


 

ABSTRACT 

    Onshore spills of crude oil and petrochemicals from stationary facilities or pipelines are 

common and can cause serious environmental problems. Current technologies for remediating 

soils contaminated with heavy petroleum hydrocarbons are time-consuming, have high energy 

cost, and may even cause secondary pollution to the environment.  For the past several years, our 

group has been developing a novel method that uses pyrolysis to treat contaminated soils. 

Pyrolysis cannot only reduce the total petroleum hydrocarbon (TPH) content of treated soil to 

below regulatory levels, but it can also partially restore the fertility of treated soils to facilitate 

ecosystem restoration efforts.  

 This study builds on the previous work of our group using thermogravimetry and online 

evolved gas analysis to first identify the fundamental physicochemical processes occurring when 

contaminated soil is heated. These processes include: (a) soil mineral transformations like clay 

dehydration and carbonate decomposition; and (b) desorption of the lighter hydrocarbons and 

pyrolysis of the heavier ones. A two-stage approach is then followed to develop a kinetic model 

for the entire process. Using thermogravimetric and evolved gas analysis data for water and 

carbon dioxide for two clean (background) soils, we apply a multi-component distributed 

activation energy model (DAEM) to describe thermally-induced soil transformations with a few 

parallel reactions of pseudo-components with distributed activation energies. Once the 

background soil kinetics have been determined, we use the same DAEM approach to describe 

the desorption and pyrolysis of petroleum hydrocarbons with two additional parallel reactions 

with distributed activation energies.  



 

 We used the kinetic models developed for two contaminated soils to simulate pyrolytic 

treatment of these soils in a steady-state rotary kiln reactor.  Model predictions are then 

compared to experimental data obtained with a pilot-scale rotary kiln reactor in an earlier phase 

of our project.  Model predictions are in good agreement with the experimental data if we use the 

conversions of the heavy hydrocarbon pseudo-component as a proxy for the experimental 

measured TPH of treated soils. Our model predicts that temperatures around 420oC and short 

residence times (15-30 min) are sufficient to reduce the heavy hydrocarbon component by 90% 

or more in order to meet regulatory requirements. These predictions agree well with 

experimental results obtained earlier by our group for the two contaminated soils considered 

here. The model can become a valuable tool for determining the optimal pyrolysis temperature 

and reactor residence time that will achieve a specified TPH reduction for a specific soil/oil 

system while minimizing the energy cost for any given throughput.  
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Chapter 1 

Introduction 

 1.1 Onshore Oil Spills and Soil Remediation Technologies 

Petroleum and petrochemicals are essential energy sources and raw materials for everyday 

necessities. However, spills of crude oil and petrochemicals from stationary facilities or pipelines 

are common and can cause serious environmental problems. About 98% of oil spills occur on 

land and every year about 10-25 million gallons of oil are spilled mostly from pipelines and fixed 

facilities1. Marine oil spill can also spread to the land, result in huge cleaning efforts and 

economic loss. In 2010, the BP oil spill in Gulf coast polluted 1,100 miles of shoreline and 

costed billions of dollars in the cleaning effort2. 

    Petroleum pollutants can be toxic to human being, plant species and organisms in the soil3, 4. 

Research showed that only 3% oil content in soil can greatly inhibited the germination rate of 

plants and kill the bacterial and earthworms3. Moreover, since the majority of our activities occur 

on land, humans can be affected through direct contact of oil contaminates with their skin, by 

inhaling contaminated dust, by drinking contaminated water, or by eating contaminated food 

(e.g. fish caught in polluted water). With the slow natural breaking down rate of oil content in 

soil (only 4% per year), it is thus imperative to develop remediation methods that will mitigate 

the impact of oil spills on the environment2. 

     The main remediation methods can be classified into biological, chemical, physicochemical 

and thermal methods2, 5. Hydrocarbons spill vary from gasoline or diesel to heavy crude oils, and 
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the type of hydrocarbons spilled has huge implications for the effectiveness of soil remediation 

techniques. Before focusing on the pyrolytic remediation technique recently developed by our 

group, we discuss the current remediation methods for treating oil contamination. Because crude 

oil contains many different chemical components, it’s not practical to measure them separately. 

In the following section, we use the term, total petroleum hydrocarbons (TPH), to describe the 

total amount of petroleum-based hydrocarbons in the environment6.  

    Biological remediation includes bioremediation and phytoremediation. Bioremediation 

accelerate the hydrocarbon degradation process by bacteria or other microorganisms through 

providing addition nutrients and controlling environmental conditions such as oxygen and 

temperature7. Since no single strain of bacteria can break down all kinds of hydrocarbons, 

consortia of microorganisms are commonly used8. Bioremediation can be applied as in situ, and 

previous researches has demonstrated successes in cleaning oil-contaminated soil with low cost 

and without disrupting the environment2, 7. However, since it utilizes the natural degrade process, 

many limitations are existed. First, the degradation efficiency of bacteria is highly dependent on 

the environmental conditions such as the oxygen, temperature, nutrients, PH and salinity8. For 

example, lack of oxygen may result in negligible biodegrade rate8. Moreover, this technology 

requires long treatment durations up to several years, and high TPH environment can be toxic to 

the microbes2, 9. Heavier crude oil component can also result in low removal efficiency. A 

research shows that TPH loss fell 60% with a diesel contamination rises from 2500 to 20,000 

mg/kg9. Residuals including metabolites by biodegradation process also left in the soil, and 

degradation efficiency may be inhibited by these compounds10. Under so many constraints, it’s 

not ideal to provide the optimum operation conditions to bacteria and ensure the highest 

efficiency2. As for phytoremediation, it’s a novel remediation method for oil-contamination sites, 
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which is defined as usage of plants and using their root associated bacterial to degrade the 

contaminants11. But phytoremediation has the similar drawback as bioremediation as being time-

consuming, and TPH removal efficiency is largely diminished when TPH is increased2, 11.  

 Chemical oxidation uses chemical oxidants like Fenton's reagent, ozone to break the C-H 

bond and remove the contaminants2, 10. Using chemical oxidants is also an effective approach to 

further clean oil-contaminated sites by removing bioremediation residuals10. But traditional 

Fenton’s process requires acidic conditions (PH 3.0 to 4.0), and oxidation reaction usually 

release large amount of heat2, 10. These may adversely affect the quality and fertility of treated 

soil. Bring in the oxidants may also change the physicochemical properties of soil. The cation 

exchange capacity of vertisol (a common type of soil in Brazil) was dramatically diminished 

after treatment, resulting in reduction of soil fertility by losing water and nutrients retention12. 

    Another chemical remediation method is called electrokinetic remediation. It’s an in situ 

process that uses electrodes to form an electric field across an area of contaminated soil, which 

forms a voltage potential gradient that bulk medium can flow towards the cathode while is 

dragging the contaminates13. The attraction of this method is that electric field can form a 

uniform flow without affected by soil pore size and distribution, which means make low 

permeability soil remediation possible2, 13. But the concern is also related to soil health. 

Electrodes will create hot spots that can damage the soil and increase its pH by triggering the 

thermal decomposition of soil carbonates2. In addition, electrokinetic remediation can be less 

effective at low concentrations of oil contaminants due to the formation of stagnant zones of 

contaminates between the electrodes14.  

Solvent extraction is a widely used physicochemical remediation. It’s also called as “soil 

washing”, which is a mechanical process using liquid to remove the pollutants4. Because 
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hydrocarbon contaminates have low water solubility, some additives need to be added into the 

washing system, such as organic solvents, surfactants2, 4. The main drawback also comes from 

the usage of chemical solvent, for the introduction of a secondary-pollution as well as the high 

cost of the solvent2.        

Thermal treatment technologies overcome any of the shortcoming of the previously discussed 

remediation methods. Thermal methods include incineration, smoldering, thermal desorption, 

pyrolysis and others and are particularly effective for treating soils contaminated with heavy 

hydrocarbons, with removal commonly over 99% 15-21. 

    Incineration is a high-temperature combustion process that usually conducted at 600 - 1600 oC 

5. It’s a well-established thermal method which is used to treat many hazardous wastes. To control 

the combustion reactions of hydrocarbons, this technology often is implemented as ex situ, which 

means the contaminated soil is excavated and transported to a continuous reactor for treatment5, 16. 

Most of the heavy oil components can be removed within a short period of time, with an efficiency 

higher than 99%2. But due to the high temperature requirement, the energy cost is high2. In addition, 

incineration may also cause unwanted air pollution. 

 Smoldering is a flameless combustion process with the self-sustaining heat wave that can be 

initiated and maintained with air injection and heating5. The average temperature of smoldering 

is 600-1100 ℃ 22, 23. Smoldering can be applied in situ, but its effectiveness may be affected by 

the soil environment. For example, fine soil particles may hinder heat transfer and oxygen 

diffusion, slowing down the smoldering reaction5. Vitrification is a method that uses extremely 

high temperatures (1600-2000 ℃) to melt and fuse the contaminated soil. A stable glass is then 

formed by rapidly cooling5. This method can be very expensive even used as in situ, and it is 

commonly used to treat radioactive waste5. 



10 
 

 

    Thermal desorption (TD) is the most widely used thermal remediation method and employs 

directly-fired rotary kilns and thermal screws to treat contaminated soils ex situ24. The TD 

treatment process is simple and begins by feeding the contaminated soil at a controlled rate into 

the rotating kiln drum. Soil moves down the kiln by gravity against the counter flow of an air 

stream. A natural gas burner located at the low side of the drum provides the heat that heats the 

sweep gas and raises the temperature of the soil. This heat causes the volatile compounds to be 

released into the air stream and carried out of the kiln. Figure 1.1 shows a typical TD installation 

with a direct-fired rotary kiln and its auxiliary equipment to filter the fines from the off-gas 

(baghouse) and destroy the desorbed contaminants (incinerator). TPH removal efficiency of TD 

is very high, with the range of 95-99.9% of treating various types of oil contaminates24. 

  

Figure 1.1: A direct-fired thermal desorption installation showing its three main components 

(a rotary kiln for soil treatment, a bag house for dust removal, and an afterburner) 

and the necessary auxiliary equipment. 

  (https://www.rlctechnologies.com/our-technology/direct-fired-thermal-desorption) 
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 The use of high temperatures and oxygen-containing atmospheres can effectively remediate 

soils contaminated with heavy petroleum hydrocarbons. Besides increasing the energy costs of 

the process, high temperatures can also damage the soil and decrease its fertility. For example, 

the carbonate components of soil can decompose into CO2 and metal oxide above 700 ℃, raising 

the pH value of the soil. Change in pH can be detrimental to soil fertility inhibiting plant root and 

leaf growth5. Other soil changes brought about by high temperatures include increased 

hydrophobicity and loss of soil-associated nitrogen and soil organic carbon, causing soil erosion 

and poor plant growth5, 22, 25. Thus, thermal remediation processes must use relatively low 

temperatures in order to reduce energy costs and prevent soil damage and loss of fertility. A 

critical maximum temperature of 500 ℃ has been proposed as highly beneficial for biological 

recovery and regreening efforts22.  

