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ABSTRACT

Title of Thesis: Mass Transfer of Hazardous Organic Compounds in Soil

Matrices Relevant to Thermal Desorption /  Incineration

Name: Jong-In Dong

Doctor of Engineering Science, 1990

Thesis Directed by: Dr. Joseph W. Bozzelli

Professor

Soils contaminated with hazardous organic compounds have been 

known to threaten human health both directly through various contact 

mechanisms and indirectly through leaching or transfer to the food 

chain. Thermal desorption of contaminated soil matrices with

secondary treatment of the effluent gases (collection, incineration, 

etc) is one of most feasible and developing technologies for cleaning 

of contaminated soils. There is, however, little known about the 

mass transfer principles of organic contaminants through the heated 

soil matrices. The objectives of this study is, therefore, to learn 

and understand details of the mass transfer processes of organic 

compounds in these soil matrices. We have performed several varied 

types of experiments to determine specific mass transfer parameters 

and developed a model which accurately describes the process and can 

be utilized to obtain optimal operation conditions.

Chromatographic response analysis and transient adsorption/



desorption equations of flow through soil columns have been utilized 

in developing the initial model. We incorporate intra (pore) and 

interparticle diffusion, equilibria, in addition to normal mass

transfer parameters of axial dispersion and film mass transfer around

particle surface.

Experiments primarily consist of plug flow deposition of the 

contaminants on a well characterized soil column and saturation/ 

desorption of a soil bed, in addition to equilibrium tests. The

plug flow deposition experiments connected with chromatographic

analysis successfully yielded equilibrium constants, heats of

adsorption and mass transfer parameters. In addition we identified 

a minimum allowable temperature (MAT), below which the organic

compounds are not completely desorbed from the soil within a 1 hour 

operating time. Resulting equilibrium constants were strongly

dependent on temperature and were revealed to follow the van’t Hoff 

equation above the MAT’S. Analysis of heats of adsorption showed

that the organic - soil system can be considered as a moderately weak 

physical adsorption system.

Analysis results utilizing an experimental equilibrium test

apparatus demonstrated that adsorption isotherms show good linearity

at lower concentration and that linear zone tends to extend to higher

concentrations with increasing temperature. The slopes of linear 

adsorption isotherms tend to decrease with increasing temperature,

indicating less adsorption. As a result of desorption experiments

using the equilibrium apparatus, data showed hysteresis phenomena at

lower temperatures probably due to irreversibility of adsorption 

processes. The observed hysteresis tended to become weaker i.e. the



data for desorption closely followed the adsorption isotherm as 

temperature increases.

An analytical solution and a numerical approach using orthogonal 

collocation have been utilized for the purpose of predicting the 

transient mass transfer behavior of organics in a soil column. The 

two methods result in satisfactory coincidence.

The comparison of numerical analysis results utilizing estimated 

mass transfer parameters (axial dispersion coefficients, intraparticle 

diffusion coefficients and equilibrium constants from chromatographic 

analysis, and film mass transfer coefficient from the calculation of 

molecular diffusivity) with experimental results of soil column 

contamination / desorption experiments showed that the experimental 

data and model results are reasonably well coincident.

Sensitivity analysis involving the variation of mass transfer 

parameters showed that dimensionless groups related with axial 

dispersion, intraparticle diffusion and equilibrium have the most 

significant effects on the concentration profiles in the system.
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C hapter 1. INTRODUCTION

A. General Background

It is only several decades ago that people realized that there

exists a significant threat to human health and environment from the 

soils contaminated with hazardous toxic substances in various 

pathways: evaporation of organic compounds from sites, contamination 

of surface water and goundwater impacting drinking water and aquatic

organisms. Efforts have, therefore, been made to effect to this

problem, both legally and technologically.

The Superfund law ( the Comprehensive Environmental Response,

Compensation, and Liability Act, or CERCLA ) of 1980 began a national

program to clean up chemically contaminated sites across United 

States. Legal actions to accelerate the implementation of the rules 

concerning hazardous waste management in addition to continuation of 

the above was taken in the name of Superfund Amendments and

Reauthorization Act ( SARA ) in 1986. The more general hazardous 

waste management program was initialized earlier under the Resource 

Conservation and Recovery Act ( RCRA ) in 1976.

To comply with these statutes and regulations, a number of

technologies have been developed and tried in the treatment of wastes

including contaminated soils, hazardous industrial wastes, sludges, 

process residues, ashes and sediments. Varied treatment technologies 

for the decontamination of soils have been tried including

1



incineration of the entire soil mass, thermal desorption with

secondary collection or treatment, biological treatment, photo

degradation, solidification, in addition to in-situ washing or air

stripping. Among these, the thermal desorption/treatment technology 

has been considered as one of the most feasible technologies because 

of the high degree of effectiveness for volatile organics, combined

with reasonable energy and equipment costs and relatively rapid

process time.

B. Objective

In spite of wide acceptance and application of thermal

desorption / treatment technologies for soil decontamination and 

reclamation, there is little known about the mass transfer principles 

of organic contaminants through the heated soil matrices and mGre 

importantly exactly what limitations the process has, with respect to 

operating parameters and mass transfer properties of target organic

compounds. The main objective of this study is to elucidate mass

transfer mechanisms and equilibrium behavior of volatile organic

substances in soil matrices through a combined experimental and

model development program.

This includes: 

experimental study of

- chromatographic response analysis through plug flow deposition on 

a soil column

- soil contamination/desorption experiments

2



- vapor/soil equilibrium measurements 

and development of model for

- chromatographic response analysis for plug flow deposition on a 

soil column

- prediction of effluent concentration and intraparticle concen

tration profile in a packed soil column

3



C hapter 2. LITERATURE REVIEW  AND THEORETICAL 

BACKGROUND

A. Significance of Soil Contamination by Hazardous Compounds

The introduction of hazardous chemicals into the soil environment 

may occur as a result of process effluents, landfill and/or dumping, 

spills, transportation, or release from storage facilities (1). It 

is quite recent, early eighties, that people started to recognize 

either a direct public health concern or indirect impact to 

environment including groundwater contamination, from the contaminated 

surface soils (2-4).

It is true that the land has been considered as a final solution 

for either municipal solid waste ( MSW ) or hazardous waste. One 

survey indicates that in 1989, the United States generated about 270 

million tons of MSW of which 83.5 to 83.9 percent was sent to 

landfills, 7.8 to 7.9 percent was processed through incinerators and 

8.3 to 8.6 percent was recycled (5). Hence, it can be said that 

approximately 225 million tons of MSW is still introduced to soil 

environment annually. On the other hand, the U.S. EPA estimated 

that 247 million metric tons of hazardous waste subject to regulation 

under RCRA are generated annually (6). Most of it is treated on site 

by large companies, but commercial facilities handling hazardous waste 

generated by others, disposed of 7 million metric tons in 1985. 

These numbers, however, show only the current status; a significant 

number of sites had been contaminated without any safety precautions

4



or protection of the environment before legal actions controlling 

these substances were initiated in the early eighties.

Besides landfill/dumping, the soil environment has been exposed

to many different pollutant sources such as spills (7,8), accidents 

(9), leakage from facilities including underground storage tanks 

( USTs ) (10), waste disposal pits (11), and long-term deposition on

the surface from process emissions (12).

To protect soils and groundwater from contamination by hazardous 

substances, significant efforts have been made including double-lined

landfill requirements, strict regulations on USTs (13) and even land 

bans which have arrived to the final third stage using hard hammer in 

1990. Legal actions, on the other hand, were responsible for

initializing clean-ups of Superfund sites under CERCLA of 1980 and the 

following SARA of 1986.

Along with its legal actions, the U.S. Environmental Protection 

Agency ( EPA ) has defined a National Priorities List ( NPL ) for

identifying candidate Superfund sites (14). As of July 1989,

30,844 sites had been identified as candidates for potential hazardous

waste classification and 9,902 site investigations have been completed 

(15). Those sites posing the greatest potential hazard and requiring 

significant long-term action under Superfund have been assessed for 

placement on the NPL. By July 1989, there were 1,173 sites on the 

EPA’s priority list of hazardous waste sites, among which 890 were 

final sites. Thomas Grumbly of Clean Sites, Inc., a non-profit

organization estimated $ 30 billion to accomplish the clean-up (16).

Because the Superfund sites represent only part of the problem, the 

total expense for potentially hazardous sites will be a tremendous
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amount.

While NPL remedial activities are undertaken, Superfund 

enforcement actions require Responsible Parties ( RPs ) to pay for, or 

undertake remediation activities at the sites. Part of expenses

have, on the other hand, been compensated by cost recovery of the

recovered material from contaminated sites. In 1989, Superfund was 

operated under a $ 1.5 billion budget for the year.

B. T reatm ent Technologies for Contaminated Soils

SARA authorized a comprehensive federal research program to 

improve the scientific and technical basis of the EPA’s

risk-management decisions at Superfund sites (14), and by December 

1986, the Superfund Innovative Technology Evaluation ( SITE ) was

formally established. Under this program, technologies were 

classified into four categories (17):

- alternative technology which includes any waste treatment and 

disposal technology other than land disposal and provides a 

permanent cleanup solution

- available technology which is an existing alternative technology 

whose safety, cost, and performance characteristics have already 

been proven in full-scale use

- innovative technology which is a fully-developed alternative 

technology for which cost and/or performance data are incomplete 

or unavailable, thereby hindering its direct use at hazardous 

waste sites

6



- emerging technology which is an alternative technology that is not

yet fully developed and requires further research and development

at the laboratory or pilot-scale levels

Although the SITE program was designed to accelerate the 

development of technology at every level, its primary focus was the 

demonstration program for fully-developed, innovative technologies. 

Technologies already tested in the field include: incineration/thermal 

treatment, solidification and stabilization, solvent extraction and 

biodegradation (14). Technologies accepted as innovative technologies 

in 1988 under SITE program included:

- microfiltration for removal of heavy metal and suspended solids 

in aqueous waste

- organic destruction using ultraviolet radiation and ozone

- in-situ steam or air stripping of volatile contaminants from soil

- soil washing for selected organics

- freeze crystallization to separate organics and inorganics from 

aqueous liquids or waste

- fixed-film biological treatment of aqueous waste with low organic 

concentration

- stabilization of metals or organics in soil and sludges

- other biological treatment

Technologies sponsored as emerging technologies under SITE

program include (18):

- ultrafiltration with chemical treatment
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- in-situ electroacoustic soil decontamination

- metal decontamination with algal sorbents

- constructed-wetlands treatment of degraded water for toxic metal 

removal

- laser stimulated photochemical oxidation of dissolved organics

- contained recovery of oily waste.

In fiscal year of 1988, EPA issued 111 Records of Decision (RODs) 

requiring control of site contamination sources. Among 74 

technological treatments, 22 cases used incineration/thermal 

destruction while 18 cases utilized solidification/stabilization/ 

neutralization and 10 cases vacuum extraction, 7 cases volatilization/ 

soil aeration and so on (13). In incineration/thermal destruction,

rotary kiln systems dominate its applications occupying ca. 80 % of 

remedial actions (2). Actual applications of incineration/thermal 

destruction in the sites can be found in many different cases as shown 

in references (3,7,9,19-21).

Most frequently identified substances at 546 Superfund sites are

(22):

- trichloroethylene

- toluene

- lead

- benzene

polychlorinated biphenyls (PCBs) - chloroform

- tetrachloroethylene

- arsenic

- chromium - 1,1,1-trichloroethane

- phenol

- cadmium

8



The demonstration sites under SITE program have been selected to match 

waste types to the technologies (17) and similarly, the technologies 

utilized in actual remediation of contaminated soils are generally 

chosen by the kinds of hazardous substances and situations of the 

sites.

C. Theoretical Background

C haracteristics of Soils and  R elated R esearch 

Soil is composite material comprised of minerals, air, water and 

various kinds of organic matters (23-25). Its main elements include 

Si, Al, O, Fe and their compounds, relative concentrations of salts, 

oxides and hydroxides constitute the soil. Their structures have 

consistent form and primarily include combination of tetrahedral 

silica units (Silica) and octahedral aluminum hydroxyl units 

(Gibbsite) according to the types of soil.

In the soil environment, its components exhibit various kinds of 

physical and chemical phenomena: gaseous diffusion, dissolution,

adsorption/desorption, chemical reactions and biological deformation 

(26,27). Aluminosilicate layers of clays have also been known to 

catalyze reactions in numerous ways (28).

Recently, there have been a number of research efforts to 

understand the behavior of chemical substances in soil environment. 

Mass transport and detailed adsorption/desorption mechanism research 

was originally aimed at studying the transient behavior of chemicals
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including pesticides, herbicides (29-32) and materials for 

agricultural purposes (33). They were also done to understand their 

fate and environmental impacts as well as the efficiencies for their 

own purposes.

Due to the variety of soil components that can influence

adsorption, the organic carbon content has been recognized as an 

important factor governing the adsorption of organic chemicals in

addition to distribution coefficients (34). In order to apply these

concepts to understanding the behavior of organic substances in

complex soil environment, a number of efforts have been made

experimentally (35-44) and theoretically (45,46).

In spite of research on the mechanism of transport and equilibria 

of chemical substances in soil under environmental conditions, little 

effort has been made to the study of their behavior in soil matrices 

at elevated temperature important in the process o f decontamination 

using incineration and other thermal treatment technologies.

The group of Pershing and Lighty has done some related research in 

this field. They utilized thin bed with depth of 1.3 cm ( particle 

characterization reactor ) to experimentally observe adsorption/ 

desorption behavior for p-xylene as a representative compound of 

gasoline (47). They initialized the observation of desorption for

several adsorbent material such as glass beads, sand and clay at an 

ambient temperature to compare the desorption rates, indicating that 

more porous material such as clay showed slow decline curves in the 

desorption o f p-xylene. They also varied temperature of the soil 

bed to observe the temperature effect on desorption rate of p-xylene. 

They pointed out that temperature is an important factor in desorbing
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contaminated soils. From the adsorption data, they roughly compared 

isotherm models, observing that the trends more likely follow 

Freundlich isotherm rather than Langmuir isotherm. In the consecutive 

experiments (48), they utilized a soil bed with depth of 7.6 cm 

equipped with mass balance under it to measure mass change during 

experiment (bed characterization reactor). In this reactor, nitrogen 

gas was allowed to flow over the soil bed to desorb the contaminants 

from the bed and to observe the mass transfer and heat effect. 

Utilizing this soil bed, they observed experimentally the temperature 

effect on the evolution rate of p-xylene from the soil. They also 

varied the depth of bed to observe its effect on desorption rate, 

resulting in lower desorption rate for the deeper soil bed.

They also utilized batch-type bench-scale rotary kiln simulator to

compare its desorption rate with those of reactors mentioned above.

They observed that the desorption rate of their batch-type rotary kiln 

simulator is between those of the above reactors, however, closer to 

that of the particle characterization reactor due to the similarity 

between this system and kiln system.

Previous researchers in our group have done some preliminary

studies performing pseudo chromatographic analysis for short columns 

and depletion decay curve from contaminated packed columns, where they 

tried to relate physical properties to the experimental results 

(49-51).

C hrom atographic Analysis

Analytical solutions for the mass transfer behavior in a fixed
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bed filled with small porous particles can be obtained by solving the 

mass balance equations by Laplace transformation (74). Although the 

solution of the model equation for a packed column in the Laplace 

domain is reasonably straightforward, inversion of the transform is 

usually difficult. Solutions for the moment of the response of a

square pulse input can, however, be derived more easily from the 

solution in Laplace form.

Chromatographic response analysis in a fixed column involving 

diffusion terms inside particles was first performed by Kubin and 

Kucera (52-54). This was further extended to the case with chemical 

reaction of first order (55). This approach could be done by moment 

analysis incorporating van der Laan’s theorem (56), in which average 

retention time and variance of the response for the pulse input can be 

estimated by differentiating the solution in Laplace form and taking 

limits to zero. Through this kind of approach combined with

chromatographic data, values of mass transfer parameters including 

equilibrium constants can be estimated.

The fundamental chromatographic theory has been widely adopted, 

modified and/or further developed for specific purposes. Smith and 

Suzuki et al. utilized this method to determine adsorption rate 

constants from experimental data. They performed estimation of mass 

transfer rate constants of ethane, propane and n-butane in silica gel 

(57), and also did kinetic studies involving first order reaction on 

the surface of solid phase (58), axial dispersion studies for small 

particles (59), adsorption of gases on molecular sieving carbons (60), 

adsorption of carbon dioxide on carbon particles (61), tortuosity 

factor study in catalyst pellets (62), and intraparticle diffusion
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coefficient measurements (63).

Another approach to study the diffusion inside particles was 

initiated by Haynes et al.(64-67). They introduced a bidisperse 

structured adsorbent or catalyst concept which can be applied to 

catalysts manufactured by making finely powdered microporous catalyst 

material into a pellet (64). This approach was tested by applying

numerical values (65), and experiments were performed to verify this 

concept through measurements of diffusion of hydrocarbons in zeolite 

(66,67).

Heat effects in the pulse gas chromatography was also studied 

along with experimental data (6 8 ). In this paper, the effect of

heats of adsorption on the nonisothermality of the chromatographic 

system was discussed, indicating that very minor effect was observed

and the isothermality assumption is evidently quite good. Ruthven

et al. also tried chromatographic analysis method to study the

diffusion of hydrocarbons in zeolites (69,70).

E ffluent C oncentration Prediction

Prediction of concentrations at the effluent fluid stream from a 

fixed column has traditionally been an ongoing and valuable research

area. A straightforward chromatographic theory describing the basic 

mass transfer in a packed column was first tried by deVault,

incorporating disturbance propagation through the column (71) and it 

was further extended to multiple adsorption (72). Analytical

solutions for the breakthrough curve in a fixed bed for linear and

isothermal systems were developed later for more complicated cases and

13



these are well summarized in reference (73).

Solutions for the transient behavior of adsorbates in an 

adsorption column incorporating intraparticle diffusion terms were 

activated by extensive mathematical studies o f Rosen (74,75). This 

approach was further developed by Rasmuson et al. incorporating 

dispersed plug flow (76,77) and chemical reaction of first order on 

the particle surface was also considered in the adsorption system

(78,79).

Bi-disperse or macropore-micropore diffusion inside particles

with external film resistance was involved in the modeling work by 

Kawazoe and Takeuchi (80) and dispersed plug flow was added to this 

system by Rasmuson (81). This method was utilized by Ruthven et al. 

(82-85) in the prediction of breakthrough curve for molecular sieve 

adsorption columns. An analytical solution of impulse response curve 

for adsorption column has also been tried analytically in time domain 

(86).

In spite of the complexity of the real systems and their 

solutions where multi-stage diffusion and various kinds of mass

transfer resistance are considered, less sophisticated models are 

sometimes believed to yield good approximations to effluent 

concentrations in specific cases such as linear equilibrium systems 

(73).

