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In order to deal with the negative impacts associated with disposai of llsed ails by

thermal remediation., a study of the material under combustion-like conditions \vas

undertaken. Two used motor oils were subjected to slow heating using a

Thermogravimetric Analyzer coupled \Vith a Fourier Transform Infrared Spectrometer.

Based on the results obtained., mechanisms of the general transformation process the ail

undergoes and the evolution of the solid particles were proposed. The presence of

Polycyclic Aromatic Hydrocarbons (PAlis)., considered hazardous.. was observed and

individual PARs were identified. The results show that initial oxygen content in the ail

plays a significant role in the thermal remediation process~ primarily leading to smaller.

more compact final residues. This may have signiticant implications in terms of

leachability of toxic metals. The insight gained here can be utilized in filrther studies t,-l

understand and then possibly control., the process in practical combustion systems.
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La déstruction des huiles usagées par procédés thenniques sont nocives. Pour

résoudre ce problème, une étude préliminaire sur un procédé de quasi-combustion a été

entamée. Deux huiles pour moteurs ont été chauffées en présence d'un analyseur

thermogravimétrique avec infrarouge. La transformation de rhuile au cours du chauffage

a été étudiée suivant plusieurs paramètres pour comprendre les changements physiques et

chimiques au coeur de l'échantillon.

Un méchanisme du procédé a été réalisé. Les résultats obtenus dans cet étude

préliminaire démontrent que le taux d'oxygène initial dans l'huile joue un rôle important

dans le procédé. principalement en reduisant la quantité et grandeur du résidu final. Cela

pourrait avoir des répercussions significatives dans la lixiviation des métaux toxiques. La

présence d' Hydrocarbures Aromatiques Polycyclés a été aussi déterminée. Les

informations obtenues dans cette étude peuvent être utilisées pour mieux comprendre et

eventuellement mieux contrôler les méthodes thermiques qui utilisent les huiles usagées.
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Chapter /: Review

Chapter 1: Review of Pertinent Subjects

1.1 Waste Generation

Waste generation is not a new phenomenon. However~ the disposai of the waste

material in a safe and econamical way is becaming increasingly difficult. Thraugh a

combination of govemment regulations. economic constraints and public outery, many of

the disposai techniques previausly used have been or will need ta be abandoned or

improved. New disposai methods are therefore required to alleviate the problems now

being faced in the waste disposai industry. These new methods are being met \.Vith greater

scrutiny from bath government and the public in general and thus. must be proven to

address environmental concems. It is therefore necessary to research areas of waste

disposai in more depth so as to be able to understand the processes taking place and be

able to justify and validate any new disposai methods.

\Vaste material can be defined as an undesirable by-product generated during a

process leading to a desired product or use. This waste could be in either the gas, liquid

or solid phase, or a combination of the three. Although each type of waste has specitie

concerns associated with it, the work undertaken here concentrates on liquid wastes.

There are a variety of liquid wastes. each being important in terms of environmental

considerations.

1.2 Liquid Waste Overview

Liquid wastes that are generated can be of different types and classified as \Vater.

oil and other organic material. A general overview of the project justification is given in

Figure 1.1 Ca more detailed justification foIlows). This research concentrates on oil \Vastes

which can be defined. in generaL as oil that remains once the original material can no

longer be used for the purposes originally required of it due to either trace impurities or

loss of properties. Waste oils can be generated from many different sources such as spent

lubricants as weil as others, sllch as use in electric transfonners. These waste oils account

for a significant amount of waste material which need to he disposed of in a manner that is

both economically and environmentally acceptable.
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Liquid Waste

commonly produced

hydrocarbon contamination

Figure 1.1: Liquid Waste Oven'iew

The present work eoneentrates on a specifie type of waste oil. spent lubricants.

whieh can come from industrial processes sllch as hot roUing in metallurgical processing as

weil as from the use in engines as lubrication. One of the more common and significant

sources arises from the use of engine lubricants in automobiles. Waste oil generated from

automobile usage is the type of materiaI studied in this work due ta its constant generation

from routine oil changes~ as well as the potential for hydrocarbon contamination from the

fuel used in the vehicle, which would complicate disposai of this materiaL

1.3 Used Oil

The numerous sources of used oil generators can be classified by the flllid function

and are shawn in Table 1.1 with examples of sources for each. The classification falls into

four categories: lubricating ails, hydraulic fluids~ metal warking fluids and insulating tluids

(or coolants). The bulk properties ofthese oils \.\'Ï1I be similar. However. the virgin oils in

each category have their awn quality requirements. accarding ta their specifie use. These

requirements. together with the fact that the uses themselves are ditferent. means that the

used oils generated from each source are likely to have sorne ditferences in chemical and

physical praperties (at least with respect ta trace cornpounds). These differences rnay be

important in tenns ofdisposai method selection.
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Table 1.1: Waste Oïl Sources (11

Classification Sources
lubricating oils engine~ turbine~ gear
hydraulic fluids transmission tluids
metaI working fluids cutting, grinding, machining~ roHing.

stamping, quenching, coaling ails
insulating fluidlcoolant transformer oil

3

•

•

Prior to discussing the different used oil disposaI methods available, it is important

to mention general properties and characteristics of this material that will affect

appropriate selection. Waste oils originating from ditferent sources typically end up in

collection centers. Therefore. contaminant concentrations will vary from center to center

and thus, characterization of \Vaste oils represent typical averages. (For example. the

waste oil from one car is not necessarily exactly the same as that from another and when

mixed with waste from other sources. can lead to a used oil having atypical properties.)

In generaI. used oils have properties comparable to heavy fuel oils except tor

density and trace contaminants. This is especial1y true in terms of heating value. where

waste oils have heating values typically greater than 35 MI/kg (15000 BTU/lb). Also.

used oils generally have less sulfur than heavy fuel oils which means, for example. that

using waste ails as a supplemental fuel would generally reduce SOx emissionsl21 and

therefore he advantageous.

When compared to the virgin oil. however, used oils will usually contain sorne

trace impurities such as: suspended metal particles. dirt. water. and halogenated solvents.

Waste ails will also differ from the original ail in sorne other physical properties resulting

from its usage (e.g. viscosity and flash point may change from virgin grade to waste ail).

A partiallist of the contaminants found in waste oil is given in Table 1.2. which shows the

approximate concentration range as weil as the potential source of these contaminants.

AlI of these contaminants need to he addressed when dealing with disposai of \Vaste oils.

1.4 Waste Lubricating Oils

The ail being studied is a waste lubricating oil and.. as mentioned previously. the

makeup of the original oil is important. Lubricating oils. in general, are composed of an

organic (or petroleum) base. A break-do\vn of the hydrocarbon types typically found in
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Table 1.2: Contaminants of Potential Concern in Waste Oils l31

lubricating oils is shown In Table 1.3. Generally. lubricating oils have carbon content

originating mainly from paraffinic hydrocarbons (-70%). although a small portion «5~~)

is found in aromatic chains (which is a concem to be discussed later). The hydrocarbons

are composed mainly of those having an approximate molecular weight in the order of

420-520 a.m.u. and a boiling point of350-450°C. depending on the grade of oil(~I.

•

Oreanic contaminanlS
.-lronraric Irydrocarbolls

Po(vcyclic (P.-lH)
benzo[aJp~Tene
benz[a janthrncene
p~Tene

.\lOlloaronraric

aIk.-yi bc:nzent:S
Diaromaric

naphthalenes

Clrloril1ared Irydrocarbons

trichloroethanes
trichloroethylenes

.\ferals

bariwn
zinc
chromium

Probable Source

PelCokwn~ stock
or contamiIk.ation

May oc tànn~-u chemically
tluring lL~

Atlditi\Oe package•
Engine! metal Wr;::lf

Approximate cone
r:ull!e. j.1g/L

360-62.000
870-30.000

1,670-33JIOII

9011.000

~O.1I00

18-1 J'~lI()()

1~-2.6()O

60-690

630-2.5011

5-2-t

•

Table 1.3: Tvoical Lubricating Oil Composition [~I

C in paraffinic chains 65-750/0
C in naphthenic chains 20-30%
C in aromatic rings < 5%...

Additives are added to the base oil ln trace amounts. depending on its use. ln

improve the characteristics and the life of the oil. The additives consist of inorganic

material such as sulfur~ nitrogen and metals (e.g. barium. zinc and chromium) and can

account for up to 150/0 of the oil by volume[~J. Therefore. these constituents also need to

be accounted for when considering the treatment method of the waste material.

The research concentrates on waste lubricating oils from a particular source.

namely automobiles. This is because one of the more common sources of used oil is
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Iubricating ail from vehicle maintenance (i.e. waste crankcase ails or WCOs) due to the

high number of vehicles in use[S). \VCOs are removed from the crankcase of internai

combustion engines after a period of lisage when its properties are no longer suitable.

Table 1.4 shows a typical make-up ofwaste crankcase oils from the automotive industry.

Table 1.4: Composition ofWCO [6J

Parameler Value
Specifie gravi~·. API 2~.6

Viscosity (31OK) 53.3 ccmistokes
Flash Point 102°C
Walcr ~.~% vol
Sulfur o.3~% \\1

Ash 1.18% \\1

Lcad l.U% ut

Calcimu 0.17% \\1

Zinc 0.08% \\1

Phosphorous 0.09% \\1

8arium 568 ppm
Iron 356 ppm
Vanadium 5 ppm

[n Canad~ in 1990. the volume of recoverable WCO needing disposai \Va~

estimated to be 227.3xI06 L (which \vorks out to about 56% of the 413.3xlO(' L of

crankcase oils sold in the automotive industry in that year). The remainder of the oil \vas

consumed during engine use (either due to buming and subsequent escape through the

exhaust or through leakage)lSI. (Waste disposai research can only deal with used oil that

cao be collected; however. the portion of oil that is lost during use is very significant in

contributing to detrimental etTects on the environment and is worth further study as weiL)

By comparison, in the United States. the problem is rnuch greater due to the

greater amount of vehicles in use. 1t is estimated that 5216x 106 L (1. 378 billion gallons)

of automotive waste oils are generated per year. with about half coming from people who

change the ail on their own vehicles (kno\vn as Do-It-Yourselfers. or D[Ys). ln addition

to the amount collected above. between 73I-1514x106 L (193-400 million gallons) are

released inta the environment (e.g., through dumping) by DIYs[7J, which is greater than

the amount collected in Canada. When the amount of \VCO produced in Canada and the

United States is considered. this source of waste rnaterial becornes a very significant one

and thus requires attention in terms of implementing acceptable disposai techniques.



1.5 Disposai Methods

Due to increasing limitations on disposai methods (through regulations and public

relations issues)~ the primary goal in waste disposaI should be to attempt to minimize the

amount of waste generated by either altering the generating process or improving the

longevity of the oil through changes in its physieaI and/or ehemicaI properties. However.

despite waste minimization attempts. used oil is unavoidably produced and thus still

requires treatment and disposai. (For the purposes of this study. waste oil minimization

techniques will not be considered in order to focus on the \Vaste after it is generated.)

In order to properly irnplement a used oil disposaI method~ it is essential to

establish an efficient collection method in order to help make treatment alternatives more

economically feasible. particularly in the case of the smaU generator. It is often during this

collection process that the waste oil is contaminated with such things as chlorinated

solvents which seriously alter the effectiveness of a disposaI method.

The ultimate goal of waste oil treatment is to render the material that is disposed

harmless to the environment or at least minimize the release of toxie compounds. There

are several disposai methods that can be applied to deal with the waste material. The

more common alternatives for general waste disposai are found in Figure l.2. together

with sorne of the selection criteria. There are biological and chemical treatment methods

which [nvolve the removai of undesired contaminants through the addition of microbes

and chemicals, respectively. These methods can be generally time consuming or

expensive. Other alternatives [nclude recycling and landfilling which are at opposite ends

of what is desirable from an environmental point of view. Recycling saves natural

resources but is costly while landfilling is usually cheap but detrimental to the

environment. Another option. themlal remediation. is the method of interest in this work.

and involves heating the waste and extracting a portion of the energy available From the

waste. Finally~ the waste can be subjected to combinations ofthese treatment methods.

The alternative disposai method selected is based primarily on the properties of the

waste material and on economics of the process. The choice may also be influenced by the

potential for future liability to the generator as well as on environmental coneerns. either

from a public relations or a regulatory point of view.

•

•

•
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The disposai methods available to deal with waste oils specifically are similar tù

those mentioned above. Sorne of the options previously utilized to deal with waste ail.

such as indiscriminate dumping~ landfilling and land disposaI. have been generally accepted

and therefore utilized with litde concem. Ho\vever. as environmental concems grow and

more stringent controls are being placed upon industry. such methods are no longer

acceptable and should be minimized in tàvor of other disposaI techniques sinee the abovè

options prevent the oil from being treated. Other options. such as thermal remediation

and recycling. are more attractive and more tàvorable. especially if sorne of the

environmental concerns assoeiated with them could be addressed. which is precisely one

of the long term objectives of this work.

The three main disposai methods that are favorable in dealing with waste oils are:

recycling. re-refining. and use as a fuel (thennal remediation techniques). These methods

are discussed in the following sections. Each of these methods have their benefits as weil

as their disadvantages that need consideration when selecting a treatment method.

One of the alternative disposaI methods to deal with used oil is to recycle and re­

use the oiL The processes involved in recycling and re-refining are similar and are

therefore discussed together. There are different levels of recycling. Recycling waste ail

involves subjecting the oil to a proeess such as a physical treatment which may result in oil

with lesser quality than the original oil. The recycled oil can therefore be re-used in a less

demanding application without requiring further treatment.



Physical treatment of waste ail involves removal of solid contaminants. Methods

such as settling~ filtration and dehydration are used but these do not remove aH of the solid

material such as trace metals because of their small particle sizes. These methods are

relatively simple and therefore have lower costs than more elaborate methods such as

centrifugation~ clay contacting and distillation. Although these methods are more

effective~ their extra cast sometimes makes the recycling and re-refining processes

economically unfeasible and are therefore~ not usually utilized.

AIternatively, the ail can he further treated ta produce a fuel grade oil and then

subjected to thermal remediation (which is discussed later). [Note that in the case of

\Vaste ails, recycIing is often a precursor to other treatment methods such as for use as a

fuel.] The waste can also he treated prior to submitting it to a refining process. Re­

refining waste ail involves using the matenal in a refining process to produce an ail having

properties that meet virgin product grade specifications (or another finished product sLlch

as gasoline). In Canada, there \vere nine re-refining operations in use in 1993(51

AIthough, from an environmental point of view~ recycIing and re-retining seem

ideal, the stringent specifications of the finished product~ as weil as the inconsistencies in

waste ail makeup, do not always make this option economically or technologically viable

In addition, the re-refining process also generates pollutants in the form of air emissions.

liquid effluent and solid wastes that will have to also be dealt with[SI. These concerns

sometimes limit the use of this alternative.

•
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1.6 Thermal Remediation

The last main disposai method tor \Vaste oils involves thermal remediation. Some

of the more attractive alternatives are those involving thermal remediation of the waste

material which explains why addressing the concems associated with these methods is

important. Thermal remediation is a very attractive disposai method for a number of

reasons and an explanation of thermal remediation is given in Figure 1.3.

Thermal remediation involves application of high temperatures to the waste in

order to extract part of the energy available from the waste. At the same lime. the

contaminants in the \Vaste can be destroyed. The advantages of such methods are the
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immediate reduction of both the mass and volume of material needing ultimate disposai.

