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COLUMN TRANSPORT EXPERIMENTS 
FOR DISSOLVED POLLUTANTS 

AND COLLOIDS 
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Michigan Technological University • Houghton, MI 49931-1295 

The environmental consequences of chemical produc­
tion and use are becoming more important to chemi­
cal engineers. Increasingly stringent environmental 

regulations are motivating chemical manufacturers to take a 
proactive approach to environmental management. Often this 
takes the form of preventing pollution and reducing health 
and environmental risks of chemical production at the source, 
rather than relying exclusively on treatment of pollution at 
the end of the pipe. 

This new approach will be more effective if chemical en­
gineers increase their environmental literacy, especially in 
areas that chemical manufacturing has a dominant influence. 
Some areas of great environmental concern are natural re­
source depletion, the quality of air, water, and soil, hazard­
ous waste management, toxic chemical use reduction, and 
cleanup of prior soil and groundwater contamination. Many 
of the environmental aspects of chemical manufacturing are 
being addressed by the member companies of the American 
Chemistry Council (formerly the Chemical Manufacturers 
Association) in one or more of the six Codes of Management 
Practices. r11 

This article presents a set of experiments, both laboratory 
and numerical , to aid engineering students in understanding 
pollutant transport in groundwater, which is a topic of great 
concern for water quality and resource conservation. The 
transport of both organic chemicals and biocolloids is dis­
cussed, the procedures and laboratory equipment are fully 
explained, and the theory needed to interpret the experimen­
tal results is developed. Representative results from two col­
umn transport experiments and one numerical experiment are 
presented, and interpretation of their practical importance to 

* Current Address: Bayer Corporation, Clayton, NC 27520 

chemical engineers is given. Further information on ground­
water transport of pollutants can be found in a number of 
excellent texts _l2-41 

COLUMN TRANSPORT EXPERIMENTS 

Equipment 

Shaker table; 250-ml side-arm flasks ; visible spectro­
photometer (Model D2l , Milton Roy); Marathon 22K 
centrifuge (Fisher Scientific); l-inch glass chromatogra­
phy column (Adj usta-Chrom, Ace Glass Inc.); metering 
pump (model QG 150, Fluid Metering Inc.); personal 
computer; Labview software 

Experimental Procedures 

Sand Preparation • The subsurface material used for these 
experiments is a coarse-grain silica sand (Agsco Corp.) hav-
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This article presents a set of experiments, both laboratory and numerical, to aid engineering 
students in understanding pollutant transport in groundwater ... The transport of both 

organic chemicals and biocolloids is discussed, the procedures and laboratory 
equipment are fully explained, and the theory needed to interpret 

the experimental results is developed. 

ing a weighted mean diameter of 740 microns. For each col­
umn experiment, approximately 250 g of sand is cleansed of 
residual clay particles, thus avoiding interference with sub­
sequent absorbance measurements. This is accomplished by 
first shaking it multiple times, using distilled water in a large 
bottle (1/2 gallon of water in a I-gallon bottle) followed by 
decanting until the turbidity (measured as absorbance at 500 
nm) drops below 0.01. The sand is allowed to soak overnight 
in a phosphate buffer salt (0.01 M PBS) solution containing 
1.62 g/L Na

2
HPO

4 
·7 Hp and 0.53 g/L KHl0

4 
(pH=7.0). It 

is again shaken in the bottle, using the 0.01 M PBS , until the 
turbidity level drops down to an absorbance of around 0.005 . 

Porous Media Properties • The bulk density of the sand 
can be measured using a 250-ml glass graduated cylinder and 
a knowledge of the sand particle density ( PP =2.6 g sand/cm3 

sand solids) . The dry cylinder is weighed empty. Approxi­
mately 50 to 100 g of dry sand is added and gently tapped to 
settle the sand particles. The weight of the cylinder plus sand 
is taken and the sand volume is noted. The ratio of sand weight 
to volume is the bulk density (Pb) of the sand. The porosity 
(n) of the sand is obtained using the equation 

= 
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Figure 1. Schematic diagram of column transport 
apparatus for collecting breakthrough data. 

