
 

  
   

PYROLYTIC REMEDIATION OF  PETROLEUM-
CONTAMINATED SOILS: REACTION 

MECHANISMS AND PROCESS DESIGN TRADEOFFS 
 

Julia E. Vidonish, Pedro J.J. Alvarez and Kyriacos Zygourakis* 
Rice University 

Houston, TX 77005 

Abstract 

Pyrolytic treatment of soils contaminated with heavy petroleum hydrocarbons can rapidly reduce the total 
petroleum hydrocarbon (TPH) content to below regulatory levels, while restoring soil fertility to facilitate 
re-greening efforts. This study elucidates the pyrolysis reaction mechanisms and identifies important soil 
mineral transformations that can adversely affect the quality of treated soils. It also highlights tradeoffs 
between pyrolytic treatment intensity, hydrocarbon removal efficiency and fertility restoration to inform  
the design, optimization, and operation of field-scale pyrolytic systems. 
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Introduction

Whereas several remediation approaches have been 
developed to treat contaminated soils, many are either 
marginally cost-effective or impractical to treat soils 
contaminated with heavy petroleum hydrocarbons. Aerobic 
bioremediation and natural attenuation are slow and could 
form more toxic byproducts (e.g. PAH derivatives), raising 
the possibility of meeting regulatory cleanup goals without 
achieving full soil detoxification. Moreover, current 
thermal technologies may significantly damage key soil 
constituents and severely degrade soil properties such as 
water retention or stability. As a result, contaminated soils 
that have been remediated with thermal techniques often 
cannot sustain vegetation and can only be used as backfill 
in construction projects or sent to landfills. Thus, full 
ecosystem restoration of petroleum-contaminated sites is 
hard to achieve with current thermal remediation processes. 

We recently proposed the use of pyrolysis as a thermal 
remediation option that can restore the agricultural value of 
contaminated soils and facilitate ecosystem recovery 
(Vidonish et al., 2016). In that study, we demonstrated that 
pyrolysis can reduce the total petroleum hydrocarbon (TPH) 
content of contaminated soils to levels well below 
applicable regulatory standards  (usually < 0.1% by weight). 
More importantly, plants grown in pyrolyzed soils showed 
better germination and growth metrics than in untreated or 
incinerated soils. This suggests that pyrolysis may be a 
more sustainable option to other thermal treatment 
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technologies.  However, the rational development and 
implementation of pyrolytic soil remediation requires 
mechanistic understanding of the formation, spatial 
distribution and chemical composition of the carbonaceous 
compound (or char) left behind after treatment. It is also 
critical to ensure that pyrolysis detoxifies the treated soils. 

Reaction Mechanisms and Soil Transformations  

The first objective of this study was to elucidate the 
fundamental mechanisms of contaminated soil pyrolysis.  
Using thermogravimetry and evolved gas analysis (EGA) 
with mass spectroscopy (TG-MS) and infrared analysis 
(TG-IR), we characterized the stages of the pyrolysis 
process, compared our observations to the literature results, 
and quantified the effect of thermal treatment on soil 
minerals. Our results showed that pyrolytic soil remediation 
involves two distinct processes. As the contaminated soil is 
heated to the final pyrolysis temperature in the reactor, 
moisture release and desorption of the lighter hydrocarbons 
is the dominant process for temperatures below 350oC.  But, 
thermal cracking reactions dominate when the temperature 
rises above this level. EGA detected hydrogen and methane 
in the exit gas stream when the treatment temperature is 
between 400 and 550oC.  Since methane is one of the main 
products of asphaltene pyrolysis and hydrogen is a key 
product of the initiation and propagation reactions of 



  
 

 

hydrocarbon pyrolysis, it is clear that pyrolysis reactions 
take place in this temperature range. Alkane fragments were 
also detected in the same temperature range since low 
molecular weight hydrocarbons are also produced during 
the pyrolysis of asphaltenes.  Fragments corresponding to 
unsaturated (olefins) or cyclic hydrocarbons were also 
observed between 400 and 500oC, providing additional 
evidence that pyrolysis reactions (e.g. β-scission) take place 
in this temperature range. The final product of pyrolysis was 
a carbonaceous solid material (char) that remains in the 
treated soil.  Elemental analysis showed that the H/C ratio 
of treated soils decreased with increasing pyrolysis 
temperature to values typical of petroleum coke. XPS 
analysis on samples that were oxidized at progressively 
higher temperatures revealed that the char forms a thin layer 
coating the particles of treated soils. 