 There are also some thermal methods can be carried out under a low temperature (under 

250 ℃), which are radio frequency heating (RFH), steam injection and hot air injection. But, 

these methods are more suitable for low molecular weight hydrocarbons5.  TD treatment can 

also be carried at temperatures below 500 oC for some contaminants like light hydrocarbons. 

This may not be possible, however, when the soil is contaminated with heavy hydrocarbons. 

While it is generally assumed that TD involves only hydrocarbon desorption, in reality TD 

systems achieve hydrocarbon removal through multiple mechanisms, including 

combustion/incineration and pyrolytic reactions26-28. Which of these mechanisms dominates 

depends on the temperature and oxygen distribution within the reactor. Heavy hydrocarbons in 

areas containing low or no oxygen may be pyrolyzed (thermal cracking, etc.) when temperatures 

are sufficiently high, whereas hydrocarbons in high-temperature, oxygen-containing regions may 

be incinerated releasing a lot of heat and raising the temperature of the soil well above 500 ℃.  
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1.2 Pyrolytic Treatment of Soils Contaminated with Heavy Hydrocarbons 

 The previous overview of technologies currently used for soil remediations revealed that they 

are either relatively slow (e.g. bioremediation) or have unintended consequences in the form of 

soil damage and high energy usage (e.g. incineration, high temperature TD). Furthermore, some 

treatment processes such as aerobic bioremediation could form and leave in the soil byproducts 

(like derivatives of polyaromatic hydrocarbons or polycyclic aromatic hydrocarbons (PAHs)) 

that are even more toxic than the original petroleum hydrocarbons29.   

 For all these reasons, pyrolytic treatment of contaminated soils is receiving increasing 

attention. In a pioneering study using batch pyrolysis reactors, Vidonish and coworkers 

demonstrated that pyrolytic treatment can rapidly and reliably remove petroleum hydrocarbons 

from contaminated soils with two extra benefits: better post-treatment soil fertility and possibly 

lower energy requirements than other thermal remediation approaches5.  In the first pilot study of 

its kind, our group has recently shown that pyrolysis of contaminated soils in a continuous rotary 

kiln reactor at 370 – 470 oC and relatively short reactor residence time between 15 and 30 min 

can reduce the concentration of total petroleum hydrocarbons (TPH) to well below regulatory 

levels while partially restoring the fertility of treated soils. Pyrolysis also reduced the amounts of 

PAHs by more than 95%, and additional and significant benefit of this process.  

 Pyrolysis involves the heating of contaminated soils in anoxic atmospheres at temperatures 

well below 500 °C. Our earlier work has established that pyrolytic treatment removes 

hydrocarbons via two different mechanisms6. As the soil temperature rises, low molecular weight 

hydrocarbons thermally desorb when heated to their boiling temperature. When the temperature 

rises above 300 – 350 °C, chemical bonds start breaking and may form highly reactive free 

radicals. C-heteroatom (i.e., C–S) bonds break first, followed by C–H and C–C bonds. The free 



13 
 

 

radicals rapidly react again to either continue their own cracking (β-scission) or start a sequence 

of aromatic condensation reactions that leads to the formation of a carbonaceous material (char) 

with very low H/C ratio16, 30. Among many other reactions, this complex process6, 31-33: 

1. Dehydrogenation and cracking of alkyl chains from aromatic groups;  

2. Dehydrogenation of napthenes to form aromatics;  

3. Condensation of aromatics to higher fused-ring aromatics; and 

4. Dimerization and oligomerization  

 The light hydrocarbons produced from both reaction pathways are swept away by the 

oxygen-free gas passing through the pyrolysis reactor. For most petroleum hydrocarbons, char 

formation is complete by the time the temperature reaches 450 – 500 °C 6. Through char 

formation, therefore, pyrolysis is able to remove high molecular weight hydrocarbons without 

reaching high combustion level temperatures. 

 When compared to other widely used thermal remediation methods (like TD or incineration), 

pyrolytic treatment of soils contaminated with heavy petroleum hydrocarbons offers significant 

advantages:  

1. Pyrolysis can reliably reduce TPH of soils contaminated with petroleum hydrocarbons to 

levels below current regulatory requirements. It can also reduce by more than 95% the 

concentrations of other critical priority pollutants like PAHs.  

2. Since it can effectively reduce TPH at temperatures well below 470 oC, pyrolysis has 

significant lower energy requirements than incineration and can avoid the significant 

transformations of soil minerals (like carbonate decomposition or irreversible clay 

dehydration) that often occur with other thermal remediation methods. Such transformations 
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often lead to loss of soil fertility, while increasing the energy costs since they involve 

endothermic reactions. 

3. Finally, pyrolytic treatment is compatible with existing thermal remediation equipment and, 

therefore, it is modular, scalable and easy to deploy. Figure 1.2 presents a conceptual 

schematic of an installation for pyrolytic treatment of petroleum contaminated soils. Note the 

striking similarities to the TD installation of Figure 1.1. Only the direct-fired TD unit has 

been replaced with an indirectly heated rotary kiln. All the other units (baghouse filter, 

afterburner, conveyor belts, pumps etc.) are the same.  

 

Figure 1.2.:   Conceptual schematic of an installation for pyrolytic treatment of petroleum 

contaminated soils.   
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1.3 Soil Mineral Transformations and Pyrolysis Reactions 

 Hydrocarbon pyrolysis has received wide attention in the literature31-33. While many of the 

key conclusions of these literature studies are also valid for our system, we should keep in mind 

that petroleum hydrocarbons will be only a small fraction of the contaminated soil. More than 

90% of the solids processed in a pyrolysis reactor will consist of soil minerals like quartz, 

various clays and, in many cases, significant amounts of carbonates. It is imperative, therefore, to 

consider transformations of the soil components as it is heated in a pyrolysis reactor in addition 

to hydrocarbon evaporation and thermal cracking.  

Petroleum components are often classified into four groups: saturates, aromatics, resins and 

asphaltenes (SARA).  As contaminated soils are heated in a pyrolysis reactor, the lighter 

hydrocarbons (saturates, aromatics and light resins) will desorb at temperatures below 350 ℃ 6, 

34. At temperatures between 400 and 500 ℃, thermal cracking reactions of the heavier 

hydrocarbons dominate and release hydrogen and C1-C4 hydrocarbons6, 34-39. At the same time, 

however, other reactions like clay dehydration or carbonate decomposition may be taking place 

and must be considered.   

 Thermal transformation of clays have been extensively studied experimentally40-43. In 

general, clay dehydration takes place at temperatures below 500 °C.  Water absorbed on the 

external surface of clays and interlayer water connected to the clay with hydrogen and ionic 

bonds is progressively released with increasing temperature40. But, irreversible dehydroxylation 

occurs at temperatures between 500 °C to 800 °C, through a two-step proton transfer by 2 

hydroxyl groups40, 41 that can be described by the following reactions41: 

                                               Step 1: 2OH H O     

                                               Step 2: OH   H   H
2
O   (1.1) 



16 
 

 

 The temperature range of dehydroxylation varies by clay type. One study reports a relative 

low temperature range for dehydroxylation of Bundle smectite from 350 °C to 650 °C, while 

another study shows that dehydroxylation of Wyoming montmorillonite takes place between 

about 550 °C and 700 °C 42. 

 Dolomite and calcite are among the major carbonate components in our soil samples. Natural 

dolomite is a mixture of calcium and magnesium carbonates (chemical formula [CaMg(CO3)2]), 

and the decomposition reaction of dolomite in a nitrogen gas environment can be described by 

the single-step reaction 1.2 44. The decomposition of calcite is presented in reaction 1.3. The 

decomposition temperatures of the two carbonates are similar and take place between 600 ℃ and 

800 ℃ 44, 45.  

                                           CaMg(CO
3
)

2
®CaO  MgO  2CO

2
   (1.2) 

                                            CaCO
3
®CaO CO

2
   (1.3) 

 Soil minerals may affect hydrocarbon pyrolysis reactions. A study has shown that addition of 

large amounts of CaO inhibits hydrocarbon devolatilization between 150 and 600 ℃ 46. But, 

CaO only forms from calcite decomposition at temperatures usually higher than 600 ℃, usually 

after the thermal cracking reactions are complete47. In agreement with finding, Liu and 

coworkers reported that the sand acts as inert in the oil sand pyrolysis48. Considering that 

pyrolysis of contaminated soils will usually take place at temperatures well below 600 ℃, we 

can safely assume that carbonate decomposition will not affect the hydrocarbon pyrolysis 

reactions. 
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1.4 Modeling the Kinetics of Pyrolysis Reactions and Soil Transformations 

 Figure 1.3 summarizes the physical and chemical transformations occurring when 

contaminated soils are pyrolyzed6. We will use thermogravimetry and evolved gas analysis to 

develop a realistic model for the pyrolysis of soils contaminated with heavy petroleum 

hydrocarbons. Thermogravimetric analysis has been widely used for studying the thermal 

decomposition of coal and biomass49. The thermogravimetric analyzer (TGA) is essentially a 

micro-reactor that uses a high-accuracy balance to monitor the weight of small samples (5-500 

mg) of solids (e.g. biomass or contaminated soil) that undergo thermal decomposition as they are 

heated in controlled atmospheres according to a specific temperature program50.  

 

Figure 1.3: Physical and chemical transformations taking place when soils contaminated with 

petroleum hydrocarbons are pyrolyzed.   
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  In general, there are two ways to determine the kinetics of a reaction using TGA data: the 

iso-conversional (or model-free) method and the model-fitting method34. The model-free 

method, or Friedman method51, can determine the activation energy from experimental data 

without defining the pyrolytic kinetics mechanism34. This approach, however, does not work for 

complex systems like the one considered here that involves many simultaneous reactions and a 

single activation energy does not provide good fits to the experimental data. To get more 

accurate results, this work will use the Distributed Activation Energy Model (DAEM) to develop 

a kinetic model.   

 DAEM is a technique which is widely used to describe complex reactions taking place during 

the pyrolysis of biomass, oil sand bitumen and coal34, 49, 50, 52, 53. Since it is not feasible to 

separately account for each of the numerous reactions taking place, the DAEM approach 

assumes that the pyrolyzing soil consists of one or a few pseudo-components, with each pseudo-

component reacting with a distributed activation energy f(E)54.  The distribution function f(E) 

can be a Gaussian, Weibull or Gamma distribution, with Gaussian distribution being the most 

commonly used54. In many cases, multiple pseudo-components are used to describe the pyrolysis 

behavior, particularly when multiple peaks are observed in the differential thermogravimetry 

(DTG) curve of a pyrolyzing solid. For example, a three-parallel-DAEM-reaction model was 

used to model the pyrolysis behavior of lignocellulosic biomass50. The biomass was assumed to 

consist of three pseudo-components (e.g. hemicellulose, cellulose, and lignin)50.  A double-

Gaussian DAEM was used for coal devolatilization and a more accurate result was obtained to 

explain the two-step pyrolysis process53.   