This reduces the generator' s storage and handling costs of the waste material. ln addition.

the energy extracted from the waste can he used in producing utilities. such as steam or

electricity. Through these heat recovery techniques. the operating cost of the process can

be reduced by the use on site or the sale of the utilities generated. Therefore. from an

economic point of view. thermal remediation methods are generally quite advantageous.

Furthermore, since there already exist several processes that currently use virgin fuel oil

(e.g. utility boilers). supplementing the virgin fuel by used ail would be beneficial and

would not require excess capital investment. Unfortunately. most combustion methods

are not as attractive from an en,,;ronmental point of view. Typical processes involve the

release ofunwanted emissions such as unbumed hydrocarbons as weil as the emissions of

heavy metals which are detrimental to human health and thus. need to be minimized.

The current research involves the combustion of waste lubricating oils because

they are good candidates for thermal remediation. What makes waste lubricating oil

particularly attractive to thennal remediation results from sorne of its properties. Waste

lubricating oil has a high heating value. over 37 Ml/kg (16000 BTU/lb) which is

comparable to that of heavy fuel oil at 42 ~Ulkg (18000 BTU/lb). This means that a

relatively high amount of energy can be extracted from the use of waste lubricating oil in

existing processes that currently use heavy fuel oils. Another interesting property is the



low ash percentage ofwaste lubricating aiL Since everything but the inorganic material in

the oil can bUIl\ the low ash percentage significantly reduces the amount of waste needing

ultimate disposaI. This \viU significantly reduce the disposai cost to the generator of the

waste since only the inorganic material will need disposaI after treatment.

However. there are environmental concems associated with combining thermal

remediation and waste oils. These concems are summarized in Figure 1.4 and resu[t from

the emission of toxic materiai that may be present in the oiL (Note that the arrows in the

figure point to areas ofconcem in this study.) These emissions can be in the gas phase. as

products of incomplete combustion.. or as the solid particulates that result during the

process. The major differences between virgin fuel and waste ail are in the levels of the

contaminants and therefore. the concern associated \vith buming waste oil comes tram

their release. Sorne of the contaminants are considered taxie and can make their way into

the environment through air emissians. fly ash or bottom ash emissions. These materials

include peBs, heavy metals. unburned hydrocarbons. organochlorines and solid

particulates which aIl have negative impacts on the environment and need to be minimized.

•
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compounds during the use of the oil. Since virgin oil typically contains linle of

halogenated compounds « 100 mg/kg).. it is more likely that these contarninants are a

result of mixing other wastes with the oil during storage[8J.

Trace heavy metals are either introduced to the oil as part of the additive package

(i.e. prior to use) or may be a result of wear from the instrumentldevice that uses the oil

(such as an engine). Metals such as zinc. chromium and lead are among the rnetals of

concern due to the potential negative etfects from exposure to these compounds. Also.

metals are known to act as catalysts for hydrocarbon oxidation and thus their presence

may affect the combustion process. (9)

Solid particulates are also a concem when discussing thermal rernediation of \vaste

oiL Solid particulates. which include ash and soot. may contain sorne hazardol1s

compounds. such as taxie rnetals. Other emission concems from thermal remediation of

waste ails can come during the cleaning and maintenance of the equiprnent used in the

combustion process (and are similar to those described above). as well as NO:-.: and sa,
that are generated during the process. However. for WCOs in Canada in 1990. the

estimated emissions fram combustion processes ofNOxand SOx was as follo\vsISI :

NOx 174.5 tonneslyr
SOx 569.3 tonneslyr

In camparison ta ather sources in Canada.. the tollawing emissions are typical:

NOx from transportation sector 1 180 000 tonnes/yr
SOx from a major Canadian industrial plant 695 000 tonnes/yr

Since these levels are much higher than those released through the buming of WCOs. the

contribution ofNOx and SOx levels through the buming ofWCOs is not a major concern.

Hydrocarbons are of particular cancem since oil comprises rnainly of a mixture of

hydrocarbons which, if not bumed completely. will be released inte the atmosphere. The

hydrocarbons present in waste oil that are of most concem are a particular class of

aromatic hydrocarbons known as Polycyclie Aromatie Hydrocarbons. or PAHsl~1 PAHs

are those hydrocarbons containing 2 or more benzene rings. Sorne of these hydrocarbons

are particularly toxie. such as benzo(a)pyrene. and they can be found in varying amounts

in waste oil. depending on the source of the oiL[31 These PARs may also come trom

contamination by external sources or they can be produeed during the use of the oill~l_

•
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Since sorne of these compounds have been found to be carcinogenic and mutagenic. their

release into the atmosphere is a problem.

In general~ the emission levels of these contaminants are low and vary according ta

the composition of the feed and the type ofcombustion unit. However. constant operation

may cause significant accumulation of these pollutants over time. For the example of

PARs, although emitted in trace amounts. constant exposure to even small levels may be a

concem due to sorne of these compounds being mutagenic and carcinogenic.

One of the reasons to study behavior ofwaste oil during thermal remediation is the

current existence of a number of thermal remediation processes in which \vaste oil can be

bumed as a filet and in sorne cases, are currently being used. For example, processes such

as electric utility boilers, cement kilns. and industrial boilers are potential users of \Vaste

oil. In essence. the waste ail can be used as a fuel (or as a supplemental fuel) in a process

such as a boiler that produces steam1 since it is more economical to use waste ail instead

of having to purchase as much virgin fuel oil. [n order to promote the usage of

combustion methods for the disposaI of used oils, it is necessary to improve the process

from an environmental point of view to deal with the different areas ofconcem.

One of the thermal remediation methods available is to bum the waste oil in either

a commercial or industrial boiler. \Vaste oil can be used as the primary fuel in il

commercial boiler or as a supplemental fuel in the larger industrial boilers and furnaces_

The commercial boiler is rated at a heat capacity of less than 3 MW (lOxl06 BTU/h) and

is of concem more than the other methods due to the shear number being usedl~l_ Also.

these units typically have low stack heights « 12 m) which puts hazardous eroissions

doser to the general popuiationlsi . Commercial boilers are used generally to heat

apartment buildings. greenhouses, and small institutional facilities such as schools and

hospitaIs. Typical combustion efficiencies ofcommercial boilers are >99.9%llôl.

Industrial boilers are utility or power generating boilers used to provide hot water

or steam for manufacruring processes. These are generally rated at >7 MW (>2Sx 10"

BTU/h) and usually use a blend of recycled oil and virgin fuel oil~ to ensure a constant

supplyl8l . Typically, industrial boilers can be equipped with better air pollution control

equipment to deal with sorne of the emissions problems associated \vith the process.



Space heaters cao aIso use waste oil tor fuel. These are typically sold to service

stations and maintenance shops of firms with several of their own vehicles. These are

meant to be used on site by the generators of waste oil. They tend to have small heat

capacity~ <0.15 MW «0.5xl06 BTUIh) and use 3.8-7.6 Uh ofused oi118J.

Regulations exist which govem the use of waste ails as fuel. In order to use \Vaste

ail as a fuel \\rithout the need for additional permits. the ail must meet certain criteria for a

specification fuel. These criteria are listed in Table 1.5 and are the criteria that apply in

the United States (the Quebec criteri~ where different. are given in parentheses).

Table 1.5: Fuel Specifications[61 (Quebec[JOI)
Fuel DC5ignation Variable
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On-Specification metal content (maximum)
arsenic. 5 ppm
cadmium. 2 ppm
chromium. 10 ppm
le:Id. 1no ppm

flash point (minimum). 3~"C
total halogclls (maximum). 1000 ppm ( 15(10 ppm)

Hazardous Was(e total halogens. -tOOO ppm or gre.'1tcr (NIA)

If the oil does not meet these criteria. it is considered either an off-specification

fuel (if the halogen content is less than 4000 ppm) or a hazardous waste (if the halogen

content is 4000 ppm or greater)_ In the United States. waste oils that are c1assified as 011­

specification can be bumed in most facilities as long as air emission standards are met.

Off-specification fuels cao be used as long as il cao be shawn that it was not mixed with an

otherwise hazardous waste. Due ta this criteria for total halogens. it is essential to keep

the waste oil collected away from possible contamination from halogenated solvents

Hazardous waste oils can be bumed if a special permit is issued guaranteeing a more

efficiently operated process[6J. Sometimes. in order to bum a fuel that meets the abave

specification. used ail can be blended with virgin fuel to lower the contamination levels.

When buming waste oils in industrial bailers. tor example. it is alsa important that

the bumer be designed to deaI with the possibility of low flash point material. The oil may

be contaminated with solvents such as acetone and benzene that may cause the material to

ignite at lower temperatures and thus run the risk of explosion. If the bumer is properly

designed then the waste can be fired with less concem for explosionf61.
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l.7 Current Disposai Practice Of Waste Lubricating Oïl

Information on waste ail disposaI is not very easy ta quantitY. (For example.

someone who throws ail in a ditch is not apt to tell anyone about it.) For that reason.

most of the numbers available are estimates but are still useful in getting a sense of the

magnitude of the problem. [n the United States. about 70% of ail the liquid and solid

hazardous wastes commercially incinerated are being bumed in cement kilnsl111 . The

cement industry requires a significant amount of fuel and it is more economical to use

cheaper sources of fuel to be bumed in conjunction with the primary coal fue11121 . (This

makes this industry a good candidate for using waste lubricating ails as a fuel.) ln the case

ofoils specifically, in 1983. in the United States. it was estimated that 1514xIOfi L ofused

ail was disposed as waste through landfiIling. incineration or dumpingl6J .

Since the oil being studied in this research is waste lubricating motor ail. i.e. WCO.

it is of interest to look more closely at the trend in disposaI of this type of waste. There

was an in-depth study done conceming the tàte of these oils generated in Canada in 1990

and a summary of the results is shown in Figure l.5. As can be seen. 50.5% by volume of

WCOs were re-refined and 33.3% were used as fuel. The remainder of the WCO was

disposed in sewers, landfiUs. through land disposai (i.e. municipal waste) and dust

suppression (on dirt roads). Of the WCOs used as fuel (i.e. 77xIOG L). 70.5xlOf
' L

(91.6%) were used in boilers. 4.8xl06 L (6.2%) were used in space heaters and 1.7xI06 L

(2.2%) were used as a fuel in diesel enginesl51.

This data shows that there is significant amounts of used motor ail currently being

bumed in Canada. Due to the concems associated \Nith the combustion process previollsly

described, the need for more efficient and less hazardous combustion units is clear.

~tethods such as landfilling and indiscriminant dumping should be discouraged in favor of

thermal treatment and recycling/re-refining methods. In other words. it would be

beneficial ta increase the use of more desirable methods such as thennal treatment and

recycling in order to decrease the use of the less desirable methods. However, since these

methods, still add significantly to environmental concems. research is required to improve

them. Specifically, in the case of waste oil thermal treatment, the solid particle. meral.

PAH and organochlorine behaviors need to he better understood sa that design
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Figure 1.5: WCO Fate in Canada, 1990 (51
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improvements can be made to the combustion process. Prior to being able to improve the

design of combustion units. a better understanding of pollutant behavior during the

combustion process is necessary. To this end. the work being done here attempts to

initiate that type of study.

•
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Chapter 2: Purpose of Research

The combustion of waste lubricating oil is an attractive disposaI method since the

volume and mass of the waste requiring disposaI is drastically reduced in addition ta

achieving sorne energy recovery. As environmental regulations become more severe. a

better control of combustion systems is important in arder to reduce the negative impacts.

This cao be achieved by determining the parameters in the combustion process which

influence the formation and release of toxic by-products. In order to do so, one must first

understand the fundamental behavior of the material (Le., used motor oil) in tbis type of

process. Once this fundamental understanding is achieved, one can then attempt to

determine the important operating parameters in a combustion system that affect the

different areas of concem. Only then can the environmental aspects of combustion be

properly addressed so that a more controlled and environmentaIly acceptable combustion

method can be ultimately proposed that would minimize environmental concerns. These

concems include: release of toxic species such as polycyclic aromatic hydrocarbons. and

safe disposai of resultant as~ which may contain heavy metals.

The purpose of the current research is ta perform an initial investigation into the

behavior of waste motor oil combustion by observing the behavior of two such ails (ail 1

and ail 2) under the same experimental conditions. It was decided to subjeet t\VO different

used motor oils to the same conditions. Once the !wo ails were analyzed for sorne basic

physical and chemical properties. it would be possible to attribute any ditferences in the

process behaviors of the two oils to ditferences in properties (e.g., how water content may

affect the process). With these observations. it was hoped to gain insight into the overall

processes taking place.

Since combustion processes are inherently fast and exotherrnic, it was deemed

necessary to slow down the process in order to make preliminary observations and

maintain a uniform temperature throughout the samplel91. Otherwise. observations on the

changes the oil undergoes during the process would not be possible (or at least be quite

limited) due to the short times involved. Therefore. it was necessary to slow down the

process by subjecting the ails to a combustion-like process where, instead ofbulk volume



combustion, the sample undergoes surface layer combustion. This is because the sample

container is ooly open from the top and thus. reaetion gas access to the sample is limited

to the top layers of the sample. Although a slowed-down process will not behave exactly

like an actual process. it will allow the observer to distinguish between different events

taking place during the temperature history since the slower heating rate will allow the

temperature in the entire sample to be more uniforme [9)

Once the slow process is weil understood. the process rate can be increased

incrementally and observations compared to the original process. Eventually. the process

rate will attain actual combustion rates and this process cao he studied in comparison to

the previous studies. in order to circurnvent the difficulties that the speed of the process

would othenvise have on observations. When the general process is understood,

environmental aspects can be studied as weil. using the same methodology. Since. in

general. combustion processes involving waste oils are not usually operated ahove

1aaace. it was decided to study ooly a low temperature process. ending at 1GOOee.

A low temperature process is appropriate in this type of study. Since the heating

rate is slaw. it is likely that the entire oxidatian process will be over by lOOOoe: the ail will

have sufficient time to oxidize at the lower temperatures. In addition.. a low temperature

process will reduce NOx formation from the air used as a reaction gas since thermal NO~ is

only fanned at higher temperatures. .Anather reason for applying a low temperature is

that used oil has a high heating value which will allow for the recovery of energy without

having ta heat the material ta as high a temperature. which lo\vers operating casts af the

process. Similarly. the low ash content of used oil will mean that a high temperature will

not be necessary ta attain the reduction in \Vaste mass and volume desired. Finally. in

terms of soot formation during the combustion process. the law temperature results in a

smaller amount ofsoot formation which is often assaciated with toxic compounds.

Different aspects of the process were investigated. These included:

1. Sample \veight:

• The weight behaviors were monitored using the thermogravimetric balance.

This gave continuous infonnation on the weight changes that the samples

underwent, which were associated to the events taking place during the heating

•
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and oxidation processes. The data acquisition system allowed for the

correlation of weight reading to run time and fumace temperature so that

analysis was facilitated. This gave a physical indication of overall process rates

at different temperatures and allowed for inferences into the events taking place.

2. Gas-phase release:

• Using the Fourier Transform lnfrared Spectrometer (FTIR). it is possible to

continuously monitor the chemicaI composition of the gases released during the

process. SpecificaIly. the evolution of typicaI combustion gases would help

explain the physical and chemical changes the samples underwent. [91 Carbon

dioxide. carbon monoxide and hydrocarbons were studied. The data acquisition

system allowed for the campositional information to be carrelated ta run time

and fumace temperature. In addition to these. the FTIR data was correlated to

sarnple weight and percent sample weight remaining. Overall. the FTIR

information provided an avenue to explain the chemical changes that the

samples underwent during the heating process.