A numerical approach has also been tried to study adsorption

columns, as computers are being developed at an unexpectedly rapid 

pace. The orthogonal collocation method was applied to the

simulation of transient behavior of catalytic tubular reactors (87,88) 

utilizing the methods developed largely by Villadson (89) and

14



Finlayson (90). Liapis et al. utilized general empirical equations

for the adsorption isotherms whose constants were obtained from a 

finite bath with agitation to mix particles well in a liquid and used

same numerical method to solve the appropriate partial differential 

equations (91-93).

An additional numerical simulation for the adsorption column 

system with linear equilibrium between outer surface of particles and 

fluid phase was tried by Raghavan and Ruthven, using the same method

as above and they applied this to studying a pressure swing adsorption

processes (94,95).

Recently, a faster numerical simulation method, so called Fast 

Fourier Transform algorithm, was applied to the adsorption column 

system (96), resulting in much faster prediction of linear adsorption 

processes than conventional methods.

The development of powerful computers and their wide usage with 

easily accessible software is expected to accelerate the application 

of more complicated adsorption system models.
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C hapter 3. EXPERIMENTAL METHODS

A. Plug Flow Deposition Experiment

System Description

A gas chromatograph and data acquisition apparatus have been 

utilized for the chromatographic response analysis experiments. This 

system is outlined in Figure 3-1. The gas chromatograph used here is 

Shimadzu model GC8 A. Signals generated by the flame ionization 

detector ( FID ) from a plug of 0.5 ftl injected onto the soil column 

were integrated using a Hewlett Packard integrator model HP3396A and 

the converted digital data were manipulated using an installed HP 

basic program. A series of raw signal data were stored as bunched 

signal data in internal memory of the integrator in order to save 

memory space and to expand running time. A data display program and 

a data manipulating program to obtain average retention time and 

variance from chromatograms were developed and are listed in 

Appendix 1.

A data storage unit ( a personal computer with a serial port ) to 

store data on diskettes for further analysis was connected to the 

integrator through a RS-232-C cable. A software program provided by 

Hewlett Packard was installed in the personal computer to communicate 

with the integrator for data sending and retrieval.
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Soil Column P repara tion

Soil columns used here were prepared using surface soil stock

prepared by Chemburkar and Horsby (49,50). They have taken ground

top soil from locations around the New Jersey Institute of Technology 

and treated it to obtain clean stock soil. Detailed treatment

procedure appears in their theses.

Particle size distribution of stock soil is as shown in Table

5-2. Narrow range of soil size was selected using sieve plate

numbers 35 and 40 ( U.S. Standard Testing Sieve, ASTM-11, Soil Test, 

Lake Bluff, II ). A stainless steel tube with 5.0 mm I.D. and 6.4 mm

O.D. was used as column tubing (GC column). The column was packed

with previously prepared soil by applying several gentle taps on it

and sealed at both ends of the column with glass wool. The amount of 

soil packed was determined from the weight difference. The soil

column was then cleaned in an oven at a temperature up to 350°C at

least 4 hours while pure nitrogen gas was allowed to flow through 

the column.

Before the experiments, readings of flow meters ( rotameters )

were calibrated at operating temperature ranges using a bubble flow

meter at the end of the column.

E xperim ental Procedure - Plug Flow Deposition

A series of chromatographic response experiments were performed 

by varying soil bed temperature and purge gas flow rate. A plug of

0.5 fil volume of the target compound was injected onto the soil 

(chromatography) column. Chemical compounds used here are chloroform,

18



methylene chloride, carbon tetrachloride, 1 , 1 , 1 -trichloroethane, 

benzene, toluene, chlorobenzene and 1,2,4-trichlorobenzene. Their 

boiling points range from 40°C to 213°C and detailed values of boiling 

points are listed in Table 5-3. The purity o f organics used was HPLC 

level or higher in most cases. Along with usual chromatogram

analysis in the integrator, generated bunched data were manipulated 

using the developed HP basic program to estimate average retention 

time and variance for the chromatogram, and stored in the personal 

computer using data communication program software.

Operating temperature was changed in 20°C increments.

Remaining fraction after one hour of operation at a specific 

temperature and carrier gas flow rate was checked by increasing the

temperature ( ca. 100°C higher than the operating temperature ) and 

comparing the fractions eluted. Nitrogen gas flow rate was also

changed to estimate mass transfer coefficients at a temperature of 

mostly ca. 20°C higher than the Minimum Allowable Temperature ( MAT ), 

a temperature we have defined in this work. Carrier gas flow rate 

ranged approximately 4 to 20 cc/min. To take into account the 

effect of dead volume in front of and after the soil column, the 

dimensions of each connector were measured and experiments without the 

column were performed. The results provided experimental information 

on the dead volume and were considered in the data manipulation stage 

of each run.

19



B. Soil Column Contamination/Desorption Experiment

System Description

This experiment apparatus is composed of a gas bubbler, a soil

column and a data acquisition unit. Outline of this system is 

described in Figure 3-2. A gas bubbler containing glass beads was

utilized to supply constant concentration of the target organic 

pollutant in the gas stream to the soil column. The depth of 

organics in the tube saturator was maintained at approximately 5 cm

during the process. A six-way valve was used to change the flow to 

the inlet of the column bypassing the saturator, thus determining the 

stage of adsorption or desorption. A flow diagram of the six-way 

valve is shown in Figure 3-3.

Remaining components of the apparatus are similar to those of

plug flow deposition experiments except the data manipulating software 

programs.

E xperim ental P rocedure - Soil Column Contam ination/D esorption

Continuous flow of vapor in carrier gas was utilized for the 

contamination of the soil column until saturation was reached while 

pure nitrogen gas flow was utilized for the column desorption. Soil 

columns for this experiments were prepared in the similar way to those 

of plug flow deposition experiments. A moderate flow rate of pure 

nitrogen gas was allowed to form fine bubbles at sufficient pressure 

to pass through the soil column. Before the experiments, gas flow

20
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rates were calibrated using a bubble flow meter and rotameters for 

both of the continuous contamination and desorption stage of the 

column operation.

For the contamination stage, the valves and switches were turned 

to the contamination positions after the system was operated with 

purge of pure nitrogen until a constant oven temperature was reached. 

Signals from the FID were then recorded and observed until the outlet 

concentration of the column reached an asymptotic value. Bunched

digital data were then saved in a diskette of the data storage 

facility for further analysis.

Desorption experiments started by changing the six-way valve

position to bypass the saturator after the system conditions were 

stabilized. The same data management procedure as in the

contamination process was followed to obtain data files for desorption 

experiments. Saturation and desorption experiments generally

required 1 0  to 2 0  minutes to complete, depending on the operational

conditions.

C. Soil Equilibrium  Test

System  Description

Quantitative amount of the target pollutants was added to or

removed from a known volume of constant temperature soil bed apparatus 

and the absolute vapor phase or pollutant concentrations were then 

determined after equilibrium was achieved at each concentration.
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The Soil equilibrium test system consists mainly of a heated 

injection and sampling unit, a ten-way valve, an equilibrium chamber 

and a magnetically-coupled micropump. This system is outlined in 

Figure 3-4. A magnetically-coupled metering gear pump ( Cole Parmer, 

Concord, CA, pump head model 000-361, motor: 0-500 rpm, 0.01 hp, max. 

flow of 20 ml/min. ) and a speed controller ( Cole Parmer model 2630 ) 

were used to circulate the gas at low flow rates. Speed controller 

settings were calibrated using rotameters and a bubble flow meter. 

The injection and sampling port was heated and maintained at a 

temperature approximately 30 °C higher than boiling point, high enough 

to vaporize organic chemicals injected.

The temperature was measured through type-K thermocouple/reader 

(Omega 650, Stamford, CT) and controlled using autotransformer 

(Variac W5MT3, Concord, MA) supplying voltage (ca. up to 115 volts) to 

heating tapes. Detailed flow diagram of ten-way valve is shown in 

Figure 3-5. It contains two loops of length of 115 cm and 4.7 mm I.D. 

which act as a premixing chamber in phase I ( adsorption phase ) and 

as a pure nitrogen gas supplying unit by switching over the valve in 

phase II ( desorption phase ).

The equilibrium chamber was made of conical aluminum flanges 

( flange size of ISO NW 40 to 50 ), aluminum adapters ( stub tapped 

1/4" NPT female, flange size of ISO NW 40 ), aluminum centering rings 

( flange size of ISO NW 50 for the connection of the middle part and 

ISO NW 40 for the connection of the both ends ) with viton O-rings and 

aluminum clamps ( wing nut and screw closure, flange size of ISO NW 50 

and NW 40 ) connecting these components ( HPS, Corp., Boulder, CO ) 

which are generally used in vacuum devices.
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A soil bed was secured by replacing phosphor-bronze 49 mm 

diameter of mini-sieve inserts ( Bel-Art Products, Pequannock, NJ ) 

between the reducer surface and seals. Mesh numbers of sieves were 

80/120. Amount of soil loaded was ca. 18 - 20 grams. A K-type 

thermocouple lead was installed at the center of soil bed with depth 

of 8  mm to monitor soil bed temperature accurately and connected to a 

thermocouple/meter ( Omega T/C, Stamford, CT ).

System components including a ten-way valve with loops and 

equilibrium chamber were installed in a gas chromatograph oven which 

is used as a constant temperature heat bath. Vacuum was connected 

to the system line near the chamber to evacuate any remaining 

hazardous organic compound after each run.

Sampled gas ( sample size =  3.0 cc ) taken by a gas syringe 

during the operation was analyzed and quantified in the Shimadzu gas 

chromatograph. Organic chemicals selected in this experiment include 

chloroform, methylene chloride, carbon tetrachloride, benzene, 

1 , 1 , 1 -trichloroethane and trichloroethylene.

E xperim ental Procedure - Soil Equilibrium  Test 

Prior to the equilibrium experiments, vacuum was applied to the 

total system, then flow of pure nitrogen was allowed while circulating 

it by the micropump until the concentration level of the gas phase 

inside the system decreased below the detection limit.

System calibration was done by adding certain amount of organic 

compounds ( at least three replicates ) through the injection and 

sampling port and analyzing gas phase concentration after a minimum of

27



30 minutes circulation at a moderate flow rate ( approximately 10.0 

cm 3 /min.). From the data obtained here, standard calibration curves 

( chromatograph response vs. gas phase concentration ) could be 

prepared.

For the adsorption experiment, a thermocouple was inserted 

through the mini-sieve. Weighed soil mass was then carefully loaded 

and all components were connected tightly and the system was verified 

not to leak. The soil used was pretreated in a separate oven at 

temperature of 200° C at least 4 hours. After the soil bed

temperature reached the test temperature and the system is allowed to 

operate in the adsorption phase, the organic compound was injected

slowly in 1 . 0  microliter units using micro syringes into the gas

stream through the injection and sampling port. The system was then 

allowed to reach equilibrium ( at least one hour ). Gas phase 

concentration was determined by sampling gas at the sampling port by a 

gas syringe and analyzing it in the gas chromatograph immediately.

Additional amounts of the target organic compound were then applied to 

the system and analyzed repeatedly until a satisfactory adsorption 

isotherm could be finally obtained. Soil was changed for every 

different temperature test.

For the desorption experiment, the soil bed was first 

contaminated following the procedure described in the adsorption 

process. The concentrations of both phases were then calculated by

the mass balance. After the position of the ten-way valve was

changed to replace a known volume of contaminated gas phase with pure 

nitrogen, the micropump was operated to circulate the gas phase to

reach equilibrium and samples were taken from the sampling port using

28



a gas syringe and analyzed in the GC. This procedure is similar to 

that o f the adsorption experiments except for the steps of depleting 

target organic compounds from the system, in place of adding compounds 

to the system.
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C hapter 4. MODEL DEVELOPMENT

A. Chromatographic Response of a  Soil-Packed Column

1. Chrom atographic Response of a  Porous Soil M atrix Column

Since the 1960’s when the chromatographic response analysis 

technique was developed by Kubln and Kucera (52,54), a significant 

number of varied applications have been applied both experimentally 

and theoretically to explain different specific systems. Many

authors have used different definitions of terms and different mass 

transfer mechanisms for their own analysis. One should, therefore, 

be careful in utilizing expressions of others' to be sure that they 

are appropriate to the experiment or model. A derivation is

outlined here for the chromatographic response of a packed soil 

column. In developing the chromatographic response equation, basic 

mass transfer steps involved are as follows:

(a) Axial dispersion of components along the column axis.

(b) Diffusion from the main fluid phase to the particle surface or 

external film diffusion.

(c) Diffusion through the pore space inside individual particles or 

intraparticle diffusion.

(d) Adsorption/desorption of components between gas phase of the 

the intraparticle pore space and particle surface. Direct 

equilibrium was assumed because the adsorption process is rapid
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and the accuracy of estimated adsorption rate constant is 

uncertain (57).

Mass balance equations for the adsorbing component can be set up 

and rearranged as below.

Mass balance for the gas phase in the column gives :

D « !£  .  y N — —  (1)
L 3z 2  dz 0bRP Rp 3 t

where N =  DP ( ) =  k I C - Cil ] (2)
Rp dr rmsRp f 'Rp

and mass balance inside particles gives :

D ( +  - l i ^ i )  = 0p ^ i  +  (l-0 p )^ £  (3)
p 3 r  r  3 r  3 t 3 t

with boundary and initial conditions :

=  0 (4)aci
3r r=0

C i 1,-0 =  0  (5 )

C (0, O ^ t ^ r )  =  Co ( =  0, otherwise ) (6 )

C (oo,t) =  0 (7)

C (z,0) =  0 (8 )

Here, C =  concentration of adsorbing component in the interparticle 

space in the column, g/cm3
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Ci =  concentration of adsorbing component in the intraparticle 

pore space, g/cm 3  

Co = concentration of adsorbing component in the square input, 

g/cm 3

r =  distance from the center of a particle in the radial 

direction, cm 

z =  distance from the inlet of the column, cm 

v =  linear velocity of the carrier gas in the interparticle 

space, cm/sec. 

t =  time, sec.

Rp = radius of a particle, cm

D =  axial dispersion coefficient, cm 2 /sec.L
fj

D p =  intraparticle diffusion coefficient, cm /sec. 

kf =  mass transfer coefficient in the external film of particle, 

cm/sec.

Cp = concentration of adsorbing component in the solid phase, 

g/cm 3

0b = interparticle void fraction in the column

0 =  intraparticle void fraction inside particles

r  =  time for the input square pulse

The Laplace transform can be taken on these equations in order to 

obtain expressions for concentrations at the column outlet in the 

Laplace domain. Moment analysis technique can, in addition, be

utilized so as to have solutions for the absolute and central moments. 

A more thorough and detailed derivation is presented in Appendix 2.

As a result of this derivation, the first absolute moment can
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be obtained as follows:

« =  -  +  —  [ 1 +  (— ) 6p (1+Ka) ] (9)
1  2  v 0b

where fxi = th e  first absolute moment (physically average 

retention time or center of mass)

L =  length of the adsorption column

Ka =  adsorption equilibrium constant defined by

K. =  (1-0P) CP /  dp Ci (10)

while the second central moment could be expressed as follows:

„ •  = l l  +  [ 1  +  Bp (1 + K . ) ] 2

2  1 2  v 3  ’ ’’
I 2  L Rp 1  “ 0b n  2  / I  I  jr  \ 2

15  v Up ¥b~ p ( 1  +K ,)

+  T 7  r  T T Sp'  ( 1 + K - ) 2 (11)

where = th e  second central moment (physically variance of 

the chromatographic response)

The above first absolute and second central moment describe the 

center of mass or average retention time and the variance of the 

response for the impulse input to the column respectively in the 

chromatographic response experiment.

These results are consistent with other published expressions 

(57,58) when different definitions of equilibrium constants are used 

and the effect of adsorption rate term is considered with the
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assumption of no chemical reaction on the particle surface.

2. Chrom atographic Response for a  Non-Porous Soil M atrix Column

Chromatographic response for non-porous material like sand shows 

different behavior due to its structural difference. Although mass 

transfer mechanism is same in the interparticle region, there is no 

intraparticle diffusion effect and adsorption equilibrium takes place 

on the surface of particles, instead. Mass transfer governing an 

adsorption column can be expressed in one differential equation as 

follows:

D * £  - v ^  - (1 " gb) —  N =  —  (12)
L 9z 2  dz e b Rp R a t

where N =  k [ C/Kb -(C i)D ] =  - —  (13)
r f a t

Kb =  equilibrium constant (cm), defined by

Kb =  Ca/C’ (14)

C ’ = concentration of adsorbing component in the gas 

near the particle surface, g/cm 3  

Ca = concentration of adsorbing component on the 

surface of particles, g/cm 2

The procedures for the Laplace transform and the moment analysis 

to get the first absolute and second central moment are almost the 

same as the previous case. A more detailed derivation appears in
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Appendix 3. The resulting expressions for this case are as follows:

H =  I  +  t  ( i  +  Kb ) (15)
2 v 6 b Rp

a ' =  —  +  ^ 5 ^ .  ( 1 +  —  Kb ) 2

2  12 v 3  6b RP

+  L 1-gb 6   K b^ (16)
v 0b R p k

3. Estimation of Equilibrium  Constants, Heats of Adsorption and 

Mass Transfer Param eters

For physical adsorption where there is only sufficiently low 

concentration of molecules where adsorbed molecules are isolated from 

their neighboring ones, the equilibrium relationship between fluid and 

adsorbed phase will be linear (73). This linearity can be expressed 

by Henry’s law, in terms of concentration or pressure as follows:

q =  K c  or q =  K 'p  (17)

where q and c are concentrations of a component in the adsorbed and 

fluid phase and p denotes partial pressure of a component. From the 

ideal gas law, Henry’s law constants have a relationship each other as 

follows:
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K =  K ’ R T (18)

The temperature dependency of the Henry’s constants obeys the 

van’t Hoff equation:

d InK.’ =  JH o  (19)
dT R T 2

where JH o represents enthalpy difference between adsorbed and gaseous 

phase, or heat of adsorption and R is gas-law constant.

This can be integrated to give

K ’ =  K ' exp f - — ■- 1 (20)
L r t  J

Utilizing equation (18), this can be expressed in terms of K :

L -  [ 5 1  exp r . 4 3 . 1  (21)
r L t  Jn L p t  J

Plots of In (K/T) vs. 1/T can, then, be used to obtain heats of 

adsorption from the slopes.

On the other hand, equilibrium constants can be estimated from

the first moment, or average retention time by equations (9) or (15).

Mass transfer parameters can also be estimated by utilizing the first

absolute moment and the second central moment as shown below.

For the adsorption column system with intraparticle diffusion,
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equations (9) and (11) can be combined and simplified with the
A

notation change of i n '  to a  and in  to n  for convenience to give:

ff L    D l  | 0 b   ̂ R p  | Rp j  j   0b__________ j -2 (22)
2 u 2 V v 2  l -0 b  15D 3k  ( l-0 b )0 p ( l+ K .)

p *

f f 2 J T 1

From the slopes of plots of ~ ~  — vs. — , axial dispersion
2  pi \  v

coefficient D l  can be estimated. From the intercepts of the plots, 

one can calculate values of intraparticle diffusion coefficient, Dp by 

using empirical equations for the values of film mass transfer

coefficient kf.

