7) TR K Pr-B - 22) . (2)

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

Further Research



Some components of pollution modeling are not incorporated into
equation (2). For example, emission and deposition of precursors, diffusion
and turbulent motion, and chemical reactions involved in the creation and
destruction of O, (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 NO, 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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Regina Hill
Spend a Summer With a Scientist Final Report
Summer 1997

This summer I worked on formulating the Galerkin finite element method
for the wave equation in one-dimension with my mentor, Dr. William Symes
in the department of Computational and Applied Math at Rice University.
The wave equation is a partial differential equation that gets its name
because its solutions take on wave-like forms. An example of the wave
equation is

Ut - Ugy = 0.

This is the simplest form of the wave equation. We will use this form
until we are comfortable with the fintie element method. The first step
in formulating the Galerkin FEM, is to choose a basis of trial functions.
The trial functions form a polynomial approximation to the solution of
the differential equation. The higher the degree of your trial function
the better the approximation to the true solution and the harder the
formulation of the FEM (finite element method). So, we start off with a
simple first order (or linear) trial function. We will call the trial
functions ¢.

Now that we have our trial functions we can find the weak
form of the FEM by multiplying by ¢, and integrating by parts.

The weak form is

1
/ (i + s p)de
0

The Galerkin FEM means we let some function u” be an approximate
solution to the wave equation.

uh(z,t) = Y| Q)i (x)

where @;(t) are weights on the approximating functions ¢;(x).

Next, we perform numerical integration on the weak form with our
approximate solution u”(z,t) substituted for u. The system of equation
obtained from numerical integration is

(0%, d¢; 0
j=1

where k=1...N
In vector form our equation is
MQ"+ KQ =0.



where

OO -
O o
I S )
[ e N

and

2 -1 0 0
-1 2 -1 0
0 -1 2 -1
0 0 -1 2

We then solve this system using finite differences.

The solution to our system can be expensive to compute, so we want to
somehow decrease the expense of solving our system, without losing much
accuracy. We want to use Mass Lumping, which is a process by which we
approximate the tridiagonal matrix M by a diagonal matrix. We would expect
that the accuracy of the finite element method would decrease significantly
by such an approximation. Interestingly enough it turns out that when
using linear trial functions and a nodal quadrature rule for numerical
integration, the mass matrix is diagonal and the diagonal elements are
the sum of the terms in the tridiagonal mass matrix. Future work will
be to determine what happens to the accuracy of the method when you use
higher order elements, or move to higher dimensions.



Comparison of Coleman-Li and Perturbed KK'T
Formulations for Nonlinear Optimization with
Simple Bounds

Diane Jamrog

August 8, 1997

1 The Minimization Problem.

The minimization problem is to compute a local minimizer, x,, of a smooth
nonlinear objective function, f(z), subject to simple bounds on the variables.

min f(z)
st. <z<u

where z, [, u €N, I <u, f:R" 5> RN.

There are many algorithms to solve constrained optimization problems. My
research this summer was to compare two formulations for such a minimiza-
tion problem and determine which formulation performs better when Newton’s
Method is applied to each formulation. The two formulations compared are the
Coleman-Li formulation and the perturbed KKT formulation.

1.1 The Coleman-Li Formulation.

In the Coleman-Li paper, An Interior Trust Region Approach for Nonlinear
Minimazation Subject to Bounds, T. Coleman and Y. Li propose a strictly feasi-

ble trust region method for the problem given above, defining the feasible region

as F & {z : | < 2 < u}. Their method involves choosing a scaling matrix D

and a quadratic model 9. They choose Dg by examining the optimality con-
ditions.

Let g(z) def Vf(z). Define v(z) : R — R, for each component 1 < i < n,

as follows:



ifg; <0 and u; < oo then v; = x; — uy
ifg;i >0 andl; > —oco then v; = z; — I
ifg; <0 and u; = oo  then v; = —1
ifg; >0 andl; = —c0 thenv; =1

Now define D(z) = diag(|v(z)|71/?), so that D=2 is the diagonal matrix
with the ith diagonal component equal to |v;|. Note that diag(z) denotes an
(n x n) diagonal matrix with the vector z defining the diagonal entries, (as in

Matlab).

Let g. def g(z«). Now the first order necessary conditions for z, to be a local
minimizer, as stated in the Coleman-Li paper, are:

gxi =0 ifl; <zoy <y
Gxi S 0 if Ty; — U
Gxi Z 0 if Lyj — ll

With the scaling matrix D defined as above they consider the following
system of nonlinear equations:

which is an equivalent statement of first order necessary conditions. This is
essentially their formulation of the problem.