3. Solid-phase evolution:

• After the original liquid oil was transformed into a solid. the morphalogical

evolution of the residues generated was monitored to explain the processes

involved in formation of the tinal disposed materiai. This was accomplished by

collecting solid samples at different temperatures (i.e. stopping the heating

process at a desired temperature and collecting a solid sample) and viewing the

morphology ofthe solids using a Scanning Electron Microscope (SEM).

4. PolycycIic Aromatic Hydrocarbons:

• The behavior of PARs on a 5000 ppm naphthalene and benzo(a)pyrene spiked

sample was studied to formulate sorne hypotheses about the behavior of these

very important compounds during the process. This was achieved by

comparing the behavior of the spiked sample to that of the unspiked sample to

isolate the effects ofthe added hydrocarbons.

•

•

•

Chapter 2: Purpose ofResearch [8



•

•

•

Chapter 3: Instnf11lenra!io11

Chapter 3: Instrumentation

3.1 Research Instrumentation

The main instrumentation used in this research to study the behavior of waste oil is

a combination Thennogravimetric Analyzer (TGA) and Fourier Transform lnfrared

Spectrometer (FTIR). The two instruments are connected via gas sampling accessories

which allow the two ta be used simultaneously. A Data Acquisition System (DAS) is

utilized to control both of the instruments and make data interpretation compatible. A

schernatie of the instrumentation is shown in Figure 3_L_

3. 1. 1 Thermogravimetric Analyzer (TGA):

In order to control the rate of the combustion process to be studied in the manner

that is desired and make observations on the process simultaneously~ a thermogravimetric

analyzer (TGA) was utilized. The TGA was used to simulate the temperature history. the

residence time and the chemical environment ofa waste oil in a practical thermal treatment

unit. A schematic representation of the TGA is incIuded in Figure 3. L The TGA consists

of an electronic recording balance and a furnace in whieh a sample is subjected to a

programmed heating profile and its weight change continuously monitored. Control of the

operating parameters and the collection of data is facilitated by the DAS.

The model utilized in tms study is a Cahn TG- L7 L which has a ma.ximum operating

ternperature of 1700°C. The balance has a sensitivity of L ~g~ a 100 gram weight

maximum and a 10 gram dynamic weight range.' [~) The balance sensitivity is affected by

interferences such as statie and vibrations.

Thermogravimetric analyzers are often used in similar studies of fassil fuels (such

as coal and crude oils). For example~ the TGA is useful to estimate kinetic and

thermochemical data for reactions taking place during combustion~ data such as activation

energies. pre-exponential factors and rate constants. [14)

The TGA fumace consists of a circular. ceramic reactor tube surrounded by

heating rods, as is shown in Figure 3.2. With this configuration~ i.e. reaction gas blowing

upwards in a circular reactor tube. there is only a certain part of the reactor tube that is at

a uniform temperature. This area of the reactor tube is called the Uniform Temperature
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Figure 3.2: Interior of TGA Fumace

Zone~ UTZ~ as is shown in Figure 3.2. The sample to be analyzed and the temperature

measuring device are to be placed within the UTZ for proper results to be obtained. The

location of the UTZ depends on the flow conditions utilized but is generally about 50 mm

long and slightly otf-centered. Within the UTZ~ a common assumption is that the sample

temperature is the same as the fumace temperature. [1
01

1 However. when highly exothermic

reactions are involved, as is the case for ails. the sample temperature will be higher than

the fumace temperature. [loi}

The oil sample being studied is placed \vithin an alumin~ cylindrical container with

a 2 cm internaI diameter. The container has a smooth surface to prevent the oil from

soaking into it. The sample container is placed within the reaction chamber and is heated

at a user specified rate to a temperature set by the user. Control of temperature and

heating rate within the reactor is aided by the placement of a thermocouple approximately

1 cm below the sample container. Reaction gases enter from the bottom of the reactor

tube and flows upwards and around the sample container, as is shown in Figure 3. 1.

As the oil sample is subjected to the heating conditions specified. it undergoes

physical and chemical changes. In this setup, sorne of the changes can he monitored



directly. First ofail.. the sample container is suspended direetly from a rod connected to an

electronic balance. This allows for the recording of the oil weight as it undergoes the

heating process and will give an overall measure of how fast the process is taking place as

weIl as at what temperature range.

3.1.2 Gas Sampling Accessories:

In order to enhance the information the TGA provides~ the experimental setup

utilized severa! gas sampling accessories to monitor the emissions from the combustion­

like process studied. The gas sampling accessories consisted of a sampling probe, a pump

and a transfer line to take the sample to an external measuring device. The sampling probe

location as well as the transfer line can be seen in Figure 3. 1.

A more detailed schematic of the gas sampling accessories is shown in Figure 3.3.

including a picture of the actual setup. The sample hangs from a sapphire hanging rod that

is surrounded by a baffle system to direct flo\v ofevolved gas away from the balance. The

sampling probe, whose tip is located directly above the sample container to minimize

dilution of the sampie from the reaction gas~ consists of a one piece 1/16" incanel tube that

goes from the sample container to the connecting ring. The sampling tube fits snugly into

a 118" incanel tube which is bent into the connecting ring. toward the transfer line. The

connecting ring aise includes a vent tube ta allow the unsampled emissions to escape. The

sample is drawn by a parastaltic pump at an approximate flow of 60 mUmin. The pump.

which consists of a Masterflex 7543-30 pump drive (operating at 30 rpm) and a

~1asterf1ex US Quick Load pump head. operates at a pressure of approximately 0.85 atm.

The transfer line which consists of an insulated IlS" OD stainless steel glass-lined tube, is

heated to a temperature of 250°C that minimizes the condensation of hot combustion

gases produced. The transfer line. in this case takes the sampled gases to be analyzed to

an FTIR. To further minimize condensation of the combustion gases. the connecting ring

shown in Figure 3.3 is wrapped with an external heater and insulation which maintains this

pan of the accessory at 200°C.

3.1.3 Fourier Transform Infrared Spectrometer (FTIR):

The gases that are sampled from the Gas Sampling Accessories are analyzed with a

Mattson Galaxy 5020 Fourier Transform Infrared Spectrometer (FTIR). The FTIR is

•
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Figure 3.3: Gas Sampling Accessories

capable ofdetermining the functional group composition of the gases analyzed. The FTlR

produces a spectrum whose peaks ean be associated to specifie functional groupsll51 (e.g. a

C=C will manifest in a certain region of the FTIR spectrum). They have been used

consistently as eontinuous emission monitors for volatile organie compounds emitted from

a variety of processes. such as ineinerators. since an FTlR is capable of analyzing multiple

compounds simultaneously with high sensitivities. [16]

The FTIR used is equipped with a liquid nitrogen eooled Mercury Cadmium

Telluride (MCT) detector. a KBr beamsplitter and a 15 mL gas cell. Although spectra

were generally coUected at a resolution of 2 cm- l
• the model utilized is capable of

resolution as fine as 0.75 cm-l
[17) which may be needed for gas-phase precision analysis.

This model of FTIR consists of an external gas sarnpling cornpartment ta allow for

continuous monitoring of the sample taken by the Gas Sampling Aeeessories. An image

and a schematic ofthis extemal gas sampling interface is shown in Figure 3.4. The gas to

be analyzed enters the interface from the transfer line, as is indicated on the diagram. The
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Figure 3.4: FfIR External Gas Sampling Interface

•
sample enters the Sample Cell, where the IR beam is passed via l'wo stationary mirrors.

The pump that draws the sample is located after the Interface. Finally. the MCT detector

utilized by the FTIR is also incIuded in this compartment.

3.L.4 TGA-FTIR.:

The FTlR is used in conjunction with the TGA in order to analyze the gas-phase

release resulting from the programmed heating profile. In addition to observing the

material weight changes with respect to temperature and time, the placement of a sampling

probe located at the top of the sample container allows a portion of the gases generated

during the process to be sampled. These gases then travel through a heated transfer line

and continuously pass through an FTIR gas cell. This allows for fairly continuollS

observation of the changes in the chemical composition of the released gases and by

extension, gives insight into the changes taking place in the oil sample in the furnace. (n

addition, changes in the sample weight and temperature inside the fumace are measured

continuously, which allow for understanding of the processes taking place.

•
3.2 Analytical Instruments

A number of different analytical instruments were utilized during the research to

study different aspects ofthe process, after the thermal remediation process was complete.



3.2. l Scanning Electron Microscope (SEM):

A Scanning Electron Microscope (SEM) was used to study the solid particle

morphological evolution. The model used was a Jeol 840. Images were collected with a

beam CUITent ofabout 240 mA and an accelerating voltage of20 keV. The SEM allowed

for viewing the surface of the panicles generated during the heating process. up to a

magnification of 700 times. By observing the particle surface and how its characteristics

change with temperature" it is hoped that an understanding of the processes the panicles

undergo cao he achieved.

3.2.2 Enerev Dispersive X-Ray Spectrometer ŒDS):

Qualitative analysis of metals found on the surface of the solid panicles generated

during the heating process was also attempted. The instrument utilized for this part of the

study was a Tracor Northem 820 Energy Dispersive X-Ray Spectrometer (EDS) operated

at a 10 keV bearn.

3.2.3 Optical Microscope:

The solid particles generated during the process were also viewed under limited

magnification using an optical microscope. The model used was a Neophot 21 Optical

lVlicroscope and it allowed for magnitications of 25 and 40 times.

3.2.4 High Performance Liguid ChromatoQ:raph fHPLC):

Analysis of vapor phase Polycyclic Aromatic Hydrocarbons. after extraction from

an organic vapor trap. was perfonned using a Perkin-Elmer LC250 High Performance

Liquid Chromatograph with a LS-40 fluorescence detector. The system utilized had a

detection limit ofapproximately 0.00 1 ~g/mL.

•

•

•
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Chapter 4: Method Development & Methodology

4.1 Introduction

As described in Chapter 2, the purpose of the research is to study the behavior of

waste ail in a combustion-like process. The process needs to be slow enough so that the

physical and chemical changes that the oil undergoes cao be observed. In a typical buming

process, the kinetics of the process are too fast to allow for observation. Therefore. the

set of conditions that need to be applied to the waste oil study need to be such that the

kinetics of the combustion process are lo\vered. The major factor affecting kinetics (i.e.~

reaction rates) is temperature~ the higher the temperature, generaIly, the faster are the

reactions that take place. Therefore, it was deemed imperative to have a very good

control over sample temperature for the study. At the same time as being able to control

the temperature by ramping it slowly. a low final temperature would also be required.

Therefore, it was decided to study the process by slowly heating the ail sa that

factors other than kinetics would determine process rates. Process rates will be

determined by the rate of the temperature ramp rather than by the reaction kinetics which

will allo\v for processes such as vaporization to be observable. Another aspect of the

process that would be more visible is the reaction of the oil components with oxygen.

Since diffusion is a slow process compared to kinetics, slowing down the kinetics of the

process should make the ditlùsion process more observable.

The desired conditions were therefore achieved by simulating the combustion

process using a Thermogravimetric Fumace (TGA) coupled with a Fourier Transform

Infrared Spectrometer (FTIR) for on-line gas phase analysis of the products emitted front

the process. The TGA system, with the aid of computer control. allows for the heating of

the sample at a rate desired and allows for the flexibility required in arder ta facilitate

future parametric studies. This combination of instruments also allows for the continuolls

monitoring of both sample weight and gaseous evolution as a fonction of both time and

fumace temperature which will have the desired effect of observing the process c1osely.

The tirst objective is method development, i.e. detennine what conditions ta apply

ta the sample in arder to be able to do what was set out to be done. This \Vas



accomplished by altering conditions of the TGA-FTIR system in arder to establish feasible

operating parameters. Operating parameters such as fumace heating profile as weil as

FTIR settings to he used were detennined in this pan of the work. At the same time as

setting these parameters, it is possible to gain sorne insight into sample behavior 50 that a

baseline cao be established to use as a reference point against future work.

•
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4.2 Preliminary Experiments

In order to establish the conditions at which the future study would be carried out~

it was necessary to do sorne preliminary investigations into the behavior of both the

material being studied and the characteristics of the TGA-FTIR system. Both of these

would need to be considered when deciding upon the conditions and included the

following:

• heating rate
• sample amount
• reaction air flow rate used
• FTIR settings (e.g. resolution~ # of scans~ spectral frequency)

Approximately 20 various preliminary experiments were done in order to establish

these conditions for study. For these preliminary experiments, Oil 1 was utilized only.

The conditions selected needed to be sufficient to allo\v for the set objectives to be

achieved~ i.e., allow observation and interpretation of events occurring during the process

on a general level. Once this fundamental understanding is achieved~ optimization of the

instrument conditions could be attempted.

4.2.1 Initial Attempts:

The first triais undertaken had the goal of familiarization with the instrument and

the materiaI. The maximum heating rate allowed by the instrument for low temperature

applications is 100oe/min. Although the project goal is to slow down the combustion

process, it was not clear as to the degree of slow-down required to allow for

distinguishing events. Therefore. the first attempt made was at the maximum heating rate

possible, i.e. 1OO°C/mi~ which is still slower than an actual combustion heating rate.

Also) it was not clear as to how much sample to subject to the heating process. In order

ta get sufficient residue for solid studies after the process is over~ one gram of ail was



utilized for tirst attempts. Air flow during the run was arbitrarily selected at 53 mUmin

(which was suggested as a typicaI flow rate by the instrument manufacturers and was

similar to that used for crude oiVsolid mixturesl1-l1).

The result of applying these conditions to Oil 1 \Vas a one weight loss region in

which the rate of weight loss was much too severe (the approximate rate of weight loss

was caIculated as SOO mg/min). This caused the balance to read a large negative value

during this time period (> 1.S g) since the process released a large and sustained amount

of vapors that forced the balance arm upwards. The emitted vapors provide a sufficient

upward force that suppons the hang-down assemblyy thus causing an apparent weight loss

in the balance data collected. The sample lost its entire weight in about two minutes at a

temperature of approximately 500°C and no ash remained in the container at the end of

the process (probably entrained with the vapor release). It was clear that these conditions

were unacceptable for the required purposes and would have to be slowed down further.

After this attempt at these conditions. the heating rate \Vas lowered to 10°C/min

since it was clear that the process needed to be slowed down to hope to avoid the

previousJy seen negative weight reading. Also. since no residue was found previously. it

was decided to utilize a larger initial sample. namely 1.6 grams and the air flow rate \vas

kept the same. Under these conditions. the negative weight reading previously observed

was avoided and the weight loss behaved smoothly. The weight loss no\v occurred over a

27 minute period at an average rate of weight Joss of approximately 56 mg/min. This

process occurred between 2S0°C and 400°C (and therefore at a lower temperature than at

the previous conditions. i.e. y 100°C/min and 1 gram). This time. residue did remain in the

container in a sufficient quantity for study (5 mg).

Unfortunatelyy after these runs, a significant amaunt (-10 mL) of a light brown

condensed material was found collected on the bottom of the fumace reactor tube.

Therefore. before investigating the process further. it was necessary ta determine the

source of this material in arder to prevent it in the future. The possible collection of this

material in sensitive areas of the instrument could do serious damage, especially to the

sensitive balance system. Also, at higher temperatures. it is likely that this material will

react, thus potentially affecting the integrity of the FTIR results.

•

•

•
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4.2.2 VisualObservations:

The condensing material source could not be identified during TGA runs and could

ooly be confinned through visual observation of the process. Since the inside of the

reactor chamber is not accessible during the heating process. the sample container was

placed in a conventional oven with viewing access possible. Although the heating rate

was comparable (i.e.• - lO°C/min) and the final temperature was 600°C. the environmental

conditions in this setup were quite different than for the TGA setup. There were openings

in the fumace to allow air to enter. but there were no controls on the amount of air

entering. AIso. whenever the door was opened to make observations on the process. large

amounts ofair were introduced ioto the system.