Summer2001 

(I) 

Column Assembly • The column used in the studies is a 
glass chromatography column (Adjusta-Chrom, Ace Glass 
Inc.) with an internal diameter of2.5 cm. The column is closed 
at both ends using O-rings and Teflon plungers. The inlet 
plunger is connected at the bottom. Air is flushed out of the 
inlet tubing and the plunger using the 0.01 M PBS before 
packing the column with sand. Some solution is allowed to 
stand in the column base. A slurry of pre-cleaned sand in 
0.0 l M PBS is transferred to the column using a pipette gun 
(Pipette Aid) and 25-mJ di sposable pipette and is discharged 
into the column with the tip of the pipette below the liquid 
level in the column. This procedure is an effective way of 
packing the sand in the column without trapping any air. The 
column is packed to a settled bed height of approximately 20 
cm. The outlet plunger is then connected at the top of the 
column. 

Column Operation • A schematic diagram of the experi­
mental column apparatus is shown in Figure 1. An adjustable 
flow pump (model QG 150, Fluid Metering Inc.) delivers the 
solutions to the inlet of the column. Two visible spectropho­
tometers (model D21 , Milton Roy), each containj ng a 0.5 ml 
flow-through absorbance cell (Fisher Scientific), continuously 
measure the solution concentration of a non-binding tracer 
(phenol red) or of the colloid (a soi l gram-negative bacteria) 
at the column inlet and outlet. At readings less than 0.8, the 
absorbance is found to be linearly related to the solution con­
centration. A personal computer runrung the Labview data 
acquisition software acquires absorbance data from the spec­
trophotometers at 30-second intervals through two serial con­
nections. (The data acquisition program can be obtained from 
the authors by request at <drshonna@mtu.edu>.) An alterna­
tive configuration for the apparatus would entail collecting 
small volumes (2 to 5 ml) of column effluent manually or 
using a fraction collector (Gilson Medical Electronics Model 
FC80 Microfraction Collector), which would be analyzed 
subsequently in the spectrophotometer. 

Before the experiment is started, the 0.0 I M PBS is passed 
through the column for one hour at a flow rate of about 5 ml/ 
min . This is sufficient to stabilize the pH of the sand and to 
flush out residual fine particles. The phenol red solution (20 
to 50 µMin 0.01 M PBS, pH 7) is then pumped until 3 pore 

223 



volumes is introduced to the column, followed by roughly 2 
pore volumes of 0.01 M PBS. Immediately thereafter, the 
bacteria solution (in 0.01 M PBS) is pumped for an addi­
tional 3 pore volumes, again followed by 2 pore volumes of 
the PBS. The O.Ql M PBS is sufficiently high in ionic strength 
to facilitate attachment of the bacteria to the solids.151 

Cost and ordering information for components used in these 
experiments can be found at <http://www.chem.mtu.edu/org/ 
SubSurface/subsurface.html>. Total cost is about $5,000 with 
instrumentation but excluding cell-culturing and data-acqui­
sition equipment. With suitable modification, this procedure 
could be used in adsorption studies. 

Growth and Harvesting of Bacteria 

The microorganism used in these experiments is Pseudomo­
nas fluorescens UPER-1 , a gram-negative soi I bacterium. The 
cell line is maintained by transferring cell samples (1 ml) at 
two-day intervals into autoclaved 250-ml side-arm flasks 
containing 100 ml of autoclaved (121 °C for 15 min) basal 
salt media (BSM) supplemented by glycerol (1.5 vol%, the 
carbon source). The flask is then placed on a shaker table and 
held at a constant temperature of 32°C and at 200 rpm. BSM 
is comprised of 