 Since multiple reactions are involved in the pyrolysis process of the contaminated soil, it 

comes as not surprise that the differential thermogravimetry (DTG) curves for clean and 
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contaminated soils have multiple peaks.  The additional complication here is that the peaks 

observed for soil dehydration, pyrolysis of soil organic carbon or carbonate decomposition may 

overlap with peaks corresponding to desorption and thermal cracking of hydrocarbons6, 16. Thus, 

we will use a two-stage, multi-component DAEM model for this work. First, a multi-component 

DAEM model will be used to describe weight losses occurring during the heating of clean 

(background) soil. Once we have resolved the temperature ranges over which clay dehydration 

and carbonate decomposition occur, a second multi-component DAEM model will be used 

discriminate between soil transformation and hydrocarbon desorption/pyrolysis. 

 Since the frequency (or pre-exponential) factors of the kinetic rate constants are highly 

correlated with the mean activation energy E, some investigators have recommended fix the 

value of the frequency factors for all pseudo-components to the value obtained by the Friedman  

method34, 53, 55.  We found that in our case, however, the Friedman frequency factors do not give 

accurate fits to our experimental data.  This may be by sudden weight losses we often observe in 

some thermogravimetry curves that may come from large discontinuous release of water held 

between clay layers56. Kouichi offered a solution to estimate the distribution f(E) and A, but this 

method is only valid for one pseudo-component57. In this work, we will consider all activation 

energies and frequency factors as separate variables and will determine them by solving an 

optimization problem.  

 

1.5 Specific Aims of this Work 

 The two main objectives of this work are: 

1. Develop a kinetic model for the pyrolysis of soils contaminated with heavy petroleum 

hydrocarbons. We will carry out thermogravimetric experiments with evolved gas analysis to 
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determine the temperature ranges for (a) where soil mineral transformations (like clay 

dehydration or carbonate decomposition), (b) hydrocarbon desorption and hydrocarbon 

pyrolysis. A two-stage approach will be employed using multi-component DAEM models to 

describe the thermal reactions of clean (background) and contaminated soils. Two different 

contaminated soils will be considered to demonstrate how our experimental/theoretical 

approach can be applied to different soil/oil systems. 

2. Once the kinetic model has been obtained, we will develop a dynamic model describing non-

isothermal operation of continuous reactors (rotary kilns) that will be used for ex situ 

treatment of contaminated soils. This dynamic model will then be used to estimate the 

optimal (a) pyrolysis temperature, (b) reactor residence time, and (c) gas flow rates that will 

achieve a specified TPH reduction at the minimum energy cost for any given throughput (in 

tons per hour) of contaminated soil and a specific reactor size. 

 The work presented in this thesis combines workflows of advanced analytical techniques and 

a decision model that can: 

 Study oil-soil systems with a wide range of properties; 

 Identify in each case the “best candidates” for processing conditions that minimize 

energy costs; 

 Help mitigate potential failure modes by adhering to strict operational and safety 

constraints as it tries to optimize the processing conditions; and 

 Guide field tests for validation through a systematic and rigorous design methodology 

that does not rely on “black box” approaches 
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Chapter 2 

Materials and Methods 

2.1 Clean and Contaminated Soil Samples 

 Two contaminated soils (Soils A and B) and their background (clean) soils were used for this 

study. Contaminated soil A was created by spiking an Arizona topsoil with oil sludge from a 

crude oil well site. The contaminated soil had a total petroleum hydrocarbon (TPH) content of 

19,000 mg/kg. Based on X-ray diffraction the composition of this background soil was 12% 

clays, 10% carbonates, 31% quartz, 20% K-spar, 26% plagioclase, and 1% pyrite. 

 Clean (background) soil B was collected from Hearne, Texas. The soil was a kaolinitic, 

sandy, clay loam (approximately 25% clay content) from the B horizon. After the soil was dried, 

homogenized and sieved to remove large particles, the clean background soil was blended with a 

heavy crude oil (API 21º, Chevron, Houston, TX) to prepare contaminated soil B with oil 

concentrations of 3 wt%.  The total petroleum hydrocarbon (TPH) content of the contaminated 

soil B was 14,000 mg/kg. 

 The total petroleum hydrocarbon (TPH) content of the two contaminated soils were measured 

by Lancaster Laboratories (Lancaster, PA, USA) by measuring the solvent-extractable 

hydrocarbons via GC-FID based on EPA method 8015M.  
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2.2 Evolved Gas Analysis (EGA) with TG-MS 

 To detect the release of hydrocarbons and hydrogen occurring during pyrolysis, we also carried 

out thermogravimetric analysis-mass spectroscopy (TG-MS) using a Q500 thermobalance (TA 

Instruments, New Castle, DE) equipped with evolved gas analysis furnace and connected with a 

heated capillary transfer line to a Discovery quadrupole mass spectrometer (TA Instruments, New 

Castle, DE). The thermogravimetric analyzer (TGA) is essentially a micro-reactor that uses a high-

accuracy balance to monitor the weight of small samples (5-200 mg) of clean or contaminated soil 

as they are heated in inert atmospheres according to specific temperature programs. 

 

Figure 2.1:  Schematic of the TG-MS instrument showing the main parts of the TGA (sample 

pan, thermocouple location, furnace, gas streams) and its connection to the 

quadrupole mass spectrometer for online evolved gas analysis. 

 

The mass spectrometer was operated in electron impact ionization mode with 70 eV electron 

energy. All TG-MS experiments were carried out using argon purge gas with a flow rate of 100 

mL/min and started with a 90 min purge at room temperature to flush the air entering the system 

when the samples are loaded. After the purge, the samples were heated at 10°C /min to a final 

temperature of 900°C. To improve the signal-to-noise ratio, we used the selected ion monitoring 
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technique for all TG-MS experiments by limiting the number of ions scanned during each run to 

ten or fewer. Using multiple scans for each sample, the mass spectrometric intensities of ion 

fragments that are the main fingerprints of aliphatic, aromatic and unsaturated hydrocarbons were 

recorded together with the sample weight and temperature. Ions with m/z=15 and 16 were used to 

detect (or eliminate) the presence of methane, since the m/z=16 ion also comes from the 

fragmentation of carbon dioxide and oxygen. Ions with m/z=2 and 44 were monitored to detect the 

evolution of hydrogen and carbon dioxide respectively. Finally, the intensity of the main oxygen 

fragment (m/z = 32) was always recorded and its level was checked to ensure there were no leaks 

in the instrument. Each intensity curve was normalized by the “dry” sample weight, which was 

taken here to be the weight recorded at 120°C. Ion intensities were corrected using baselines 

obtained with clean, empty pans in the thermobalance.  

 

2.3 Evolved Gas Analysis (EGA) with TG-IR 

 Thermogravimetric analysis experiments with online infrared gas analysis (TG-NDIR) were 

performed using a Q500 thermobalance (TA Instruments, New Castle, DE) connected to a non-

dispersive infrared (NDIR) gas analyzer (LI-840A, LI-COR, Lincoln, NE).  The online NDIR 

instrument allows for continuous measurement of the CO2 and H2O concentrations in the 

gaseous stream exiting the thermogravimetric analyzer.  The transfer line between the TGA and 

the NDIR analyzer introduces a time delay in the measurement of CO2 and H2O.  This time delay 

depends on the flow rates of the carrier gases and was measured with several calibration 

experiments. 

 All TG-IR experiments were carried out using nitrogen purge gas with a flow rate of 100 

mL/min and started with a 15 min purge at room temperature to flush the air entering the system 
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when the samples are loaded. After the purge, the samples were heated at a constant heating rate 

to a final temperature of 800°C.  A drying stage followed to remove moisture. The sample 

temperature was raised to 105oC, held there until no weight loss could be detected, and stayed at 

105oC for another 30 min after that point to ensure good moisture removal. While a heating rate 

of 1°C /min was used to estimate the kinetic parameters, experiments with heating rates of 1, 2, 

5, 10 and 20°C /min were also carried out to evaluate the extent to which heating rates affect the 

pyrolysis kinetics. Finally, oxidation experiments were also carried out to determine the amount 

of char produced during the pyrolytic treatment of contaminated soils. 

 

2.4 Determining the heating rate for kinetic parameter measurements  

 To develop a kinetic model for the pyrolysis of soils contaminated with heavy petroleum 

hydrocarbons, we carried out thermogravimetric experiments where small amounts of clean or 

contaminated soils were placed in the sample pan and heated at a constant heating rate under an 

inert atmosphere.  However, the actual temperature of the soil particles may lag considerably 

behind the temperature recorded by the thermocouple of the TGA, particularly when fast heating 

rates are used58.  

 To estimate how the properties of the soil particles and the heating rate affect the magnitude 

of this temperature lag, we first solved the transient energy balance that describes heating of a 

single non-reacting soil particle of mass m in a stream of inert gas. This balance yields: 

 mcp

dT

dt
= hA Tg T( )   (2.1) 

where T is the temperature of the particle, T
g

t( )  is the temperature of the gas stream that changes 

according to the TGA temperature program, m and c
p
are the mass and specific heat capacity of 
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the soil particle, A is its external surface area and h is the convective heat transfer coefficient.  

For the typical conditions in thermogravimetric instruments, the estimated values of heat transfer 

coefficients are between 20 and 100 Wm-2K-1 59, 60
. If we assume that the particle is a sphere of 

radius R, equation (2.1) becomes:   

 
4p
3

R3rc
p

dT

dt
= h4pR2 T

g
T( )  

or  
dT

dt
=

3h

rc
p
R

T
g
T( )  (2.2) 

Equation (2.2) can be easily integrated for any temperature program, although we will only use 

constant heating rates for our experiments. Figure 2.2 shows how the temperatures of two soil 

particles with 1 and 2 mm radius vary when the temperature of the gas T
g
 increases from 25 to 

250 oC at 10 oC/min and h = 20 Wm2K1.  For such low values of the heat transfer coefficient 

(that correspond to low flow rates of purging gas), the temperature of the larger soil particle lags 

almost 18oC behind the gas temperature measured by the thermocouple. 
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Figure 2.2: Particle temperatures lag considerably behind the temperature recorded by the 

TGA instrument. Data: h = 20 W m2 ×K , r = 2.65 g cm3 ,  c
p
= 1.2 J g ×K . 

  

 Increasing the heat transfer coefficients to a higher value of h = 50 Wm2K1reduces the 

temperature lag for the 2 mm particle to just over 7 oC. This is still a substantial lag that will 

affect the estimated values of the kinetic parameters. Slower heating rates must be used to reduce 

the magnitude of the temperature lag. Figure 2.3 shows that with a heating rate of 1 oC/min the 

temperature lag is lower than 1oC even for particles as large as 3 mm in radius.  
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Figure 2.3: The maximum temperature lag observed in the TGA varies with the particle size 

of the sample and is also strongly affected by the heating rate.  

Data: h = 50 W m2 ×K , r = 2.65 g cm3 ,  c
p
= 1.2 J g ×K . 

 

 Since several endothermic processes like evaporation and pyrolysis reactions take place as 

clean or contaminated soil particles are heated in the TGA, the actual temperature lags are 

expected to be even larger than those we have identified here with the simple model for a single 

particle. Indeed, we will show in a later section that increasing heating rates shift the observed 

reaction rate peaks to higher temperatures. As a result, the activation energy distributions will 

vary significantly with the heating rate used for the thermogravimetric experiments. 