Despite these differences in environmental conditions. typical characteristics of the

process could be observed and hopefully. an explanation for the condensed material would

be achieved. (It was feared that the ail within the container was bubbling or spilling over

the sides to fall down into the bottom of the reaction chamber.)

Under these conditions. three runs were completed and the following observations

were made. In general. the observation was made that the burning process occurred in

two distinct temperature regions. A tlame was observed at approximately 200°C. with the

sample still in a liquid state. The tlame extinguished \vhile the sarnple was still liquid and

another tlame appeared when the material looked like a tar phase. This occurred

approximately at 350°C. with sorne of the materiaI being propelled from the container due

to "sputtering". (This material was black and tar-like and did not seem anything like the

condensed material found in the TGA fumace.)

Upon further investigation. it was found that in the ASTM Standard Method for

Ash Determination (Le.• ASTM D-482). the same sputtering effect is avoided by tirst

buming the oil at low temperatures~ to remove ail volatiles prior to subjecting the

remaining "tar" to a high temperature oven[lSI. ln this way. no volatile matter will be left

to sputter out of the solid residue. which would take sorne residue "vith it and would

corrupt the ash determination experiment. This probably explains why. for 1DO°C/min

attempt. no solid material remained in the container and why for the 1QOC/min attempt.

(ess residue than expected remained.

•

•

•
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Although these observations would prove to be interesting in comparison to the

future study. the most significant observation made was that at about 17;oC~ a brown

liquid film was seen coating the upper inside walls of the container. This film had the

same visual charaeteristics as the condensate found in the reactor. This led to the

conclusion that. at low temperatures. a fume is probably released that easily condenses on

surfaces. This material finds its way to the bottom of the reactor while the unifonn

temperature zone is still relatively low. Since other sections of the TGA system are not

temperature controlled. they are cooler and thus the fumes condense and collect at the

bottam of the reactor. The observations proved that tms condensation did not result

during the major weight loss period of the heating process and was therefore not due to

sputtering.

It was therefore concluded that. since the heating rate utilized needs ta be slow

(for reasons previously discussed). it would not be possible ta eliminate the fonnation of

these fumes. Therefore. ta avaid instrument contamination. it was necessary to minimize

the deposition ofthis material (and periodically clean the instrument). The only alternative

to do this was to drastically reduce the amount of initial material used in the study at the

expense ofgetting less final residue to study.

4.2.3 Lower Mass & Increased Air Flow~

The result of the visual observation was that in order to attempt to minimize

condensation. less initial sample should be used. Therefore. the sample weight \Vas

reduced to roughly 320 mg for the next set of experiments. The flow rate of air was also

increased from 53 sccm ta 79 sccm to help push sorne of the fumes up and out of the

venting system. T0 counteract the increased air flow which would probably increase

combustion reactions (i.e. more oxygen available for oxidation). the process was further

slowed to a 5°C/min heating rate. Under these conditions. the heating time was about 3.5

hours white cooling was about 4 hours.

Three runs were performed with weights of 318. 317 and 323 mg. The weight

loss curves began to clearly demonstrate two ditferent regions. separated by an inflection

point. This behavior in the weight loss is consistent with what was seen in the visual

observation experiments (namely~ a separate lower and higher temperature reaction zone).

•

•

•
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Surprisingly~ despite lowering the heating rate~ the second part of the weight loss curve

again showed severe negative readings for two of the three runs, as was seen with the

l Daoe/min run. (The third run did not exhibit a negative reading but was very unstable.)

When comparing these conditions to the previous (which did not give negative

readings), a much smaller sample size was used (i.e.~ 320 mg as compared to 1.6 g). a

slower heating rate was used (Le.• SOC/min versus l aoc/min) and an increase in air flow

was utilized. Therefore~ either sample amount or air tlow or both affect the weight loss

behavior towards a negative value. The lowering of the heating rate would clearly slow

down the process, whereas the affects of the other two are unclear_ Since. after the visual

experiment, it was decided that it was more important to keep sample size low and

increase air flow rate~ the process conditions were still not acceptable for purposes of the

study and thus lowering the heating rate further was the only option remaining to have a

smooth non-negative weight 1055 behavior.

4.2.4 [nen Medium CPyrolysisl:

Prior to attempting to further slow down the heating rate. it was thought that

perhaps studying the process under pyrolytic conditions would be a better option to avoid

rapid oxidation. Therefore. the same conditions applied above were utilized but with

nitrogen replacing air~ in arder to see how the ditferent processes compared. [f pyrolysis

ruos proved to alleviate the weight loss curve difficulties and the condensation problems

experienced using an oxidative environrnent, it may be possible to study the system under

pyrolytic conditions instead ofoxidative ones.

Therefore, a nitrogen flow was used to replace the previously used air at a

comparable rate (i.e., 81 mUmin). The heating rate was kept the same. at SOC/min. Two

runs were performed with weights of 313 mg and 321 mg. again comparable to the

previous weights used. In both mns, a stable and non-negative weight loss curve was

obtained~ but with only one distinct region showing.

However, despite this obvious advantage over the oxidation experiments. the

pyrolysis mns resulted in parts of the instrument being covered with a black, charcoal-like

material embedded in the ceramic material. AJthough this material was removed by baking

the furnace under oxidative conditions. it was feared that damage could be done in the

•

•
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long term. Also, the FTIR spectra taken showed an as yet unexplainable lag with respect

to the \veight loss (i.e., the peaks obtained appeared later than expected based on the

weight [055 curves). Therefore, although pyrolysis showed improvement in weight

behavior characteristics, the contamination was judged ta be too severe to proceed with

further pyrolysis studies.

4.2.5 Reduced Heating Rate:

Therefore, it was decided to continue the study using an oxidative environment

since it wou[d be more representative of actual combustion systems. This meant that the

heating rate needed to be slo\ved down further to get a more stable weight [oss curve and

that the [imitations of weight size and condensation wou[d have to be accepted. These

limitations wouId remain at least unti[ such time that the process was better understood

and that the effects ofeach parameter on the weight loss cou[d be detennined.

The heating rate was [o\vered to 3oC/min and the samp[e size kept the same. [t

was hoped that doing so would not ooly eliminate the negative weight readings (i.e.

stabilize the weight curve) but it wou[d allow the two regions of the curve (that was

previously ooly slightly seen) to be seen much more c1early and an attempt to better

characterize these two regions could be possible. This heating rate proved ta do bath

stabilize weight readings and distinguish clearly between the twa weight [oss regions. In

a similar TG experiment on mixtures of heavy oil and solids, heating rates between

2°C/min and 20°C/min were utilizedy·u 9
J In another study, much lawer heating rates of

O.25-0.83°C/mïn were used. l91 Therefore, the heating rate determined here wou[d seem ta

be [ogica[ since a lubricating oil is used in trus study. Therefore, it was decided to

continue ail other studies using trus heating rate. Althaugh the heating rate could be

lowered further. doing so would result in an increased run time and data file. The increase

cauld not be justified yet~ until more was known about the process behavior.

•

•
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4.3 Experimental Conditions

After many preliminary experiments. a set of conditions was found that was used

thereafter for ail studies. A summary of the experimemal conditions used. including

heating profile, is shown in Figure 4.1. About 300 mg of the waste oil being studied is



heated tram an initial temperature of 30°C ta a final temperature of IOOOCC. An initial

heating rate of 3°C/min is applied from 30c C to a temperature of 650°C.. which allows for

the process to be slow enough for observation. An air flow of 79 mUmin is used for an

subsequent experirnents (i.e. oxidative environment). The process is stopped at a final

temperature of lOOO°C since in most practicai cases, waste oils are not generally bumed

above tms temperature. By 650°C. both the evolution of gas-phase products and the

weight loss were determined to be complete since ail data curves were generally flat after

this point. After 650°C. it was assumed.. based on these observations (and subsequently

proven) that the oil sample was in the solid forro. Because ofthis and the assumption that

the heating rate had less etfeet on the morphologicaI changes of the solid residue (since the

processes involved are much slower). the experiments are expedited by slightly increasing:

the heating rate to 5°C/min tram 6500 e to 1aaooe. The sample is kept at 1aaace for 60

minutes. (This is necessary in arder to clean the fumace of sorne organic condensation

that takes place earlier in the heating process. as was previously discussed.) The entire

heating process takes 5.5 hours. after which the remaining material is allowed ta cool

sIowly. In all cases, a Datura! cooling of the furnace with shop air was applied.

•

•
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Figure 4.1: Furnace Conditions

The selection of the sample amount, i.e. 300 mg.. was made so as to have enough

material to maximize the ability to detect any emissions that would otherwise be released



in too small a quantity. On the other hand.. too much material would risk saturating the

FTIR's ability to deteet trace amounts of sorne compounds and thus.. too much sample

couId not be used either. The amount of 300 mg of waste oil was found to be an

acceptable compromise, especially with respect to condensation., as previously described

(i.e., want ta maximize emissions but avoid saturation and minimize condensation). (Note

that due ta the setup and the volatile nature of the sarnple. it was not possible ta gain an

accurate initial weight reading. In arder ta do sa. it would have been necessary ta wait for

a long time for the balance ta stabilize and it was feared that trus would allow a portion of

the sample to volatilize while waiting. As it tumed out.. at such low temperatures.. an

insignificant amount of sample is lost. Therefore. in the future. if more accurate weight

readings are required, balance stability can be attained prior to beginning the run without

the risk of losing material.)

Due to a combination of small sample weight used in the study and the low

temperature applied, the attempts made at captllring soot (solid particles in the gas phase)

proved to be in vain. There was insufficient material generated for any study and since

more sample cOllld not be used until the condensation difficulties were alleviated. the

study ofsoot was left for a future time. Soot release is an area ofconcem since PAHs are

associated with the formation ofthis material and PARs are considered hazardous. 12l1J

Gas-phase data collection was affected by FTIR settings. Spectra were collected

at a resollltion of 2 cm-1 by co-adding 64 scans. generating a spectrum every 18 seconds.

Samples were drawn continuously by parastaltic pump at a tlow of approximately 60

roUmin through a gas-phase sampler (see Figure 4.2). The FTIR conditions (i.e.

resolution and number of scans) were manipulated so that sampling frequency could be

similar to gas residence time in the sample cell. By ensuring this~ it would be unlikely that

sorne compounds escape detection prior to a speetrum being taken. (Also~ since the

heating process is slow. this would be even Jess likely to occur since changes in the

process should be graduaI.) The cell volume is 15 mL and with a sampling flow of 60

mL/min, the gas residence time is 15 seconds. Therefore, the speetra generation

frequency. i.e. one every 18 seconds, is comparable to cell residence time and will allow.

with reasonable assurance. that very liule information would be lost through gas

•

•
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constituents circumventing the sampling process. Finally~ in order to minimize dilution of

the drawn sample by the reaction gas~ the sampling probe is placed direetly over the

sample container (see Figure 4.2).
•
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4.4 Data Interpretation

Figure 4.3 shows a typical TGA-FTIR data curve obtained from the data

acquisition software called TE~ Time Evolved Analysis. The infonnation shown in the

figure represents the data collected for one data point. On the upper part of Figure 4.3.

there are two curves: a Total Infrared curve (IR) and a Weight Percent curve (Weight),

both ploued versus run time. The lo"ver curve gives the samp[e weight behavior obtained

from the TGA balance data. The particular run shown in Figure 4.3 Iasted about 3 hours.

The weight curve gives indication of the physical changes that the sample undergoes

during treatment. The upper curve represents a total infrared chromatogram and results

from data collected by the FT~ via the gas sampling accessories. The total infrared

curve is a summation of the individual spectra which are taken at constant intervals (i.e.

every 18 seconds) throughout the entire heating process. An example of one such

spectrum is sho\\'11 at the bottom of the figure and is plotted as Absorbance units versus

wavenumbers. in cm-1
. This spectrum was taken after 72.68 minutes of run time and

corresponds to the point in the heating process where the temperature was 240°C. as is

noted in the upper curve in the form of a vertical line. (Ali pertinent information

concerning this speetrum. i.e. run name. run time, temperature~ and weight information. is

shown in the fonn of a caption on the top of the spectrum curve.) From this curve. it is

possible to attempt to detennine the functional group composition of the gases that are

sampled at that exact point in the heating process.

How the compositional determination of the sample gas can be achieved is

explained by looking more closely at a similar spectrum as the one shawn in Figure 4.3.

This is shown in Figure 4.4 where the plot consists. again~ of the standard absorbance

versus wavenumber configuration for FTIR spectrum plots. The peak identification can

be accomplished by comparing the obtained spectrum in terms of peak location~ peak

shape and pattern to standard spectra taken of the material in a pure farm. (21) A spectral
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Figure 4.3: Typical TGA-FTIR Data Curves

feature can be identified when the signal to noise ratio is greater than four.[l61 (Sorne of

these standard spectra are shown in Figure 4.5 and were taken trom the NISTIEPA Gas

Phase Infrared Database.) Once identified~ a representative peak location is used to

represent the compound in future studies.

The major compounds that can be identified in the spectrum in Figure 4.4 are CO~

(2300-2380 cm"l), CO (2050-2200 cm-l
) and water (1780-1900 cm-1)}2l1 There are other

compounds that could be identified in theOl-Y with the FTIR and may be emitted during the

heating process. A1though the samples studied contained insignificant amounts of

nitrogen, samples with nitragen could generate products such as ammonia, nitrous oxide

and nitrogen dioxide. None of these compounds were detected during the study. These

compounds have identifying peaks at 950 cm"l (ammonia), 2200 cm-l & 1300 cm- I (nitrous

oxide) and 1900 cm- l (nitragen dioxide)Y!11 As can be seen in figure 4.4, these peaks

were not visible (even after subtracting the interfering peaks ofC02 and CO). A1so, there

is over 1 wt% of chlonne in ail 1. Chlorine, during combustion, generally forms Hel

which manifests itself as a peak at 2670-2850 cm-Ion the FTIR spectrum.1211 Since this

peak overlaps with the much stranger hydrocarbon peak no Hel could be identified for

Oil 1, although sorne is expected. (It was not possible ta subtract the hydrocarbon peak

from the spectrum since the exact compound could not be identified.)
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It can be seen in Figure 4.4 that~ at tms particular point in the ru~ there are peaks

representative of C027 CO and H20 which can be clearly identified when compared to

pure vapor phase spectra of the same cornpounds found in Figure 4.5~b& c. respectively.

There is also a peak representing sorne hydrocarbons at 2700-3000 cm- l region (peaks in

the 2875-2975 cm- l range having 3 sharp peaks represent aliphatic C-H stretching

vibrations (221). The peaks in tbis region cannot he assigned to specifie hydrocarbons since

it is most likely that different types of hydrocarbons are found at the same time and whose

peaks are found in the same general location. [21] (An example of a hydrocarbon spectrum

is shown in Figure 4.5d.) There is also an unidentified peak consistent with a carbonyl

functional group, C=O~ which usually shows at 1700 cm- I
.[221 This peak was consistent

throughout all runs but cannot be identified as yet. In terms of aromatic compounds. these

would manifest themselves as peaks in the 3050 cm-1 region[221 (i.e. to the immediate leU

ofaliphatic hydrocarbons) and therefore, none are detected in this spectrum. (An example

of an aromatic compound spectrum is shown in Figure 4.5e, for naphthalene.)