4.0 g/L ~HPO
4 

4.0 g/L Na
2
HPO

4 

2.0 g/L (NH
4
\ SO

4 

0.001 g/L CaCl
2 

0.001 g/L FeSO
4 

• 7 Hp 
0.2 g/L MgSO4 • 7 Hp 

and its pH is adjusted at 7.0 using 12 N HCI. Immediately 
prior to conducting the cell transport experiment, the side­
arm flask cultures are allowed to grow until that absorbance 
of the culture (A) is between 1 and 2, as measured by insert­
ing the side-arm into a visible spectrophotometer (Model D21, 
Milton Roy) at a wavelength of 500 nm. This corresponds to 
a cell concentration of approximately 2 to 3 x 109 cells/ml, 
obtained by using the equation 

X(cells /ml)=(l x l09)(A
500

) for O~A500 ~0.8 (2) 

At the harvesting stage, the bacteria are centrifuged using 
a Marathon 22-K centrifuge (Fisher Scientific) at 11 ,000 rpm 
(13,900 x gravity) for five minutes. The cells are resuspended 
using vigorous pipetting in roughly 40 ml of deionized water 
and spun down one more time to wash the media off the cells. 
The cell pellet is suspended a final time to a total volume of 
200 or 250 ml of0.01 M PBS in a glass beaker (A

500 
approxi­

mately 0.35). This suspension is constantly stirred to keep 
the cells well mixed prior to being used in sand column trans­
port experiments. 

If conducting bacterial transport experiments appears too 
much of a challenge, alternative abiotic systems can be used, 

224 

including polystyrene latex particles (lnterfacial Dynamics 
Corp., Portland, Oregon), kaolinite powder (VWR Scientific), 
anatase colloids (Degussa Corp.) , boehrnite colloids (Vista 
Chemical Co.), and iron oxide (hematite colloids) synthe­
sized from ferric hydroxide gel. 

Analysis of Data from Column Breakthrough Experiments 

The column absorbance data must be manipulated in order 
to calculate the relative concentration, CR= C/C

0
, where C is 

the concentration at the column inlet and C is the outlet con-
o 

centration. CR is plotted against the number of pore volumes 
pumped into the column after initiating the experiment, cal­
culated by taking the ratio of the volume pumped (Qt) di­
vided by the pore volume (1tAn). Q is the volumetric flow 
rate (cm3/sec) , tis the time after initiating the experiment, A 
is the cross-sectional area of the column (cm2) , and n is the 
porosity. Because the detectors are not located exactly at the 
column inlet and outlet, an amount of time equal to the non­
column system volume divided by the flow rate must be sub­
tracted from each time value. The non-column system vol­
ume can be calculated by knowing the inlet and outlet tubing 
lengths and diameters. 

THEORY AND ANALYSIS OF COLUMN 
TRANSPORT 

Phenol Red (A Non-Sorbing Tracer) 

The isothermal one-dimensional continuity equation that 
describes a balance between accumulation of dissolved com­
pound and the difference between transport in and out by 
convection and by mechanical dispersion is 

ac = -v ac + 0 a2c at X ax L ax 2 
(3) 

where C is a volume-averaged concentration (mg/cm3 of so­
lution) based on the liquid phase,161 v x is the interstitial ve­
locity ( v x =Q/(An) cm/sec), t is time, x is the coordinate in 
the direction of flow, and DL is the longitudinal dispersion 
coefficient ( cm2/sec). This equation can be integrated subject 
to the following conditions: 

Initial Condition 

Boundary Conditions 

C(x,0) = 0 

C(O,t) = C
0 

C(00,t) = 0 

for all x 

for all t;;:-O 
for all t;;:-O 

to obtain the relative concentration (CR= CIC) at the column 
outlet121 

C I [ (L-v t: (V LJ (L+v t:] 
CR= Co =2 erfc 2-Jo:t +exp DL erfc 2-Jo:t (4) 

where erfc = complimentary error function= 1-erf, and where 

Chemical Engineering Education 



the error function acting on an argument "a" is defined as 

2 Ja 2 erf = - e- TJ dri 
7t 0 

(5) 