The same approach can be utilized for the case of an adsorption

column system with no intraparticle diffusion. Equations (IS) and 

(16) can be also combined and simplified to give :

cr2 L _  D l  _j_ Rp 0b r j  +  Rp 0b "12 (23)
l l i 2 v V 2 3 k f l - 0 b  L 3 (l-0b)Kb J

Values of axial dispersion coefficients and film mass transfer 

coefficients can be obtained in the same manner as the previous case.
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B. Analytical and Numerical Solution for the Effluent Concentration 

of a Packed Soil Column

1. Analytical Solution

Analytical solutions for the adsorption column system with 

intraparticle diffusion, longitudinal dispersion and film mass 

transfer resistance on outer surface of particles were tried and shown 

to be appropriate in early 80’s by Rasmuson et al.(76,77). A

simplified form of their result is used here with some modification of 

the terms and with the assumption of fast adsorption rate. Final 

solutions are as follows :

u(z,y) =  -  +  -
2 7T

s in ( y* 2 - /  ( / d V f + r t f . A ’ i / i  ]  i r  (2 4 )

where z2 x’ =  Pe ( 1/4 Pe +  8  Hi )

z2 y’ = 8  Pe ( 2/3 ^  + H2  )

y =  2 DP t /  K Rp2

(26)

(25)

Hi (27)
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H
H2 ------------------- ¥ -------------- —  (28)

(1 +  uHD1) +  (»H D 2 ) 2

t t  _  3 / sioh2A *4* sin2A v •* /oq\
H d i  “  K ( cosh2A~ -  c& sZT  ’  '  1  ^

t t  __ 3 / sinh2A * sin2A \ / ia \
D2  cosh2A"“  cosZX” >

with parameters of

Pe =  ^  Peclet Number 8 =
L

v =  yR, R. =  |

Rf  =  3̂  K =  0P +  (l-0p)Ka

y =  A =  variable of integration
R p 2

In order to estimate the infinite integral term in equation (24), 

a numerical method was utilized. For this integration in semi

infinite interval, one of IMSL software (QDAGI) was utilized, which 

uses Gauss-Kronrod rule to estimate the integral and the error (97). 

A detailed program listing is presented in Appendix 4.
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2. Numerical Solution

Solution of boundary value problems by the orthogonal collocation 

method was initiated by Villadson and Finlayson in the late sixties 

and has been applied to the explanation of the mass transfer phenomena 

in adsorption columns. Some of basic principles are shown in 

reference (90).

From mass balance equations for the contaminants in the 

interparticle fluid phase :

3c =  d  - v— - —  ( c - c.| ) (31)
a t  Laz2 az #b r p 1 r“R

with boundary conditions,

D £L OZ

dc
t t z=L

=  -  V ( cl - c | (32)0 v 1z=0 1z=0+ '  v 7

=  0 (33)

and an initial condition,

c (z,0) =  Co (34)

Equations (32) and (33) are the correct boundary conditions for a 

dispersed plug flow system as discussed by Wehner et al. (98).
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From mass balance equations for the contaminants inside the 

particles :

Op +  ( i _ 0 p ) £ £ £  =  d  (  ^  +  -  — 1 )

a t  a t  p 3r r  3r
\ d C p  _  in  * a Ci , 2 3ci (35)

with boundary conditions:

D

3ci
3r

3ci
3r

=  0
r=0

r=R
=  kf ( c - ci | r=R )

(36)

(37)

and an initial condition,

Ci (r,0 ) =  Ci (38)

These equations could be expressed in dimensionless form and 

the orthogonal collocation method was then utilized to solve these 

partial differential equations combined with their boundary 

conditions. Boundary conditions for the column in equations (32), 

(33) and (37) were utilized to reduce the number of equations for 

collocation points following the expressions discussed by Finlayson 

(90). Derivation of this numerical approach is summarized in

Appendix 5.

Final expressions are as following :
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O k ^  N=  y v [ B - w'R A 1 Q (j)
cTt r .L }  k , l  y  k,N +1 N +l,i1«1

+  PoBk,M + l C ^ ^ (39)

dC(j)
d r

j =  2,3........M + l

k =  1,2.......,N

= Me ‘ *  I (— b ; . - a ; ) +  (A -b ; - a ; )
i =2 Pe J ’ J ’ Pe J’ J ’

A ' a  '  '
„/■ l , M + 2  a /  M + 2 . M + 2  a / \  _ l  /- B j , M +2 \  t  \

  M + 2 , i --------------------    A U >  +  A J . M « )

x ( W j , A ; A . . . - _ ^ I  A - )  ] C ( i )
a  a

- P e C | x=0>  [ ( - l B; i - A ; i)

^ b ; , m+2 - a - m+2) ]

3(> 7*0  E A n + 1  .Q .(j) a
----------- ^ ---------- ------------ 3(n<t>0 N+ 1 ’N + 1  C(J) (40)

K ^  +  A n  + i , m + i  +  A n + i , n + i

j  =  2 ,3 , M + l
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where M =the number of collocation points in the longitudinal 

direction

N = the number of collocation points in the radial direction 

in the particles

Other parameters and dimensionless variables are defined in the 

Appendix 5.

Coefficients of matrices in these equations are those generated 

from the values of collocation points in the longitudinal and 

intraparticle radial coordinates. The Gauss-Jordan method was

utilized to obtain inverse matrices which are necessary in developing

square matrices for the derivatives at collocation points (99).

Detailed Fortran program lists of the developed program are shown in 

Appendix 6 .

The above equations (39) and (40) are combined ordinary

differential equations ( ODE’s ) with initial conditions which are to 

be solved simultaneously to obtain the solutions. This has been 

done using an IMSL software called IVPAG which utilizes Adams-Moulton 

or Gear method (97). This program was run in VAX/VMS system in 

NJ1T, by linking mentioned IMSL software and output from matrix

manipulation program. A detailed Fortran program list for the 

solution of the ODE’s is shown in Appendix 7.
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Chapter 5. EXPERIMENTAL RESULTS 

A. Chromatographic Response Analysis Results

Soil Bed Characterization and Properties of Chemical Compounds

As described in Chapter 3, an experimental apparatus has been

designed to characterize the chromatographic response in a soil matrix 

column. The specification of this soil column is shown in Table

5-1. These data were obtained by direct measurement and from

Wu et al (100,101).

Stock soil used in this system was analyzed by Labtech Corp., 

Fairfield, NJ, using emission spectroscopy and X-ray diffraction.

This analysis provided a nearly complete mineral elemental

characterization (49,50). Its major elements include Si, Al, X, Fe, 

K, Mg, and Mn by emission spectroscopic analysis and its detailed 

results are listed in Table 5-2. The major compounds detected by 

X-ray diffraction analysis after grinding the sample into a mesh size

of less than 270, include silicon dioxide and feldspar ( albite, 

andesine, anorthite, anorthodase or laboradorite ). The last compound 

can be sodium silicate or calcium aluminum silicates ( some of which 

contain potassium ) or mixtures of the two.

Particle size distribution of stock soil has also been determined

using sieve and a mechanical shaker ( Humbolt Manufacturing Co.) and 

particle size distribution appears in Table 5-3. Mesh size range

utilized in the chromatographic response analysis was 35/40 whose
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Table 5-1. Soil Column Specification for Chromatographic

Analysis Experiment

Specification

Column length 

diameter

cross-sectional area 

Soil mesh size

average diameter 

intraparticle porosity 

Soil bed overall density

interparticle porosity

Value

13.1 cm 

0.50 cm 

0.196 cm2  

35/40 

0.46 mm 

0.13

1.18 g/cm 3

0.49
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Table 5-2. Emission Spectrographic Analysis Results of Stock Soil

Element
Range of Percent 

by Mass

Al > 1 0  %

B 0 .0 0 1 -0 . 0 1  %

Ba 0 .0 1 -0 . 1  %

Ca 1.0-10.0 % (H)

Cr 0 .0 0 1 -0 . 1  %

Cu 0 .0 0 1 -0 . 0 1  %

Fe 1 .0 - 1 0 . 0  %

K 1 .0 - 1 0 . 0  %

Mg 0 . 1 - 1 . 0  %

Mn 0.1-1.0 % (L)

X > 1 0  %

Ni 0 .0 0 1 -0 . 0 1  %

Si >10 %

Sr 0 .0 0 1 -0 . 0 1  %

Ti 0 . 1 - 1 0 . 0  %

V 0 .0 0 1 -0 . 0 1  %

Zn 0 .0 1 -0 . 1  %

Zr 0 .0 0 1 -0 . 1  %

Note:

1. (H) and (L) indicate high and low end of range.

2. Results are semiquantitative. Accuracy and sensitivity 
are element and matrix dependent.
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Table 5-3. Particle Size Distribution of Stock Soil

Particle
diameter
(inches)

Mesh
size

Mass
grams % of total % of usable

- 7100 2 0 0 0 6.9 -

- 1 0 0 2910 1 0 . 0 -

0.0086 70 480 1.7 4.5

0.0098 60 3200 1 1 . 0 29.8

0.0165 40 7060 24.3 65.7

- <40 13,400 46.1 -

1 0 0  % 1 0 0  %

Total mass 29,050 grams
Usable mass 10,740 grams
Bulk density 1.0 grams/cc
Actual density 0.8 grams/cc
(by water displacement)
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average diameter is 0.46 mm.

Flow rates of the column were calibrated prior to the experiments 

and dead volumes were also determined experimentally and compensated 

in the further analysis. An example is shown in Figure 5-1.

Types of organics used in this experiment are listed in Table 5-4 

with their physical properties which will be used as basic data for 

further calculations. The range of boiling points of target organic 

compounds are 40°C to 213°C.

Vapor pressures of these organic compounds are also shown in 

Table 5-5. They range from 1.26 mmHg for p-dichlorobenzene to 353.4

mmHg for methylene chloride in vapor pressure at room temperature. 

In calculating vapor pressures at atmospheric conditions, the Antoine 

equation was utilized with data of parameters from references ( 1 0 2 ). 

As can be seen in Table 5-5, the range in volatilities of the 

compounds studied is significant and more importantly is relevant for 

soil decontamination studies.

Analysis Results of P lug Deposition E xperim ents 

The moment analysis technique can be utilized to analyze the 

chromatographic response in a soil matrix column as discussed in 

Chapter 4. As a result of the derivation for the impulse deposition

to the column (cf. Chapter 4 and Appendix 2 for detail), the first 

absolute moment for the center of mass can be obtained from equation 

(9) and can be rewritten as follows:
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Table 5-4 Physical Constants of Selected Compounds

Compound
Empirical
Formula

Formular
Weight

Boiling
Point

°C

Density at 
25 C 
g/cm

Methylene
chloride

CH2 CI2 84.94 40. 1.318

Chloroform CHCb 119.38 61.7 1.474

Carbon
tetrachloride

ecu 153.82 77. 1.594

1,1,1-tri
chloroethane

CCbCHs 113.42 74. 1.336

Benzene CeHs 78.11 80. 0.879

Toluene C6 H5 CH3 92.13 111. 0.866

Chlorobenzene C6 H5 CI 112.56 132. 1.107

1,2,4-Tri
chlorobenzene

CeHaCb 181.46 213. 1.463
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Table 5-5. Vapor Pressure Calculation of Target Organic Compounds

Antoine vapor-presssure correlation (102)

B
In Pvp =  A - -------------

T +  C

where Pvp : mm Hg , T :°K

Compound T range
Parameter values*** 

A B C
Pvp at 

273°K 293°K

Methylene
chloride

229-332 16.3029 2622.44 -41.70 143.3 353.4

Chloroform 260-370 15.9732 2696.79 -46.16 59.5 155.7

Carbon
tetrachloride

253-374 15.8742 2808.19 -45.99 33.2 90.5

1,1,1-Tri .
chloroethane

302-428 16.0381 3110.79 -56.16 5.4 18.2

Benzene 280-377 15.9008 2788.51 -52.36 26.1 74.7

Toluene 280-410 16.0137 3096.52 -53.67 6.7 21.7

Chloro
benzene

320-420 16.0676 3295.12 -55.60 2.5 8.9

p-Dichloro
benzene

327-477 16.1135 3626.83 -64.64 0.27 1.26

note * Data of 1,1,2-trichloroethane were utilized.

** This calculation is for the comparison purpose only.

*** Data of parameters were obained from reference (102).
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V
0p (1 +Ka) ]

0b
(41)

Equilibrium constants for the system, therefore, can be estimated 

from this equation and the computer program described in Appendix 1 to 

calculate the averaged retention time.

As described in Section A of Chapter 3, chromatographic analysis

experiments were performed by varying soil column temperature and

gas flow rate and analyzing the response curves.

Temperature for this experiments was changed in 20°C increments 

to observe the behavior of equilibrium constants according to

temperature change. Temperature ranged from low’s near the MAT’S 

( minimum allowable temperatures, which will be defined shortly ) to 

temperatures 60 to 80 °C higher than the MAT’s. Experimental results

were analyzed following the equation of the first absolute moment as 

described in equation (41). Values of the first absolute moment or 

the center of the mass (expressed as average retention time in an 

experimental concept) were obtained by analyzing chromatograms 

generated and stored as digital data files through an installed 

program in the HP integrator as mentioned above. Summarized results

of this experiment for listed target organic compounds are shown in 

Table 5-6.

The van’t Hoff equation as described in Chapter 4 was utilized to 

observe the temperature dependency of equilibrium constants and plots 

of In (Ka/T) vs. 1/T can be found in Figure 5-2. The plots show good 

linearity and heats of adsorption are obtained with good accuracy as 

described below.
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Table 5-6. Results for Equilibrium Constant Estimation from 

Chromatographic Analysis

Methylene chloride

° c
Temperature 

°K 103/T(K)

Corrected avg. 
retention time 

min.

Equilibrium
constant

Ka
In (K./T)

100 373 2.681 3.806 234.54 - 0.464

120 393 2.545 1.744 109.41 - 1.279

140 413 2.421 0.976 61.31 - 1.908

160 433 2.309 0.612 37.77 - 2.439

Chloroform

Temperature 
°C °K 10 /T(K)

Corrected avg. 
retention time 

min.

Equilibrium
constant

Ka
In (K./T)

100 373 2.681 1.846 111.09 - 1.211

120 393 2.545 1.202 73.11 - 1.682

140 413 2.421 0.624 36.53 - 2.425

160 433 2.309 0.444 25.37 - 2.837

180 453 2.208 0.310 15.82 - 3.355
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Table 5-6. ( continued )

Carbon tetrachloride

Corrected avg. Equilibrium 
Temperature retention time constant In (Ka/T)

°C °K 10V r(K ) min. K , ________

60 333 3.003 3.305 180.17 - 0.614

80 353 2.832 2.058 116.41 - 1.109

100 373 2.681 1.091 61.96 - 1.795

120 393 2.545 0.657 36.61 - 2.374

140 413 2.421 0.468 25.55 - 2.783

1,1,1 -Trichloroethane

Corrected avg. Equilibrium 
Temperature retention time constant In (Ka/T)

°C °K 10 /T(K) min. Ka ________

80 353 2.832 2.364 134.82 - 0.963

100 373 2.681 1.380 80.33 - 1.535

120 393 2.545 0.741 42.24 - 2.231

140 413 2.421 0.526 29.63 - 2.635

160 433 2.309 0.381 20.72 - 3.039
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Table 5-6. ( continued )

Benzene

°c
Temperature 

°K 103/T(K)

Corrected avg. 
retention time 

min.

Equilibrium
constant

K.
In (Ka/T)

100 373 2.681 2.240 135.0 - 1.016

120 393 2.545 1.434 88.65 - 1.489

140 413 2.421 0.840 51.73 - 2.077

160 413 2.309 0.532 31.87 - 2.609

180 433 2.208 0.376 20.76 - 3.083

Toluene

Corrected avg. Equilibrium 
Temperature retention time constant In (Ka/T)

°C °K 10*/T(K) min. Ka ________

140 413 2.421 1.517 99.38 - 1.424

160 433 2.309 1.079 72.23 - 1.791

180 453 2.208 0.606 37.98 - 2.479

200 473 2.114 0.418 26.30 - 2.889

220 493 2.028 0.318 19.33 - 3.239
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Table 5-6. ( continued )

Chlorobenzene

Corrected avg. Equilibrium 
Temperature retention time constant In (Ka/T)

°C °K 10 /T(K) min. K , ________

140 413 2.421 2.260 151.68 - 1.002

160 433 2.309 1.410 96.66 - 1.500

180 453 2.208 0.905 60.37 - 2.015

200 473 2.114 0.574 38.88 - 2.450

220 493 2.028 0.423 28.15 - 2.863

1,2,4-Trichlorobenzene

°C
Temperature 

°K 105/T(K)

Corrected avg. 
retention time 

min.

Equilibrium
constant

Ka
In (Ka/T)

220 493 2.028 1.294 101.33 - 1.582

240 513 1.949 0.942 74.96 - 1.923

260 533 1.876 0.625 49.38 - 2.379

280 553 1.808 0.451 35.12 - 2.757

300 573 1.745 0.329 24.74 - 3.143
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After each chromatographic response experiment before the next 20 

°C increment, the temperature was raised approximately 100°C above the 

operating temperature in order to remove and quantify any remaining 

fraction of organics. We define, here, Minimum Allowable

Temperature ( MAT ) which indicates the minimum temperature at which 

more than 95 % of the input plug of organic material is removed from 

the column after one hour operation at continuous flow. Results of 

MAT values are shown in Table 5-7 with remaining fractions. The 

temperature increase of 100 °C is considered reasonably sufficient to 

desorb remaining fraction of organics because the subsequent increase 

of temperature did not evolve additional organics from the column. 

The MAT value is higher than the boiling point of each organic 

compound, ranging approximately from 30°C to 60°C above boiling points 

with the exception of carbon tetrachloride.

When the plots in Figure 5-2 are observed in detail, we can also 

see that there exists a slight deviation from linearity at the 

temperature region below the MAT’s. This non-linearity of the plots 

is due to the remaining fraction of the organics in the column. 

Temperatures sufficiently higher than the MAT’S should, therefore, be 

applied to accomplish acceptable removal of the organics from soil 

matrices in reasonably short-time processes, in actual treatment of 

contaminated soils. This implies that there exist m i n i m u m

conditions in addition to optimum conditions above the m i n i m u m  s 

between temperature and process time for organics decontamination of 

soil matrices, depending on types of organic substances and thermal 

treatment facilities.

One also observes good linearity above the MAT’s for plots of
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Table 5-7. Minimum Allowable Temperatures and the Estimation o f-JH /R  

from the Plots of In (K«/T) vs. 1/T

Compound MAT*
°C

Remaining**
Fraction

Corr.***
Coeff.

fcdH/R)*E-03
°K

chloroform 120 .025 .995 4.85

methylene
chloride

100 .027 .998 5.30

carbon
tetrachloride

80 .009 .997 4.10

1,1,1-tri
chloroethane

100 .034 .994 3.98

benzene 120 .013 1.00 4.73

toluene 160 .021 .991 5.10

chloro
benzene

160 .021 .999 4.89

1,2,4-tri
chlorobenzene

240 .030 .999 5.94

Note] * MAT =  minimum allowable temperature ±  20 °C

Flow rate for this experiment is approximately 8.5 cm3/ 
sec at room temperature.