Figure 4.4 also shows how nicely the compositional information that the FTIR can

provide is linked ta the TGA information through the caption at the top of the curve. Not

only is an indication of the gas-phase composition obtained, it is correlated to the exact

time and temperature the sample was taken at, as weIl as the sample weight and % weight

remaining at the time of the sampling. Therefore, this one figure gives a good overall

informative picture of how the two instruments complement each other and allow for

partial interpretation ofwhat is occurring to the oil during the heating process.

The data colleeted in the above-mentioned format was used to generate evolution

profiles for both weight and gas-phase components. The curves generated for the gas

phase is a method known as Evolved Gas Analysis. This was done to transform the data

into a format more conducive to following the process behavior and therefore, facilitate

interpretation. The evolution profile format is very vaJuable when a mixture of products is

generated since it will give c1ues as to the chemistry of the reactions occurring. What may

appear as a single weight loss on a TGA curve could be seen as more through the

evolution profile observations. Therefore. the profile approach may make it possible to

detect subtleties in the reaetion process being monitored.[211

•
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The data is collected very frequently from both the TGA balance and the FTlR

(namely, once every 10 seconds for the weight and every 18 seconds for spectra). Despite

this frequency, during the preliminary study, it was clear that the slow heating caused

changes in the process to be graduai enough so that such frequency was not necessary for

generating smooth evolution plots for the entire temperature domain. In certain areas of

the process, events occur more rapidly and thus it may be necessary in the future to study

these areas more c1osely. Since, once set~ the sampling frequencies cannot be changed

during a run, it \vas decided to collect more data than immediately necessary in the event

that a doser look at the evolution profiles was warranted. Therefore'P evolution profiles

generated from the TGA-FTIR data were done 50 at SoC intervals (which is equivalent to

a data point every 100 seconds in terms of weight data). This proved to provide sufficient

data points to study the process at least at a level discussed in the thesis. If. however. in

the future, it is found that more detailed information is required~ finer data points can be

utilized to generate the profiles. AIso~ if so required. sampling conditions for the FTrR

(and the balance) can be aItered to make sampling more frequent and refine the evolution

plots generated. (Note that, in so doing, other aspects such as spectral quality and

computer file size, are negatively affected and thus, alterations would need to be justified.)

An example ofan evolution plot generated in this way is shown in Figure 4.6. This

figure shows the evolution of CO2 gas as weil as the sample weight behavior so that the

two can be easily related. This was generated from using the data in the form shown in

Figure 4.3 at every SoC interval. The TG-FTIR format gives temperature and weight data

which are used directly to generate the weight curve in terms of weight percent (i.e.

current weight divided by initial weight times (00). However, for the CO2 profile. the

height of the peak corresponding to CO~ was plotted by taking the difference between the

absolute peak absorbance and the baseline absorbance, giving a net absorbance.

Generated this way, the curves were smooth and no apparent loss of information caused

by skipped data points seemed to oecur.

The evolution generation procedure must he kept in mind \vhen interpreting the

curves in later sections. Since the plots were generated in SoC intervals, any association of

temperature to events can be no more accurate than within SoC. If a finer accuracy is

•
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deemed necessary~ the plots can be regenerated from existing data using a finer data

frequency. The frequency limitation, at least under the current conditions would depend

on the balance data collection frequency (every L0 seconds) for the weight loss curve and

the FTIR spectra collection frequency (every 18 seconds) for the gas evolution profiles.

In terms oftemperature~ these limitations work out to O.Sc.C (3°C/min* Lmin/60sec* LOsee)

based on the balance frequency and O.9°C based on spectra. However, the data collected

for temperature are recorded to whole numbers only. Therefore, in theory, the frequeney

of data collection in terms of temperature is limited to LoC. In practical cases, however.

since the heating rate is slow, and eITors due to round-off occur, several consecutive data

points may have the same temperature reading. When generating the profiles versus

temperature. a decision thus needed to be made as to wruch data point to chaose. In the

curves shown, for consistency purposes~ the tirst data point of consecutive, equal

temperature readings were taken. However. since the heating rate is slow. the differences

in data were not significant and thus. the overall curve would not be severely atTected if

either point was taken. A more tiner evolution profile could be attained with the existing

data if the data (e.g. weight percent and FTIR net absorbance) are plotted versus time

instead. (Since the initial temperature of the runs varied slightly, profiles generated on the

basis of run limes would have to be shifted for the purposes ofcomparison.)



Finally, when the programmed temperature profile was compared to the actual

temperature readings versus time, differences occur due to various considerations such as

controller response and thermocouple accuracy. Typically, there was a 5 minute delay

during the initial startup before the fumace temperature caught up to the programmed

temperature. That is, it was not until a temperature of 45°C that the fumace and

programmed temperatures were the same. Since very titde weight loss occurred in this

low temperature regio~ tms lag is not considered detrimental to the study. However, for

more rapid heating rates~ it may become significant and affect observations made.

After tbis initial la~ the temperature differences between the two were excellent al

low temperatures (differing oruy by at most O.soC, at temperatures less than approximately

lOQoC). At higher temperatures, the difference became gradually larger but was still

acceptable. At 650°C, the ditference was at its most significant, compared to lower

temperatures, and was ooly at Soc. This decrease in temperature accuracy is mast likely a

characteristic of the K-type thermocouple used, which is a low temperature device.

4.5 Repeatability

By using the TGA and its data acquisition software (DAS) to simulate the sample

heating profile and conditions, it was possible to perform the study in a controlled and

repeatable environment. ..4ul example of the programmed profile format of the DAS is

shawn in Figure 4.7. The software allows the user to set conditions in the form of

segments for such parameters as heating rate (in OC/min), final temperature of the segment

and time for segment completion. The resuIting heating profile is also shown on the

screen for easy reference.

Although the software does not allow for control of the various gas rates needed

(which is accomplished via regulators and flowmeters), the DAS allows the user to engage

or disengage the various gases. For example, as seen in Figure 4.7, the run is using air as

a reaction gas. However, if the user so chose, the gas could be switched between the twa

gases at each segment so that a run could be performed using both gases at different

points in the run. As far as the heating rates are concemed. the limit to heating rates

utilized is due to the instrument and not due to the software. CFor the temperature range

•
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Figure 4.7: Data Acquisition System Format

utilized. the maximum heating rate of the instrument is rOooe/min and the smallest

attempted was 1°C/min having excellent response. However. the software allows smaller

heating rates but the response is unknown.) Also. in terms of cooling rates. there is less

control on them since no extemal cooling system is in place which limits how fast cooling

can occur to that which oecurs naturally.

Other parameters in the system can also be precisely controlled in the same manner

to ensure repeatability between runs. These include "Data Save Mode" which specifies

the type of data collected ta be stored in a computer file (e.g.• balance data only or balance

data and FTIR data eould be specified al different points in the run). Through the use of

the DAS. the conditions to be applied can be set and stored for future use so that

consecutive runs will have the same settings and thus. improve repeatability. The flows of

gases still need to be visually verified as the DAS does not control gas flow.

4.5.1 Weight Behavior:

In order to get an appreciation of the repeatability of the experiments in terms of

weight behavior. the weight profiles were plotted for five different runs that were believed

to be under the same conditions (i.e.• were run consecutively to avoid changes in



operating parameters not controUed by the DAS such as thermocouple placement). The

results are shown in Figure 4.8 usmg Oil 2 for demonstration. The reproducibility

achieved was acceptably good. The profiles ail had the same general shape but

demonstrated sorne scatter. At the maximum difference~ which occurred at approximately

26DoC~ the error obtained was ± 7 wt% (position 2). However, the error was larger in

this regjon due to the pronounced slope in the weight curve. The error in other regions of

the curve was much less and could be typified by the error obtained at Position 1 on the

Figure, at a temperature of about 5DoC. The error here was ± 1 wt%. The overall error

for the weight experiments ranged from l wt% to 7 wt%. Therefore, reproducibility and

repeatability in terms of weight profiles \Vas very good. (Similar resu(ts were obtained for

Oil 1.) AIso, the initial weights used in the nans shown varied from 305 mg to 320 mg and

there, seemed to be no significant influence on weight behavior from this Ievel of variation.

•
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•
4.5.2 Effect of Initial Weight:

AIthough Oil 2 seemed to show no apparent dependence of initial sample weight

on weight behavior for the range of weights used in the study, Oil 1 did show a significant

dependence. A plot of three weight curves obtained with different initial weights used is



shown in Figure 4.9 with weights of341. 322 & 314 mg corresponding to curves 1.2 and

3. respeetively. During the initial process. Le. below -250°C, and the final process. i.e.

>-425°C. the three weight patterns were essentially identical. However. in the remaining

region~ i.e. 300-400°C~ there was a marked difference in the weight behavior. Here. aIl

three curves demonstrated a plateau region that seemed to increase in slope from curve 1

to curve 3. Since the initial weight used decreased fram curve Lto curve 3 ~ there seemed

to be a direct relationship between the plateau region and the initiaL weight ofsample used.

•
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In order to attempt to understand and veritY this relationship. weight percent

readings obtained at 340°C (within the plateau) were plotted versus initial sample weight.

The resulting curve is shown is Figure 4.10 showing a c1early linear relationship This

suggests that the trend is not a coincidence and that whatever process the oil is

undergoing during this temperature region is directly intluenced by the amount of initial

material. (The explanation for this phenomenon became apparent after further study and

is described in detail in a later chapter.)

4.5.3 Thennocouple Placement:

During the course of the study. it was necessary to dismantle the TGA setup for

various reasons (e.g. for cleaning purposes). In so doing. it was later realized that the
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thermocouple placement in the TGA with respect to the sample container and uniform

temperature zone is one of the more crucial pararneters to affect repeatability. This effect

is explained in Figure 4. Il. A change in thermocouple placement in the reactor resulted in

a significant shift in the corresponding weight curve (as weil as the corresponding FTfR

curves). For example.. when the thermocouple was placed lower than previously (Le. from

Position 1 to Position 2, as illustrated in Figure 4.11), the corresponding weight curves

shifted to the left. For argument's sake. Position 1 is taken as the reference point and is

assumed to be within the uniform temperature zone of the reactor, thus giving the proper

weight profile, i.e. curve 1. If at a later usage, the thermocouple is placed below the

previous position and outside the unifonn temperature zone, the temperature of the

sample (and the uniform zone) will be higher than the temperature at Position 2. since the

maximum temperature in the system will correspond to the uniforrn temperature zone and

therefore, sorne temperature gradient will exist. This means that something that would

occur at a sample temperature of 300°C (with the thermocouple in Position 1. giving the

proper weight curve), would now appear to occur at a lower temperature with the

thermocouple in Position 2. Thus. lowering the thermocouple results in an apparent shift

in the weight profile since it is plotted versus temperature.
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At the beginning of the experimentation process~ it was not expected that the

process be so sensitive to thermocouple placement and therefore~ exact measurements of

placement were not taken. However.. differences in placement are estimated to be. at

most, 1 cm. For tbis reason.. as weIl as those mentioned above~ ooly runs at which no

changes ta the setup were made were compared directly. For situations where the setup

was changed and a shift occurred. as in Figure 4.11, il is possible to determine the

approximate extent ofthe shift based on the similarities in profiles.

4.5.4 Gas-Phase Evolution:

An indication of repeatability obtained with respect to FTIR results is given in

Figure 4.12a & b. where CO2 profiles are plotted for Oil 1 and 2. respeetively. Although

there is sorne scatter, it is clear that the general evolution profile pattern is maintained for

both samples. Since it is not within the scope of this work to quantifY FTfR data.. no

comments on the etrect of initial weight on the curves could be made and the repeatability

is sufficiently good to be able to interpret with respect to temperature. [f quantification

studies are required, an internai standard needs to be applied to account for the changing

FTIR signaI intensity which will cause the peak heights to be altered.

Calibration studies were not attempted since it was necessary to tirst understand

the process before quantifYing FTIR data. In tbis type of combustion-like process. it was

expected (and confirmed) that a mixture of compounds be released. [n particular..

aIthough it could be possible ta quantify compounds such as H20 and CO2 (with an

internai standard such as SF6 [16.23,). it is quite difficult to quantify the other compounds

released. For example, before being able to quantifY a particular hydrocarbon. it is

necessary to identifY exactly what hydrocarbon to quantifY. Since this information was not

known prior to beginning the project, calibration procedures could not be undertaken_

•
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4.6 Limitations

There are a number of limitations to the study, due to the instrument and the

material, that were discovered. One of the limitations already mentioned deaJs with the

combination of sample weight and heating rate that could be applied being limited by

contamination of the instrument with condensed hydrocarbons and by balance instability
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due to rapid release ofgaseous compounds. A1though the exact nature of the limitation is

not understood, it is known that increasing the initial sample size or heating rate would

have a tendency to decrease balance stability. Perhaps one parameter cao be increased

while the other decreased so as ta investigate the effeet ofthese !Wa parameters in a larger

range. In tenns ofcontaminatio~the effect of sample size is clear: the greater the sample

size, the greater the candensatio~ for a specifie heating rate. However~ it is not known

how heating rate affects the contamination phenomenon. It is most tikely that an increased

heating rate would reduce condensation since the sample would have less time to generate

the condensing substance prior to the fumace temperature being high enough to oxidize

the substance within the unifonn temperature zone.

Despite the heating rate used~ the sample generates vapors that deposit on various

parts of the system. In terms ofbalance stability. this causes noise in the balance through

electrostatic forces and reduces precision. This makes runs progressively noisier and

makes zeroing of the balance more difficult (affecting accuracy). Despite this limitation,

the balance noise (- 4 mg) was considered acceptable for the purposes of this work. For

future worl(~ it will be necessary to periodically clean the instrument to reduce static

buildup and thus reduce balance noise (and increase accuracy).

The condensation which is produced also affected the FTIR data collection after

650°C. The bottom of the reactor tube where the condensed material collected became

hot enough after an oven temperature of 650°C to vaporize or oxidize the condensed

matter. This resulted in artifact peaks in the FTIR spectra to appear. In this study~ the gas

phase process is over by this temperature and thus. the artifact peaks do not hinder the

study. However, this limitation may need to be dealt with in future work.

Another limitation of the instrument that had to he considered when analyzing

results dealt with the FTIR transfer line. The line is heated to reduce condensation of hot

combustion gases. However. the maximum temperature of the transfer (ine materials only

permit a temperature of 300°C. As was mentioned pre";ously~ the ail sample studied

generates easily condensable materials and thus it is most likely that sorne hydrocarbons

are condensing within the line and thus do not make it to the FTIR sample cell. This

means that the data collected with the FTIR probably does not include much information

•
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on rnaterials that condense at temperatures below 250°C~ the temperature the transfer line

is heated to. Agai~ for the objectives of tbis study~ this limitation was not detrimental

since general process behavior could still be observed. The evolution profiles generated in

the gas phase are for C02~ CO and hydrocarbons which will not condense at this

temperature and the PAH gas-phase study undertaken circumvented the transfer line.

Finally, there is a limitation based on the method of producing the evolution

profiles that must be kept in mind. The curves were all generated at SoC intervals and thus

any subsequent temperature ranges determined from these profiles are~ at best. accurate to

within SoC. Therefore~ as is evident in sorne cases, the assigned temperature of a zone

may not seem to correspond to the curve exactly. This is because the determined

temperature must be rounded to the nearest SoC. However. tms level of accuracy did not

deter the ability to properly interpret the data collected.
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Chapter 5: Properties

Chapter S: Physic:al and Chemical Properties of Oils Studied

Two used lubricating motor oils were studied and are referred to as Oil 1 and Oil

2. Prior to submitting the two oil samples through the combustion process.. it was

necessary to detennine selected physical and chemical properties in order to attempt to

explain observed oil behavior during combustion. On a visual basis. there appeared to he

no ditrerence in the samples and neither seemed to have any inclusions. The!Wo samples

were analyzed (at Galbraith Laboratories. Knoxville. TN) for their UItimate and Proximate

contents and the results obtained shown in Table 5.1.