The equation for CR can be simplified when transport by bulk 
flow is large in comparison to dispersion transport, i.e., when 
the column Peclet number is large (Pe = v xL / DL > 100 ) 

1 ( L-v tl CR =2 erfc ~ 
2\IDLt 

(6) 

With the definition of U = v x t / L as the number of pore 
volumes pumped into the column, we can recast Eq. (6) as 

[
(Pe)

112
(1- U)J 

CR = 0.5 erfc 2 u1 12 (7) 

Since the erfc(a) is normally di stributed with respect to an 
argument, a, a plot of C/C

0 
versus (U-l)/U 112 on linear prob­

abi lity paper will be a straight line whose slope is related to 
the dispersion coefficient, DL, or to a close approximation[21 

DL= ( vsL)J0 84-JOl6)2 (S) 

whereJ
0 84

=(U-l )/U1
'
2 when C/C

0
=0.84, and J

016
=(U-l)/U112 

when C/C
0
=0. I 6. Since the dispersion coefficient is related 

to the pore velocity through the dispersivity 
(oL =aLvx +D *), we can solve for the dispersivity (aL) 
knowing DL and the effective diffusion coefficient in the po­
rous media, D* (for phenol red = 5.2x I 0·6 cm2/s) 

D - D * 
a = ~L'----

L V 
(9) 

X 

Sorbing Compounds 

Sorption is a process by which solutes partition between 
the ground water and the surface of soi l and aquifer solids. 
Non-polar organic compounds tend to partition preferentially 
onto solid surfaces and into the natural organic matter present 
on soil and aq uifer mineral surfaces. This partitioning is of­
ten described using a linear sorption isotherm 

C =KC s d 
(10) 

where 

C, sorbed concentration of sol ute (mg solute sorbed/g dry solid) 
Kd linear sorption coefficient (L water/g dry solid) 
C solute concentration in the pore water (mg solute/L water) 

The linear sorption coefficient, Kd, is often related to the frac­
tion of natural organic matter (on a carbon basis [g organic 
carbon/g dry solid], foe) in the soil by Kd = focKoc, where Koc is 
an organic matter partition-water coefficient on a carbon ba­
sis (L water per g organic carbon). Koc is often correlated 
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with another important environmental property of organic 
compounds, the octanol-water partition coefficient, K

0
"', which 

is a measure of a chemical's hydrophobicity.171 

The transport of a solute that sorbs to aq uifer solids is de­
layed or retarded compared to a non-sorbing so lute. This 
retardation occurs because the solute molecules spend a 
fraction of their time immobilized on the solid surface 
and are thus not fully available for transport by the bulk 
pore water flow. 

The equations above must be modified for the accumula­
tion of solute on the solid surfaces by including another ac­
cumulation term on the left-hand side, as shown by 

ac + ~ acs = D a2C _ V ac 
at n at L ax 2 x ax (I I) 

By introducing the equilibrium sorption isotherm, thi s equa­
tion can be recast as 

ac _ DL a2c vx ac 
at -~ ax 2 - Rr ax (12) 

where Rr is the retardation facto,; defined by 

R =(I +~K ) f n d 
(13) 

The solution to this equation, assuming the same initial and 
boundary conditions as stated above, is (Pe> I 00) 

(14) 

Suspended Colloids 

Colloids are micron-sized ( I 0·6 m) particles suspended in 
groundwater, of either bio-
logical (microorganisms) or 
geological (clay particles , 
organic macromolecules) 
origin. The transport of col­
loids in groundwater is a 
concern because of, for ex­
ample, the migration of 
pathogenic microorganisms 
away from septic-tank 
leach fields and the abi lity 
of mineral colloids to facili-
tate the migration of radio­

kcolloid 

1. Transport step 

2. Attachment slep 

Figure 2. Multi-step 
attachment process for 
colloids to soil grains. 

nuclides or other tightl y bound pollutants. 