The system is continuous but not everywhere differentiable, particularly
when v; = 0. This i1s avoided by the strict feasibility of the iterates which
force |v;| > 0. Assume zj € int(F) = {z : | < = < u}, that is, the iterates
are strictly feasible. Then a Newton step, dg, satisfies the following system of
equations:

(Dp V2 fi + diag(gx) J{ )de = —Dj gi
where JV(z) € R"*™ is the Jacobian matrix of |v(z)| whenever |v(z)] is differ-
entiable.

1.2 The Perturbed Karush-Kuhn-Tucker Formulation.

The Perturbed KKT formulation for this particular minimization problem was
derived through my understanding of Rice University’s Technical Report 92-
40, On the Formulation and Theory of the Newton Interior-Point Method for
Nonlinear Programming, co-authored by A. El-Bakry, R. Tapia, T. Tsuchiya,
and Y. Zhang. The problem can be equivalently stated as:

min f(x)
st.  g(z) >0 where g(z) =2z —1
h(z) >0 hz)=u—=z



Thus, g(z) > 0, h(z) > 0 imply z € F.
The Lagrangian for the above problem is
L(IJ Y Z) = f(l‘) - yTg(‘E) - zTh(,L‘)
Thus, Vi L(z,y,2z) = Vf(z) — Vg(z)y — Vh(z)z, with Vg(z) = I and Vh(z) =

—1, so

Vel(z,y,2) =Vf(z)—y+ =z

The KKT conditions are:
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where Y denotes a diagonal matrix with diagonal y.

Thus the Perturbed KKT conditions are:

Yg(z) = pe
Zh(z) = pe
(y,2) > 0

where e 1s a vector of ones whose dimension will vary with the context.

Thus we are finding a Newton step for this system of equations:
Vi) —y+2z=0
Yg(x) —pe=0
Zh(z) —pe =0

The above system may also be denoted as F(z,y, z) = 0. Consequently, a New-
ton step, d, satisfies F'(z,y,2)d = —F(z,y,z), or

VZf(z) —1 1 Az Vik)—y+=z
Y XL 0 Ay | = — Yg(z) — pe
-7 0 U-X Az Zh(z) — pe

where d = (Az, Ay, Az).



2 Numerical Experimentation.

I wrote Matlab code to implement the Coleman-Li, KKT and Perturbed KKT
formulations in conjunction with Newton’s Method. I performed many experi-
ments, in the end, varying only the parameter, v, which determines the position
of the initial point, xg.

To simplify matters we design a convex quadratic nonlinear function f(z).
As a result there will be only one optimal solution, a global minimum. We
generate a random (n x n) matrix, A, and a random (n x 1) vector, b, and
define our function as

f(x) = .5(Az)T (Az) — b7z

We choose n = 10, that is, f: R1° = R, u = (.5, .5, .5, .5,.5,.5, .5, .5,.5,.5)
and [ = —u.

We generate 100 random initial points zg;, including yu and 4! where 0 <
v < 1. To do so we generate 100 random (10 x 1) vectors, v;, i = 1...100,
with entries of 1, 0 or —1. These vectors are then multiplied both by .5 and the
scaling factor 5, where again 0 < v < 1, so that they become strictly feasible
points. Thus,

Zo; = .OYY;.

If v is close to 1, then the initial point will be close to the boundary. If v is
close to 0, then the initial point will be close to the origin. Since the entries of
the vectors v; consist of 1, 0 or —1 these vectors represent points on the center
of the faces or points of the edges of the faces of this 10-dimensional “cube”.
For instance in 3 dimensions, that is, n = 3, the point (0, 1, 0) lies in the interior
of a face of the cube, while (1,0, 1) lies on the edge of two faces of the cube.

We apply Newton’s method to the three formulations. Step lengths are
chosen so that all iterates z; remain in the interior of the feasible region. The
algorithm is said to have failed if a stopping criterion is not satisfied after 100
iterations or an iterate lands on the boundary. For Coleman-Li, the stopping
criterion is || D(zx)~2g(2k) || < 1078, for KKT and Perturbed KKT it is

VikE)—y+=z
Yg(z) < 1076,
Zh(zx)

The following table shows the number failures, out of the 100 initial points, for
each of the three formulations.