** indicates the fraction remaining in the column after 
one hour operation.

*** applies to data of /«(Kn/T) vs. (1/T)*E03 at 
temperatures higher than MAT’s.
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/n(K»/T) vs. 1/T. Heats of adsorption can be obtained from the

slopes of these plots as explained by van’t Hoff equation.

As a  result of this analysis, a list of MAT’s and heats of 

adsorption on soil could be obtained for the target organic compounds 

with fairly good correlation coefficients as shown in Table 5-7. As 

shown in this table, the values of -JH /R  range from 3.98*E03 to 

5.94*E03°K. A H  can then be calculated as shown in Table 7-1 for the 

soil described in this study, ranging from -7.91 to -11.8 kcal/g mole.

The second central moment from equation (11) and its combined 

form with equation (9), or equation (22) can, in addition, be utilized 

to obtain other mass transfer parameters. As described in Chapter 4, 

plots of (or2L/2ju2v) vs. 1/v2 from equation (22) (a2 denotes variance

or the second central moment yuz’ while u  means average retention time 

or the first absolute moment n  i) can be utilized to obtain the axial 

dispersion coefficient from the slope of this plot and the 

intraparticle diffusion coefficient from the value of intercept and an 

estimation of film mass transfer coefficient. Equilibrium constants 

needed in this calculation can be obtained from the first moment 

analysis for the respective temperature. Experimental values (values 

of a 2 and fi) for this analysis were obtained via the BASIC program 

installed in the integrator as explained in Chapter 3 and Appendix 1.

Analysis results for the estimation of mass transfer parameters 

as described above with varied gas phase flow rates are summarized in 

Table 5-8. Temperatures for this experiments were chosen approximately 

20 °C higher than the MAT’s in order to ensure complete removal of 

organic input. Plots for the calculation of mass transfer parameters
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Table 5-8. Results for Mass Transfer Parameter Estimation 

from Chromatographic Analysis

Methylene chloride

Temperature =  120 °C ( 393 °K )

Row
reading

Inter
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
ff, min.

Variance 

a2, min?

1/v2

s2/cm2

L
2H2 v 

sec.

1.5 1.10 2.775 2.547 0.827 1.970

2.0 1.395 2.454 2.084 0.514 1.625

2.5 1.980 1.742 1.402 0.255 1.529

3.5 3.072 0.899 0.477 0.106 1.259

4.0 3.585 0.799 0.407 0.078 1.165

Chloroform

Temperature =  140 °C ( 413 °K )

Flow
reading

Inter- 
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
pi, min.

Variance 

a2, min?

1/v2

s2/cm2

l

2fx2 v 
sec.

1.5 1.156 1.049 0.387 0.749 1.993

2.0 1.466 0.829 0.268 0.465 1.743

2.5 2.081 0.684 0.208 0.231 1.400

3.0 2.716 0.505 0.140 0.136 1.324

3.5 3.228 0.400 0.091 0.096 1.154

4.0 3.768 0.349 0.076 0.070 1.085
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Table 5-8. ( continued )

Carbon tetrachloride

Temperature = 100 °C ( 373 °K )

Flow
reading

Inter- 
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
H, min.

Variance 

a2, min2

1/v2

s2/cm2

a _  L
IfX2 V

sec.

2.0 1.324 1.358 0.465 0.571 1.247

2.5 1.879 1.091 0.418 0.283 1.224

3.0 2.453 0.746 0.200 0.166 0.960

3.5 2.915 0.515 0.120 0.118 1.017

4.0 3.403 0.500 0.086 0.086 0.662

1,1,1 -Tricholoroethane

Temperature =  120 °C ( 393 °K )

Flow
reading

Inter
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
H , min.

Variance 1/v
2 - 2 2 / 2  a  , min. s /cm

a1 L 
2n2 v 

sec.

1.5 1.100 1.726 0.669 0.827 1.337

2.0 1.395 1.107 0.285 0.514 1.092

3.0 2.585 0.588 0.096 0.150 0.919

3.5 3.072 0.483 0.076 0.106 0.695

4.0 3.585 0.408 0.061 0.078 0.670
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Table 5-8. ( continued )

Benzene

Temperature =  140 °C ( 413 °K )

Flow
reading

Inter- 
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
ft, min.

Variance 1/v2
2 - 2 2 / 2  a  , mm. s /cm

1.5 1.156 1.507 0.905 0.749

2.5 2.081 0.840 0.413 0.231

3.0 2.716 0.676 0.292 0.136

3.5 3.228 0.537 0.224 0.096

4.0 3.768 0.431 0.166 0.070

Toluene

Temperature =  160 °C ( 433 °K )

Flow
reading

Inter
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
p ,  min.

Variance 1/v2
2 - 2 2 / 2  a  , min. s /cm

1.5 1.212 1.882 1.098 0.681

2.0 1.537 1.273 0.544 0.423

2.5 2.181 1.079 0.472 0.210

3.0 2.848 0.789 0.278 0.123

3.5 3.384 0.690 0.256 0.087

a _  L 
2n 2 v 

sec.

2.258

1.843

1.541

1.576

1.554

a _  L 
Ifx2 v 

sec.

1.676

1.431

1.217

1.027

1.041
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Table 5-8. ( continued )

Chlorobenzene

Temperature = 180 °C ( 453 °K )

Flow
reading

Inter
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
/i, min.

Variance 

a2, min?

1/v2

s2/cm2

o _  L 
2/i2 v 

sec.

1.5 1.268 1.694 0.844 0.622 1.520

2.0 1.608 1.177 0.482 0.387 1.417

2.5 2.282 0.905 0.367 0.192 1.286

3.0 2.979 0.686 0.233 0.113 1.089

3.5 3.541 0.620 0.183 0.080 0.881

1,2,4-Tricholorobenzene

Temperature = 260 °C ( 533 °K )

Flow
reading

Inter
particle 
linear 
gas vel. 
v, cm/s

Corrected 
average 
retention 
time 
H, min.

Variance
2 • 2 a , mm.

1/v2

s2/cm2

a _  L 
2/ i2 v 

sec.

1.5 1.492 1.156 0.387 0.449 1.272

2.0 1.892 0.817 0.214 0.279 1.110

2.5 2.685 0.625 0.160 0.139 0.999

3.0 3.505 0.456 0.094 0.081 0.845

3.5 4.166 0.420 0.078 0.058 0.695
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are also shown in Figure 5-3 and reasonably good linear plots are 

observed. From the slopes and intercepts, axial dispersion

coefficients and other mass transfer parameters could be estimated 

as described above.

In order to obtain intraparticle diffusion coefficient, mass

transfer coefficient for the mass transfer resistance film on the 

outer surface of particles should be first estimated using empirical 

equations (73).

The appropriate dimensionless group characterizing film mass 

transfer is the Sherwood number which is the analog of the Nusselt

number for heat transfer (103). The limiting value of Nusselt

number for low Reynolds number flow is 2.0, and this should also, be 

applicable to Sherwood number in mass transfer. At higher Reynolds 

number, convective effects become significant and a correlation of 

Sherwood number with Schmidt number and Reynolds number can be 

expressed empirically as follows (73):

2 k  RP
Sh =  ------ ------  =  2.0 +  0.6 Sc1/3Re1/2 (42)

Dm

where Sh =  Sherwood number

Sc =  Schmidt number, pIpD^B

Re =  Reynolds number, Dvplp

p  =  viscosity

p  =  density

Dab =  diffusion coefficient

D =  particle diameter

v =  fluid velocity
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which has been widely applied to packed beds. This equation implies 

that the Sherwood number approaches a limiting value of 2.0 at low 

velocities for a single particle, as expected in this experiment.

As depicted in the above equation, data of molecular diffusion 

coefficients need to be secured to estimate mass transfer coefficients 

in the mass transfer film on the outer surface of particles.

Chapman-Enskog theory can be utilized for accurate estimation of 

molecular diffusivity. Using ideal gas law, this can be expressed as 

follows (103):

r* _  0 .001858  T 3/2 ( 1/Ma +  1/Mb ) mU m --------------------------- — *-------------------------   (43)
p a  Q( s I k T)

where D  =  molecular diffusivity, cm /sec

T =  temperature, °K

Ma,Mb = molecular weight of the two compounds 

p =  pressure, atm

"*B =  2  K + aB>- A

eAB =  / W  >
a ,8 =  Lennard-Jones parameters

k  = Boltzmann’s constant, 1.380 E-16 erg/molec/ °K

Q  =  dimensionless function of the temperature and the

intermolecular potential field of two molecules
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Basic data needed for the calculation of molecular diffusivities 

are listed in Table 5-9 and its calculation results are also shown in 

Table 5-10.

Intraparticle diffusion coefficient can then be obtained by 

utilizing the intercept values of the plots of equation (22) and 

molecular diffusivity data as explained above.

Following this procedure mass transfer parameters needed in this 

system can be estimated and results are summarized in Table 5-11. 

More detailed discussion for the estimated mass transfer parameters 

will be given in Chapter 7.

B. Results of Soil Column Continuous Contamination/Desorption 
Experiments

Soil columns used in contamination/desorption experiments are 

similar to those used in the plug flow deposition experiments, with 

the exception of column length. Column length here is 30 cm in 

order to more readily observe prominent mass transfer behavior both 

in contamination and desorption phases.

Plots for the experimental results will be shown in Chapter 7.
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Table 5-9. Data Needed for the Calculation of Molecular 

Diffusivities

Compound
Boiling

Point
°K

e/ k
°K Ybcm /gmol

a
A

Mol.
Weight

eJ K
°K

chloroform 334 327 - 5.430 119.4 173.0

methylene
chloride

313 406 - 4.759 84.9 192.7

carbon
tetrachloride

350 327 - 5.881 153.8 173.0

benzene 353 440 - 5.270 78.1 200.6

nitrogen - 91.5 - 3.681 28.0 -

1,1,1-tri
chloroethane

347 399.1 105.5 5.567 133.4 191.1

chlorobenzene 405 465.8 128.9 5.951 112.6 206.4

toluene 384 441.6 133.2 6.016 92.1 201.0

1,2,4-tri
chlorobenzene

487 560.1 164.7 6.457 181.5 226.4

Note 1. Values of e/k  and a  for the last four compounds were 

calculated following the expression by Hirschfelder 

et al. (104).

e/ k  =  1.15 Tb (Tb: boiling point) 

a  =  1.18 Vb1/3 

2. Values of Vb (molal volume of liquid at normal boiling 

point) were also obtained from reference (104).
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Table 5-10. Calculation Results of Molecular Diffusion Coefficients

Compound Temp.
°K * T/£a b

Q *a b ( A >
Dm

cm /sec

chloroform 413 2.387 1.015 4.556 0.155

methylene
chloride

393 2.039 1.068 4.220 0.166

carbon
tetrachloride

373 2.156 1.048 4.781 0.115

benzene 413 2.059 1.064 4.476 0.161

1,1,1-tri
chloroethane

393 2.057 1.064 4.624 0.132

chlorobenzene 453 2.195 1.042 4.816 0.157

toluene 433 2.154 1.048 4.849 0.147

1,2,4-tri
chlorobenzene

533 2.354 1.018 5.069 0.178
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Table 5-11. Summary of Mass Transfer Parameters Estimation Results

Compound Temp
°C

Ka
Axial Dis. 
Coefficient 
cm /sec

Film Mass 
Transfer Coeff. 

cm/sec

Intrapart.
Diff. Coeff. 
xE05, cm /sec

methylene
chloride

120 109.4 0.987 7.209 2.573

chloroform 140 36.5 1.300 6.757 2.210

carbon
tetrachloride

100 62.0 0.928 4.991 3.419

1,1,1-tri
chloroethane

120 42.2 0.826 5.748 3.716

benzene 140 51.7 1.062 7.004 1.760

toluene 160 72.2 1.079 6.374 2.932

chlorobenzene 180 60.4 1.140 6.804 3.009

1,2,4-tri
chlorobenzene

260 49.4 1.325 7.717 3.614
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C. Soil Equilibrium Test Results

Equilibrium Chamber and System Characterization

As described in Chapter 3, this test system largely consists of

an equilibrium chamber, a micropump for gas circulation, a heated 

injection/sampling unit, heated connecting tubes and valves. This 

system is characterized in Table 5-12. Before the experiments,

preliminary calibration tests were done including flow rates and 

standard calibrations. Figure 5-4 shows gas flow rate in the system

and superficial linear gas velocity across the soil bed, corresponding 

to the reading of speed controller connected to the magnetically- 

coupled micropump.

A controller setting of 3.0 (ca. 5.5 cm3/min.) has been used 

except during initial experiments and during injection, in order to

obtain uniform slow gas flow (0.28 cm/min. or 0.0047 cm/sec.) across

the soil bed.

The system was evacuated prior to equilibrium experiments and 

filled with pure inert nitrogen gas and calibration was performed for

gas concentrations without the soil bed by injecting organics through

the injection/sampling port and recirculating. An example of

responses o f the gas chromatograph versus gas phase concentrations is 

shown in Figure 5-5. Their response curves are quite linear. 

These results indicate that there is no systematic effect or error

throughout the operating temperature and concentrations. Specifically, 

there is no loss or nonuniformities in the system, for either

injection or dilution experiments.
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Table 5-12. System Characteristics of Soil Equilibrium Test

Void Volume of System

Chamber not Including Soil Bed

Loop

Soil Bed

Remaining Parts 
(including injector/sampler, thermocouple 
ten-way port and connecting parts)

Total 161.6 cm3

Soil Bed

Diameter 5.0 cm

Depth 0.8 cm

Soil Loading ~18.0 gram

119.6 cm3 

21.5 

15.7 

4.8
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Figure 5-5. Calibration Chart for Equil.
Test System
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Experimental Results

Soil equilibrium tests have been performed using our devised 

experimental apparatus as described in the above section for organics 

including chloroform, 1,1,1-trichloroethane, carbon tetrachloride, 

benzene, methylene chloride and trichloroethylene. Their results

with operational conditions are shown in Figure 5-6.

As shown in this figure, adsorption isotherms showed fairly 

linear relationship at the lower concentrations and the ratios of 

solid phase concentration to gas phase concentration tended to 

decrease as the concentration increases. As temperature increases, 

the linear zones expanded to higher concentrations. Slopes of linear 

zone tend to decrease with increasing temperature, indicating that 

organic molecules favor transfer to the gas phase as expected with 

higher temperature.

Even though the direct comparison between two data sets of 

equilibrium test result and the results from plug deposition 

experiment is not rigorous because of temperature difference and the 

dissimilarity between two systems, rough comparison shows that they 

are well within the same order of magnitude. When the values of 

equilibrium constants estimated from the chromatographic analysis 

(equilibrium constants resulting from chromatographic analysis will be 

expressed as Ki in the following expression) are recalculated 

following the direct equilibrium equation C« =  K C and compared with 

the equilibrium test results (these will be denoted as K2 ), Ki of 

carbon tetrachloride at 100°C, for example, is 9.3 and K2  is 10.9 at 

86°C while Ki of 1,1,1-trichloroethane at 100°C is 12.0 and K2  is 14.2
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at 85°C.

Experimental data from the equilibrium test system (data 

collected here) seem to be more important and physically meaningful 

because one can observe the direct equilibrium data, especially in the 

mixed material like standard soils and in matrices of different 

particle sizes.

Figure 5-6 also contains the experimental results of the combined 

adsorption/desorption for benzene, methylene chloride and 

trichloroethylene. At relatively low temperatures, it tends to show 

hysteresis phenomena. There is plenty of evidence that systems of 

organic chemicals - natural materials including soils, sediments and 

clay show adsorption-desorption hysteresis or nonsingularities. 

(105-107). Even though there are different arguments, the main

suggestion is that this hysteresis phenomenon is produced by 

irreversibility of the adsorption processes (105). This phenomenon, 

however, tends to become weaker at elevated temperatures as observed 

in the figures.
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Chapter 6. PREDICTION RESULTS OF SOUL BED ADSORPTION/ 

DESORPTION

A. Prediction Results of Breakthrough Curves of a  Soil Bed by 

Analytical Solution

As described in Chapter 4 section B, an analytical solution for 

the contamination process of a soil column was utilized to observe 

the behavior of breakthrough curves, enabling the comparison of its 

results with numerical simulation and experimental results.

Equation (24) in Chapter 4 Section A was utilized for the 

analytical solution for this system, with accompanied parameters 

defined in equations (25) through (30).

A Fortran program was developed to calculate the semi-infinite 

integration term in equation (24). An IMSL package called QDAGI was 

utilized as a subroutine for this program. This program was run in 

the NJIT VAX system with reasonably short time (ca. 30 seconds of CPU 

time).

Data of mass transfer parameters including axial dispersion 

coefficients, intraparticle diffusion coefficients and equilibrium 

constants were obtained from the results of chromatographic analysis 

experiments and plot results while film mass transfer coefficients 

were obtained from the estimation results of molecular diffusivities. 

Other system parameters such as column dimension were obtained from 

direct measurements and operational variables such as gas velocity 

were obtained from the calibration curves.
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The program list for the analytical solution appear in Appendix 4.

Test simulation results for toluene and chloroform are shown in 

Table 6-1. Their results will be compared with numerical simulation 

results in Chapter 7.

B. Concentration Profile inside Soil Bed and Effluent Concentration

Prediction by Numerical Solution

A numerical method to solve equations (39) and (40) to predict 

the adsorption and desorption behavior inside an adsorption column by 

using orthogonal collocation method was described in Chapter 4. 

This method has been utilized to simulate adsorption and desorption 

processes of organic substances in a soil column and to compare its 

results with experimental results.

In this simulation using orthogonal collocation method, two 

different types of matrix needed to be used together. As described 

briefly in Chapter 4, these matrices have been developed, verified and 

modified to be suitable for our purpose. The Gauss-Jordan method was 

utilized to obtain inverse matrices and the detailed program listings 

appear in Appendix 6.