Colloids can be removed from the pore water, however, 
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and may become immobilized on the surface of the solid ma­
trix in the subsurface. This process occurs in two steps, as 
shown in Figure 2: transport from the pore water to the solid 
surface, followed by attachment at the solid surface. The 
mechanisms occurring in the transport step are affected by 
the size of the colloid and may be dominated by diffusion , 
inertial, or surface-interaction forces . 181 The attachment step 
is dependent on the surface characteristics of the colloid 
and of the solid matrix, such as electric charge and hy­
drophobicity, in addition to solution properties, such as 
pH and ionic strength. 

Taken together, these properties affect the rate of colloid 
removal from the pore water and attachment to the solid sur­
faces , which can be modeled as a first-order process similar 
to chemical reaction. The convection-dispersion equation can 
be modified to include this first-order removal process by 

ac == -v ac + o a2c - kC (1s) 
at x ax L ax 2 

where k is a first-order attachment rate coefficient (sec·1
). The 

solution to this equation for one-dimensional transport oc­
curring in a laboratory column experiment subject to the ini­
tial and boundary conditions listed earlier is131 

C 
co 

( 
4kaL Ji 

L-vxt l+ ~ 

I 

2(aL vxt)2 

(16) 

RESULTS FROM COLUMN BREAKTHROUGH 
EXPERIMENTS 

The results to be presented were obtained by groups (of 4 
to 8 students) in either the senior chemical engineering labo­
ratory course or in an elective senior-graduate-level course 
covering the fundamentals of subsurface remediation. The 
remediation course was co-listed in both the Chemical Engi­
neering Department and the Geological Engineering and Sci­
ences Department at Michigan Technological University.191 

The experimental procedures, along with handouts on trans­
port in porous media, were given to the groups a week prior 
to the experiment, and the transport experiments were con­
ducted within a 3-hour laboratory period. (The procedures 
and handouts can be obtained by contacting 
<drshonna@mtu.edu>.) 

Phenol Red and Bacteria Transport 

An analysis of phenol red breakthrough provides the lon­
gitudinal dispersion coefficient (DL) of the dissolved com-
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Figure 3. Comparison between theory and experiment for 
Experiment 1, Table 1. 

1.2 

1.0 

0.6 

c,c.o.6 

0.4 

0.2 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Pore Volumes Pumped {U} 

• Phenol Red • Bacteria - - - -Theory Bacteria - Theory Phenol Red 

Figure 4. Comparison between theory and experiment 
for Experiment 2, Table 1. 

TAB LE 1 
Summary of Results from Column Transport Experiments 

Exf!_erimenl 1 Exeerimenl 2 

Experimental Parameters Phenol Bacteria Phenol Bacteria 
Red Red 

Column Length, L (cm) 20 20 21 21 

Sand Porosity, n 0.38 0.38 0.38 0.38 

Flow Rate, Q(cm3/min) 2.6 1.57 6.8 6.8 

Velocity, v x =Qi(llD2/4 0n)(cm/min) 1.35 0.82 3.59 3.59 

Dispersion Coefficient, DL (cm2/s) 3.3x I 0·1 I.2xI 0·2 

Dispersivity, a L (cm) l.48xIO·' 2.0xI 0·' 

Attachment coefficient, k(sec·') 3.2xl04 l.2xl04 
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The experimental results in this paper 
were obtained using a laboratory 

column, but the knowledge 
gained can be applied to 

real-w orld situations. 
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r 
0.8 
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0.4 

0.2 
I 

OL__J_-------- ~~-'---------~ 
0 2 3 4 

Olmenslonless Time (v, t/L) 