 These observations and the simulation results presented above strongly indicate that we 

should use the lowest possible heating rates to ensure the accuracy of the estimated kinetic 

parameters. A heating rate of 1 oC/min was used for our studies as a good compromise between 
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realistic experiment durations and low signal-to-noise ratio for our temperature and weight 

measurements.
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Chapter 3 

A Two-stage Model for Deriving the Kinetics 

of Soil Pyrolysis 

  

    As discussed in the introduction, soil components comprise more than 90-95% of the mass of 

contaminated soil. Therefore, transformations of the soil components like clay dehydration or 

carbonate decomposition result in significant weight losses that must be clearly distinguished 

from (a) the evaporation of light hydrocarbons and (b) the pyrolysis of heavier hydrocarbon 

fractions5, 16. 

3.1 Model for Soil Transformations 

 The first stage of the model looks at the transformations of the clean (background) soils. Our 

earlier work revealed that mostly carbon dioxide and water were released when clean 

background soil was heated in the TGA at 10 ℃/min to a final temperature of 900 ℃ and in an 

inert atmosphere (nitrogen or argon) 5, 16. We will assume that soil consists of components like 

clays that release H2O over a wide temperature range, carbonates or soil organic matter (SOM) 

that may decompose or pyrolyze to release CO2, and “inert” minerals (like quartz) that do not 

undergo any transformation upon heating, at least for the temperature range of interest here.   

 The soil mineral transformation can be described with simple decomposition reactions of the 

following form:  
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Ai

ki¾ ®¾ Si  Gi

s( ) s( ) g( )
i = 1,2,..., N  (3.1) 

where A
i
 denotes to initial clay, carbonate mineral (e.g. CaCO3, MgCO3 etc.) or SOM, S

i
 

denotes the dehydrated mineral, metal oxide (e.g. CaO, MgO etc.) or pyrolyzed SOM and G
i
 is 

the gas released (water or carbon dioxide respectively).  Note that moisture release can also be 

described in a similar fashion where the corresponding equation (3.1) has only a gaseous 

product. 

 Let us denote by m
i
0  the initial mass of the A

i
component and by mi t( )  the mass of the A

i

component at time t. Then, the unreacted mass of A
i
 at time t is mi

0  mi t( )  and the extent of 

reaction xi t( ) for this component can then be defined as: 

 x
i

t( ) = m
i
0  m

i
t( )

m
i
0

= 1
m

i
t( )

m
i
0

  (3.2) 

 If we assume that all reactions follow pseudo-first order kinetics, the transient mass balance 

for species A
i
 yields the following differential equation:  

 
dm

i

dt
= k

i
m

i
t( )  

or  
dx

i

dt
= k

i
1 x

i( )   (3.3) 

 Since the reaction rate coefficient has an Arrhenius dependence on temperature, equation 

(3.3) becomes: 

 
dx

i

dt
= Ai exp 

E
i

RT

æ

èç
ö

ø÷
1 xi( )  (3.4) 
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where E
i
 is the activation energy for the i-th reaction and T is the reaction temperature. In 

general, the reaction temperature will vary with time and the solution of equation 3.4 becomes: 

 x
i

t( ) = 1 exp  A
i0

eEi RT d ¢t
0

t

ò( )  (3.5) 

 However, our experimental observations show that clay dehydration occurs over a wide 

range of temperatures resulting in multi-peak patterns of water release6. Therefore, we will use 

the distributed activation energy model (DAEM) to describe the kinetics of clay dehydration and 

carbonate decomposition61. DAEM assumes that each solid reactant A
i
 is actually a pseudo-

component consisting of a large number of species that react with activation energies distributed 

according to a probability density function fi E( ).  The conversion dx
i
 of the fraction of A

i
 that 

has activation energies between E  and E  dE  is given by: 

 dxi = fi E( )dE   (3.6) 

 The expression for the overall conversion of pseudo-component A
i
 now becomes: 

 x
i

t( ) = x
i

t, E( )
0

¥

ò f
i

E( )dE       i = 1,2,..., N  (3.7) 

 Equations (3.5) yield: 

 x
i

t( ) = 1 exp  A
i0

eEi RT dt
0

t

ò( )é
ëê

ù
ûú0

¥

ò f
i

E( )dE       i = 1,2,..., N   (3.8) 

And since f
i

E( )
0

¥

ò dE = 1      i = 1,2,..., N  (3.9) 

    Then equation (3.8) yields: 

 x
i

t( ) = 1 exp  A
i0

eEi RT dt
0

t

ò( )0

¥

ò f
i

E( )dE       i = 1,2,..., N   (3.10) 
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    In the TG experiment, samples are heated under a constant heating rate β from temperature T0 

to T, which can be expressed as: 

                                                                        b =
dT

dt
                                                            (3.11) 

    Then equation (3.10) can be finally written in this form: 

                                 ( ) ( )
0

0

0
1 exp       1,2,...,i

T E RTi
i iT

A
x t e dT f E dE i N

b
¥ æ ö

=   =ç ÷
è ø

ò ò               (3.12)                                        

 The density function describing the distribution of activation energies is usually assumed to 

be a Gaussian with mean E
i0

 and standard deviation s
i
:  

 ( ) ( )2

0
2

1
exp

22 ss p

é ù
= ê ú

ê úë û

i
i

ii

E E
f E   (3.13) 

 The total mass mR t( ) of reacting components A
i
 at any time t is: 

 mR t( ) = mi t( )
i=1

N

å = mi
0 1 xi t( )( )

i=1

N

å = mi
0  mi

0xi t( ) = mR
0 

i=1

N

å
i=1

N

å mi
0xi t( )

i=1

N

å   (3.14) 

 Dividing both sides of equation (3.14) by the initial mass m
R
0  of the reacting components 

yields the fraction Y t( )  of unreacted components: 

 Y t( ) = m
R

t( )
m

R
o

=1
m

i
0

m
R
o

x
i

t( )
i=1

N

å = 1 c
i
x

i
t( )

i=1

N

å   (3.15) 

where c
i
= m

i
0 m

R
0 ,  i = 1,2,...N and:   

  ci
i=1

N

å = 1 (3.16) 

Note that Y t = 0( ) = 1 and Y t ®¥( ) = 1 since all the reactants will have been completely 

converted at long enough reaction times. 
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 Thermogravimetry monitors the total fractional weight of a sample consisting of “reacting” 

and “inert” components. Thus, TGA experiments provide the following data:  

 W t( ) = m
tot

t( )
m

tot
0

=
m

R
t( )  m

I

m
tot
0

  (3.17) 

where m
I
 is the unchanging weight of the inert. If we assume complete conversion of our 

reacting components at the end of every TGA experiment, the final reading of the TGA will give 

us the weight m
I
of the inert components. Then equations (3.15) and (3.17) yield the relation 

between the measured variable W t( )  and the experimental values of unreacted soil components 

Y
exp

t( )  : 

 
( ) ( ) ( )exp 0

1=  é ùë û
I

R

m
Y t W t W t

m   (3.18) 

And this relationship can also be written as: 

                                                              exp
0

( )
( )


=


f

f

W t W
Y t

W W
                                                    (3.19) 

Where W0, Wf is the initial value, final value of W(t), respectively. 

 

3.2 Simultaneous Soil Transformations, Hydrocarbon Desorption and 

Hydrocarbon Pyrolysis  

 When contaminated soil is pyrolyzed, the soil mineral transformations discussed above are 

proceeding in parallel with the evaporation of light hydrocarbons and the pyrolysis of the heavier 

hydrocarbons. To model the thermal treatment of contaminated soil, we will consider a DAEM 

model with the following pseudo-components: 
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a) The reacting soil minerals A
j
,   j = 1,2,...N   identified in the previous section (3.1), and 

b) Two (or more) additional hydrocarbon components that are classified in two groups: the 

light hydrocarbons (LH) that desorb as volatiles at temperatures below 350oC and the 

heavier hydrocarbons (HH) that react between 350 and 500oC to yield solid char and light 

hydrocarbons 62. 

 The parallel reactions describing the desorption and reaction of hydrocarbons can be written 

as follows: 

LH
j
(l)® LH

j
(g)    

                                            HH
j
(l)®Char(s)V (g)                                         (3.20) 

where V denotes the volatile products of pyrolysis reactions. Depending on the type of the oil 

spill, the light hydrocarbons may have to be broken into more than one pseudo-components to 

accurately describe the multiple weight loss peaks that are often observed in the low temperature 

regime of the DTG curves of contaminated soils. 

 

3.3 Numerical Algorithm for Solving the DAEM Models 

A computer program was implemented in MATLAB to numerically solve the problems 

resulting from the DAEM models discussed in the previous sections.  The inner temperature 

integral and the outer activation integral in Equation (3.12) are integrated using Simpson’s 1/3 

rule63, where 500 kJ/mol has been used as the upper limit for dE integral64. The procedure to 

determine the kinetics parameters follows the four steps outlined in the literature65, 66: 
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(1)Using the data from a TGA run with clean or contaminated soil, compute the experimental 

values  Y
exp

T
exp( )  of the fraction of all unreacted components at all the temperatures 

considered.  The heating rate β is the key parameter here. 

(2)If M is the total number of parallel reactions considered, guess an initial value for the pre-

exponential factors Aj, the mean and standard deviation of the activation energy 

distribution E0, j, and σj and the mass fraction cj of the various reactants. 

(3)Compute the unreacted total fractions Ycalc predicted by equation (3.12) for the current 

guesses of the model parameters and calculate the value of the objective function. Then, 

construct the objective function: 

                                                   O.F.= Y
exp

T
i( ) Y

calc
T

i( )éë ùû
j=1

Nd

å
2

                                              (3.21) 

where Nd is the number of data points used for our calculation.  

(4) Estimate the values of Aj, E0, j, σj, and cj by minimizing the objective function. 

Many studies used derivative-free direct search methods to find the optimal solution, such as a 

pattern search method 67 and a simulated annealing method 68. These methods avoid the explicit 

computations of the derivatives of the objective function 67. However, our earlier work 62 on the 

fundamental mechanisms of the reactions occurring during the pyrolytic treatment of clean or 

contaminated soils allows us to introduce some constraints on the kinetic parameters that 

simplify the solution of this problem. Thus, we can use a derivative optimization method, which 

can be more efficient than a trial-and-error approach. We used the fmincon algorithm from 

MATLAB’s Optimization Toolbox to minimize the objective function. The calculated kinetic 

parameters were then used to generate a sample weight vs. temperature curve and compare it to 
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the experimental TG one. The fit quality of the calculated curve to the experimental one was 

computed by equation (3.22). 

                                             
exp,max exp,min

. . /
(%) 100dO F N

Fit
Y Y

= 


                                            (3.22) 

Since Yexp is monotonically decreasing, Yexp, max is the first value of Yexp and Yexp, min is the last 

one of Yexp. A fit value of 0 means perfect fitting to the experimental data. We use between 50 

and 200 data points (Nd = 50-200) for our computations.  