Table 5.1: Used Oil Properties (as received)

Analvsis Oill Oïl 2
Ultimate Analvsis:

C.wt% 83.70 83.95
H.. \\1 % l3AO l3.Il
S. wt% 0.5~ 0.35
N. \\1 % < 0.5 * 0.16
O.wt% <0.5 * 2AI
moisture. \\1 % 0.0829 0.33
ash. wt % 0.86 0.~7

chlorine. \\1 % L.12 0.0091

Proximate Analvsis:
fixed carbon. \\1 % 0.3371 OA5
volatile matter. \\1 % 98.72 98.75
ash. \\1 % 0.86 OA7
moisture. \\1 % 0.0829 0.33

Others:
heatin~ value. kJ/k~ ~776 • .t·H~O

densin'. kgIL @15°C NIA 0.8732

• Below Detection Limit
" Calculated

Since the two oils are used in the same type of process (namely as engme

lubricant). the major properties are expected to he very similar and. as expected. the two

oils have very similar properties. As can be seen in Table 5.l .. the major properties for the

two oils. namely carbon. hydrogen and volatile matter.. are essentially the same. Both oils

comprise almost 84 wt % carbon and contain about 99 wt % volatile matter. There are

sorne properties, such as water and ash contents, that vary only slightly between the two

oils. Of the hydrocarbons present, a typical lubricating oil comprises about 70% paraffinic



compounds (as was noted in Table 1.3). Since the properties are similar~ the heating

values of the two oils are also expected to he similar. The Oil 1 heating value was

calculated(24) to he slightly higher than for Oil 2~ which is due to slightly more H content.

Neither oil has a significant amount of sulfur which means that not much SOx is expected

to he released during the process. Similarly~ neither oil has signi.ficant amounts of nitrogen

so that not much fuel NO=< is expected either. Also, since the process temperature is low

« 1aaaCe), not much thennal NOx is expected.

Since the ditTerence in behavior of the two oils was studied. the main interest was

in the oil properties that are different. The properties where the two oils differ are in

sulfur, axygen, water, ash, chIonne and fixed carbon (non-volatile organic material (251
)

contents. The most significant differences are believed to he in the oxygen. chlonne and

water contents (significant with respect to the hurning process). Oil 2 contains less sulfur.

chIonne and ash but contains significantly more oxygen and water than Oil 1. The most

important property is the oxygen content since the process being studied involves

oxidation of hydrocarbons and it is anticipated that there be sorne measurable/noticeable

differences in the areas of the process being studied due to the difference in oxygen

content. (If this is indeed the case~ it will add to the knowledge we can gain from our

approach ta the study of the process.) Oil 1 contains very little. ifany, oxygen (i.e.. below

detection limit), while Oil 2 contains 2.41 wt% elementaI oxygen.
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Chapter 6: Weight

Chapter 6: Behavior of Sample Weight

6.1 Temperature Resolved Weight Behavior

The tirst aspect ofthe process studied was the weight behavior of the two oils. A

weight loss is anticipated due to oxidation and heating of the sample. The manner (i.e.

rate and temperature ranges) in which the weight loss manifests itself gives insight into

the events taking place during the heating period.

Representative weight loss curves were selected for comparison from the runs

perfonned on each oil. The curves selected are shown in Figures 6.1 & 6.2~ plotted as

sample weight percent versus fumace temperature. Since different weight loss events are

evident (by the general slope of the weight loss curve), the heating process can be

separated into different zones.. based on these curves. The zones include information on

temperature, weight loss and average rate ofweight loss. (Note that since a smail sample

size is utilized and the thermocouple is placed close to the sample container, it is assumed

here that the sample temperature is unifonn and equal to the reactor temperature.

However, during combustion events. the exothermicity of the event would probably result

in a local high temperature region which should be quickly dissipated.) Due to the

constant heating rate used in this temperature range (30-6S0°C). temperature that is

plotted in Figures 6.1 & 6.2 is essentially equivalent to run time. Since the heating rate

used was 3oC/min. every 3oC interval on the curve corresponds to 1 minute.

Although weight data were collected throughout the entire heating process (i.e.,

up to lOOOOe). it is clear from the curves in the figure that, by 575°C. no further

significant weight loss was observed (i.e.. any further weight loss is indistinguishable from

balance noise since very little sample remains at this point). Therefore~ the curves shawn

to compare weight loss behavior in the two ails are only plotted up to S75°C.

6.2 Oil 1: Zone Designation and Discussion

When Oil 1 was subjected to the conditions described above the behavior was very

repeatable (as was shawn in Figure 4.9). A representative curve, shown in Figure 6.1,

shows the weight ofthe sample (in terms ofweight % ) as a function oftemperature.
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Based on this weight behavior~ the process can clearly be "'broken upn into four

distinct zones. The tirst zone is one where slow weight loss occurs. This weight loss is

due mainly to the release of very volatile materiais such as light hydrocarbons~ presurnably

paraffinic because of lube oil makeup (see Table 1.3)~ as weIl as any water present and is

characterized by a 5% mass loss from room temperature to 190°C. When heating rate and

initial sample weight are faetored i~ this works out to an average rate of weight loss of

0.3 mg/min (which was calculated by dividing the weight loss~ in m~ for the zone by the

time equivalent for the zone). Zone 1 is followed by Zone 2 which is characterized by a

very rapid weight loss (compared to the tirst zone). This zone goes from 190°C to 270°C.

In this period~ the sample loses weight from 95% to 40% or 5% ta 60% cumulative 1055

(Le. the sample loses half of its weight during this period cornpared to only 5% in Zone 1)

at an average rate of 7.0 mg/min (i.e. over 20 times faster than Zone 1). Since the sample

is rnostly liquid~ it is expected that this zone be dominated by volatilization ofsorne of the

oil components~ mainly volatile paraffinic hydrocarbons. with limited oxidation occurring

as weil. Sorne of the vaporized hydrocarbons will react with the oxygen present in the

reaction air while still in the Uniform Temperature Zone~ thus producing CO2 .

Zone 3 comprises the region between 270°C and 375°C. In tbis zone. the sample

weight only decreases from 40~o to 30% in a temperature range of l05°C, (from 270°C to

375°C). Therefore, it can be seen that the rapid weight loss seen in Zone 2 (7.0 mg/min)

is followed by a slow weight loss regjon. at a rate of 1.0 mg/min. It is believed that in this

regjon~ there is a transition from a liquid to solid and the oxidation process slows down

until a sufficiently high temperature is reached to continue the process. The leveling off of

the weight loss curve leads to the possibility that there is an oxygen limiting step taking

place in the process. In other words. the rate of the process has shifted from one

dominated by kinetics which are faster. to one dominated by diftùsion of oxygen to the

sample from the reaction air.

In Zone 4~ the process again shows a relatively rapid weight loss from 37;oC until

the end of the Zone at 485°C. This zone is characterized by an average rate ofweight loss

of 2.6 mg/min (about 3 times as fast as the previous). The sample weight loss is

essentially over by 485°C, after which any further weight loss wouId be hidden in the noise

•

•

•

Chapter 6: Weight 57



of the instrument balance. The weight remaining at tbis point is about 2 wt% and would

consist of inorganic matter and perhaps sorne yet unbumed hydrocarbons. In this final

zone. it is believed that the remaining volatile material trapped within the solidT charry

materiaI, is being oxidized. since the temperature is sufficiently high to do so.

•
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6.3 Oil 2: Zone Designation and Discussion

When the Oil 2 weight loss curve was seetioned in the same manner as for Oil 1.

orny three Zones were obtained (as shawn in Figure 6.2). The initial zone was one in

which a very small weight loss occurred over a significant temperature range. ln tbis

zone. Oil 2 sample lost only 3 % of its weight from 30°C to 130°C which worked out ta

an average rate ofweight loss of 0.3 mg/min (which is the same obtained for Oil 1).

Zone 2 followed. characterized by a more rapid average rate ofweight loss, at 4.5

mg/min (i.e. 15 times faster than Zone 1). This zone occurred between 130 & 300°C and

resulted in the sample losing 77% of its weight. It is clear that the sample loses the most

significant amount of its weight in this region and it is believed that the major process

involved is the loss of the volatile hydrocarbons (probably paraffinic) found in the sample.

The final zone for Oil 2 (i.e. Zone 3) sees the sample losing the remaining 19% of

its weight between 300 and 510°C. This works out to a much slower rate than in the

previous zone. namely 0.8 mg/min (which is also less than Oil l's average rate of 2.6

mg/min in the final weight loss zone).

6.4 Weight Behavior Comparison

If the two weight behaviors are compared, it is c1ear that the two curves exhibit

sorne similarities (which is to be expected since the major oil properties are similar). Up

ta a temperature of about 250°C, a similar behavior is revealed. Both oils underwent an

initial period of little weight loss (Zone 1) followed by a period of significant weight loss

(Zone 2) where the majority of weight loss occurred in bath oils. However. after this

temperature (i.e. 270°C), there is a significant difference in the two oils. Oil 1 exhibits a

drastic slow down in the weight loss process~ forming a plateau region in the weight loss

curve. Conversely. for Oil 2~ the weight loss process does not seem ta be disturbed in a



simiIar manner. Sïnce Oil l is the sample having a limited amaunt of elemental oxygen

initiaIly~ the process slow-down couId be attributed to an unidentified event taking place

where the amount ofoxygen needed for oxidation is severely limited. (perhaps.. this slow

down has something to do with the sample becoming more solid.i 191

FinaIly. the last weight loss event (Zone 4 for Oil l and Zone 3 for Oil 2)

completed the weight loss ofthe sample. Although the process was studied up to IOOO°C~

it is clear that under these conditions~ the sample weight loss in both cases was essentially

over by 650°C, where over 98% of sample weight has been lost.

•
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6.5 Process Kinetics

Weight data obtained during constant heating rate experiments using a TGA can

be used to study overall process kinetics. Weight loss kinetics during combustion are

complicated by the simultaneous reactions occurring involving a number of different

compounds. especially during the combustion of oils[191. Therefore, tbis type of kinetic

study~ which has been previously performed[I91~ accounts for bulk changes in the system.

An Arrhenius-type equation describing the overall reaction kinetics is assumed.

This model assumes also that the rate of weight loss of the entire sample depends only on

the rate constant. the remaining sampie weight and the temperature of the sample. A

typical assumption oftirst order kinetics is made[191~ leading to the following equation:

(dM/dt) = Ar exp (-EIRT) M (6.1)

where (dM/dt) is the rate ofweight loss of the sample (obtained from the TGA data and is

equivalent to the derivative of the weight curve), M is the current weight, Ar. is the

Arrhenius constant (S-l)~ E is the activation energy (kJ/kmol) and T is the sample

temperature, in K, (which is assumed to be equal to the TGA fumace temperature). R is

the ideal gas constant and has a value of 8.3 15 kJ/kmol K. Re;\rranging the equation. the

following form is obtained:

log [(dM/dt)/M] = log ~ - E/(2.303RT) (6.2)

By plotting log [(dMldt)/M] versus lIT, a straight line would indicate that the kinetics are

indeed tirst order. If so~ the slope of the plotted (ine would yield the overall activation

energy.



The above described kinetic analysis was applied ta the weight data obtained from

each ail and the results are described here. It must be noted that previous experiences

with applying this method to oils in air in a TGA had encountered sorne difficulties in

terms of accuracy of the activation energy determined(191. Since oxidation reactions are

typically exothermic, the temperature of the sample is most likely higher than the fumace

temperature. Furthermore, the temperature increases are typically sudden which cause

instability in the weight curve obtained. Therefore, it was decided ta not attempt to

detennine values for kinetic parameters such as activation energy for this study. However.

other information about the process (such as determination of reaetion zones) may he

forthcoming by applying the kinetic model to the two ails being studied.

The results obtained in this study are shown in Figure 6.3 & 6.4 for ail 1 & :2

respectively, where the plots obtained for each oil studied are shawn. [t was found that

different parts of the oxidation process studied for both oils could be described by

different first arder kinetics parameters (i.e... different groups of chemical reactions

dominating each region). This is similar ta what has been previously found for crude

oils[191• However, since the samples studied here are lubricating oils, the temperature

ranges found are different.

Oil 1 shows 4 distinct regions where the overall process is approximately governed

by first order kinetics. These regions are similar to the weight 1055 zones designated in

Figure 6.1 which were designated on the basis of weight curve pattern. A comparison

between the two process designations is shawn in Table 6.1. Although there are sorne

slight differences in the two temperature ranges.. the comparison confirms that the

previous zone designations and explanations were reasonable.

Table 6.1: Comparison ofOill Kinetic Regions and Weight Zones
Zone Kinetic Range, oC Weight Range, oC

•

•
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100-155 30-190

2 192-242 190-270

3 278-338 270-375

4 375-434 375-485

•
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The kinetic results on Oil 2 show only three distinct regions where the kinetics are

first order. This is sirnilar to the three zones designated based on the weight behavior of

Oil 2 (see Figure 6.2). A comparison between the two temperature ranges is shown in

Table 6.2 below. In the case of Oil 2. the ranges are not in as good agreement as they

were for Oil 1, since the kinetic analysis does not account for transition between regions.

However, the ranges are approximately similar.

•
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Table 6.2: Comparison ofOil 2 Kinetic Regions and \Veight Zones

Zone Kinetic Range. oC Weight Range. oC

2
....
.)

L06-L66 30-130

210-287 130-300

322-500 300-510

•

•

In studies involving crude oils. three distinct regions in the temperature range were

found where first order kinetics described the overall process (each region having a

different set of parameters)[191. Each region was therefore. associated with a different

aspect of the process (Le.• different types of reactions dominating).

Another similar method was utilized to study solid carbonaceous material In a

TGA setup[Z6). This study looked at reaction speed in order to determine ignition

temperature of the material. although the process being studied is more like a pool fire

phenomenon due to the surface flame expeeted rather than a typical combustion process.

Since the TGA setup does not allow for observation of the sampled during the heating

process, an alternative method for determining at which point. if any. there is ignition of

the sample occurring is necessary. This method was based on conversion of the sample

and defined reaction speed. o.. as the following:

Cl = (dM/dt) / Mo (6.3)

This approach is similar ta the kinetics approach except that the rate of weight

loss, dM/dt, is divided by the initial sample weight ~) and not the current weight (M) (a

difference brought about by defining the system model in terms of sample conversion). In

tbis way, it is assumed that the process has reached an ignition point when the reaction

speed is greater than 5 x 10-4 S-l (it is also assumed here that the rate threshold utilized for



solid particle ignition also applies to liquidi26J
• When tbis approach was applied to see if

an ignition temperature could be determined on this basis.. the results obtained are shown

in Figure 6.5 & 6.6 for Oil 1& 2.. respectively. The plots consist of the reaction speed and

sample weight versus temperature.

Each oil studied generated two maxima in the reaction speed curve. corresponding

to major weight loss events. For Dili .. according to the ignition threshold~ ignition takes

place ouIy during the tirst peak and first occurs at approximately 239°C. The ignition

process lasts untiI a temperature of 249°C. wbich is approximately 3 minutes. For Oil 2.

both peaks in the reaction rate curve cross the ignition threshold.. suggesting that two

separate ignitions take place during the process. The tirst ignition takes place at 271°C

and lasts longer than the similar one obtained for Oil 1 (i.e.• almost 7 minutes) and is

probably due to the combustion-like characteristics of the process. The second ignition

temperature for Oil 2 is at 40goC but only lasts about one minute and may be associated

with the oxidation ofchar.