5 |.5].6].7] .9].99999
PKKT [[0] 0] 0] 0 0
KKT 0[0] 0[O0 6

Coleman-Li 1141330 50




As we can see the Coleman-Li formulation does not do well when the initial
points are close to the boundary of the feasible region, while the KKT formula-
tion does quite well except under the extreme case of v = .99999., In all cases,
the Perturbed KKT formulation is quite robust with zero failures.



Implementing Computat ional Mat hematics

in K-12 Education

Erin M. Kellam

Samitra R. Seales
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Center for Research on Parallel Computation

Spend a Summer With a Scientist
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August 15, 1997



A strongly held belief by professors and students participating in the 1997 Spend a Sum-
mer with a Scientist program is that high school mathematics education is not what it should
be. Students are not motivated to pursue high-level mathematical problems or specializations
by continuing their math education, and most cannot answer the typical question “Where
is math used in everyday life?” There is great potential for improvement with an infusion
of applied math and computational science in the high school math curriculum. Such an in-
troduction of this non-traditional math subject matter requires two efforts: teacher training
and the publication of texts on applied math and computational science. CRPC’s Girl TECH
program is making great strides in teacher education by training teachers in computer tech-
nology and informing them of the vast resources available on the web. We spent our summer
working on the much-needed high school textbooks.

The first project of the summer consisted of reviewing and making recommendations on a
proposed linear algebra text for high school seniors. This text was originally a thesis entitled
An Introduction to Linear Algebra: A Curricular Unit for Pre-Calculus Students, and was
written by Tamara Anthony Carter in pursuit of her master’s degree at Rice University. In
preparation for a meeting with Tamara, we composed a chapter by chapter assessment of
strengths and suggestions. A more general list outlining the need for a high school linear
algebra textbook and the “selling points” of Tamara’s particular text was also given to
Tamara and is included in this report.

In addition to presenting Tamara with suggestions for her text, we coordinated a trial
case for the textbook to gather student input. A linear algebra workshop was organized for
students from Milby Science Institute, a magnet school in Houston, who were participating

in the Howard Hughes summer programs. We compiled a mini-text on linear algebra using



certain chapters and sections from Tamara’s text. Only minor alterations to Tamara’s ex-
planations, examples, and problems were made so that student comments would apply to
Tamara’s text as a whole. The workshop lasted four days, and included two hours of formal
instruction each night as well as homework assignments. All of the Spend a Summer with a
Scientist students participated as teachers. A schedule of objectives and homework problems
for each night is included in this report. The students answered evaluation questions on the
last night, and we prepared a summary of these responses. Copies of the mini-text and
summary of evaluations were given to Tamara for her use in preparing the final textbook for
potential publication.

The next project began as a summer project, but will actually be continued by us next
school year in an independent study course. This project also involves a thesis that is actually
a high school textbook. This thesis, Introduction to Computational Science: A High School
Curriculum, was written by Sarah Benkendorf who was also pursuing a master’s degree at
Rice University. Unlike Tamara, Sarah has no plans for editing and publishing her text.
There is currently no textbook on this subject for senior high school students. Furthermore,
computational science is of great importance to young students for understanding real-world
problems and being exposed to problems that are so interesting they may motivate further
study in mathematics. For these reasons, we, along with Dr. Tapia and Dr. El-Bakry,
are editing and making additions to Sarah’s original text in hopes of publishing a textbook
that will serve as an introduction to computational science. This text is being written for
high school seniors, but is appropriate for and could easily be used by college freshmen
or professionals who desire an introduction to computational science. The plans for this

textbook as of July 30, 1997, are included in this report. One unique quality in its design is



that it is being written so that is may be used in modules. In other words, an understanding
of each chapter does not depend on the material presented in the previous chapters. This
approach may attract a wider audience including those who wish to study or teach one
particular topic in computational science that fits well into another course. For example,
the chapters on solving linear systems and linear regression could be used in an algebra
course or a chemistry course with lab work. We have spent the second half of the summer
designing the text and editing and rewriting Chapter Two. We also attended the Conference
for the Advancement of Mathematics Teaching to examine current high school mathematics
textbooks and speak with publishers about the computational science text. We expect to

complete the rewriting and editing of the text by May of 1998.