In order to verify our matrix generating program for the 

collocation method and to compare the results with reference data, we 

calculated the matrices of smaller size utilizing the developed 

Fortran program mentioned above. Its results are shown in Table 

6-2. Finlayson (90) lists matrices A and B (matrices used to

describe equation (39)) for the radial coordinate of a particle and
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Table 6-1. Test Result of Analytical Solution for Toluene and Chloroform

[ Concentration Profile Calculation ]

File Name « TOL401
Chemical «= Toluene

Temperature ■ 160. deg. CLinear Velocity » 1.76 cm/sec
Ka - 72.23
Dp “ 0.29E-04 cm2/sec

*
time (s) u value time(s) u value time(s)

10.0 0.00000 20.0 0.00001 30.0
40.0 0.00379 50.0 0.01371 60.0
70.0 0.06414 80.0 0.10586 90.0100.0 0.21612 110.0 0.28026 120.0160.0 0.60418 200.0 0.79250 240.0

280.0 0.95852 320.0 0.98366 360.0400.0 0.99778 440.0 0.99918 480.0520.0 1.00015 560.0 0.99992 600 .0
680.0 1.00005 760.0 0.99998 840.0920.0 0.99994 1000.0 0.99993 1080.0
* u •= effluent concentration, dimensionless

t Concentration Profile Calculation ]

File Name ” TOL402
Chemical « Toluene

Temperature ■ 160. deg. C
Linear Velocity *= 2.63 cm/sec

Ka ■ 72.23
Dp - 0.29E-04 cm2/sec

*

time (s) u value time(s) u value time (s)
10.0 0.00000 20.0 0.00086 30.040.0 0.05232 50.0 0.11638 60.0
70.0 0.28842 80.0 0.38131 90.0100.0 0.55565 110.0 0.63162 120.0160.0 0.87814 200.0 0.95684 240.0280.0 0.99593 320.0 0.99883 360.0400.0 1.00002 440.0 -0.99995 480.0520.0 0.99994 560.0 0.99997 600.0680.0 0.99991 760.0 0.99995 840.0920.0 0.99998 1000.0 1.00010 1080.0

* u “ effluent concentration, dimensionless

u value
0.00049
0.03336
0.15721
0.34722
0.90285
0.99392
0.99992
0.99980
0.99974
1.00019

u value
0.01361
0.19785
0.47153
0.69845
0.98615
0.999631.00007
0.9.9994
1.00003
1.00006
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Table 6-1. ( continued )

t Concentration Profile Calculation ]

File Name 
Chemical 

Temperature 
Linear Velocity 

Ka Dp

TOL403 
Toluene 
160. deg. C 
3.42 cm/sec 
72.230.29E-04 cm2/sec

*

time (s) u value time(s)
10.0 0.00001 20.0
40.0 0.16748 50.0
70.0 0.50325 80.0
100.0 0.74869 110.0
160.0 0.95230 200.0
280.0 0.99906 320.0
400.0 0.99996 440.0
520.0 1.00000 560.0
680.0 1.00005 760.0
920.0 0.99999 1000.0

u value time (s) u value
0.01011 30.0 0.06850
0.28194 60.0 0.39650
0.59829 90.0 0.68011
0.80492 120.0 0.85018
0.98639 240.0 0.99642
0.99976 360.0 1.000000.99997 480.0 1.00007
0.99992 600.0 1.00002
1.00005 840.0 0.99993
1.00007 1080.0 0.99998

* u - effluent concentration, dimensionless

[ Concentration Profile Calculation ]

File Name 
Chemical 

Temperature Linear Velocity 
Ka Dp

CLFM401 
Chloroform 
140. deg. C 1.68 cm/sec 
36.530.22E-04 cm2/sec

time(s) u value
10.0 0.00000
40.0 0.06180
70.0 0.34929

100.0 0.65450
160.0 0.94120
280.0 0.99941
400.0 1.00000
520.0 1.00001
680.0 1.00008
920.0 1.00006

time(s) u value
20.0 0.00108
50.0 0.13935
80.0 0.45971

110.0 0.73241
200.0 0.98585
320.0 0.99989
440.0 1.00002
560.0 1.00003
760.C 1.00008

1000.0 1.00007

time (s) u value
30.0 0.01600
60.0 0.23909
90.0 0.56294

120.0 0.79650
240.0 0.99700
360.0 0.99998
480.0 0.99999
600.0 0.99990
840.0 1.00006

1080.0 1.00002
* u - effluent concentration, dimensionless
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Table 6-1. ( continued )

[ Concentration Profile Calculation ]

File Name - CLFM402 
Chemical ■> Chloroform 

Temperature ■* 140. deg. C
Linear Velocity ■ 2.51 cm/sec

Ka - 36.53Dp = 0.22E-04 cm2/sec

★
t ime (s) u value time(s) u value time (s) u value

10.0 0.00004 20.0 0.02215 30.0 0.12576
40.0 0.27748 50.0 0.43387 60.0 0.57394
70.0 0.68965 80.0 0.78000 90.0 0.84761
100.0 0.89653 110.0 0.93094 120.0 0.95458
160.0 0.99263 200.0 0.99879 240.0 0.99988
280.0 0.99998 320.0 1.00000 360.0 0.99997
400.0 1.00012 440.0 0.99991 480.0 0.99995
520.0 1.00003 560.0 0.99980 600.0 1.00000
680.0 0.99993 760.0 0.99997 840.0 0.99858
920.0 0.99999 1000.0 0.99975 1080.0 1.00001
* u “ effluent concentration, dimensionless

[ Concentration Profile Calculation ]

File Name “ CLFM403 
Chemical ■ Chloroform 

Temperature - 140. deg. C
Linear Velocity - 3.27 cm/sec

Ka - 36.53
Dp “ 0.22E-04 cm2/sec

*

time(s) u value time(s) u value time (s) u value
10.0 0.00110 20.0 0.09925 30.0 0.30058
40.0 0.49063 50.0 0.64346 60.0 0.75822
70.0 0.84024 80.0 0.89675 90.0 0.93446100.0 0.95908 110.0 0.97480 120.0 0.98467

160.0 0.99808 200.0 0.99968 240.0 0.99999280.0 0.99994 320.0 1.00003 360.0 1.00005
400.0 0.99999 440.0 0.99999 480.0 0.99983
520.0 1.00004 560.0 0.99978 600.0 0.99998680.0 1.00006 760.0 0.99997 840.0 1.00005
920.0 1.00001 1000.0 1.00000 1080.0 0.99999

* u - effluent concentration, dimensionless



Table 6-2. Examples of Calculation Results of Matrices Generated 
for Orthogonal Collocation Simulation

CALCULATION RESULTS OF MATRICES GENERATED FOR 
ORTHOGONAL COLLOCATION SIMULATION 
( radial direction of particles )

NUMBER OF COLLOCATION POINTS - 2
ROOTS OF POLYNOMIALS
0.4688487947
0.8302239180
1.0000000000

Q j i

1.0000
1.0000
1.0000

0.2198
0.6893
1.0000

0.0483
0.4751
1.0000

Q IN V ji

1.8819-4.6122
2.7303

-1.50698.3622
-6.8553

0.6250
-3.7500
4.1250

-3.1993 5.0152 -1.8158
-1.4087 -1.8067 3.2154
1.6968 -10.6968 9.0000

B j i

-15.6700
9.9651

26.9328
20.0349
-44.3300
-86.9328

-4.3649
34.3649
60.0000
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Table 6-2. ( continued )

CALCULATION RESULTS OF MATRICES GENERATED FOR 
ORTHOGONAL COLLOCATION SIMULATION 
( longitudinal direction of the column J

NUMBER OF COLLOCATION POINTS « 2
ROOTS OF POLYNOMIALS

0 .0000000000
0.2113248706
0.7886751294
1 .0 0 0 0 0 0 0 0 0 0

Q j i

1.0000
1.0000
1.0000
1.0000

0.0000
0.2113
0.7887
1.0000

0.00000.0447
0.6220
1.0000

0.0000
0.0094
0.4906
1.0000

Q IN V ji

1.0000
-7.0000
1 2 . 0 0 0 0
- 6 . 0 0 0 0

0.0000
8.1962

■18.5885
10.3923

0.0000
-2.1962
12.5885
■10.3923

0.0000
1.0000

• 6 . 0 0 0 0
6 . 0 0 0 0

A j i

-7.0000
-2.7320
0.7321

-1.0000

8.1962 
1.7320

-1.7320
2.1962

-2.1962
1.7321
-1.7320
-8.1962

1.0000
-0.7321
2.7321
7.0000

B j i

24.0000
16.3923-4.3923

- 1 2 . 0 0 0 0

■37.1769
-24.0000
1 2 . 0 0 0 0
25.1770

25.1769
12 .0000
-24.0000
-37.1769

- 1 2 . 0 0 0 0
-4.392316.3923
24.0000
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matrices A ' and B ' (matrices used to describe equation (40)) for the 

axial coordinate of the column, up to two collocation points, and 

Villadson et al.(89) also lists matrices A and B for the radial 

coordinate of a particle up to three collocation points.

When the calculated results are compared with data from Finlayson 

(90), they exactly coincided with the matrices given in Finlayson 

(90). This program is therefore verified and can be, further,

applied for the cases with larger matrices.

Program operation results for higher order matrices up to six 

collocation points for both the intraparticle radial coordinate and 

axial coordinate in the column are shown in Appendix 9. Values of 

collocation points could be found from Villadson et al.(89,90) and 

more accurate values (double precision accuracy) were obtained from

Stroud et al.(108) and utilized here. Resulting matrices were

utilized in simulating orthogonal collocation method and each matrix 

size was compared for its effectiveness in predicting the

concentration profiles in the column.

Concentration distributions along the axial direction were 

obtained using different number of collocation points along this 

direction and the results are shown in Figure 6-1. The number of 

collocation points in the radial direction of particles was also 

varied and these results are shown in Figure 6-2. As will be

discussed in Chapter 7, a matrix of 8x8 in the axial direction and 

that of 7x7 in the radial direction of particles are determined to be 

sufficient in this numerical solution.

Using these matrices and numerical simulation program combined 

with software (TVPAG) in the NJIT VAX system, mathematical
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determination of concentration profiles in the contamination/ 

desorption of soil column system has been performed. Detailed 

results of numerical solutions are shown in Appendix 9.

These results can now provide us with insights on adsorption and 

desorption processes. From the results for the concentrations inside 

particles, we can observe how the concentration profile changes 

according to time and from the data of fluid phase, we can also 

observe the concentration distribution along the column. Moreover, 

from the results describing the end of the column, we can obtain 

concentration variation at the column outlet and it becomes possible 

to compare the results from numerical solutions with those from 

analytical solutions.

Some examples of these analyses are shown in Figures 6-3 and 6-4. 

Figure 6-3 shows the concentration distribution along the column axis 

while Figure 6-4 depicts the example of concentration profile change 

inside particles. The concentration changes at the outlet of the 

column will be shown in the following chapter when the comparison of 

results between analytical and numerical solutions is discussed.
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C hapter 7. DISCUSSION OF RESULTS

A. Chromatographic Response Analysis

Chromatographic response analysis for plug flow experiments in a 

soil column was performed to estimate mass transfer parameters 

including equilibrium constants and the results were further analyzed

to obtain heats of adsorption as described in Chapter 5. The values 

of -JH /R , or heats of adsorption could be obtained from the plots of 

the van’t Hoff equation, as shown in Table 5-7.

Since the difference of the degree of freedom of adsorbed

molecules between gas phase and adsorbed phase on the surface of 

solid, the entropy change on adsorption is necessarily negative (73).

In order for adsorption to occur, the free energy change on

adsorption (^4G) must be negative and from the fundamental 

thermodynamic relationship that AG  = AH - T  A S, AH  should be negative 

or adsorption is exothermic as is the case here and as is expected. 

This must be true to override the opposite effect of entropy.

The absolute values of heats of adsorption of these target

compounds on soils are considered to be relatively low, which can be

generally categorized as physical adsorption. A general guideline

to distinguish physical adsorption from chemisorption is to compare 

heats of adsorption with latent heats of vaporization.

In Table 7-1, heats of vaporization of target organic compounds

at boiling points are estimated using Chen’s equation (104). When 

the resulting values of latent heat of vaporization are compared with
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Table 7-1. Caculation of Latent Heats of Vaporization

Chen’s equation (104)

T _  Tb ( 7 .9  Tbr - 7 .8 2  +  7.11 log Pc )
K b ------------------ r.07~=~T:------------------ —b r

where L fa =  latent heat of vaporization, cal/g mole 

Tb =  boiling point, °K 

T =  Tb/Tcbr
Pc, Tc =  critical pressure and temperature, atm, °K

Compound Tb(K) Tc(K) Pc(atm) Tbr L* < -£ a s> -A H -JH /L vb

methylene
chloride

313.0 510. 60.0 .614 6640 10.53 1.59

chloroform 334.3 536.4 54.0 .623 7044 9.64 1.37

carbon
tetrachloride

349.7 556.4 45.0 .629 7060 8.15 1.15

1,1,1-tri- , 
chloroethane

386.9 602. 41.0 .643 7907 7.91 1.00

benzene 353.3 562.1 48.3 .629 7308 9.40 1.29

toluene 383.8 591.7 40.6 .649 7971 10.14 1.27

chloro-
benzene

404.9 632.4 44.6 .640 8440 9.72 1.15

o-dichloro-
benzene

453.6 697.3 40.5 .651 9475

p-dichloj-p-
benzene

447.3 685. 39. .653 9280

1,2,4-tri-
chlorobenzene

486. 10320*** 11.80 1.14

* estimated from the data of 1,1,2-trichloroethane
** for comparison purpose
*** estimated from the comparison of mono- and dichlorobenzene data
**** from reference (102)
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the estimated heats of adsorption, their ratios ( -zlH/Lvb ) range from 

1.0 to 1.59 . The generally accepted concept is that if heats of 

adsorption are less than two or three times of latent heats of

vaporization, weak physical adsorption is occurring. Here the ratios

are ca. 1 or heats of adsorption are close to latent heats of

vaporization so this case involving organic compounds on soil matrices 

can be considered as weak physical adsorption (73).

The forces involved in physical adsorption are considered to 

include van der Waals forces ( dispersion - repulsion ) and electro

static interactions comprising dipole, quadrupole interactions and 

polarization. For the adsorption of polar molecules like H2 O and 

NHs on zeolite adsorbent, the electrostatic contribution may be very 

large, causing unusual high heats of adsorption of 25 - 30 kcal/ mole 

(73). By contrast, the heats of adsorption of n-butane, 1-butene

and benzene in silicalite are almost constant over a wide range of 

concentration and are relatively low, approximately 11.5 kcal/ mole. 

These hydrocarbon molecules - silicalite may be considered as similar 

cases to the organic pollutants - soil matrices.

Let us consider the degree of the non-specific contributions 

(dispersion, repulsion and polarization) on heats of adsorption which 

are typically 10 kcal/ mole or less (73). The heats of adsorption of 

target organic compounds in soil matrices may therefore be largely 

attributed to the non-specific contributions rather than the specific 

contribution (dipole and quadrupole).

The second central moment data could be also obtained from 

chromatographic analysis in plug flow experiments. In addition to
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the intraparticle diffusion and mass transfer film resistance, 

longitudinal diffusion effect on the dynamic behavior of adsorption 

column was first considered by Glueckauf et. al (109) and Lapidus et. 

al (110), in order to explain the broadening of the response curve. 

Later, van Deemter et. al (111) introduced the concepts of height 

equivalent to a theoretical plate into studying partition 

chromatography in consecutive mixing stages. This has been further 

investigated by developing chromatographic response theory as proposed 

initially by Kubin and Kucera (52,54), expanded mainly by Smith et. al 

(58,64), enabling separation of the effects of each mass transfer step 

involved.

There have been many considerations for axial dispersion effects 

on mass transfer in adsorption columns, however, as discussed by 

Langer et. al (112), there are only two main mechanisms responsible 

for this phenomenon: molecular diffusion and turbulent mixing arising 

from the splitting and recombination of gas flows while traveling 

through the column. These effects may be additive and the

dispersion coefficient may be represented for the non-porous materials 

like glass balls by the following equation (73):

D l =  yi Dm +  yi (2Rpv) (44)

where yi, yt — constants

If expressed in terms of the Peclet number, it will be

1 D l Dm , y i e ,
FF  “  2 vRp-  ”  yi ~7TvKT +  n  ~  "Re“ Sc +  ** (45)
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where e =  void fraction

Following the same equation as the above equation (45) in the 

case of porous material and strong adsorption leads to a value of yi 

which is much larger. Following Wakao’s suggestion (113,114), yi -  

2 0 /e for porous particles while it is 0.45 +  0.55 e in the case of 

non-porous material (73). As seen in equation (44), for relatively 

large particles and high gas velocity, the second term in the

right-hand side of this equation tends to be dominant and play a more

important role rather than molecular diffusion.

At intermediate Reynolds number region, however, this equation

may be expressed in a different way (115):

1   y i e i t ah\
F e 1 “  Re- Sc-  +  p  . ( i '■

oo < 1 + i i r s c )

Here, ft and P e ^  are constants and Pe ^  means a limiting Peclet number. 

The literature data for larger particles ( Rp > 0.15 cm ) appear 

generally consistent and show a limiting Peclet number close to the 

theoretically expected value of 2.0, however, data for the smaller 

particles show smaller limiting Peclet numbers (73).

For particles with diameters less than 0.3 cm, the limiting

Peclet number is given approximately by (112):

Pe ’ =  3.35 RP (47)
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When these approximations are utilized to estimate the case of 

chloroform at the middle value of our experimental flow conditions 

( 2.505 cm/sec. ) and at 140°C, the dispersion coefficient will be

that axial dispersion in soil matrix column is due to interparticle 

gas flow plus relatively weak adsorption behavior onto the soil 

particle surfaces.

On the other hand, the values of intraparticle diffusion

coefficients are relatively small when compared with those of 

Knudsen diffusion coefficients in highly porous catalyst particles

(57). This is partly because soil matrices considered here are much

less porous and diffusion terms are for total area. For more 

accurate analysis, further structural studies including pore size

distribution measurements, tortuosity and effects of experimental 

variables should be included.

In order to estimate contributions of each mass transfer step to 

overall variance of our observed chromatograms, the form of equation 

(11) as below can be utilized:

0.221 cm2/sec for the non-porous case, and 5.842 cm2/sec for the 

porous and strong adsorption case. When these numbers are compared 

with the experimentally observed value of 1.30 cm2/sec, it can be said

=  <5t == c5d -f (5p +  «5f (48)

w here 8a =  ~  [ 1 +  6P (1+K .) ]2 (49)

eP (1+Ka) (50)
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*  m -!n rf T T  ^  <I+ K ->2

St =  sum of all contributions

(51)

This calculation is applied for some of the target compounds and 

the results are expressed in Table 7-2. As can be seen in this 

table, major factors in the total variance are intraparticle diffusion 

and dispersion along the column, which is in good agreement with the 

mass transfer studies in catalytic beds (57,60). As linear gas 

velocity increases, the contributions of axial dispersion on St tend

to be weaker. The effect of mass trnsfer film resistance is almost

negligible in the operating conditions as expected. This results, 

however, would change with system variables like particle diameter, 

the ratio of column diameter to particle diameter and operating

variables including temperature.

While these results make it possible to have a general idea on the 

mass transfer behavior of organic substances in soil matrix column;

more studies to discern the effect of additional variables such as 

particle diameter are suggested in order to have a better insight into 

the mechanism.