The results obtained in the ignition study seem to be reasonable. However. in the

studies currently undertaken, it was not possible to confirm if ignition (in terms of flame)

actually took place. It is important to confirm the ignition analysis with physical evidence

of ignition, especially in the case of Oil 2. The second ignition temperature was not

expected since the corresponding weight loss in this part of the process is not significant.

This part of the process is associated with char oxidation and since Oil 2 contains internai

oxygen, it couId be expected that the char oxidation be sufficiently rapid as to cause

ignition. However.. il is also possible that scatter in weight readings occurs due to random

error in the balance system which would manifest itself as a ghost peak during the ignition

analysis.

•

•
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Chapler 7: Gas-Phase

Chapter 7: Gas-Phase Product Evolution

Based solely on the weight loss curves.. it is only possible to hypothesize as to the

changes taking place to the sample. In order to gain further information on thase events

(in order to formulate a stronger and better-supported hypothesis).. the evolution oftypical

combustion gas by-products were studied and compared.

In conjunetion with the weight 1055 behavior of the sample during the process.. gas­

phase profiles of the major components were generated (a process known as Evolved Gas

Analysis). This was done only by plotting the net absorbance (obtained from the FTIR)

of peaks representing different compounds against fumace temperature. An example of a

typical spectrum obtained from the FTIR during the process was shawn in Figure 4.4 with

different compounds (i.e., H20, HC. CO2 and CO identified). The figure can be used to

demonstrate how the gas phase evolution profiles were generated. If CO2 is taken as an

example of how tbis is done.. the height of the peak less the absorbance of the baseline

gives the net absorbance which is ploued against the temperature the spectrum is taken at .

The Evolved Gas Analysis profiles generated were for typicaJ combustion

products; CO2, CO and total hydrocarbons (He). The wavelengths used ta generate these

profiles were 2356 cm-l for CO2, 2183 cm- l for CO and 2934 cm-1 for HC. (Note that for

hydrocarbons, it was not possible to identify individual compounds with the FTIR since

different types of hydrocarbons are released at the sarne time. However.. the evolution of

HC reflect the charaeteristics of the reactions taking place.[27J)

In aIl cases, the carbon monoxide profile followed the same shape as the carbon

dioxide profile, as is shown in Figure 7. 1. The figure shows how the CO peaks have the

same pattern as the CO2 peaks but with a much lower intensity (which probably accounts

for the slight discrepancy in maximum peak temperature of 5°C). This pattern was

consistent for ail runs and for both ail samples. Because the CO profile resembled the

CO2 profile.. it only served ta confirm the presence of CO2 by showing that sorne partial

oxidation was indeed taking place (i.e.. the presence of CO allowed us ta confirm that the

peaks in the region were indeed mainly CO2 and not due to sorne other component). In

terms of understanding the events taking place for the two ails, which is the goal of this
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particular exercise, the evolution pattern of CO provides no insight into the process that

cannot be gained by the CCh profiles. Therefore, further figures will be Iimited to only

CO2 and total hydrocarbon profiles.

CO2 and HC evolution profiles were generated for both oils to understand the

events taking place causing the weight profiles seen. The results obtained are shown in

Figure 7.2 (with the weight loss profile plotted as a reference). As was previously seen in

the weight behavior. the evolution profiles after 6S0°C were aIso generally flat. For this

reason. the profiles were ooly plotted for the respective temperature ranges of interest (i.e.

30-S00°C since little pertinent information is available after 500°C). Note that the gas

phase data is plotted as net absorbance since it is not possible to compare two runs

directly and quantitatively unless a calibration procedure is undertaken (as was explained

in Chapter 4).

In both cases, the gas phase results show that in the initial zone (below -190°C).

which is characterized by minor weight loss «5%), essentially very little occurs during the

heating and oxidation processes. Due to the [ow temperatures.. one would expect this

behavior in terros of gas phase release. Since there is on[y a total of approximate[y 5%

weight [oss over a large time period (about 50 minutes) in this zone.. it was not expected

to see very high amounts ofany of the companents.

However, in the following major weight loss region (corresponding to Zone 2 for

bath oils, having temperature ranges of 190-270°C & 130-300oe for Oill 1 & 2.

respective[y), the process is dominated by the re[ease of a significant amount of

hydrocarbons in both cases (as is seen by the three He peaks at 22Soe. 250°C and 275°C

for Oil 1 and the single peak at 280°C for Oil 2). There is also the presence of limited

carbon dioxide fonned in this Zone (peak at 255°C for CO2 for Oil 1 and 280°C for Oil 2).

signifying oxidation taking place. Although not specifically shown here.. the presence of

CO in this region and its similarity to the CO2 profile confirm that partial oxidation is also

taking place in this part of the process. The evolution profiles seen in Figure 7.2 would

suggest that, in this part of the process.. the event dominating is the volatilization of liquid

hydrocarbons in the oil sample (which would still be [iquid at this point).

•
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The final weight losses (Zones 4 & 3 for ails 1 and 2" respectively) are dominated

by the formation ofC02 (with a generally wider peak found at 440°C for ail 1 and 450°C

for Oil 2) with a less significant hydrocarbon release. This behavior indicates that the

process taking place in this temperature region is dominated by oxidation rather than

simple release ofhydrocarbons (or volatilization). This behavior would be consistent with

having solid panicles remaining in the container, still having sorne hydrocarbons that are

being oxidized. That is~ the hydrocarbons still present within the panicles are burned in

this zone. It is believed that al tbis point in the process, the sample has become solid and

is continuing to oxidize as the temperature increases_ Since the hydrocarbons would be

trapped within the panicle, their simple release into the atmosphere would be delayed

(since the hydrocarbons would have more difficulty diflùsing out of the particle). As the

hydrocarbons get to the surface, they bum off. but not completely, since there was also

evidence of limited CO presence. Due to this delay, in conjunction with the higher

temperatures found in this part of the process (i.e., >400°C), the conditions are such that

mest of the hydrocarbons released will have the time to be oxidized. It is consistent with

the evolution profiles generated since bath oils show the domination of carbon dioxide

formation with very little hydrocarbon release. [t suggests that solid particles were indeed

present in this part of the process and the lack of significant amounts of HC peaks in this

zone supports it.

Oil 1 had an extra zone in cemparison to ail 2 which is a transition zone benveen

the Zone 2 and Zone 4 weight lasses. The transition zone for Oil 1 (benveen 270 and

375°C) is characterized by a drop in both CO2 and hydrocarbon release, signifying that the

event previously taking place (i.e., liquid hydrocarbon volatilization) is stopping and the

process is undergoing sorne kind of liquidlsolid transition while slowing down

considerably. It is believed that the hydrocarbon peak at 275°C is just a carry-over from

Zone 2 hydrocarbon release. Towards the end of this plateau regio~ the amount of CO;!

present begins to increase, signifYing that the limitations to the process are beginning to be

overcome by this point in the heating process and may signify sorne sort of breakthrough

occurring which is to be explained in Chapter 9.

•
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Chapter 8: So/ids

Chapter 8: Solid Residue Behavior

8.1 Introduction

In addition to the understanding of the evolution ofgases presented in the previous

Chapter~ it is aIso imponant to understand how the soüd particles are formed during the

waste oil combustion process. The understanding of solid particle evolution is imponant

in terms of determining process parameters that influence final panicle propenies so as to

obtain a final residue having properties conducive to safe disposaI. The sampling of the

residue was done by stopping the heating process al a desired temperature in order to

collect the residue remaining at the bottom of the sample container.

AIthough the bulk of the weight loss and vapor phase of the process is complete by

approximately 650°C, it is not expected to be the same for the solid residues since sorne

combustible materia! will still remain at this temperature. The amounts of combustible

matena! remaining will be less than that which can be detected by the balance system and

thus~ no further weight loss is seen. (This is due to the small initial sample which means

that by the time the sampIe has passed the transition stage. the mass remaining is small

enough so as to approach the balance detection limit.) Although neither the FTIR nor the

TGA would detect changes occurring in tbis part of the process. changes to the solid

residues take place nevenheless.

At sorne point in the heating process. the liquid sample becomes solid and an

attempt was made to observe the solid behavior after the transition by looking at solid

morphology. It is imponant to understand this part of the process since a solid residue is

generated in combustion processes which will require disposaI. The characteristics of the

residue will give us insight as to its potential environmental impact upon disposaI.

The most imponant thing to know is the charaeteristic propenies of the final

residue (i.e. at lOOO°C) since the heating process is only carried out ta this temperature

and this wauld be the material eventually dispased. However~ it is also important to

understand the processes that ultimately result in the final residue prapenies. Only once

the pracesses are understaod could there be likelihoad of control in order ta alter particle

evolution in a desired way to facilitate final disposai. Therefore~ in arder to understand



the residue behavior leading up to the final temperature, the process was stopped at

400°C. 650°C as well as lOOO°C to colleet solid samples (following the transition from

liquid to solid) and the surface of the particles colleeted were observed using a Scanning

Electron Microscope (SEM), at magnifications of up to 700 times the actual size. By

observing the morphological evolution of the solid particles, it is hoped to be able to

understand the physical and chemical processes that the particles undergo during the

heating process from 400°C to 1000°C.
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8.2 Confirmation of Oil Liquid/Solid Transition Phase

The first step of the solid-phase analysis was to identify the temperature region

where the sample transformed from liquid to solid. Since the heating process is quite

slow, this transfonnation is expected to occur in a measurablelsignificant temperature

range (when compared to a typical combustion process) which will allow for its

observation. It was hypothesized that this transition zone involved a tar-like sample and

that the subsequent part of the process involved solid oxidation. Continnation of this

hypothesis was to be accomplished visually~ however, for purposes of presentation~ images

of the residual material were taken by optical microscope. Based on observations made

previously, i.e. on weight and gas-phase behaviors, a most likely temperature range that

the transition phase would be found would correspond to Oil 1 Zone.3 (i.e., the plateau

region between 27DoC and 375°C, shown in Figure 6.1) due to the expected limitation

caused by the Jack of internai oxygen present in this oil. Therefore, the heating process

was stopped at 300°C for both ails (which falls within the Oil l plateau region) and the

sample charaeteristics observed. A1though no such plateau exists for Oil 2~ it was believed

that the same approximate temperature ranges and processes occurred for this oil as weil

and that a similar type of sample phase would be found. The temperature, i.e. 300°C,

corresponds to the beginning of the final zone for Oil 2 (see Figure 6.2) since it wasn-t

clear whether to expect the transition phase for Oil 2 in Zone 2 or Zone 3 and observing

the residue at 300°C would help c1arify this uncertainty.

It was found that the sample taken at 3DO°C for both oils indeed indicated

transition tar-like characteristics. Figure 8.l shows typical material gathered for both oils.



The sample at this temperature was shiny and sticky, bath qualities expected of a tar-like

transition material. Furthermore, the sample was a one-piece film stuck ta the container.

The piece shown i.n Figure 8.1 had to be broken off and is therefore ooly a fraction of the

entire residue. From the characteristics ofthe residue, it is clear that the plateau region for

Oil l does indeed correspond ta the transition regio~ as was hypothesized.

•
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Figure 8.1: Oïl 1 & Oïl 2 Residue al 300°C

The residue for Oil 2 collected at the same temperature showed similar

characteristics as those found for Oil 1. Whereas the residue for Oil 1 was a continuous

one-piece film, the residue for Oil 2 had several, srnaller films stuck to various corners of

the container. Also, there was visibly less total material remaining for Oil 2. This

supports the observations made previously conceming the effect of elemental oxygen in

the initial material. The presence of oxygen affects the transition of the material to the

solid state. For Oil 2, since oxygen is present within the material, the oxidation is not

Iimited to the surface and thus the tar is not found in a single piece but in several smaller

pieces. These smaller pieces provide a larger total surface area for oxidation (in addition

to the effeet of the presence of internal oxygen) which make the weight 10ss prior to this

temperature comparable ta that seen in the liquid voiatilization part of the process. Thus,

no noticeable change in weight loss rate is observed by the balance and no change in the

gas-phase products released is observed by the FTIR prior to this temperature.

Since the same characteristics were found for both samples collected at 300°C, it is

clear that at this temperature, both oils were in the transition region although it is

impossible to clearly determine at what temperature range the transition occurs. For Oil l,

the transition phase MOst likely occurs in the same temperature region as the plateau in the

weight loss curve (i.e., 270-375°C). However, for Oil 2, it is not clear where the



transition period begins and where it ends. ooly that at 300°C. a transition phase exists.

Therefore, for the purposes of the solid-phase study of particle evolution. it was evident

that a temperature of greater than 300°C would need to he selected as the tirst

temperature of study. (When the sample is in a transition phase. the charaeteristics of the

solid part of the sample cannot be distinguished c1early and thus. the contribution to solid

evolution determination is minimum.) The next temperature attempted was 400°C and it

was found that the residue was indeed soIid (at least, most of the liquid characteristics

seen at 300°C were gone and the residue was in several individual pieces).

•
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8.3 Solid Residue Characteristics

The temperatures selected in order to follo\v the morphological evolution of the

solid phase were: 400°C. 650°C and IOOO°C. The tirst temperature was selected because

il follows the transition phase and happens close to the temperature where the solid phase

tirst appears. Selecting a temperature of IOOO°C was done since the heating process is

carried out to this ternperature and finaIly. a temperature between the two was selected to

complete the study (i.e. 650°C). which corresponds to the temperature at which the gas­

phase portion of the process is seen to be over. The samples were characterized on

different levels based on an increasing magnification. First. and most basic. the samples

were characterized on a visual levei. The samples were also observed under an optical

microscope at magnifications of 25 and 40 times. Finally, a closer look at the panicle

surfaces was achieved via SEM., which was done at magnifications up to 550 times.

8.3.1 Initial Residue Characteristics (400°C):

The solid residue was coUected at 400°C and the resulting optical microscope

images are shown in Figure 8.2 Ca) & (b) for Oils 1 and 2. respectively (at a magnification

of 25 times). The two residues exhibited similar characteristics, at least on a visual basis.

Both residues were black and showed sorne charaeteristics of the transition matenal.

signifying that there most likely remains sorne organic unbumed liquid that was present

aIso in the transition phase particle. The particles are continuous, having a slightly

wrinkled surface, are sheet-like and shiny (i.e.. similar ta the 3000 e sample). However~ in

contrast to the residue found at 30ooe, this residue consists of individual particles instead
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a. Oil 1 @400°C (x2S)

c. Oïl 1 @6S0°C (x2S)

c. Oill @lOOO°C(x2S)

go Oïl 1 @ lOOO°C (x40)
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b. Oil 2 @400°C (x2S)

d. Oil 2 @6S0°C (x2S)

f. Oil2 @ lOOO°C (x2S)

h. Oil2@IOOO°C(x40)

Figure 8.2: Optical Microscope Images ofSolid Residues



of one sticky film. Furthermore~ the particles exhibit a noted decrease in stickiness as

compared to the 300°C particles but seem to be more fragile to the touch signifYing a loss

in sorne of the liquid properties. Other similarities that are shared between the residues of

the two particles are that bath residue particles show areas that are thinned out in

comparison ta the rest of the partic1e. These areas look like fissures or open gaps in the

particle with greater gaps seen for Oi] 2 and can he seen in Figures a & b (and can a]so be

seen on the SEM images in Figures 8.3 & 8.4). These fissures are most likely the points

where further size reduetion occurs by particle break-up since they would result in areas of

weakness in the particle structure.