    We first apply this algorithm to experimental data from TGA runs with clean (background) 

soil to analyze the reactions of soil minerals. Our estimates of kinetic data for clay dehydration 

and carbonate decomposition are checked against literature results. Activation energy for calcite 

and dolomite decomposition is generally reported between 170 kJ/mol and 210 kJ/mol, with 

frequency factors between 7 min-1 to 10 min-1 69, 70 . However, there is very little literature data 

for clay dehydration. An experimental study of Wyoming montmorillonite reported that the 

activation energy of hydroxylation is about 250 kJ/mol, but this value is only around 175 kJ/mol 

for magnesium saturated sample71. Another group studied the thermal treatment of Ca-

montmorillonite at temperatures below 500 K (227 ℃) and found activation energies between 

46-155 kJ/mol in the temperature range of 377-419 K (104-146 ℃) 72. Given this limited data, 

we can only estimate that the activation energy of clay dehydration processes below 500 ℃ 

should be around 50-200 kJ/mol, while the corresponding range for clay hydroxylation is higher 

at around 150-300 kJ/mol. 

Another constraint comes from the TG-IR measurements. Evolved gas analysis with the NDIR 

instrument allows us to measure the total amount of H2O and CO2 released during every TGA 

run.  The measured mass ratio of CO2/H2O is then used as a constraint for estimating the kinetic 

parameters of our DAEM model.  Table 3.1 gives the bounds of the mass ratios of CO2/H2O 
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released during the pyrolytic treatment of soil samples A and B. The results indicate that clay 

dehydration is the main reaction in soil B since the weight of CO2 is much less than H2O.  

 

Table 3.1. Mass ratio of CO2/H2O of background soil samples (the lower bounds and the 

upper bounds of soil A and soil B are set based on the experiments of 3 runs) 

Mass ratio of 
CO2/H2O Lower bound Upper bound 

Soil A 1.8 2 

Soil B 0.35 0.58 

 
 

These bounds are used as constraints for the analysis of contaminated soils. To avoid the 

complementary phenomenon discussed before, all the frequency factor Aj of contaminated soil is 

fixed. This method ensures that we can get a specific set of kinetics parameters for contaminated 

soil. 
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Chapter 4 

DAEM Results and Discussion 

4.1 Thermogravimetry and EGA of background soils 

 

Figure 4-1.  TG-IR analysis of background soil A from a typical run with heating rate of 

1℃/min. Top panel: Thermogravimetric (TG) and derivative thermogravimetric 

(DTG) curves showing changes of weight and weight loss rate respectively with 

temperature. Bottom panel: Concentrations of H2O and CO2 in gas exiting the 

TGA vs temperature.  
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Figure 4-2.  TG-IR analysis of background soil B from a typical run with heating rate of 

1℃/min. Top panel: Thermogravimetric (TG) and derivative thermogravimetric 

(DTG) curves showing changes of weight and weight loss rate respectively with 

temperature. Bottom panel: Concentrations of H2O and CO2 in gas exiting the 

TGA vs temperature. 

 

 Figures 4.1 and 4.2 present the results from typical TG-IR runs with clean (background) soils 

A and B.  Clearly, soils A and B behave differently as they are heated under flowing nitrogen at 

a constant heating rate of 1oC/min. Note that the data presented in Figures 4.1 and 4.2 are for 
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temperatures between 120 – 660 ℃ to ensure the samples are dry and, thus, all the weight loss 

we observed is caused by soil mineral transformations.   

 Clay dehydration of soil A results in a very broad H2O release profile, with a small peak 

around 150 ℃ and another very broad peak with its highest value at around 450 ℃. For soil B, on 

the other hand, clay dehydration is the major reaction as indicated by the similarity of DTG and 

EGA curves. After two small H2O peaks at around 130 ℃ and 240 ℃, Figure 4.2 shows a 

prominent H2O peak at around 420 ℃ that accounts for most of the weight loss of this sample. 

  However, soil A exhibits a sharp peak between 550 and 650 oC that is clearly caused by a 

carbonate decomposition reaction. The EGA curve of Fig. 4.2 exhibits a sharp CO2
 peak that 

mirrors the DTG curve in this temperature region. Soil B, on the other hand, has a low and broad 

CO2 release pattern that starts around 150 ℃ and persists beyond 600 ℃. These results clearly 

show that soil A contains more carbonates than soil B. Moreover, the carbonate decomposition 

temperature of about 600 ℃ for soil A is consistent with literature data 69, 70. But the CO2 release 

from soil B (Figure 4.2) is most likely not due to a carbonate decomposition reaction, probably 

the product of SOM pyrolysis 73, 74 Consequently, some of the water released may also be the 

product of SOM pyrolysis. However, the EGA patterns of Figures 4.1 and 4.2 and the fact that 

EGA with TG-MS of clean soils did not detect any of the other products of biomass pyrolysis 

(like hydrogen or methane) lead us to believe that our clean soils contain only small amounts of 

SOM 75.  

 Identifying the exact source of CO2 or H2O is not necessary for our modeling approach. Our 

kinetic study will assume that soil consists of (a) “reacting” components (e.g. clays or SOM) that 

release H2O over a wide temperature range, (b) “reacting” components (e.g. carbonates or SOM) 
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that release CO2, and (c) “inert” components (e.g. quartz) that do not undergo any transformation 

upon heating, at least over the temperature range of interest here. 

One may note that there is a temperature lag resulting in a small shift of the peak temperature 

of the EGA curve to a slightly higher temperature than that observed from the derivative 

thermogravimetric (DTG) curve. This is caused by the transfer line connecting the TGA and the 

NDIR instrument 62.  
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4.2 DAE model for background soils A and B 

 

Figure 4.3.  Thermogravimetry results from 3 TGA runs and their average. TG curves (top) 

and DTG curves (bottom panel) obtained from clean soil A heated at 1 ℃/min. 
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Figure 4.4.  Thermogravimetry results from 3 TGA runs and their average. TG curves (top) 

and DTG curves (bottom panel) obtained from clean soil B heated at 1 ℃/min. 
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    Figure 4.3 presents the TG and DTG curves from three thermogravimetric experiments with 

clean (background) soil A.  Note that some runs exhibit small but very abrupt weight changes in 

the regions where pyrolysis and carbonate decomposition reactions occur.  As a result, small 

differences among the DTG peaks from the three runs are observed in the 400-500oC and 550-

650oC ranges where the rates of weight change are the highest. Figure 4.3 also shows the average 

TG and DTG curve computed for these three runs. 

 On the other hand, Figure 4.4 shows that the three TGA runs with clean soil B show weight 

loss and reaction rate patterns that almost identical. The average curves computed from these 

three runs is almost indistinguishable from the individual curves. 

 Because of the different behavior observed for soils A and B, we decided to compute the 

kinetic parameters of the DAEM models by fitting the experimental DTG curves from both the  

individual runs and the 3-run average DTG curves for these soils.  We used two, three and four 

parallel reactions to improve the fit of the experimental curves for the clean soils.  As previously 

stated, only the data in the 120-660℃ temperature range were analyzed to separate the clay 

dehydration processes from moisture removal.  

 Tables 4.1 and Table 4.2 present the kinetic constants of the DAEM models obtained by 

fitting the 3-run averages of soils A and B.  The very broad water release patterns cannot be 

accurately modeled by a single reaction with a Gaussian distribution of activation energies.  

Using two and finally three pseudo-components to describe the water release behavior 

significantly improved the fits of the experimental curves. A single pseudo-component reaction 

was used to model CO2 release reaction.   

 Figure 4.5 and 4.6 compare the experimental data and the DAEM predictions with 4 pseudo-

components for soils A and B.  We hypothesize that the first two H2O pseudo-components (A1-
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H2O and A2-H2O) correspond to a low temperature dehydration process. The released water 

comes from the external surface of clays and is attached by hydrogen or ionic bonds. Irreversible 

dehydroxylation may be the thermal process for the third clay component (A3-H2O). It usually 

takes place at a relatively high temperature (> 500 ℃) 76. The activation energies for the third 

pseudo-component are also higher than pseudo-components A1 and A2. 

 Regarding the CO2 release pattern,  soil A exhibits a pronounced peak starting at 500 ℃, 

which is consistent with the TG-IR pattern and the literature data for carbonates decomposition 

69, 70. The activation energy for A4-CO2 for soil A (180-188 kJ/mol) is in the range reported in the 

literature of carbonate decomposition (170-210 kJ/mol). For soil B, however, the activation 

energy for A4-CO2 pseudo-component (140-168 kJ/mol) is outside the range of carbonate 

decomposition reaction. As discussed earlier in 4.1, released CO2 of soil B could be the product 

of SOM pyrolysis 73, 74. 

    Finally, Table 4.3 shows the kinetic parameters estimated by fitting a four-reaction DAEM 

model to the experimental data from the three individual runs with clean soil A. Figure 4.3 

revealed small differences between the DTG curves from the three individual runs in the 400-

500oC and 550-650oC ranges. However, these differences did not significantly affect the kinetic 

parameters. For example, the three activation energies computed for the four reactions are within 

2% of their average values (Table 4.3). Clearly, both approaches provide satisfactory accuracy. 
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Table 4.1. Kinetic parameters from DAEM analysis of clean (background soil) A. Estimated by 

fitting experimental data from the 3-run average shown in Figure 4.3 

Test Pseudo-
component, j 

Log10A, 
min-1 E0, KJ/mol σ, kJ/mol cj Fit% 

2-parallel 
A1-H2O 11 161.4 30 0.36 

1.49 
 A2- CO2 9.3 179.7 0.1 0.64 

3-parallel 

A1- H2O 7 96.8 17.3 0.14 

1.08 A2- H2O 10 160 16 0.22 

A3- CO2 9.8 188.3 0.2 0.64 

4-parallel 

A1- H2O 6.8 90.8 17.5 0.17 

0.75 
A2- H2O 8.1 131 2.5 0.16 

A3- H2O 9.4 183 1.6 0.02 

A4- CO2 9.3 181 0.3 0.65 

 
 

Table 4.2. Kinetic parameters from DAEM analysis of clean (background) soil B. Estimated by 

fitting experimental data from the 3-run average shown in Figure 4.4 

Test Pseudo-
component, j 

log10A, 
min-1 E0, KJ/mol σ, kJ/mol cj Fit% 

2-parallel 
A1- H2O 7.6 120.1 10.3 0.63 

1.84 
 A2- CO2 10.7 140 40 0.37 

3-parallel 

A1- H2O 4.3 69.6 15 0.42 

0.56 A2- H2O 10 150.6 3.1 0.31 

A3- CO2 11 168.3 30 0.27 

4-parallel 

A1- H2O 6.1 72.7 5.8 0.10 

0.19 
A2- H2O 6.8 109 2.2 0.44 

A3- H2O 8.8 161 13 0.13 

A4- CO2 11 146 30 0.33 
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Figure 4.5.  4-parallel DAEM results of background soil A at 1 ℃/min. Top panel: TG curve. 

Bottom panel: DTG curve  
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Figure 4.6.  4-parallel DAEM results of background soil B at 1 ℃/min. Top panel: TG curve. 