We also found that thermal treatment may trigger 
significant endothermic transformations of soil minerals 
like clay dehydration or carbonate decomposition that can 
both increase the energy costs and adversely affect the 
fertility of treated soils. Our work indicates that thermal 
remediation processes should avoid exposing the 
contaminated soil to temperatures greater than 550°C to 
prevent the possible decomposition of carbonates that will 
lead to significant increases of soil pH and loss of fertility. 
Such findings emphasize the importance of carefully 
designing remediation projects to strike a balance between 
achieving sufficient contaminant reduction and avoiding 
high temperatures that can lead to severe deterioration of 
soil function or unnecessarily high energy costs. 

Soil Pyrolytic Treatment in a Pilot-Scale Reactor 

Pilot-scale pyrolysis experiments were performed in a 
continuous 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 ensure isothermal operation in the last three 
zones. Soil was fed with an adjustable speed screw feeder, 
and N2 in countercurrent flow was used to sweep desorbing 
hydrocarbons and pyrolysis products. The off-gas passed 
first through a cyclone to remove fines and then through two 
tube-and-shell condensers to collect condensable hydro-
carbons. A computerized data acquisition system monitored 
and recorded all process variables (temperatures, flows, 
pressures, off-gas concentrations etc.) at 30 s intervals. 

We tested two contaminated soils with initial TPH 
levels of 14,000 and 18,000 µg/kg. Pyrolysis experiments 
were carried out to investigate how operating conditions 
affect (a) the efficacy of pyrolysis in reducing TPH and 
PAHs and (b) the fertility of pyrolytically treated soils. The 
operating parameters studied were the pyrolysis 
temperature (370, 420 and 470oC) and the solids residence 
time in the reactor (15, 30 and 60 min). 

Better than 99.8-99.9% TPH removal was achieved 
when the two contaminated soils were treated at 420°C for 
15 min. TPH levels were below the detection limit (about 4 

µg/kg) when soil was pyrolytically treated at 420°C for 30 
min or longer, or at 470°C for any of the tested residence 
times. However, even treatment at 370oC achieved TPH 
removal levels that are below common TPH regulatory 
limits (usually <0.1% by operating weight), highlighting the 
potential for energy savings when pyrolysis is compared to 
methods operating at significantly higher temperatures.  

Soil fertility was assessed by measuring the average 
weight of Simpson lettuce plants grown for 21 days in clean, 
contaminated and pyrolytically treated soils. As was the 
case with our earlier batch studies, pyrolytic treatment 
restored soil fertility to almost the clean soil levels. 
However, treatment at the 470oC lowered the soil fertility 
indicating that soil damage occurs at these temperatures.  

To assess the toxicity of treated soils, we also measured 
the concentrations of 16 polyaromatic hydrocarbons 
(PAHs) identified by the U.S. EPA as priority pollutants. 
Pyrolysis significantly reduced PAH concentrations in all 
samples.  Treatment at 420oC with 15 min residence time 
reduced the total PAH concentration by 94.5%, while 
residence times > 15 min  or pyrolysis at 470oC reduced the 
total PAH concentrations by 98.6% or more, lowering the 
PAH levels to almost those of the clean soil. We are 
currently working with colleagues from the Baylor College 
of Medicine to assess the toxicity of pyrolytically treated 
soils using cell viability and cytotoxicity assays. As is well 
known, PAHs have been linked to skin, lung, and bladder 
cancer in humans, as well as to poor fetal development.  

Conclusions 

Pyrolytic treatment is an effective method for 
remediating soils contaminated with heavy petroleum 
hydrocarbons. While TPH and PAH removal efficiencies 
increase with increasing treatment intensity (i.e., higher 
temperatures and longer residence times), very high 
treatment intensities lower soil fertility, suggesting there is 
an optimum system-specific intensity for fertility 
restoration. By highlighting tradeoffs between pyrolytic 
treatment intensity, hydrocarbon removal efficiency and 
fertility restoration, our study seeks to guide the design, 
optimization, and operation of large-scale pyrolytic systems 
to efficiently remediate crude-oil contaminated soils. 
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