-Retardation Factor•, - - - Retardation Factor a 5 

Figure 5. Results from a numerical experiment showing the 
effect of sorption on column breakthrough for a chemical 
with a Rd= 1 and Rd = 5. In this prediction, Pe= 135 (Ex­
periment-1 parameters from Table 1). 

pound and the porous media dispersivity ( aL ). A measure of 

the bacteria breakthrough provides a contrast to the break­
through of the dissolved tracer (phenol red) and also the bac­
terial attachment rate coefficient (k). Figures 3 and 4 illus­
trate typical breakthrough results for this experiment. The 
two figures show breakthrough data and comparison to theory 
(Eqs. 7 and 16) for phenol red and the bacteria. The flow 
rates and other experimental parameters are li sted in Table I. 

The phenol red breakthrough (ri sing portion of the data) is 
symmetrical, while the bacteria data is not. The phenol red 
data achieves a value ofC/Ca=l , while the bacteria achieves 
a lower value due to the attachment of bacteria to the sand 
grains in the column. The model results for phenol red were 
plotted by using Eq. (7) and for bacteria by using Eq. (16). 

The theory matches experiment very well for phenol red, 
but it tends to over-predict the measured concentration of bac­
teria for these experiments, although the general shape is pre­
dicted correctly. Apparently the cell attachment is greater than 
is predicted by the model , especially during the initial por­
tion of the breakthrough. 

Table I provides a summary of the calculated results, i.e., 
the values for dispersion coefficient, dispersivity, and the at­
tachment rate coefficient. The results in Table 1 show that 
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the dispersion coefficient is higher at higher flow rates, as 
expected from Eq. (9). The di spersivity of the sand is ex­
pected to be on the order of the grain size, 0 .07 cm. 1101 

The di spersivity results in Table 1 are a factor of 2 to 3 
high, possibl y due to the effects of mixing in the column 
inlet and outlet lines and from mixing in the flow-through 
absorbance cell s. 

The attachment rate coefficient for bacteria is lower at the 
higher flow rate, indicating less attachment. Also, both at­
tachment rate coefficients in Table 1 are lower than theory 
[k= 3/2vx(l - n)1ia=l.33x l0-3 ] by about a factor of 4 to 10, 
assuming a collision efficiency of a =LO and a collector ef­
ficiency ri=4A,113Pe/ 13=7 .3 x 10-3 for this system,15•81 where1111 

A 
s 

p 

Pe 
p 

u 

d g 

D 

= 

= 

2( l-p5)/(2-3p+ 3p5-2p6
) 

(l -n)113 

particle Peclet number= ud/ D 

Darcy velocity (volumetric fl ow rate/column cross­
sectional area) 

sand grain diameter (0.07 cm) 

Brownian diffusion coefficient of the bacteria 
( 4.3x1Q-9 cm2/s) 

It is expected, however, that the observed value of k is lower 
by a factor of 5 to 10 compared to theory because the colli­
sion efficiency is on the order of 0.1 to 0.2 for bacteria at the 
ionic strength of the solution used in this experiment.15 1 

Model Results: Transport with Retardation 

Numerical experiments were conducted to demonstrate ef­
fects of sorption on breakthrough curves . Equation (14) was 
used to perform simulations using a Microsoft Excel spread­
sheet. Figure 5 shows the effect of equilibrium sorption on 
chemical breakthrough from the column. The curve with sorp­
tion (Retardation Factor= 5 curve) is delayed upon arriving 
at the column exit by a factor of 5 compared to the curve with 
no sorption of the transported chemical (Retardation Factor 
= 1 curve). Also, the breakthrough curve for the sorbing 
chemical is much more spread out in relation to the inert 
chemical curve. 