B. Prediction of Organic Compound Concentrations in Soil M atrix 

Columns

Prediction of concentration distributions of organic compounds in 

the adsorption/desorption process have been made using both analytical
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Table 7-2. Estimated Results of Contribution of Each Mass Transfer 

Step to <5t in Percent

T em peratu re  L in ear gas C ontribu tion  to  to tal variance , % 
Compound °C v e l .  cm /s  da dp d t

chloroform 140 1.16 44.4 55.6 0.040

1.47 33.2 66.8 0.047

2.08 19.9 80.1 0.057

2.72 12.7 87.3 0.062

1,1,1-tri- 120 1.10 47.4 52.6 0.074

chloroethane 1.40 35.7 64.2 0.090

2.59 14.0 85.9 0.121

3.07 10.4 89.5 0.126

benzene 140 1.16 31.7 68.3 0.037

2.08 12.6 87.4 0.048

2.72 7.7 92.2 0.050

3.23 5.6 94.3 0.052

toluene 160 1.21 39.8 60.1 0.060

1.54 29.0 70.9 0.071

2.18 17.0 82.9 0.083

2.85 10.7 89.2 0.089

112



solutions and numerical modeling. As shown in Chapter 6, different 

numbers of collocation points were utilized to obtain satisfactory 

concentration distribution in the numerical method. For the purpose 

of comparison with the analytical solutions, six collocation points

along with the radial direction inside particles and the axial 

direction of the column were selected in the numerical solution. Both 

results from analytical and numerical solutions were compared in the 

same figures to show the breakthrough curves in the column. The 

results for specific case of toluene and chloroform appear in Figure 

7-1.

The curves from both approaches as shown in the figure, show 

essentially identical results and the numerical approach here can be

assumed to be valid and utilized for further analysis.

Based on the numerical approach, previously obtained data of mass 

transfer parameters were utilized to simulate the outlet concentration 

in the process of contamination/desorption of the soil matrix column. 

The results are compared with the experimental results of soil column

contamination and desorption as shown in Figure 7-2. The

experimental and numerically simulated results are reasonably well 

coincident each other. Experimental results tend to show a little

steeper breakthrough curves near the reflection points as opposed to

the curves from numerical results, especially in the adsorption cases.

In the desorption or decay curves, the two curves from experiments and 

numerical simulation tend to show closer agreement.

From the desorption/decay curves, it can be observed that there 

exist two major stages of depleting organic compounds from the soil

matrix column: steady effluent concentration stage in the initial
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Figure 7-1. Comparison of Analytical and
Numerical Solution Results for Soil 

Column Adsorption P rocesses
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Figure 7-1. ( continued )
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Figure 7-1. ( continued )
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Figure 7-1. ( continued )
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Figure 7-2. Effluent Cone. Profile from
Experiments and Numerical Solutions
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Figure 7-2. ( continued )
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Figure 7-2 ( continued )

Effl. Cone., d lm en slo n less

0.8

0.6

Adsorption
0.4

tolaene ,  160 C, ads. 
lln. gas  vel.-2.63 c m /s0.2

600100 200 300 400 5000
Time, S e c o n d s  

“^ n u m e r ic a l  - 4 — experim ental

Figure 7-2 ( continued )
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desorption period which is more clearly shown in the lower linear gas 

velocity case of 2.20 cm/sec and downstream concentration decaying 

stage. The time period of steady effluent concentration in the

experiments tends to be relatively longer than the numerical 

simulation results. This may be partly attributable to time needed 

for developing flow in the column when the six-way valve is turned to 

the desorption mode plus the effect of less sharp breakthrough curves 

from numerical simulation results.

The effect of temperature on the effluent concentration profile 

has been also investigated for the toluene adsorption in the soil 

column and for two temperatures utilizing the estimated mass transfer 

parameters and numerical simulation. The equilibrium constant for 

the higher temperature (180°C) is from the chromatographic analysis 

result and other mass transfer parameters are from the data of 160°C 

and calibrating them following the equations presented. Results are 

shown in Figure 7-3. As shown here, the temperature increase of 

20°C greatly changes the response of effluent concentration. This 

is considered largely due to the changes of equilibrium constant and 

diffusion rates inside and outside particles.

Analysis on sensitivity of specific parameters to these effects 

is now possible through an analysis of the system with variation of 

single mass transfer parameter as following.
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Figure 7 -3  Effluent Cone. Profile for
Different Temperatures
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Figure 7-3 ( continued )
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C. Sensitivity Analysis of Mass Transfer Parameters

In order to analyze the effect of mass transfer parameters on the 

behavior of the adsorption profile and to decide relative importance 

of each mass transfer step, sensitivity analysis has been performed.

A set of basic data for mass transfer parameters has been 

utilized in pursuing this analysis. Data used for this and varied 

parameters are summarized in Table 7-3.

The analysis results appear in Figure 7-4 for axial dispersion 

coefficient or Pe, Figure 7-5 for intraparticle diffusion coefficient 

or $  and Figure 7-6 for equilibrium constant or rj with effluent 

concentration profiles and axial and/or intraparticle concentrations.

The effect of the variation of Peclet number on the adsorption of 

soil - organics system is shown in Figure 7-4. Two extreme values

of Peclet number ( 400 and 40 ) were applied to the simulation and

effluent concentration with time and concentration distribution along 

the axial direction at dimensionless time of 3 are also displayed

here. The effect of changing axial dispersion can be seen as the 

change in shape of the breakthrough curves. As the Peclet number

decreases or the axial dispersion coefficient increases, the 

dispersion along the axial direction is accelerated as expected. The 

same results can be drawn from the second plot of Figure 7-3 

indicating that concentration propagation becomes more broadened or 

more dispersed as the Peclet number decreases.

Figure 7-5 shows the sensitivity of the intraparticle diffusion 

coefficient. As shown in these plots, higher intraparticle diffusion 

rate ( lower </> ) enhances the uptake of adsorbate, resulting in lower

120



Table 7-3. Basic Data Set of Mass Transfer Parameters and Variation 

of Dimensionless Groups in Sensitivity Analysis

Data o f system and operational variables

Column length 

Particle radius 

Linear gas velocity

=  29.0 cm 

=  0.023 cm 

=  2.626 cm/sec

Equilibrium constant =  72.23 ( tj =  62.5 )

Axial dispersion coefficient =  1.079 cm2/sec ( Pe =  70.6 ) 

Mass transfer film coefficient =  6.374 cm/sec ( f  =  42.4 ) 

Intraparticle diffusion coefficient =  2.93 E-05 cm2/sec

( 0  =  1.64 )

Variation of dimensionless groups

Pe

400
70.6
40

DL(cm2/s)

0.2
1.08
7.62

File I.D.

SENS101
SENS102
SENS103

0

2.0
1.64
1.0

DPxE05(cm Is) File I.D.

2.4
2.93
4.79

SENS104
SENS105
SENS106

n
90
62.5
30

K.

103.97
72.23
34.65

File I.D.

SENS107 
SENS108 
SENS 109

289
42.4

7.2

kf

40
6.37
1.0

File I.D.

SENS110 
SENS111 
SENS 112
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Figure 7-4, Results oi Sensitivity
Analysis with Varied Values ol Mass

Transfer Parameters (Axial Disp. Coeli.)
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Figure 7-5. Results oi Sensitivity
Analysis with Varied Values oi Mass
Transler Parameters (Intrapart. Dill.)
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Figure 7-5. ( continued )

In1rapar1. Gas Cone, (-]

0.8

0.6

0.4

0.2 y - .429

10.6 0.80 0.2 0.4
Value of x, radial position In a  part.

— 0= 2 .0  —‘- 0 = 1.64 - * - 0 « i.o

Figure 7-5. ( continued )

Intrapart. Gas Cone., [-

0.8

0.6

0.4

0.2
X - 6 y - .714

0 0.2 0.4 0.6 0.8 I
Value of x, radial position In a  part.

—0 = 2.0 —*-*-1 .64  -* -0 = 1 .0

124



gas phase concentration and delaying the arrival of main concentration 

wave at the exit.

The effects of equilibrium constants are shown in Figure 7-6.

Higher equilibrium constants ( higher tj ) also appear to have the 

effect of delaying the concentration wave propagation because of 

higher capacity for the organics on adsorbent surface. In the third 

and fourth plots of Figure 7-6, concentration distributions along the 

radial direction inside particles are shown. While absolute values

tend to follow those of the external fluid phase, the slopes of the 

profile tend to be affected by the equilibrium constants, resulting in 

higher slopes in the cases of higher values of the equilibrium

constants ( or higher values of rj ).

The values of mass transfer film coefficients have also been

varied to observe their effects on mass transfer behavior in the 

adsorption column. Although their values were changed even to the 

extreme cases, their effects were minor, resulting in the

concentration changes less than 0.1 %.

When all of these parameters are analyzed in a view of their 

significance to the behavior of the adsorption system, the major

factors must be considered as:

- equilibrium between phases

- intraparticle diffusion

- axial dispersion

These 3 parameters can possibly account for the difference

between experimental results and simulated results.

Further studies such as the microscopic structural analysis and

varied systems with different operational conditions will be certainly
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Figure 7-6. Results ol Sensitivity
Analysis with Varied Values oi Mass
Transler Parameters (Equll. Constant)
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Figure 7-6. ( continued )
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helpful in understanding the mass transfer of organic compounds in 

soil matrix columns and predicting its behavior in a more thorough 

way.
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Chapter 8. CONCLUSIONS AND RECOMMENDATIONS

A. Summary of Conclusions

Chromatographic response analysis connected with plug deposition 

experiments has been utilized to study the mass transfer mechanism of 

organic contaminants in soil matrices. Equilibrium constants, heats 

of adsorption and mass transfer parameters in a soil matrix column 

system were successfully determined.

Equilibrium constants were strongly dependent on temperature and 

showed good linearity with van’t Hoff plots for temperatures above the 

minimum allowable temperatures (MAT’s) which indicate the minimum 

temperature at which 95 % of the input plug of organic material is 

removed from the soil column after one hour operation at continuous 

flow. As a result of analysis of heats of adsorption, this system 

of organics - dry soils is considered to be one of moderately weak 

physical adsorption.

The analysis of relative contribution of each mass transfer step 

showed that axial dispersion and intraparticle diffusion in addition 

to equilibrium between the gas and the particle surface are the main 

factors affecting the behavior of organics in the system.

A devised equilibrium test system has been utilized to observe 

the adsorption/desorption behavior of organics in soil matrices. 

Adsorption isotherms showed good linearity at the lower concentrations 

and the slopes of this linearity tend to decrease with increasing
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temperature (less adsorption). Desorption experiments tend to show 

hysteresis phenomena at lower temperatures while the hysteresis 

becomes weaker, more ideally reversible, or closer to ideal adsorption 

isotherms at higher temperatures.

In order to predict the transient mass transfer in a soil column,

both an analytical solution and a numerical approach using orthogonal 

collocation method have been developed. The results from two 

modeling approaches showed satisfactory coincidence. Based on the 

numerical method connected with estimated mass transfer parameters,

predicted results were compared with those of soil column

contamination/ desorption experiments. Those two results were shown 

to be reasonably well coincident each other, indicating that our 

numerical method predicts the mass transfer in soil adsorption columns

in a correct way.

Sensitivity analysis involving the variation of mass transfer 

parameters has been performed to analyze their effects on the 

adsorption behavior. This analysis with varied dimensionless groups

showed that mass transfer parameters including axial dispersion 

coefficients, intraparticle diffusion coefficients and equilibrium 

constants have significant effects on the concentration profiles in 

the system.

In order to utilize these results more efficiently and to improve

the prediction of mass transfer behavior in the soil adsorption

column, further studies involving different, extended system

conditions are considered to be worthy.
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B. Recommendations for Future Study

- Mass transfer behavior in soil matrix system may be predicted from 

a more detailed study involving microscopic investigation of soil 

particles. Resulting data including the microscopic structure, 

intraparticle porosity and pore size distributions will be helpful 

to better understand the mass transfer phenomenon and improve the 

prediction capability through a numerical simulation.

- Effect of impurities in soil matrices including water and humus 

substances may be investigated to bring this study closer to the 

reality.

- Experiments and simulations involving different particle sizes 

could be utilized in confirming the approaches and improving 

its applicability.

- Different types of soil matrices including sand, silt, mixtures 

with clay and standard soils could be tried for experiments such as 

the equilibrium test and their results can be compared to determine 

the relative affinities of each for organic compounds and to obtain 

information concerning applicable temperature limits.

- Effects of heat transfer at the outer surface and inside the soil 

column could be added to the mass transfer study to analyze its 

significance toward behavior of organics in the soil adsorption
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column. Temperature effects on mass transfer parameters and 

changes of the contribution of each mass transfer steps involved 

with varied temperature could be studied with more experimental 

work.
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Appendix

Appendix 1. Program Lists for Chromatogram Data Analysis

- CHRM.BAS

[ BASIC program list to obtain the first absolute and second 

central moment from chromatogram data ]

10 O P E N  **11: N A M E  " M : 0 I G N  A L  . B M C  "
2 0 I N I T - A C C E 2 2 **11
2 5  2iJM = 0
20 S U M  = *
v* i h R E A 5 iji
4 0 N W = l
-  5 N K = 1
5 0 P P I H T " F I L E L E H G T H • I N . >
0 0  I N P U T  T
r? 5 r P I H T 11 X B A S E r " : I H F U T X B A S E
7 0 ’ N T = T * 0 8 O
2 0 x A E E A = S L I C E - A P E A X a h  S E
0 2 i r X A P E 4 •*. 0 T N c N X A F E A = 0
'? 8 * A E E h = T A R E h t X;h P.EA
0 2 2 IJM = 2 U M  + S L K E - N U M 20 8 + X A R E A
0 5 I N C _ 2 L I C E _ N 1J R ■ 1 .*

: 0 0 N M  = N H + l
1 10 If N N > N 7 7 N t N G 0 T 0 12 0
1 ii 0 '.j 0 T 0  o 0
1 2 0  P R I N T  " T O T A L  n P E h  = ’ • ~ A P E A

i o 5  h V L T = S U M s  t A P E A

I 3 7  F E I N T  " A V G .  F E T E N T I O N  T I M E  =" , A V G T ,  " M I N .  11
14 0 C L O S E  #11
i “■ 0 'JPEH # 1 1 :  N a M E  11 M : .0 I G H h L • &  N C 11
1 5 5  I N I T - h C C E S S  #11
1 5 7  X * R E A = S L  I C E - h R E  A-t-XBASE
1 5 8  IF X A R E A < 8 T H E N  X  A R E h = €i
1 0 0  V S U M  = VSUH«-t SL I C E - . H U M X 3 0 0 - A V G T  >A 2 * X A R E A
1 7 8  I N C _ S L I C E _ H U M  1 )
I S O  H X = H X + I
I S O  IF N X > N T  T H E N  G O T O  2 1 0  
0 0 G O T O  1 5 7
1 0  V A R = V S U H x T h R E A

2 2 0  P R I N T  “ V A R I A N C E  - " - V A R  » " M I H . 11
2 3 0  C L O S E  # 1 1
2 4 8  E N D
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- DSPLY.BAS

[ BASIC program list to display generated bunched data files ]

1 0 O P E N  # 1 1 !  HftWE " M : S I G N A L
2 0 I H I T _ (3 C C E S 5 #11
o 0 H =  1
4 0 P R I N T  N > S L I C E . h P E m
5 0 N = h + 5
6  *3 I N C _ S L I C E . N U B  <5>
7 0 IF N > 5 El T H E N  G O T O  9 0
0 & 0 TO 4 0

c-
t* 0 h = H + 5 8

I N C _ S L I C E _  H U M ■ 5 S ">
1 8 F F I H T l-l > '5 L  I C E _ H P E h
2<3 G O T O  9 0

Note ]

1. SIGNAL.BNC =  bunched data file which is generated from

raw data file

2. Input/Output

- CHRM.BAS 

Input data file

Output generated

= SIGNAL.BNC

length of data file, min. 

value for baseline 

=  total area

average retention time, min. 

variance, min.2

- DSPLY.BAS

Input data file =  SIGNAL.BNC

Output generated =  display of data as a function

of time
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Appendix 2. Derivation for the Chromatographic Response of a  Packed 
Soil Column

The derivation of equations here largely follow the procedure of 

Suzuki and Smith (58) and the main purpose of this derivation is to 

verify the equations in a different system.

From the mass balance for a small shell of a particle,

4tit2A t0 ^  + 47rr2J r ( l - 0 P)^ H  =  Nr W | r=f - Nr W | f=r+Jf (A-l)
d t d t

where Nr =  - DP —  (A-2)
dr

Manipulating this equation with the definition of an equilibrium

constant (1-0P)CP =  0PKaCi gives

DP ( ^ 9Ci ) =  0p(i+K a) —  (A-3)
d r2 r d r d t

From mass balance for a small cross-section of the column,

— AdbNzI - A0bNz| a +  A0bvC| - A0bvCz| *
d 1 z=z ' z=z+Zlz 1 z= z  1 z=z+Zlzt

- AAz(l-ffb) N (A-4)
p
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where N =  Dp
Rp 3r

=  kf ( C - Ci | ) (A-5)
r “ Rp

& Nz =  - Dl —  (A-6)
dz

Manipulating this equation gives

Dl̂ c .  v ac . 3 ( i iffb) N = ac (A_7)
d z 2 dz  r p db Rp a t

with boundary and initial conditions

a a
3 r

=  0 (A-8)
r=0

Ci | t=0 =  0 (A-9)

C (0 ,0 ^ t ^ r )  =  Co (= 0 , otherwise) (A-10)

C (oo ,t) =  0 (A -ll)

C (z,0) =  0 (A-12)

Taking Laplace transform of equations (A-3), (A-5) and (A-7) with 

respect to time, and solving them,

137



(a2Ci +  2 cJC^ flp(l +K«) pCr 
9 r2 r d r D p

Dl—  - v—  - 3 ( = P C
dr2 d z  R P0b Rp

N ~  =  D p ^  
Rp dr

= kf ( C - CI| )
r= R p

dUi
dr

= 0
1 = 0

c  (0) =  (l-exp‘pT)

C (oo) =  0

Solving equation (A-13),

CI =  i  [ B ' exp(ar) +  B" exp(-ar) ]

where a  =  [ g p (1 + K ,) p ]“  
D P

Applying the boundary condition (A-16) into this equation, 

CI =  sinh (or)

(A-13)

(A-14)

(A-15)

(A-16)

(A-17) 

(A-18)

(A-19) 

(A-20)

(A-21)
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Substituting this equation into equation (A-1S) and rearranging,

C =  [ <f> cosh <f> - (1-Bi) sinh <f> ] (A-22)

where Bi =  kfR/Dp, <f> = R a 

Substituting the expression for N into equation (A-14) using
R p

equation (A-22),

Dl-^-B(z) - v—B(z) - G(p)B(z) =  0 (A-23)
9z dz

where G(p) =  p +  —  [ 1 ------- —------- ] (A-24)
6b Rp /Dp Ao(p) +  Bi

Ao(p) =  <f> coth 0 - 1  (A-25)

Solving equation (A-23) by using the boundary condition (A-18),

B(z) = H exp [ ^  ( l - / l  + ~ |G ( p )  ) z ] (A-26)

Combining this result with equation (A-22) and rearranging it after 

applying the boundary condition (A-17),

C =  ^  ( l - e x p ( -p r ) )  exp(-A z) (A-27)

7 l + ^ G ( p 7  - l] (A-28)
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At the column outlet, z=L and

Cl =  ^  [l-exp(-pr>] exp(-AL) (A-29)

Using the Van der Laan’s theorem, n-th order of mement is defined 

as follows :

Mn ”  (-1)n C  ] (A-30)

where Mn =  C t n dt (A-31)

Hence, the first absolute moment is given by

». r dC

=  ®  =  c  (A ' 3 2 )11 tu v
p-» 0

By L’Hospital’s rule,

Mo =  lug  C^ =  Cot (A-33)

Ml = ‘ H f  C 3 (A'34>

Applying L’Hospital’s rule and rearranging,

Mi -  Cor [ |  +  L IJtg ^  } (A-35)
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From equation (A-28),

l i v  =  ?