Bottom panel: DTG curve  
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Table 4.3. Kinetic parameters from DAEM analysis of clean (background soil) A 

Estimated by fitting experimental data from the three individual runs shown in Figure 4.3 

Soil A clean Pseudo-
component, j Log10A, min-1 E0, kJ/mol σ, kJ/mol cj Fit% 

Run 1 

A1- H2O 6.9 89.4 18.0 0.19 

0.62 
A2- H2O 8.2 132.5 5.8 0.16 

A3- H2O 9.4 180.5 3.0 0.00 

A4- CO2 9.5 180.5 0.3 0.65 

Run 2 

A1- H2O 6.4 86.6 17.8 0.16 

0.80 
A2- H2O 8.3 132.9 3.9 0.15 

A3- H2O 9.3 180.5 2.9 0.04 

A4- CO2 9.3 181.2 0.2 0.65 

Run 3 

A1- H2O 6.7 87.2 17.2 0.13 

2.01 
A2- H2O 8.2 133.1 1.4 0.17 

A3- H2O 9.4 183.0 1.7 0.05 

A4- CO2 9.2 180.5 0.3 0.65 

Average 
values 

A1- H2O 6.7 ± 0.2 87.7 ± 1.2 17.7 ± 0.3 0.16 ± 0.02 

 1.14 ± 0.62 
A2- H2O 8.3  132.8 ± 0.3 3.7 ± 1.8 0.16 ± 0.01 

A3- H2O 9.4 ± 0.1 181.3 ± 1.2 2.5 ± 0.6 0.03 ± 0.02 

A4- CO2 9.3 ± 0.1 180.8 ± 0.3 0.3  0.65  
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4.3 DAE model for contaminated soils A and B  

 When contaminated soil is pyrolyzed, the soil mineral transformations discussed above are 

proceeding in parallel with the evaporation of light hydrocarbons and the pyrolysis of the heavier 

hydrocarbons. To model the thermal treatment of contaminated soil, we will consider a DAE 

model with the following pseudo-components: 

c) The reacting soil minerals A
j
,   j = 1,2,...N  identified in the previous section (3.1). The 

assumption here is that the soil has not been altered at all by the addition of oil. Thus, the 

kinetic parameters for the clay and carbonate pseudo-components estimated in the 

previous section from TGA runs with clean soils will be used again to fit the data 

obtained with contaminated soils.  

d) Two (or more) hydrocarbon components will be added to model the desorption of light 

hydrocarbons at temperatures below 350oC and the pyrolysis of heavier hydrocarbons in 

the 350-500oC temperature range 6, 61. 

 To get a unique set of parameters, the pre-exponential factors for the reactions of the 

hydrocarbon pseudo-components are fixed in our analysis. The values used are 6.43 x 105
 min-1 

for light hydrocarbon volatilization and 4.78 x 1012 min-1 for heavy hydrocarbon thermal 

cracking 34. 

Figure 4.7 and 4.8 present the results of DAE model obtained by the 3-run average 

contaminated soil data. The calculated kinetic parameters are shown in Tables 4.4 and Table 4.5. 

Desorption of light hydrocarbons occurs between 150 – 350 ℃, while pyrolysis of heavier 

hydrocarbon fractions is dominant in the 350 – 450℃, consistent with our previous EGA 

analysis.  
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The activation energy representing desorption of the light hydrocarbons has similar values for 

contaminated soil A and B (average values of 71 and 69 kJ/mol respectively).  The activation 

energies for the pyrolyzing hydrocarbon fraction are higher, but again similar for soils A and B  

 (170 kJ/mol and 167 kJ/mol respectively).  In general, the DAE model provides an accurate 

description of the experimental data. Although there are some variations among runs for 

contaminated soil A, the small quality of fit values (< 1% in all cases) confirm that our 2-stage 

model approach is effective. 
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Table 4.4. Kinetic parameters from DAEM analysis of contaminated soil A 

Estimated by fitting experimental data from the 3-run average shown in Figure 4.7 

(Parameter values that were fixed shown in boldface) 

Pseudo-
component, j 

log10A, 
min-1 E0, kJ/mol σ, kJ/mol cj Fit% 

A1 - H2O 6.8 82.3 17.5 0.12 

0.53 

A2 - H2O 8.1 130 2.5 0.11 

A3 - H2O 9.4  186 1.6 0.01 

A4 - CO2  9.3 185 0.3 0.48 

A5 - LH 5.8 71.4 7.9 0.20 

A6 - HH 12.7 170 6.6 0.08 

 
 

 

Table 4.5.Kinetic parameters from DAEM analysis of contaminated soil B 

Estimated by fitting experimental data from the 3-run average shown in Figure 4.8 

(Parameter values that were fixed shown in boldface) 

Pseudo-
component, j log10A, min-1 E0, kJ/mol σ, kJ/mol cj Fit% 

A1 - H2O 6.1 70.4 5.8 0.07 

0.20 

A2 - H2O 6.8 108 2.2 0.29 

A3 - H2O 8.8 169 13 0.09 

A4 - CO2 11 156 30 0.22 

A5 - LH 5.8 69 7.9 0.23 

A6 - HH 12.7 167 8.7 0.10 
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Figure 4.7.  DAEM results of contaminated soil A of run 1 at 1 ℃/min. Top panel: TG curve. 

Bottom panel: DTG curve 
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Figure 4.8.  DAEM results of contaminated soil B of run 1 at 1 ℃/min. Top panel: TG curve. 

Bottom panel: DTG curve 
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Chapter 5 

Modeling the Operation of A Pilot-scale Pyrolysis 

Reactor 

5.1 Experiments with a Pilot-Scale Pyrolysis reactor 

 In an earlier phase of our group’s research on soil remediation, pilot-scale pyrolysis 

experiments were performed with a continuously-fed rotary kiln reactor operated by Hazen 

Research (Golden, CO). The 7”-diameter rotary kiln had four 24”-long electrically-heated zones 

that were independently controlled to achieve the desired temperature profile (Figure 5.1). Soil 

was fed with an adjustable speed screw feeder, and pure N2 in countercurrent flow was used to 

“sweep” the desorbing hydrocarbons and pyrolysis products. The off-gas passed first through a 

cyclone to remove the fines and then through two tube-and-shell condensers to collect the 

condensable hydrocarbons. The pilot system was equipped with a computerized data acquisition 

system that monitored all process variables (temperatures, flows, pressures, off-gas 

concentrations etc.) at 30 s intervals. 
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Figure 5.1: Schematic showing the indirectly-heated continuous kiln reactor for fast pyrolysis 

of oil-contaminated soils and auxiliary equipment for processing the off-gas. 

  

 For a typical pyrolysis run, moist soil was fed to the reactor at ambient temperature. To 

account for this, the electric heaters of all four heating zones were adjusted so as to: (a) raise the 

temperature of the soil to the desired pyrolysis temperature in zone 1 (Fig. 5.1); and (b) maintain 

zones 2 through 4 (Fig. 5.1) at the same and constant pyrolysis temperature. Thus, zone 1 always 

acted as a “solids preheat” zone, while zones 2-4 made up the pyrolysis zone that was kept at a 

constant temperature. Note that for the isothermal model of the following section, the solids 

“residence time” is actually the time the solids are exposed to the pyrolysis temperature in zones 

2-4. 

 Pyrolysis experiments were conducted at three pyrolysis temperature (370, 420 and 470oC) 

and (b) three reactor residence time (15, 30 and 60 min).  A careful analysis of the data showed 

that many of the pyrolysis runs the temperatures of zones 2 through 4 (pyrolysis zone) were at all 
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times within 2-5oC from the setpoint pyrolysis temperatures of 370, 420 and 470oC.  Finally, the 

total petroleum hydrocarbon (TPH) content of all treated soils was measured to determine the 

effectiveness of pyrolytic soil treatment. 

 

5.2 Steady-state Model for Soil Pyrolysis Reactor 

As we discussed before, more than 90% of the clean or contaminated soil consists of inert soil 

components (like quartz) that do not decompose or participate in any other reaction. However, a 

small fraction of the soil will undergo structural transformations that, for example, release water 

trapped within the layer of clays, or decompose to release carbon dioxide. Our EGA analyses 

with TG-MS or TG-IR revealed that clean soils release water and carbon dioxide over a wide 

range of temperatures upon heating. Contaminated soils also release hydrocarbons and hydrogen 

over specific temperature ranges corresponding to desorption of light hydrocarbons between 120 

and 350 oC and pyrolysis of heavier hydrocarbons in the 350-500 oC temperature range.   

While the relative weight losses observed during the pyrolytic treatment of contaminated soils 

(7.1 ± 0.33 wt% for soil A, 4.83 ± 0.12 wt% for soil B) may seem relatively small, the total mass 

and volume changes should not be neglected when we process large amounts of contaminated 

soil.  

We will employ a finite-stage or mixing-cell model to describe the steady-state operation of an 

pyrolysis reactor77-79. These and other literature studies have established that finite-stage models 

can accurately model the operation of tubular flow reactors like the kiln pyrolysis reactor 

considered here, as long as a sufficiently large number of mixing cells (or finite stages) is used. 
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Figure 5.2:  Schematic showing the kiln reactor modeled as two cascades of interconnected 

CSTRs, where the solid and another for the gas phase.  

 

    Figure 5.2 shows the finite-stage 1D model used to describe steady-state operation of our kiln 

reactor. In order to simplify our calculations, we will make the following assumptions: 

1. The kiln is divided into N compartments with equal volume DV . Each compartment is 

assumed to be consisting of two connected mixing-cells (or CSTRs) with volumes equal to  

DV
s
= e

s
DV  and DV

g
= 1 e

s( )DV  

where e
s
 is the volume fraction of solids in the kiln. 

2. Since gas phase takes the majority volume (90% in this case) of the kiln, the volume of gas 

phase remains constant. Thus, the volumetric flow rate Q of gas is constant and equal to the 

nitrogen flow rate. 