Erin Kellam
Samitra Seales

June 6, 1997

Review of An Introduction to Linear Algebra: A Curricular Unit for Pre-Calculus
Students written by Tamara Anthony Carter

Selling Points: Why We Support the Unit

o Allows students to recognize that challenging concepts in mathematics exist and are
still in need of research.

e Sets a foundation on which students can build for college linear algebra.

e Since it can be argued that linear algebra is as important as calculus to scientists and
engineers, it is important that students are introduced to linear algebra prior to ad-
vanced studies in science and engineering.

o It has useful cross-disciplinary applications such as curve-fitting, which students will
find beneficial in other areas of study.

e Teaches concepts rather than procedures, so students will be able to expand beyond
examples in the book.

e Flows coherently from chapter to chapter.

o Allows students to develop computer programming skills.

e Satisfies all but one of the essential elements that the state of Texas requires in order
for a pre-college textbook to be adopted.



Schedule for
Milby Science Institute Math Workshop
June 16 - 19, 1997

Monday

e Objectives/Goals:
Cover Chapters One and Two- introduction to matrices, and addition and subtraction
of matrices. More specifically, the introduction to matrices includes determining matrix
dimensions, the transpose of a matrix, and symmetric and square matrices.

¢ Recommended Group Problems:
Chapter One Problems: la,b,c, 2a, 3a.b
Chapter Two Problems: la,d,j, 3a,b,c

e Recommended Take-Home Problems:
Chapter One: 2d, 4, 5
Chapter Two: leh;i, 2, 4

Tuesday

e Objectives/Goals:

Cover Chapter Three on matrix multiplication and Section 4.1 on coding. Topics
include inner/dot product, scalar multiplication of matrices, multiplication of matrices,
and the identity matrix.

¢ Recommended Group Problems:
Chapter Three Questions: 2, 3,4, 5, 7
Chapter Three Problems: 2b.i, 3

¢ Recommended Take-Home Problems:
Chapter Three Problems: 1, 2f k,1,m
Chapter Four Problems: 5a,c



Wednesday

e Objectives/Goals:

Cover Sections One and Two of Chapter Five. For the primary method of determining
the determinant, use expansion by minors and focus on 2 x 2 and 3 x 3 matrices. For
determining the determinant of larger matrices, use Gaussian elimination (teacher may
want to provide more examples).

¢ Recommended Group Problems:

Chapter Five Questions: 1, 2
Chapter Five Problems: la,c.f

¢ Recommended Take-Home Problems:

Chapter Five Problems: the remaining exercises in problem #1

Thursday

e Objectives/Goals:

Cover Chapter Eight (with the exception of Section One) on least squares and ! Chapter
Nine on eigenvalues. Least squares includes interpolation/extrapolation, best least
squares fit, minimization, and normal equations.

¢ Recommended o o em
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Phytoremediation of 2,4,6-Trinitrotoluene using Catharanthus

roseus
Rice University, Department of Chemical Engineering
Angélica Diana Rodriguez

Abstract

Soils contaminated with 2,4,6-trinitrotoluene (TNT) from former munitions
facilities are present world wide. Using hairy root cultures of the periwidtiearanthus
roseus, TNT is effectively and inexpensively transformed into less harmful substances.
The effects of TNT oK. roseusin 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 59 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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Figure 1 Exponential phase biomass growth.I( 20 mg/L, n 30 mg/L, s 40 mg/L,
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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 FWI/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 Kinetic Rate Constant
(mg/L) ( 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=u*[X] (2
r = reaction rate (L/g-day)

u = specific growth rate constant (cy

[X] = plant concentration (DW)



Using [X]=100 g/L and the reaction rates from Tablg ¢an 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 onC. roseus growth in Exponential Phase, 34 day cycle

[TNT] DW Specific DW FW Specific . FW Doubling
(mg/L) Grovvth_lRate DgrliJrlrall(lang Growth Rate (day) Time (day)
da
(day ) (day)
Control 0.185 3.74 0.0503 13.8
20 0.0125+ 89.4+ 58.0 + +
0.00704 0.145+ 0.0331 | 4.79% 0.685
30 0.0134+ 59.3+ 29.8 + +
0.00523 0.140+ 0.0479 516+ 1.22
40 0.0130=% 55.5+ 14.9 + +
00035 0.126+ 0.0389 576+ 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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Figure 3  Stationary phase TNT disappearance in four batchesl (A, n B,s C, u
D)

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 onC. roseus in Stationary Phase, 30 hour cycle

TNT Kinetic Rate Constant
Concentration (L/g-hr)

(mg/L)

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 &f lieseus 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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