« -  “  i  +  i t l z M  _ 5 i ! ------------ !---------u m
r*° ®P Ok Rp /Dp (Ao(0) +B i) Irt6 dp

Using the relation =  R ^  |

dA o(p ) _  R2 0 p (l+ K a ) ..  co th$ -0cosech20
dp ’ ”  2  ITp-t W ----------------- $-------

Using L’Hospital’s rule,

coth<£ - ^cosech2#  _  2
& &  $  1

Substituting all the estimated equations backwards,

m  §  -  I  [ 1 +  t t  <i + k -> ]

Therefore,

M l =  CoT [  |  +  |  [  1 +  ffp (1 + K a) ] ]

"i = M5 = l  + ? i : i + 4 r f f r  d+K*) ]

(A-36)

(A-37)

(A-38)

(A-39)

(A-40)

(A-41)

(A-42)

(A-43)
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On the other hand, the second central moment can be given by

J f c t - r t y .

C c L d t

=  M3 '

d ^C ”
Mi =  (-1)2 lim ----- \  (A*45)

d p 2

Manipulating this equation after substituting the expression for Cl ,

M 2 .  c „  Urn [  [  - ^ p V - 2- 2 ( p , e - p2- l + e - - 2) .  2 L p r e ^ - l + e ^  iX
P ^ °  _  3 2 d p

l  T 2  l - e ‘pT rdA-,2 x l - e 'pT d 2A , _  ,  , t m  , a ^+  L — —  [^p] - L p  —  ] exp (-AL) ] (A-46)

Here,

m  V p V p2- 2 ( P T e -pM + e-p2) .  r 3 (A . 4 7 )

T)re‘pT_1 4-a'P^
l i t p p 2  f  (a -48)

1 ,P ‘P^
/jig. ---------   (A-49)

Substituting these results into equation (A-46),

Ma =  Co [ f  +  Lt2 JJp  +  L2t J Jp  ( " ]  - Lt ^  O  ] (A-50)
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In solving this equation, we need expressions for the derivative 

form of A.

d A _  2 D l c 1 , 4D l p •\~3t2 rdG-^
T T ---------- 3 C 1 + — j °<P) J Ĉ pDdp v v F

d*G =  _ 6(l-flb) Bi *________ 1 j-dAoCpK2
d p 2 db RP2 /DP (A(p) +  Bi)3 dp

+  3(l-flb) B i2 1 d2Ao(p)
0b Rp2 / D P (A (p )+ B i)2 d p 2

d2Ao(p) _  /-R̂  6p( 1 +Ka)2i -<ftsinh<ft +  2<ft2cosh<ft-sinh2#cosh# 
d p 2 2 D p  ^ 3s in h 3^

After manipulating the equations by limiting the value 

zero in the above equation, the following expression 

obtained :

U m  d2A o(p) =  .  _8 r R! 0p(1+K.)  , 2  

d p 2 45 2 D P

Substituting this result backwards,

d G   f2 Rp 2 Rp -j l-0b  r a /- t -l y  \~\2
T. + T5 DrJ “0T L Wl+K.)]

d p z J

(A-51)

(A-52)

(A-53)

of p to 

could be

(A-54)

(A-55)
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m  r r  =  -2 ^  [ 1 +  T T  O' <1+K -> 32dp v

■ ?  I  ^  +  T§ d £ ]  T T  [ « 1+K*)]2 (A-56)

Ms =  Co [ £  +  L t 2 1  [ l + 1 ^ 0 p( l+ K .)]  +  L t?  L  [ i + 1 ^ 0 P(l+ K a)]2

+ Lr [ 1 + ^ p(1+K.)]2 + L t I  ( |  + i f
V f

C«p(l+K.)]2 ] (A-57)

Substituting this and equation (A-43) into equation (A-44),

" i  = TZ + [ 1 + T T  tfl> (I+K*)]2 + I  V ¥  nrr e° (1+K*)2

+  1 5  V ^  ^  <1+K *)2 <A' 58)
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Appendix 3. Derivation for the Chromatographic Response of a 
Non-Porous Soil M atrix Column

The main purpose of developing equations here is to obtain the 

chromatographic response of a column packed with non-porous soil 

matrices like sand.

From the mass balance for the cross-section of non-porous soil

bed,

AAzdb ^  =  A0bNz|z - A0bNz|z+Jz +  A0bvC|z - A0bvC|z+Jz

+  AJz(l-0b) JSBS- N (B-l)
^ ttR p 3 Rp

where NRp=  kf ( - C ) =  - * £  (b -2)

Nz =  - Dz | f  (B-3)

Kb =  equilibrium constant, defined by

C» =  Kb C '

M anipulating  this equation and rearranging it,

a c  =  D L a ^ . v a c  +  i 2 « i 3 N  M

3 7  dz dz 01, R Rp

with boundary and initial conditions :
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C (0, 0 :£ 122 t) =  Co ( =  0, otherwise )

C (oo, t) =  0  

C (z, 0) =  0

Taking Laplace transform in equations (B-4), (B-2) and boundary 

conditions with respect to time,

(B-5)

(B-6)

C (oo) =  0 (B-7)

(B-8)

Manipulating equations (B-5) and (B-6),

D l 32C &C—  - G(p) C  =  0 
d z

(B-9)
v dz2 d z

where G(p) = £  +  - A-0b 3 P kf (B-10)
V 0b0 b vRp p +  k /Kb

Solving this equation and substituting boundary conditions,

C =  ^  ( 1 - e'pT ) exp(-Az) (B -ll)
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where k  =  ZDE C / i  +  .  i D

At the end of the packed column, z =  L and

Cl =  ( 1 - e "pT ) exp(-AL)

Applying van der Laan’s theorem,

u  =  M l  ^1 M o

Mo = /i/gi C l =  Cor

-  Co 1 1 -  +  L r J w  3 5  3

From equation (B-12),

dA _  dG 
I f f l  3p “  l W  3 p

From equation (B-10),

=  v C i + ^ ^ K b )

(B-12)

(B-13)

(B-14)

(B-15)

(B-16)

(B-17)

(B-18)
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Substituting these equations backwards to obtain an expression 

for Mi,

M 1 =  C . [ ^  +  L T [ I + i ^ i  (B-J9)

Hence,

", -  2 + £ C i + I ; Kb J (b-20)

The second central moment can be obtained in the similar way,

M2 =  (-1)2 Urn (B-21)
p^°  dp 2

d2c r

=  l im  Coe-AL [ - ( 1 -e'PT)--?lP.^PT-T2p2e-—  +
P 3 P2 dp

. L2 * 'e PT (— )* - L 1"e PT ] (B-22)
p dp p dp

Here,

2(l-e~pT) - 2rpe'pT - r2p V pT = t_3l im  *** p ~ °  =  — (B-23)
p 3 3

I.*-. 1 - e'pT - Tpe'pT _  t2
h % — ^ - E—  r  <b-24>p->

1 - e 'pT
m  p =  t  (B-25)
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Substituting these equations and limiting values of A into equation 

(B-22),

M2 =  C. [ f  +  L t2 l i f t  "  +  L2t  0  - L t  I4.jp ^

From the expression for A,

/im  ^  =  J  ( i  +  2 -  Kb )p-»o dp v v pb Rp 7

« -  < !±  = .  d g , ’ +  d ! e
p*° d p 2 v ,rt6 d p 2

From the expression for G, 

fd G ,2 _  1 r , , l-« b  3 Vh i 2

l i m  4!®  =  - I  Kb2
d p 2 v 0b RP k f

Substituting these equations backwards,

j
M2 =  Co [ £ - +  Lt* -  ( 1 + —  Kb ) +  L2t ( 1 +

* v 0b RP v2

+  L r [ ( i+ J L 4 t  l_Kb)2 +  -  ;
0 b Rp v 0b Rp k

] (B-26)

(B-27)

(B-28)

(B-29)

(B-30)

Kb )2
0 b Rp 

(B-31)
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Hence,



Appendix 4. Program List for the Integration of Analytical Solution

C This program has been written for achieving effluent concentration C
C profile of adsoption process in a soil matrix column using C
C analytical solutions combined with a numerical integration method C
C which is avalilable in IMSL package installed in NJIT VAX system. C
C C
C Input data set necessary to run this program is C
C C
C Dp = intraparticle diffusion coefficient in cm2/sec C
C ep = particle porosity CC xb = particle radius in cm C
C xe = column porosity C
C dl ■= axial dispersion coefficient in cm2/sec C
C xkf = mass transfer film coefficient in cm/sec C
C xka *= equilibrium constant C
C xv = linear gas velocity in cm/sec C
C 2 “ column length in cm C
C temp *= operation temperature in C C
C C
C Output is given as concentration change as a function of time (sec) C
C C

dimension uval(lOOO)
common t, yka, xv, z, xdp, ep, xb, xe, dl, xkf 
integer interv, nout, mm, nn
real bound, errabs, errest, errrel, f, result, & uval, temp
external f, qdagi, umach
open (6,file='fint.out',status='new')
call umach(2,nout)
data dp, ep, xb, xe, dl, xkf/

& 2.93E-05, 0.13, 2.30E-02, 0.536,
& 1.079, 6.374/
data xka, xv, z, temp, tlag/
& 72.23, 3.423, 29.0, 160., 0./
yka ■ xka * ep 
xdp ■» dp / ep nn ■ 36 
bound ™ 0.0 
interv ** 1 
errabs ■= 0.0001 errrel ■ 0.001
do 100 i * 1, nn

tintvl - 10.0
t •• tintvl * float (i) - tlag

if(i.gt.l2) then 
tintvl “ 40.0
t ■ 120. + tintvl * float(i-12) - tlag 

else 
end if
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50
100

120

110
200

205

210

c
c
c

if(i.gt.24) then 
tintvl “ 80.0
t *= 600. + tintvl * float (i-24) - tlag 

else 
end if
if(t.le.0.) then 

result “ 0. 
go to 50 

else 
end if
call qdagi (f,bound,interv,errabs,errrel,result/errest) 
result ■* .5 + 2./3.14159 * result 
uval(i)^result 
continue
write (6,205) temp, xv, xka, dp 
write (6,200)
mm ■= nn/3
do 110 i ■= 1, mm

if(i.le.4) then
write (6,210) ( ( 10.0*(float(i-1)*3.+float (j)),

& uval(3*(i-1)+j) ), j = 1, 3 )go to 110 
end if
if(i.gt.8) then 

go to 120 
end if

write (6,210) ( ( (120.+40.*(float(i-5)*3.+float(j))), 
& uval(3*(i-1)+j) ), j - 1, 3 )go to 110

write (6,210) ( ( (600.+80.*(float (i-9)*3.+float(j))),
& uval(3*(i-1)+j) ), j - 1, 3 )
continue
format(lx,'time(s) u value time(s) u value',

& ' time(s) u value '/)
format(1H1,//' [ Concentration Profile Calculation ]',

& / /&&&&

Chemical - Toluene',
Temperature “ ', f4.0, ' deg. C',Linear Velocity - ', f5.2, ' cm/sec',Ka - ', f6.2,

Dp - ', E9.2,' cm2/sec'////)
format ( 3 (f7.1, 3x, £ 1 . 5 , 2x) ) 
end

real function f (x)
common t, xka, xv, z, dp, ep, xb, xe, dl, xkf
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double precision x, hdl, hd2, hi, h2, z2x, z2y, pex, psin
xm = xe / (1. -xe)
xk ■= xka + ep
rl ■= xk / xm
xgama=3. * dp * ep / xb**2
rf ■= xb / (3.*xkf)
xnu *= xgama * rf
delcof “ xgama / ( xm * xv ) 
peccof = xv / dl
ycof = 2. * dp * ep / ( xk * xb**2 )
del “ delcof * z
pe *= peccof * z
if(x.le.50.) then

vsin ■= sin(2.*x) / cosh(2.*x) 
vcos *■= cos(2.*x) / cosh(2.*x)

else
vsin=0. 
vcos=0.

end if
hdl = x * ( tanh(2.*x) + vsin ) / ( 1. - vcos ) - 1.
hd2 ■ x * ( tanh(2.*x) - vsin ) / ( 1. - vcos )
hi - ( hdl + xnu * (hdl**2+hd2**2) )/
& ( (1.+xnu*hdl)**2 + (xnu*hd2)**2 )h2 - hd2 / ( (l.+xnu*hdl)**2 + (xnu*hd2)**2 )
z2x « pe * ( .25 * pe + del * hi )
z2y ■» del * pe * {2. * x**2 / ( 3. * rl ) + h2 )
y « ycof * t
pex = pe / 2. - sqrt ( ( sqrt(z2x**2 + z2y**2)
& + z2x ) / 2. )
psin= y * x**2 - sqrt ( (sqrt(z2x**2 + z2y**2)
& - z2x ) / 2. )
if (x.gt.0.0) then

f “ exp(pex) * sin(psin) / x
else

f - 0.0
end if
return
end
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Appendix 5. Derivation of a Numerical Solution for Contamination/ 

Desorption of Organics in a Soil Matrix Column

The main purpose of this numerical solution is to predict the 

behavior of organics in a soil matrix column and the procedure 

followed mainly the method of Finlayson et al. (89,90,94).

From the mass balance equation for a contaminant in the external 

fluid of a soil matrix column,

<?£ =  d  —  - v— - 1 ~ fo —  ( c - c I ) 
a t Laz2 dz 6b Rp 1 r=Rp

(C-l)

with boundary and initial conditions,

D ac
L

3c

z=0 V ( cl n - cl nj_)•z«0  ' z aa0+

z=L
=  0

C (z,0) =  Co

(C-2)

(C-3)

(C-4)

From mass balance equations for the contaminants inside the 

particles :

0p +  (i-0p) ^ £  =  D ( t s i  +  2 aci ) ( C _5 )

a t a t p 3r r 3r
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with boundary and initial conditions,

D

d c i

d r

9 Ci

d r

=  0
r=0

r=Rp
=  k ( C -  C i| )  

f  1 r=Rp

Ci (r,0) =  Co

(C-6)

(C-7)

(C-8)

Above equations can be reduced in dimensionless form as 

following :

The dimensionless parameters are defined by

C

Q

c_
q o

£1
q o

  t Dp

x =

y =

z
L

r
K 7

Pe

0

n

S

y

vL
D T

vRp2
L D 7

=  K 1 -  0 b 
0b

L k  f 
vK K .

0
0 P ( 1 + K .)

where q o  = concentration equivalent to the initial concentration of a 

column bed or input depending on the phase of adsorption 

or desorption
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Equations (C-l) - (C-8) can be expressed as follows

d2C _  1 , d2C , dC
dr Pe dx dx

dC
dx

dC
dx

x=>0
=  - Pe ( Cl - C l  „ )

v 1 x*=0- 1 x = 0 + '

=  0
X=1

T=0 

=  y
d r

dQ 
dy y =o

C L  =  Co/qo

=  0

dQ
dy y = l

= K<j>£ ( C - Q| )

Q I t = 0 -  Co/qo

(C-9)

(C-10)

(C -ll)

(C-12)

(C-13)

(C-14)

(C-15)

(C-16)

Above partial differential equations can be reduced to a series of 

ordinary differential equations by orthogonal collocation method. The 

concentration profile inside particles is symmetrical with respect to 

the distance from the center, hence, it can be estimated by the 

following trial function when boundary conditions are considered.

N
Q(*/,t) =  Q(1,t) +  ( l - i / ) £  ai(r) PM(jy)

i“ l
(C-17)
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where P Of2) are orthogonal polynomials defined by

} "  w(i/ )  p . (n )  Pt(ri) =  Ci (C-18)

where w(/;2) =  weighting function ( — 1-?/ )

a =  1,2,3 for planar, cylindrical or spherical

coordinates each other

[r(-S-)]2 r < i  + i )  r ( i  + 2 )
Ci =  -------------------------      as defined by ref. 89

( 4 i + a + 2 )  T ( i + ^ - )  T ( i + ^ - + l )

da =  1 if i =  j 

=  0 if i *  j 

j =  1,2.......... i-1

Following the expressions by Finlayson, equations (C-13) to (C-15) 

may be written as follows :

N + l
—  = Y E Bu . Q. k  =  1,2,...N  (C-19)
d r  i - i  k,x 1

N + l
E A.  0 (C-20)

t  4 1 » 1 1i «1 

N + l

E  A N + 1, i Q fi  > =  (  C <>> ■ Q h + P  > ( C "2 1 >
i —1

where j  denotes the collocation points of longitudinal coordinate.
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Qn+i in equation (C-21) can be substituted into equation (C-19) to 

reduce the degree of polynomials. From equation (C-21),

QM+ |®  =   CO) - 1  K * ( t ' A +1--------- <20) CC-22)
N + l , N + l  i = l  N + l , N + l

Substituting this equation into equation (C-19), and rearranging

it,

=  y y  r B - w B A 1 Q(j) +  Po B Cfi)d r  . . * 4  k ,N + l N + l,i  ^ i ' J'  k ,N + li=l

(C-23)

j =  2 ,3 .........M +  l

k =  1,2,........N

where M =  the number of collocation points in the longitudinal 

direction

N =  the number of collocation points in the radial direction£
inside particles 

V  =  1 /  ( +  AN+1 N+1)

Po =

The concentration profile along the longitudinal direction is 

nonsymmetrical and it can be expressed as the following trial 

function:
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M
C(x,r) =  x C(1,t) +  (1-x) C(0,t) +  x(l-x) £ ai(t) P. ^x) (C-24)

i - l

where P.(x) are orthogonal polynomials defined by

J "  w(x) P.(x) P.(x) dx =  0 (C-25)

with w(x) =  1

j =  1,2......... ,i-l

Similarly to the above case, equations (C-9) to (C-l l )  can be

expressed as following :

jp/*\ -j M+2 M+2
^  E B ; c ( i >  -<f> E a ;  c(i)

d r  Pe i =i 1 ’ i =i 1 ’

- 3  ( r j t O i  C ( j )  - Qn+10) ) (C-26)

j =  2,3 M +  l

M+2
E

i =1
E A ; t lC ( i ) -  -Pe  (C |X=0_-C(l)) (C-27)

M+2

E  A m «  . i c <‘ > =  0  <C -2 8 >1 “ 1

C(l) and C(M +2) can be calculated from equation (C-27) and (C-28)

i M+l
C (l) =  i  [ - Pe A ' +2M+2 C | ^  - A ' +2M+2 E a ; , C(i)

1
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M+l

+  a ; . m «  A ; « . i  c «  ]x =2
(C-29)

D i M + 1
C(M +2) =  £  C | ^  +  1  A ^ 21 E a ; C(i)

l  =*2

(a ; . i - p e>
a

M + l
E

i “ 2
A '

M + l,i C(i) (C-30)

where a  =  A ^+2M+2 ( A ^  - Pe ) - A[  M+2 A ^  (C-31)

Substituting equations (C-22), (C-29) and (C-30) into equation 

(C-26) and rearranging it,

d C (i )  =  Mj ’ 4, [ ( —I b ;  . - A '  . ) +  ( — b :  -  a :  >
d r  . «  P e  '  • 1 Pe J

A ' A '  '
x ( _ ^ M ± i A ' +21. m+ 2 ’ « ± i A ; t ) +  ( B i ^ . A; M+2)

x (Am^ . i a ;  A » , ' ~ PtA . ) ] C ( i )
a  ’ a  ’

- ' A^ « ) ]

3 0 / 0 0  E An+i . Q.(j) A
--------------L=J---------- !----------- 3 (7 /0 0 ---------N +1 ■N+-1—  C(J)

K«  +  A M + l.M+l K^ + A N+ i . n+i

j =  2 , . . M + l  (C-32)
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This equation can be expressed more simply with defined parameters,

=  J *  [ ( A B; . r A ; j +  < i4B; . r A;..)< p 'AM «,-p2A;.,)

p e c i  A p 2 (-^ b : - a :  j  - p sg ^ b ?  „  -a*  j  ]ix=o- vp e  j , i  j , y  vP e  j , M +2  j , m +2

N

P 5 E AN+i . iQ iO)  - P«CG) <c ' 33>i= 1

j  =  2 ,3  M + l

with parameters defined by

A ' A '
p i  _  1 , M+2 p 2 _  M + 2,M+2

a  a

A  '  A ' -Pp
p 3 =  m + 2,1 p 4 _  l , 1

a a

3 ( M O
Ps =  -------------------------------- P6 =  A„ , „  P5

K < l> $  +  A N + l ,N +l
N + l , N + l

Equations (C-23) and (C-33) can be expressed in a more simplified 

and combined form as follows:
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a « > Q ; J > +  +  a i i ) Q " ) + b ; »  C ( J )
d r

!!2 s_  =  a « >  Q < »  + ...........+  a ( , ) Q (,> +  b ( , )  C (  J )^ N1 V 1 NN N v '

d £ lZ l  =  g<>> C(2) + g ” > C ( 3 ) + . . . +  g £ ”  C ( M + 1 )  

+  h (, )  J  An+ <2,(1) +  m ( , )  C ( J  )
i = 1

where J =  2 ,3 , M + l

Hence, (N + l)xM  ordinary differential equations should 

simultaneously to obtain the solution.