3. There are no reactions taking place in the gas phase. 

4. There are no temperature or concentration gradients in the radial direction.  

5. Heat radiation is considered negligible in this case. 
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5.2.1 Steady-state mass balance equations 

    Let r
j ,s

t( )  be the total density of the solid reactants in the j-th  compartment (or mixing cell) 

at time t. Then, the total mass balance for the j-th compartment becomes: 

                                   
¶
¶t

r
j ,s
DV

s( ) = Q
s
r

j1,s
 r

j ,s( )  R
j

j = 1,2,..., N      (5.1) 

    When reactions in solid phase reach steady state, equation (5.1) becomes: 

0 = Q
s
r

j1,s
 r

j,s( )  R
j

j = 1,2,..., N         

    Or r
j ,s
= r

j1,s


R
j

Q
s

j =1,2,..., N     (5.2) 

    The reaction rate of the solid phase in the j-th compartment is: 

Rj =
dm

j ,s

dt
= m0

j ,s

dx

dt
  (5.3) 

    Thus, equation (5.2) can be written as: 

                                               r
j ,s
= r

j1,s


m0
j ,s

Q
s

dx

dt
j =1,2,..., N    (5.4) 

    where soil volumetric flowrate Qs(z) is decreasing with reactor length z. Since the solid 

reactant consists of M (i = 1,2…, M) components, the mass balance for component i at steady 

state yields: 

  r
j ,i
= r

j1,i


m0
j ,i

Q
s

dxi

dt
j = 1,2,..., N   (5.5) 

    The total unreacted mass fraction x can be obtained from the unreacted mass fraction xi of the 

individual components as follows:  

  
dx

dt
= c

i

dx
i

dti=1

M

å    (5.6) 
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  The rate  
dxi

dt
 can now be calculated by differentiating equation (3.10): 

  
dx

i

dt
= A

i0
exp 

E
i

RT
 A

i0
eEi RT dt

0

t

ò
æ

èç
ö

ø÷0

¥

ò f
i

E( )dE       i =1,2,..., M    (5.7) 

   The steady-state mass balance for the gas phase becomes: 

                                                 0 = Q
g
(r

j1,g
 r

j ,g
) m0

j,s
c

i

dx
i

dti
å   

  Or                                                 r j ,g
= r

j1,g


m0
j ,s

Q
g

c
i

dx
i

dti
å     (5.8) 

5.2.2 Steady-state energy balance equations 

    The energy balance for the two phases are derived in a similar fashion assuming that there is 

no reaction and, thus, no reaction  heat effects in the gas phase. Let ,j sH  be the enthalpy of the 

solid in the j-th compartment. The energy change in the j-th compartment equals to the sum of 

energy input and outflow plus the heat transfer: 

, ,
1, 1, , ,

( )j s j s s
s j s j s s j s j s s

H V
Q H Q H q

t

r
r r



 

¶ D
=  

¶
 

Or                             , ,
, , 1, 1, , ,

j s j s
s j s s j s s j s j s s j s j s s

d dH
V H V Q H Q H q

dt dt

r
r r r



 D  D =                

(5.10) 

    , ,p j sC


 is the total specific heat capacity of soil in the j-th compartment, kJ/kg/K, the enthalpy 

change can be described in this relationship: 

                                                                   , , , ,j s p j s j sdH C dT


=                                                  (5.11) 

    By combining the mass balance equation (5.1) and (5.11), equation (5.10) can be written as: 
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               ( ) ,
, 1, , , , , , 1, 1, , ,

j s
j s s j s j s Rij s i s j s p j s s j s j s s j s j s s

i

dT
H Q H R V C Q H Q H q

dt
r r r r r

 

    D  D =  å  

Or 

                           ,
, , , 1, 1, , ,( )j s

s j s p j s s j s j s j s Rij s i s
i

dT
V C Q H H H R q

dt
r r

 

 D =   D å                           (5.12) 

where ,Rij sHD , iR is the reaction heat and reaction rate for component i (i = 1,2…). 

    If we assume that the heat capacity of soil reactant does not change significantly with 

temperature or composition, we obtain: 

                                                1, , , , 1, ,( )j s j s p j s j s j sH H C T T


  =                                                (5.13) 

    Thus, heat balance finally becomes: 

          ,
, , , 1, , , 1, , ,( ) 1,2,...,j s

s j s p j s s j s p j s j s j s Rij s i s
i

dT
V C Q C T T H R q j N

dt
r r

  

 D =   D  =å              (5.14) 

where the total heat capacity can be calculated by , , , , , ,
1

M

j s p j s j i p j i
i

C Cr r
 

=

=å . At steady state, 

equation (5.14) becomes: 

                                      
1, , , 1, , ,0 ( ) 1, 2,...,s j s p j s j s j s Rij s i s

i

Q C T T H R q j Nr
 

 =   D  =å   

Or                                         
,

, 1,

1, , ,

1,2,...,
Rij s i s

i
j s j s

j s s p j s

H R q
T T j N

Q Cr



 



 D 
=  =

å
                   (5.15) 

    To simplify the model, we assume that the nitrogen stream is also fed at the entrance of the 

kiln co-currently to the contaminated soil. Since there is no reaction take place in the gas phase, 

the energy balance for the gas in the j-th compartment at steady-state yields: 

                                   1, , , 1, ,0 ( ) 1, 2,...,j g g p j g j g j g gQ C T T q j Nr
 

 =   =   
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Or                               , 1,

1, , ,

1,2,...,g
j g j g

j g g p j g

q
T T j N

Q Cr



 



=  =                                          (5.16) 

    Since the heating of the kiln was controlled by the electrical heaters, we will assume that the 

wall temperature for zones 2, 3 and 4 was maintained at a constant temperature for the target soil 

feed rate. Thus, the heat transfer in the kiln can be represented by heat flux in the gas phase and 

solid phase, sq


, gq


, in equation (5.12) and (5.16).  sq


, gq


, was comprised by heat flux between 

the gas and the soil, the wall and the soil and the gas and the soil shown as in equation (5.17a-b): 

                                                      s gas solid wall solidq q q


 =                                                      (5.17a) 

                                                      g wall gas gas solidq q q


 =                                                       (5.17b) 

In this model, heat radiation was neglected for simplicity. Heat convection between the wall and 

the gas, the gas and the soil and heat conduction between the wall and the soil can be described 

as follows: 

( )wall gas cwg cwg w gq h A T T =              (5.18a) 

( )wall solid cws cws w sq h A T T =                (5.18b) 

( )gas solid cgs cgs g sq h A T T =              (5.18c) 

    The heat transfer coefficients were calculated by the empirical relationships developed by 

Tscheng and Watkinson 80, 81: 

0.535 0.104 0.341
e e0.46 R R

D

g
cgs

e

k
h

D 
 =                                        (5.19a) 

0.575 0.292
e e1.54 R R

D

g
cgw

e

k
h

D 

=                                                 (5.19b) 
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0.311.6 ( )b i

cws
cws b

k R
h

A





=                                                  (5.19c) 

    Where A is the heat transfer area per unit, m2 , k  is the thermal conductivity, kJ/K/s, 

24 /soilS D p=  is the solid bed porosity,   is the kiln rotational speed, rad/min,   is the angle 

of solid fill in the cross-section area, rad, as illustrated in Figure 5.3. The hydraulic diameters 

eD  , eR
D

 , eR


are calculated by: 

4 g

cgs cws

A
De

A A
=


                                                       (5.20) 

eR
D

g g e

g

u Dr


=                                                          (5.21a) 

2

eR g e

g

D


r 


=                                                          (5.21b) 

    Ag is the cross-section area gas flow through the kiln, m2. Because of the low rotational speed 

of kiln (3 rad/min in this case), only a thin layer of the soil particles rolls down when the kiln 

rotates. Heat transfer area is the contact area between gas and solid, gas and wall or solid and 

wall.  
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             Figure 5.3 Schematic view of the cross-section area of rotary kiln 

 

5.3 Convergence of Finite-Stage Model   

Equation (5.7) implies that the reaction rate in every compartment is a function of time. The 

integral of equation (5.7) is computed numerically for every compartment. If L is the reactor 

length and N is the number of compartments (mixing cells), the time the solid will spend in each 

compartment is equal to  

                                                           Dt =
L

u ×N
=
t
N

                                                         (5.22) 

where t  is the solids residence time. As expected from literature studies with mixing-cell 

models, the numerical solution will converge to the true solution as N ®¥ . 

 Figures 5.4 and 5.5 present some results from the systematic study we conducted to 

determine the value of N that will give us accurate results for each set of operating conditions 

and soil type. For both contaminated soil A and soil B, the total soil density and the densities of 

individual components converge at different rates as N increases. For contaminated soil A treated 

at 470 ℃ with 30 min residence time, Figure 5.4 shows that A2-H2O converges with fewer than 

100 compartments, while A1-H2O requires more than 10,000 to converge. Hydrocarbon 

components (A5-LH, A6-HH) continues to decrease until 1,000, and seems decrease very slowly 

after 103. For components that react at higher temperature (for example, A3-H2O, A4-CO2 in 

contaminated soil A and A3-H2O in contaminated soil B) than in the pyrolysis experiments, we 

should observe very small change when the N increases. But A4-CO2 in contaminated soil A 

increase abnormally when N < 100, this is caused by the inaccurate soil temperature calculation. 
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When the number of compartments is small, soil temperature may be higher than the expected 

value, which may reach the reaction temperature of carbonate decomposition.  

 For the subsequent discussion, N = 5,000 will be used. Typical CPU times for N = 5,000 for a 

single test is around 730 s on a personal computer with a 2.50 GHz Intel Core i7 processor.  
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Figure 5.4 Unreacted fraction of the solid reactants of contaminated soil A computed for 

increasing number of compartments N. Pyrolysis reactor operates at 470℃ with 30 min residence 

time. 
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Figure 5.5. Unreacted fraction of the solid reactants of contaminated soil B computed for 

increasing number of compartments N. Pyrolysis reactor operates at 470℃ with 30 min residence 

time. 

5.4 Verification of the steady-state model by experiment 

     In this work, the pyrolytic treatment data of contaminated soil B from the pilot-scale kiln 

reactor 82 is used for model verification. As shown in Figure 5.1, the pilot-scale kiln is divided 

into preheating zone and pyrolysis zone. Four electric heaters were independently controlled to 

raise the gas temperature to the desired pyrolysis temperature (370, 420 and 470 oC) Since 

deviation of pyrolysis temperature has a significant effect on the pyrolysis rate 82, temperature of 

the pyrolysis zone should keep in a certain range. Thus, the electric heater in zone 1 should 

maintain the wall temperature at a higher value than that used for the pyrolysis zone (zones 2-4) 
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to preheat the solid and gas phases to the desired pyrolysis temperature. A logistic function is 

used in the model to simulate the temperature of the kiln wall as shown in equation (5.23). 

Table 5.1 Model parameters of co-current kiln model 

Model parameter 

Length, L, inch 72 

Diameter, D, inch 7 

Hydraulic Diameter, De, inch 7 

Bed porosity, η 0.10 

Nitrogen volumetric flowrate, Qg, L/min 13 

Kiln rotational speed, ω, rpm 3 

Pressure inside the kiln, bar 1 

Ambient temperature, oC 25 

Soil density, rs, kg/m^3 2100 

Nitrogen density, rg, kg/m^3, 400oC 0.503 

 
 

                                              ,max
0

( )
1 exp( ( ))

w
w

T
f x T

k x x

D
= 

  
                      (5.23) 

Figure 5.6 shows an example of the kiln wall temperature modeling. The inverted S-curved is 

used to describe the sudden temperature drop ( wTD ) caused by the electric heater between 

preheating zone and pyrolysis zone. The max temperature in the preheating zone ( ,maxwT ) and the 

temperature drop were selected based on the residence time and target pyrolysis temperature. In 

this work, different temperature drop was used to keep the temperature of the pyrolysis zone 

within ±5 oC as shown in Table 5.2 and 5.3. 
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Figure 5.6:      An example of using logistic function to model the temperature of kiln wall for 

contaminated B (residence time = 30 min, pyrolysis temperature = 370 oC). The 

four electric heaters control the temperature independently and create a 

temperature drop from preheating zone (z ≤ 0.25) to pyrolysis zone (z > 0.25). 