The experimental results in this paper were obtained using 
a laboratory column, but the knowledge gained can be ap­
plied to real-world situations. Industrial chemicals might be 
released into the groundwater due to leaks from underground 
storage tanks or from spi11s on the ground surface. Hydro­
philic chemicals, characterized by high water solubilities and 
low Kaw' might be expected to migrate in the groundwater 
similar to an inert tracer, such as phenol red . For hydrophilic 
chemicals, this migration would occur at roughly the same 
velocity as the groundwater flow, which is on the order of I 
to 10 meters per year.141 A hydrophobic chemical of low wa­
ter solubility and high Kaw would be expected to migrate away 
from the zone of original contamination much more slowly. 
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Though hydrophobic chemicals are transported in ground­
water more slowly, their significant adsorption to the aquifer 
solids results in a "reservoir" of bound material that is diffi­
cult to remove by remediation processes, such as pump and 
treat and bioremediation. 

Environmentally Benign Design: MTBE Case Study 

Consider the case of methyl tert butyl ether (MTBE).r 121 

The use of MTBE as a gasoline additive began in the United 
States in the late 1970s, when it replaced alkyl lead additives 
as octane boosters. The use ofMTBE increased dramatically 
in the 1990s when the Clean Air Act Amendments of 1990 
mandated efforts to reduce the combustion byproducts car­
bon monoxide and unburned aromatic hydrocarbons (lead­
ing to ozone formation in urban smog). In 1970, MTBE was 
the 39th most produced chemical in the U.S. ; today it ranks 
4th in production volume.r 131 

The environmental properties ofMTBE are such that when 
leaks from fuel storage tanks occur, the resulting groundwa­
ter plume can extend over a kilometer from the spill site. An 
MTBE spill will potentially contaminate much greater vol­
umes of community water supplies than other fuel com­
ponents, such as benzene, toluene, ethylbenzene, and xy­
lenes (BTEX), whose plumes extend only 100 m or so 
from a spill site . 

The primary reason for this difference in behavior is envi­
ronmental reaction (degradation) rates and sorption to aqui­
fer solids.f121 BTEX and related compounds found in fuel are 
relatively biodegradable in the subsurface, with reaction half­
lives of approximately one month or so, and they readily ad­
sorb to aquifer materials (e.g., toluene K

0
w = 450). MTBE 

is resistant to degradation (biodegradation half-life of 
about two years) and is very water so luble and non-ab­
sorbing (MTBE K

0
w = 9). 

Using the aquifer solids properties of this column study as 
a basis, we can use Eq. (13) to compare the retardation fac­
tors of toluene and MTBE. For thi s calculation, we take the 
bulk density to be pb = 1.5 g dry sand/cm3 sand and a porosity 
of n = 0.38 cm3 voids/cm3 sand; estimating Kd = focKoc = 
t(0.48)K

0
w, where foe is the fraction of organic carbon in the 

soil (0.001 g organic carbon/g sand for this comparison), the 
calculated retardation factors for toluene and MTBE are 2.87 
and 1.04, respectively. Thus, toluene is expected to take al­
most three times as long to reach a monitoring location down 
gradient from a source of contamination compared to MTBE. 
Conversely, MTBE is expected to contaminate almost three 
times the aquifer volume compared to toluene. 

MTBE is currently being phased out of production as a 
gasoline additive because of the problems discussed above. 
Had the environmental properties of MTBE been considered 
more carefully at the beginning, a more environmentally be­
nign fuel additive may well have been discovered, perhaps 
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one with a lower water solubility, a higher K
0

w, and shorter 
degradation half-life in the subsurface. Of course, a suitable 
substitution would also need to have a low degree of toxicity 
to humans and also not cause other environmental impacts 
(global warming, stratospheric ozone depletion, ecosystem 
damage, etc.). 

CONCLUSIONS 

Chemical engineers have the responsibility to acquire a 
fundamental understanding of environmental fate character­
istics for the chemicals they produce and to work diligently 
toward implementing in-process modifications to minimize 
the impacts of these chemicals. The experiments described 
in this article, along with appropriate handout materials in 
contaminant hydrogeology, can aid undergraduate chemical 
engineering students in receiving this type of information. 
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