(C-34)

solved
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Appendix 6. Matrix Development Program for Orthogonal Collocation 
Method

C
C This program has been written to develop matrices which are to
C to be utilized to run mass transfer simulation program using
C orthogonal collocation method.
C
C This part is for matrices in the radial direction.
C
C Input data are a set of values of collocation points.
C

DIMENSION AA(30,30), BB(30,30), CC(30,30), DD(30,30), 
& Q (30,30) , QINV(30,30), XX(30)
REAL AA, BB, CC, DD, Q, QINV, XX, DUM, DUMMY
INTRINSIC FLOAT
OPEN(6,FILE='MTRX.OUT' , STATUS-' NEW' )

C
C READING INPUT DATA AND GENERATING INPUT MATRIX
C

N=7
DATA XX(1) ,XX(2) ,XX(3) ,XX(4) ,XX(5) ,XX(6) ,XX(7)

& /0.2153539554, 0.4206380547, 0.6062532055,
& 0.7635196900, 0.8850820442, 0.9652459265, 1.0/
DO 110 J=1,N 

DO 120 I*=1,N
Q(J, I)=XX(J) ** (2*1-2)

120 CONTINUE 
110 CONTINUE

DO 130 J=1,N 
DO 140 1=1,N

IF(I.EQ.J) THEN 
Q( J, I+N) =1. 0 

ELSE
Q(J, I+N)=0.0 END IF 

140 CONTINUE 
130 CONTINUE

DO 150 J=1,NDO 160 1=1,2*N
QINV(J,I)“Q (J,I)

160 CONTINUE 
150 CONTINUE

DO 170 J=1,NDUM=QINV(J, J)
DO 180 1=1,2*N

QINV(J, I) -QINV (J, I) /DUM 
180 CONTINUE

DO 190 K=1,N
IF(K.EQ.J) THEN 

GO TO 190
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ELSE 
END IF

DUMMY“QINV(K,J)
DO 200 1=1,2*NQINV(K,I)“QINV(K,I)-QINV(J,I)*DUMMY 

200 CONTINUE 
190 CONTINUE
170 CONTINUE

DO 210 J=1,N 
DO 220 1=1,NQINV(J,I)“QINV(J/I+N)

220 CONTINUE 
210 CONTINUE
C
C GENERATION OF Cji AND Dji MATRICES
C

DO 230 J=1,N
DO 240 I“1,N 

KC“2*I-3 KD=2*I-4
IF(I.EQ.l) THEN 

CC(J,I)“0.0
£)1jS£jCC(J, I)“ (FLOAT(2*1-2))*XX(J)**KC 
END IF
IF(I.EQ.l) THEN 
DD(J,I)=0.0 

ELSED D (J,I) = (FLOAT ((2*1-2)*(2*1-1)))*XX(J)**KD 
END IF 

240 CONTINUE
230 CONTINUE
CC GENERATION OF Aji AND Bji MATRICES
C

DO 250 J=1,N
DO 260 1=1,N 

AA(J,I)“0.0 
BB(J,I)=0.0

DO 270 K“1,NAA (J, I) “AA (J, I) +CC (J, K) *QINV(K, I)
BB (J, I) “BB (J, I) +DD (J,K) *QINV(K, I)

270 CONTINUE 
260 CONTINUE 
250 CONTINUE
C
C WRITE(6,710) N-l,(XX(I),I“1,N)

WRITE(6,720)
DO 310 J“1,N

WRITE(6,730) (Q(J,I),I“1,N)
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310 CONTINUE
WRITE(6, 740)
DO 320 J=1,N

WRITE(6,730) (QINV(J,I),1-1,N)
320 CONTINUE

WRITE(6, 750)
DO 330 J-1,N

WRITE(6,999) (AA(J,I),1=1,N)
330 CONTINUE

WRITE(6, 760)
DO 340 J=1,N

WRITE(6,999) (BB(J,I),1=1,N)
340 CONTINUE
710 FORMAT(///

&' CALCULATION RESULTS OF MATRICES GENERATED FOR'/
&' ORTHOGONAL COLLOCATION SIMULATION'/
& '  ' / / /&' NUMBER OF COLLOCATION POINTS = ',13//
&' ROOTS OF POLYNOMIALS',//(2X,F13.10))

720 FORMAT(//2X,'Qji'/)
730 FORMAT(6F10.4)
740 FORMAT(//2X,'QINVji'/)
750 FORMAT(//2X,'Aji'/)
760 FORMAT(//2X,'Bji'/)
999 FORMAT(6F10.4)

STOP
END

C
C This part is for the matrices in the axial direction. 
C

DIMENSION AA(30,30),BB(30,30),CC(30,30) ,DD(30,30),
&Q (30,30),QINV(30,30) ,XX(30)
REAL AA,BB,CC,DD,Q,QINV,XX,DUM,DUMMY
OPEN(6,FILE-'MTRXL.OUT',STATUS-'NEW')

C
C READING INPUT DATA AND GENERATING INPUT MATRIX 
C

N=8
DATA XX(1) ,XX(2) ,XX(3) ,XX(4) ,XX(5) ,XX(6) ,XX(7) ,XX(8)
& /0., 0.0337652429, 0.1693953068, 0.3806904070,
& 0.6193095931, 0.8306046933, 0.9662347571, 1.0/

165

n
o

n



11 0

112

120114

140
130

160
150

180

200
190
170

220
210

C
C
C

DO 110 J=1,N 
Q(J,1)-1.CONTINUE

DO 112 1=2,N 
Q(1,I)=0.CONTINUE

DO 114 J=2,N 
DO 120 1=2,N

Q (J, I) =XX( J) ** (1-1)
CONTINUECONTINUE

DO 130 J=1,N
DO 140 1=1,N

IF(I.EQ.J) THEN 
Q (J, I+N)=1.

ELSE
Q (J, I+N) =0.

END IF 
CONTINUE

CONTINUE
DO 150 J=1,N

DO 160 1=1,2*N
QINV(J,I)=Q(J,I)

CONTINUE
CONTINUE
DO 170 J=1,N

DUM=QINV (J, J)
DO 180 1=1,2*N

QINV(J,I)=QINV(J,I)/DUM 
CONTINUE

DO 190 K=1,N
IF(K.EQ.J) THEN 

GO TO 190 
ELSE 
END IF
DUMMY-QINV(K,J)

DO 200 1=1,2*N
QINV(K,I)=QINV(K,I)-QINV(J,I)*DUMMY 

CONTINUE 
CONTINUE
CONTINUE
DO 210 J=1,N 

DO 220 1=1,N
QINV(J,I)=QINV(J,I+N)

CONTINUE
CONTINUE

GENERATION OF Cji AND Dji MATRICES

DO 230 J=1,N
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CC(J, 1)=0.
DO 235 1=1,2 

DD(J,I)=0.CONTINUE
DO 240 1=2,N 

KC-I-2 
KD=I-3

IF(I.EQ.2) THEN
CC(J, I)=FLOAT(I-l)ELSE
CC(J, I) — (FLOAT (1-1) ) *XX(J) **KC 

END IF
IF(I.EQ.2) THEN 

GO TO 240 
ELSE 
END IF
IF(I.EQ.3) THEN
DD(J,I)“FLOAT((1-1)*(1-2))

ELSE
DD(J,I) = (FLOAT((1-1)*(1-2)))*XX(J) **KD 

END IF 
CONTINUE
CONTINUE

GENERATION OF Aji AND Bji MATRICES

DO 250 J=1,N
DO 260 1=1,N 

A A (J,I)=0.
BB(J,I)=0.

DO 270 K=1,N
AA (J, I) =AA (J, I) +CC (J, K) *QINV (K, I) 
BB (J, I) =BB (J, I) +DD (J, K) *QINV (K, I) 

CONTINUE 
CONTINUE

CONTINUE

WRITE(6,710) N-2,(XX(I),1=1,N)
WRITE(6, 720)
DO 310 J=1,N

WRITE(6,730) (Q(J, I) , 1=1,N)CONTINUE
WRITE(6, 740)
DO 320 J=1,N

WRITE(6,730) (QINV(J,I),1=1,N) 
CONTINUE
WRITE(6, 750)
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DO 330 J-1,N
WRITE (6,999) (AA(J,I),1=1,N)330 CONTINUE

WRITE(6, 760)
DO 340 J=1,N

WRITE(6,999) (BB(J,I),I-1,N)
340 CONTINUE
710 FORMAT(///

&' CALCULATION RESULTS OF MATRICES GENERATED FOR'/
&' ORTHOGONAL COLLOCATION SIMULATION'/
&'  ' / / /
&' NUMBER OF COLLOCATION POINTS « ', 13//
&' ROOTS OF POLYNOMIALS',//(2X,F13.10))720 FORMAT(//2X,'Qji'/)

730 FORMAT(8F8.2)
740 FORMAT(//2X,'QINVji'/)
750 FORMAT(//2X,'Aji'/)
760 FORMAT(//2X,'Bji'/)
999 FORMAT(8F8.2)

STOP
END
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Appendix 7. Program List of the Numerical Solution Using Orthogonal
Collocation Method

C C
C This program has been written to estimate concentration distri- C
C bution profiles in the adsorption and desorption process in soil C
C columns. Orthogonal collocation method was utilized to simulate C
C the mass transfer and IMSL package was used to solve simultaneous C
C differential equations. C
C C
C Basic input data are mass transfer parameter values and two C
C matrices in the radial direction of particles and axial direction C
C of the column. C
C C

PARAMETER ( NEQ = 42, NPARAM-50)
COMMON A A (30,30), BB(30,30), AAP(30,30), BBP(30,30),
& M, N, GAMA, PE, PSI, PO, PI, P2, P3, P4, P5, P6,
& P7, P8, PI
EXTERNAL FCN, DIVPAG, SSET, UMACH
INTEGER IDO,IEND,IMETH, INORM, NOUT,M,N
DOUBLE PRECISION A(l,l), FCN, FCNJ, HINIT, PARAM(NPARAM), X,

& XEND, Y(NEQ), YPRIME(NEQ), MXSTEP, XV, XR, XL, DP, XK,
& XE, XKF, DL, EP, CO, PO, PI, P2, P3, P4, P5, P6, P7,
& P8, PI, ETA, XI, PE, GAMA, ALPA, PSI, AA, BB, AAP, BBP, TOL

C INITIALIZE
DATA XV, XR, XL, DP, XK, XE, XKF, DL, EP, CO/

& 2.626, .03, 29.0, 2.93D-05, 72.23,
& 0.536, 6.374, 1.0788, 0.13, .0/
INTRINSIC DFLOAT
OPEN (5,FILE='MTRX6 6 .DAT' , STATUS"5' OLD' )OPEN (6,FILE-'SENS1T7.OUT',STATUS-'NEW')
HINIT—1.OD-7 
MXSTEP-100000.
INORM—2 
IMETH-1
CALL SSET(NPARAM,0.0,PARAM,1)
PARAM(1)-HINIT PARAM(4)-MXSTEP 
PARAM(10)-INORM 
PARAM(12)-IMETH
N - 7 
M - 8
DO 110 J - 1, M 

DO 110 I - 1, M
READ(5,*) AAP(J,I)110 CONTINUE

DO 120 J-l, M
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1 2 0

130

140
C

210
205

215

410
405

415

C

DO 120 1=1, M
READ(5,*) BBP(J,I)

CONTINUE
DO 130 J=l, N 

DO 130 1=1, N
READ(5,*) A A (J,I)

CONTINUE
DO 140 J=l, N 

DO 140 1=1, N
READ(5,*) BB(J,I)

CONTINUE
PARAMETER CALCULATION

PI = XV * XR**2 /XL /DP
ETA = XK *(1.-XE) /XE
XI - X L  * XKF / (XV*XR*XK)
PE = XV * XL / DL
GAMA = 1. / (EP * (1.+XK))
ALPA = AAP(M,M) * (AAP(1,1) - PE) - AAP(1,M) * AAP(M,1) 
PSI = 1. / ( XK*PI*XI + AA (N,N) )
P0 - GAMA * XK * PSI * PI * XI
PI = AAP(1,M) / ALPA
P2 = AAP(M,M) / ALPA
P3 = AAP(M,1) / ALPA
P4 = (AAP(1,1)-PE) / ALPA
P5 = AAP(M,M) / ALPA
P6 =3. *ETA *PI *XI / ( XK*PI*XI + AA(N,N) )
P7 = AA(N,N) * P6
P8 = PE * CO * PI
IDO-1 
X=0.0D00 TOL—1.OD-3
IF ( CO .EQ. O.ODOO ) THEN
DO 205 J=l,M-2 

DO 210 K=1,N-1
Y ( (J-l)*N+K)=1.0D00 

CONTINUE 
CONTINUE
DO 215 J»l,M-2 
Y (J*N)=1.0D00 

CONTINUE
ENDIF
IF( CO .EQ. 1.0D00 ) THEN
DO 405 0=1,M-2 

DO 410 K=1,N-1 
Y ((J-l)*N+K) = O.ODOO 

CONTINUE 
CONTINUE
DO 415 J=l,M-2 
Y(J*N)-0.0D00 CONTINUE

ENDIF
WRITE TITLE
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CALL UMACH(2 ,NOUT)
WRITE(NOUT,1110)

C INTEGRATE ODE
DO 220 IEND = 1, 20

XEND *= O.ODOO + 1.0D00 * DFLOAT (IEND)
CALL DI VP AG (IDO, NEQ, FCN, FCNJ, A, X, XEND, TOL, PARAM, Y) 
WRITE(NOUT,1120) X, ( Y(I), I - 1, NEQ )

220 CONTINUE
C FINISH UP

IDO «= 3CALL DI VP AG (IDO, NEQ, FCN, FCNJ, A, X, XEND, TOL, PARAM, Y)
C
610 FORMAT(7F9.3)
620 FORMAT(8F9.3)1110 FORMAT (' T Q(l) Q(2)',' Q(3) Q(4) Q(5)

&' C (T)' /)
C & ' ',
c &  »--------------------n -----------------------------
1120 FORMAT(/F6.1, IX, 6F7.3, F8.3/ (7X, 6F7.3, F8.3))

STOP
END

C
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SUBROUTINE FCN (NEQ,X,Y,YPRIME)
COMMON AA(30,30), BB(30,30), AAP(30,30), BBP(30,30),

& M,N, GAMA,PE,PSI, P0,P1,P2,P3,P4,P5,P6,P7,P8, PI
DOUBLE PRECISION AA, BB, AAP, BBP, GAMA, PE, PSI,
& P0, PI, P2, P3, P4, P5, P6, P7, P8, Pll, PI,
& X, Y(NEQ), YPRIME(NEQ), FIRST CONST, SECOND CONST, 
& THIRD_CONST, FOURTH_CONST

o INTEGER M, N
DO 310 J-l,M-2

DO 320 1=1,N-l
YPRIME((J-l)*N+I) = O.ODOO 
FIRST_CONST = O.ODOO

DO 330 K = 1, N - 1

330

FIRST CONST = GAMA * (BB (I,K)-PSI*BB(I,N)*AA(N,K)) 
YPRIME((J-l)*N+I) = YPRIME((J-l)*N+I) + FIRST CONST 

& * Y ((J-l)*N+K)
CONTINUE

SECOND CONST = P0 * BB(I, N)
YPRIMET(J-1)*N+I) = YPRIME ((J-l)*N+1) + SECOND_CONST * Y (J*N)

320
310

CONTINUE
CONTINUE
DO 340 J=2,M-1

YPRIME((J-l)*N) = O.ODOO
Pll = P8 * ( P5 * (BBP(J,1)/PE-AAP(J,1)) 

& - P3 * ( BBP(J,M)/PE-AAP(J,M) ) )
DO 350 K=2,M-1

THIRD CONST = PI * ( BBP(J,K)/PE - AAP(J,K)
& + (BBP(J,1)/PE-AAP(J,1)) * (P1*AAP(M,K)-P2*AAP(1,K)) 
& + (BBP(J,M)/PE-AAP(J,M) ) * (P3*AAP(1,K)-P4*AAP(M,K)) )

YPRIME((J-l)*N) = YPRIME((J-l) *N) + THIRD_CONST * Y((K-1) *N)
350 CONTINUE

360

DO 360 1=1,N-l
FOURTH CONST = P6 * AA( N, I )
YPRIMET(J-l)*N) = YPRIME ((J-l) *N) - FOURTH CONST*Y((J- 

CONTINUE
2)*N+I)

YPRIME((J-l)*N) = YPRIME((J-l)*N) - Pll - P7 * Y((J-1)*N)
340 CONTINUE

C
RETURN
END
SUBROUTINE FCNJ (NEQ, X, Y, DYPDY) 
INTEGER NEQ
REAL X,Y(NEQ),DYPDY(*)
RETURN
END
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