The steepness factor k is equal to 0.5 in this case. 

 

 

 

Table 5.2. Temperature of the pyrolysis zone and parameters of logistic function used for 

contaminated soil A 

Residence time, 15 min 

Tw, max 488 600 720 

∆Tw 103 165 240 

Temperature of pyrolysis zone, oC 370 ± 5 420 ± 4 471 ± 4 

Residence time, 30 min 

Tw, max 460 572 645 

∆Tw 80 145 170 
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Temperature of pyrolysis zone, oC 370 ± 4 421.5 ± 2.5 469 ± 5 

Residence time, 60 min 

Tw, max 438 525 585 

∆Tw 60 100 110 

Temperature of pyrolysis zone, oC 371.5 ± 3.5 421 ± 3 471 ± 4 

 
 

Table 5.3. Temperature of the pyrolysis zone and parameters of logistic function used for 

contaminated soil B 

Residence time, 15 min 

Tw, max 505 600 698 

∆Tw 120 158 210 

Temperature of pyrolysis zone, oC 368.5 ± 3.5 420.5 ± 4.5 467 ± 5 

Residence time, 30 min 

Tw, max 505 600 698 

∆Tw 120 158 210 

Temperature of pyrolysis zone, oC 368.5 ± 3.5 420.5 ± 4.5 467 ± 5 

Residence time, 60 min 

Tw, max 455 530 602 

∆Tw 75 105 130 

Temperature of pyrolysis zone, oC 372 ± 4 418 ± 5 466.5 ± 4.5 

 

5.4.1 Model predictions for Soil B Agree with Experimental TPH reduction 

data 

We will first discuss the model predictions for contaminated soil B since only this soil was 

used for the pyrolysis experiments in the 7-inch rotary kiln. Figure 5.7(top panels) shows almost 

all the light hydrocarbon (LH) can be desorbed under all the listed pyrolytic treatment 

conditions. Only 3% of LH remain in the soil at the lowest temperature 370oC and residence time 
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of 15 min. At 470 oC, only ½ of the reactor length is required to completely desorb the light 

hydrocarbons.  

However, heavy hydrocarbon (HH) cannot be easily removed when pyrolysis temperature is 

relatively low. When the pyrolysis temperature is 370 oC, 41% and 25% of the heavy 

hydrocarbon fraction (HH) remains in the exit stream when the residence time is 15 and 30 

minutes, respectively. By increasing the pyrolysis temperature to 420 oC, 94% of HH can be 

removed when residence time is 15 min. And complete removal of HH is achieved either by 

continuing increasing residence time and pyrolysis temperature.  

The predictions are in good agreement with the experimental measurements of Song and 

coworkers 83. After pyrolytic treatment, residual total petroleum hydrocarbons (TPH) of 

background soil is less than 12 mg/kg, which implies complete TPH removal. Table 5.4 shows 

that the TPH content was reduced from 14,000 mg/kg for contaminated soil B to 530 and 1,100 

mg/kg when this contaminated soil was treated at 370 oC for 15 and 30 min, respectively (about 

96% and 92% reduction). Almost complete TPH removal was achieved when contaminated soil 

B was treated at 420 or 470oC at any of the tested residence times (15, 30 or 60 min). As for 

polycylic aromatic hydrocarbons (PAH), 94.5% removal rate was achieved at 420 oC and 15 

min. PAH removal efficiency was better than 98% when the pyrolysis temperature was raised to 

470oC. 

While TPH does not correspond exactly to the unreacted fraction of heavy hydrocarbons in the 

model calculation, it is important to note that significant levels of unreacted HH component are 

computed only when the pyrolysis temperature is 370oC (Figure 5.7 (a, b)). A relatively small 

fraction of TPH residual (≤ 10%) was computed at pyrolytic conditions of 370 oC, 60 min and 
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420 oC, 15 min.  In agreement with experimental data, the model predicts almost complete 

removal of the HH component at other listed conditions.    

Finally, Figure 5.8 allow us to evaluate the full extent of soil transformations. From the 

results, the temperature is much more important than residence time, as we might have expected 

from reaction engineering fundamentals. Increase the temperature from 370 to 420 oC at 

residence time of 15 min can increase the removal efficiency of HH from 59% to 94%. But 

doubling of the residence times did not significantly affect the conversion of the soil reacting 

components or the hydrocarbon fractions. 

 

 

 

 

 

 

 

 

Table 5.4  Experimental data of pyrolytic treatment in the pilot-scale kiln, contaminated soil B 

(untreated contaminated soil B contains 14, 000 mg/kg TPH and 6739 mg/kg 

PAH) 83 

Temperature of 
pyrolysis zone, 

oC 

Residence 
time, min 

Residual 
TPH, mg/kg 

Residual 
PAH 

(mg/kg) 

370 

15 530 \ 

30 1100 \ 

60 27 \ 

420 15 15 370 
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30 <12 \ 

60 \ \ 

470 

15 <12 \ 

30 <12 89 

60 \ \ 

 
 

 

 

Figure 5.7(a):  Remaining mass fraction of two hydrocarbon components of contaminated soil B 

as a function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 15 min. Top panel: Light hydrocarbon 
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(LH) component. Bottom panel: Heavy hydrocarbon (HH) component. Kinetic 

parameters for contaminated soil B were given in Table 4.5. 

  

Figure 5.7(b):  Remaining mass fraction of two hydrocarbon components of contaminated soil B 

as a function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 30 min. Top panel: Light hydrocarbon 

(LH) component. Bottom panel: Heavy hydrocarbon (HH) component. Kinetic 

parameters for contaminated soil B were given in Table 4.5. 
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Figure 5.7(c):  Remaining mass fraction of two hydrocarbon components of contaminated soil B 

as a function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 60 min. Top panel: Light hydrocarbon 

(LH) component. Bottom panel: Heavy hydrocarbon (HH) component. Kinetic 

parameters for contaminated soil B were given in Table 4.5. 
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Figure 5.8:  Unreacted fraction of all soil reactants of contaminated soil B as a function of reactor 

length for a pyrolysis reactor operating at the indicated temperatures and solid 

residence time. Top left panel: solid residence time of 15 min. Top right panel:  

solid residence time of 30 min. Bottom panel: solid residence time of 60 min. 
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5.5 Model Predictions for Soil A: Pyrolysis at 420 oC Can Remove 

Hydrocarbon Content without Drastically Affecting the Soil 

    Figure 5.9 shows that pyrolysis at around 420oC can significantly reduce the amount of the 

total hydrocarbon components. Even at the residence time of 15 min (Figure 5.9(a)), almost all 

the heavy hydrocarbon (HH) can be removed. Light hydrocarbons (LH) can be desorbed at 

370oC and at any indicated residence time.  

    While raising the pyrolysis temperature to 470 oC may achieve higher hydrocarbon removal 

efficiency, the higher temperature may also lead to complete dehydration of clay components 

(Figure 5.11 and 5.12) and irreversible soil damage that lowers the fertility of the treated soil.    

We should also note that if pyrolysis is carried out at temperatures higher than 520oC, the 

carbonates (which constitute a large fraction of this soil) will start decomposing (Figures 5.11 

and 5.12) releasing carbon dioxide and causing increases of the soil pH. Pyrolytic treatment at 

570 oC decomposed about 0.25 of the carbonates and a significant pH increase is expected, 

which may cause a drastic reduction in the fertility of the soil 6.  
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Figure 5.9(a): Remaining mass fraction of two hydrocarbon components of contaminated soil A 

as a function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 15 min. Top panel: Light hydrocarbon 

(LH) component. Bottom panel: Heavy hydrocarbon (HH) component. Kinetic 

parameters for contaminated soil A were given in Table 4.4. 
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Figure 5.9(b):  Remaining mass fraction of two hydrocarbon components of contaminated soil A 

as a function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 30 min. Top panel: Light hydrocarbon 

(LH) component. Bottom panel: Heavy hydrocarbon (HH) component. Kinetic 

parameters for contaminated soil A were given in Table 4.4. 
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Figure 5.9(c):  Remaining mass fraction of two hydrocarbon components of contaminated soil A 

as a function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 60 min. Top panel: Light hydrocarbon 

(LH) component. Bottom panel: Heavy hydrocarbon (HH) component. Kinetic 

parameters for contaminated soil A were given in Table 4.4. 
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Figure 5.10: Unreacted fraction of all soil reactants of contaminated soil A as a function of 

reactor length for a pyrolysis reactor operating at the indicated temperatures and 

solid residence time. Top left panel: solid residence time of 15 min. Top right 

panel:  solid residence time of 30 min. Bottom panel: solid residence time of 60 

min. 
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Figure 5.11: Remaining mass fraction of A1-H2O and A2-H2O of contaminated soil A as a 

function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 30 min. Top panel: A1-H2O 

component. Bottom panel: A2-H2O component. Kinetic parameters for 

contaminated soil A were given in Table 4.4. 
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Figure 5.12:  Remaining mass fraction of A3-H2O and A4-CO2 of contaminated soil A as a 

function of reactor length for a pyrolysis reactor operating at the indicated 

temperatures and a solid residence time of 30 min. Top panel: A3-H2O 

component. Bottom panel: A4-CO2 component. Kinetic parameters for 

contaminated soil A were given in Table 4.4. 
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5.6 Temperature Profile for the Solid Bed and Gas Phase 

Model predictions for contaminated soil A and soil B indicate that effective hydrocarbon 

removal can be achieved at 420 oC with 15 min, which also has less impact on agronomic 

properties of soil. Figure 5.13 and 5.14 shows the predicted temperature profile for the soil bed 

and gas phase at 420 oC and different residence time (15, 30 and 60 min).  Since we use a higher 

wall temperature at the preheating zone, temperature of both solid and gas phase raises rapidly 

when z <0.25. This approach can keep the temperature of the gas phase in the pyrolysis zone 

within a small range (± 5oC) of the target temperature. And based on the assumption of no 

reaction taking place in the gas phase, reaction heat effects should not be present in the gas 

phase.  

Temperature of solid bed has different behaviors for the two contaminated soil samples. 

Figure 5.13 shows that solid temperature of contaminated soil A is closer to the gas phase than 

contaminated soil B (Figure 5.14), indicating endothermic reactions taking part in the soil have 

more effects on soil B. As we discussed in chapter 4, background soil B has prominent H2O 

release and peak at around 420 oC. But for background soil A, the high CO2 peak is at around 

600 oC, which would explain the contaminated soil A sample is easier to be preheated. The 

depression at around z = 0.4 of contaminated soil A (Figure 5.13) may be attributed to the 

endothermic reaction of H2O components or hydrocarbon components. The bottom plot in Figure 

5.13 shows that soil can be heated more rapidly than gas, which can be explained that the heat 

transfer coefficient hcws plays a crucial role in the preheating zone.  
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Figure 5.13: Predicted temperature profile of solid bed and gas phase of contaminated soil A at 

420 oC with different residence time (15, 30 and 60 min) 
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Figure 5.14: Predicted temperature profile of solid bed and gas phase of contaminated soil B at 

420 oC with different residence time (15, 30 and 60 min) 
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