Continuing on a visual comparison~ the residues from each ail exhibit sorne

differences. One of the differences is that Oil 2 particles seem ta he smaller than Oil 1

particles (400-500 J..lffi compared ta -2 mm for Oil 1). Oil 1 particles seem longer and

mostly of the same general size (of the arder ofmillimeters as seen in Figure 8.3). There

are also sorne very small particles which were visible (but nat shown) which are in the

order of 200 Jlffi across. These particles have similar morphalogy to the Oil 2 residue seen

in Figure 8.4 (i.e. curled at the extremities) yet consist only of a very small fraction of the

entire sample. For Oïl 1. there is a noted absence of particles of intermediate sizes (i.e..

between 200 Jlm and 1 mm). In the case of Oil 2 particles~ however~ the largest particles

are generally smaller than thase for Oil 1 (i.e.. in the order of 0.5 mm~ as seen in Figure

8.4) and have a more even size distribution (as can be seen in Figure 8.2b. with the

presence of particles of many ditferent sizes).

When the particles' characteristics from the two samples were scrutinized more

closely by SEM, significantly different morphologies were seen_ In general.. Oil 1 particles

have significantly flatter surfaces than particJes for Oil 2 (as is seen in Figure 8.3 for Oil 1.

and Figure 8.4 for Oil 2). Oil 1 particles are usually in the order of millimeters. with the

selected particle shown in Figure 8.3 being unusually large.. about 2 millimeters~ but was

selected ta emphasize the structure typical ofthese particles. As shown in Figure 8.4. Oil

2 particles are in the order of 0.5 mm in size and exhibit a partially coiled structure. with

the onset of curling taking place at the extremities. There is still sorne areas of relative

tlatness found in these particles but not as significant as for Oil 1 particles.
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Figure 8.3: SEM Micrograph ofOU 1 Particle @ 400°C

Figure 8.4: SEM Micrograph ofOill Particle @ 400°C



8.3.2 Intermediate Residue Characteristics (650a Cl:

At a temperature of 650a C, both residues seem "tluftY', at least on a visual basis.

Images of the residues taken with the optical microscope can be seen in Figure 8.2 c & d

for DilI and Oil 2, respectively (at a magnification of25 times). Compared to the residue

at 400°C, the particles now seem ta exhibit a greater size distribution in that more

intermediate and smaller particles cao be found. The panicles look similar ta wheat in that

they are not compact and very loose, especially at the extremities. As can be seen in

Figure 8.2 c & d, the particles have very random shapes with the smaller particles clearly

resulting from breakage of the larger particles at a weak point in the particle.

However, there are sorne significant differences between the residues from each

oil. The tirst difference noted was that Oil 1 residue is very light brown in color while Oil

2 residue is a brownish gray, which is not very clear in the images shown (Figure 8.2 c &

d) but is quite clear visually. AIso, the small particles seen previously for Oil 1 at 400°C

are now no longer found. In fact, there is an absence of any particles of similar size for Oil

1 at trus temperature. On the other hand, Oi[ 2 does have small particles as is seen in

Figure 8.2 d. When the residues are compared to those at the lower temperature (i.e..

Figure 8.2 a & b), it is clear that the size of the particles for Oi[ 1 remain generally similar

with only a slight size reduction whereas the particles for Oil 2 are significantly smaller. In

terms of size distribution, Oi[ 2 still has a wider range of particle sizes whereas Oil

particles are generally ofsimilar size and comparatively large.

The particles for Oil 1 are different also in shape than those for Oil 2. Besides

being larger, Oil 1 particles seern to be less curled than those for ail 2 with the Oil 1

surface being relatively continuous and smooth, while the Oil 2 surface is quite "bumpy".

A small amount of partides that can be described visually as threadIike are also found in

Oil 1 and can be seen in Figure 8.2 c. These types of particles seem tubular and are not

seen in the residue for ail 2. In contrast. the Oil 2 particles consist mainly of particles

similar to those seen for Oil 1 but with more severe curling. Oil 2 residue also included

the presence of a small amount of white particles (Figure 8.2d) with completely different

characteristics. Evidence of particles similar to these white particIes was not seen at the

lower temperature.
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Upon observing the particles by SE~ a better indication of particie sizes was

achieved. As can he seen images oftypical particles in Figures 8.5 & 8.6~ for Oil 1 and Oil

2~ respeetively~ Oil 1 particles were typically in the range of 400-500 Jlm in size and

consisted of generally flat particles with ooly limited curling at the extremities. The

particle shown in Figure 8.6 for Oil 2 represents one of the larger particles~ at -250 J.,lffi.

with most of the particles present being slightly smaller. Nevertheless~ aIl the particles

exhibited the partially coiled structure seen in this Figure.

The visual observation was made that the surface of Oil L particles is generally

smooth and this is confirmed by the SEM images (see Figure 8.5). The particles for Oil 2

were described above as "bumpy". Figure 8.7 shows a close-up view of the surface of

typical Oil 2 particles and it is clear trom the image that the surface is covered with burnps.

which confirms the observations previously made and sho\vs a significant difference in the

solid phase obtained for the two oils.

Finally~ the white particles observed in the Oil 2 visual description above were also

observed under the SEM. A typical particle is shawn in Figure 8.8. Clearly. these

particles exhibit completely different morphology and structure than the majority of the

particles for this oil sample. These panicles have a crystaLIine structure with a large void

space and are typically around LOO J.,lrn in size. At this point~ it is unclear as to what

differences exist between these particles and the typical Oil 2 particles. However. the

origin is probably due to the compositional make-up of the respective particIes.

8.3.3 Final Residue Charaeteristics (LOOO°C):

At 1000°C, the residues from each oil do not demonstrate much similarities~ which

tS quite a contrast from the samples seen at lower temperatures. Again., there is a

difference in residue color and characteristics, as can be seen in Figure 8.2 e & g for Oil 1

and Figure 8.2 f & h for Oil 2 (Figures e & f are at magnification of 25 times~ while

Figures g & h are at magnification 40 times). Oil l residue is dark brown and still shows

the same type of structure as was previously seen~ i.e.. a larger. non-compact~ partially

curled structure with random shapes. There is also the presence of sorne (but only very

few) smaller~ finer particIes which cannat be seen in the optical microscope images.

However, the particles generated from Oil2 show completely different characteristics than
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Figure 8.5: SEM Mierograph ofOïll Partiele @ 650°C

Figure 8.6: SEM Mierograph ofOil 2 Partiele @ 650°C
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Figure 8.7: SEM Micrograph ofOil2 Partiele Surface @ 650°C

Figure 8.8: SEM Micrograph ofOil2 Partiele @ 650°C
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bath the Oil 1 residue at the same temperature and the Oïl 2 residue previously collected.

ail 2 particles are black and are in the forro of a fine powdery material., much like

activated charcoal looks like. In addition., the volume of matenal generated was

significantly less than at previous temperatures. The particles seem to be of a much

smaller size with a more narrow size distribution (i.e.~ no larger curled particles similar to

those seen at 650°C were found, ooly small particles). Roughly <10% of the white

panicles such as those seen at 650°C were aIso found and can be seen in Figure 8.2f& h.

An SEM image ofa typical Oil 1 particle is shown in Figure 8.9. It is clear that the

particle still exhibits sorne form of tlatness with a greater degree of curling at the

extremities in comparison to the generally flat structure seen at 650°C. The sizes of the

particles vary and are generally smaller than the one shawn (which is roughly 1.5 mm at its

widest) but the particle seleeted demonstrates clearly the features of the particles

generated at this temperature and was selected for that reason. There are also sorne

smaller panicles (100 J.lm) formed in a much less signiticant amount. which have the

rnorphology seen in Figure 8.10. The particle. since it exhibits sorne more compact

curling, is probably the result ofan extrerruty breaking off a larger particle.

A typical particle generated from ail 2 is shown in Figures 8. L1 & 8.12 and is

clearly quite different than either ail L at the same temperature (Figure 8.9) or ail 2 at a

lower temperature. These particles are typically very compact with a smooth surface.

signifying that sorne degree of surface melting has taken place. The particles are mainly

the same size., at 100 J.lm. (Note that although the small particles found for ail 1 are of

the same size, the structure of the particle is completely different: Oil 2 particle tS

compact, and circular whereas Oil 1 particle is still somewhat compact but curled.)

Finally, another type of particle was also seen by SEM for Oil 2 and shown ln

Figure 8. 13. It is believed that this particle may have evolved from the white particles

seen at 650°C since they have a similar structure. These particles are about the same size

as the typical particles, i.e.~ 100 J.lm. However~ they exhibit a much different structure.

The particles are more 1005er and have significant void space, similar to the white particles

seen at the lower temperature. Nevertheless. there still seerns to be partial melting that

was not seen previously which is visible at the bottom ofthe particle shawn in Figure 8.13.
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Figure 8.9: SEM Mierograph of Oïl 1 Particle @ lOOOoC

Figure 8.10: SEM Micrograph of OU 1 Partiele@ lOOOoC
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Figure 8.11: SEM Mierograph ofOil2 Partiele @ lOOOoC

Figure 8.12: SEM Mierograph ofon 2 Partiele @ lOOOoC
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Figure 8.13: SEM Micrograph ofOil2 Particle @ l0000C
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8.4 Presence of Metals in Solid Pbase

A qualitative study on the presence of metals was done by EDS in order to see

what metals were present in the residue. This type of study may allow for detennination

of metals present and whether there is a relationship of particular metals with temperature.

A1though the initial metal content in each ail is not known, similar metals were found in

both oil residues. Sorne metals were present at aIl three temperatures in the residue.

These included: zinc~ magnesiu~ phosphorus~ calciu~ manganese, iro~ silver, sodium..

potassium and copper. Other metals present showed sorne patterns of interest. A typical

EDS spectrum is shown in Figure 8.14.

Neither residue showed any chromium content at 400cC. However. at 650°C.

there was still no Cr in Oil 2 residue. but Cr was seen on the surface of the Oil 1 residue.

Finally, at 1000cC, Cr was present in both residues. It seems that as the temperature

increases, the Cr migrates to the surface layers of the particles. Another possible

explanation could be that. by the higher temperatures, as the particle size gets smaller.

perhaps the Cr becomes concentrated enough to be detected.

ln terms ofsulfur content, the EDS study showed that both residues showed sulfur

for samples at both 400°C and 650°C. However. at lOOO°C, Oil 1 still had S while Oil 2

did not. This is consistent with the initial S present, which is 0.54 wt % for Oil [ and 0.35

wt % for Oil 2. Since Oil 2 has about half the sulfur of Oil 1. it is expected that Oil 2

would (ose its sulfur tirst. The S in the solid. in this part of the process, would be oxidized

and S02 (90%) and 503 (10%) are expected ta be fonned.

There was no Ni detected by EDS at temperatures of 400°C and 650°C for either

oil. However~ at [OOOCe, there was still no Ni detected in ail [ residue but was in Oil 2.

Finally, in terms of Cl content detected by EDS, Oil 2 never showed any (which is to he

expected since Oil 2 initially has only 0.0091 wt % CI). However. this is not the case for

ail 1 which has initially 1. [2 wt % CI. Therefore~ at 400°C~ Oil 1 residue showed CI and

did not for the higher temperatures. This suggests that the chionne present in Oil [ is lost

at sorne temperature between 400°C and the next temperature measurement. 650°C. The

presence of CI is important in tenns of toxic metal behavior since it is known that the

chloride species ofa given metal is much more volatile than in other forms. (28)
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Chapter 9: Mechanism

Cbapter 9: Process Mecbanism

Various aspects ofthe used oil slow heating process have been studied in this work

(i.e.~ weight behavior, gas phase evolution ofboth CO2 and hydrocarbons and evolution of

solid residues for two different used lubricating motor ails). Based on aH observations

made~ it is possible ta propose a plausible mechanism for the transformation of the oil

samples in an oxidative environment~ when heated at 3°C/min from 300 e to 650°C,

followed by a SOC/min heating rate from 650°C to a final temperature of laOace.

9.1 Overall Process Mechanism

First~ an overaii mechanism is proposed that applies to bath ails in which the

dominant features are described. A schematic of the overall transformation meehanism for

a spent lubricating oil is shown in Figure 9.1. It is believed that, under the conditions

studied~ the lubricating oil undergoes changes as is shawn in the figure. The

transformation process is divided into four stages similar to the zones assigned in the

weight loss curve for Oil 1 (Figure 6.1). In each stage~ ditferent processes dominate and

these dominating features are used as a basis for stage designation. Although the major

features in each stage are shown in Figure 9.1, the processes the oils undergo are graduai

due to the slow heating rate. Thus, the designations are not clearly distinct from one

another and therefore~ sorne overlap occurs. (Similar separation of a crude oil

cornbustion-like process was obtained from a kinetic point ofview in other studies.19.1-l.29,)

The transformation begins in Stage l, called "Initial Volatilization", where the

sarnple is entirely liquid as the heating process begins (tbis is represented schematically on

the upper left portion of Figure 9.1). Since the heating proeess is slow, and the material

ternperature is still low (i.e., less than about 150°C) there is an initial period where very

little oceurs in tenns ofsample transfonnation. There is material eseaping in this region as

is evideneed by the small amount of weight Joss deteeted by the balance over the first part

of the proeess (see Figures 6.1 and 6.2). However, the amounts released are insignificant

in comparison to the rest of the process. Also, no major gas-phase products were

detected with the FTIR during the Initial Volatilization since the small amount of material
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that is released is done 50 over a significant time period (about 30 minutes) and thus. the

concentration of the released material would be low. Due to the sample makeup. this

material probably consists of very light hydrocarbons as weIl as any H20 present in the ail

(in this case~ <0.1 wt% & 0.3 wt% ofwater was present for Oil 1 and Oil2, respectively).

This is represented in the figure by the vaporization of water particles with a limited

amount oflight hydrocarbon vaporization.

After this initial stage. the most significant weight loss in the process occurs for

both oils and thus~ tbis part of the process is referred to as the "'Major Weight Lossn Stage

(labeled as Stage 2 on the upper right of Figure 9.1). This weight loss is believed to

correspond ta the bulk volatilization of the light liquid hydrocarbans present in the ail (as

seen in the gas evolution profiles and ilIustrated in the figure). Since the temperature is

still relatively low (i.e. -250°C). no significant oxidation occurs. However. a limited

amount of oxidation does indeed occur in this part of the process as is indicated by the

presence ofC02 (see Figure 7.2 for temperature resolved CO2 profiles). This signifies that

a small portion of the volatilized hydrocarbons react with the oxygen in the air as they are

released. This is shown in the figure via the majarity of the process being straight

vaporization of the light hydrocarbons present in the sample and only a limited amount of

oxidation of those same light hydrocarbons. In similar studies using crude ail. the ]ow

temperature oxidation equivalent to the Major Weight Loss Stage was attributed to

reactions generating oxygenated hydrocarbons. [91 There was evidence of such compounds

in the FTIR spectra collected (see Figure 4.4 peak at 1700 cm-1 which could represent a

C=O functional group) so this is a possible. yet unconfirmed, reaction taking place in this

stage. However, since a lubricating oil contains lighter fractions than a crude oil~ it is

expected that more volatilization occurs than for crude ail. Other studies have confirmed

that in addition to oxygenation occurring~ evaporation and distillation of hydrocarbans

also occur in this part of the process_[291

As vaporization proceeds~ the sample will reach a point where mast of the lighter

hydrocarbans have volatilized~ depositing a liquid/solid transition material~ herein referred

to as "tar". This material~ most likely including some form of solid plate]ets~ thus contains

sorne of the heavier hydrocarbons initially found in the oil sarnple. This part of the

•

•

•

Chapter 9: Mechanism 88



process, called the "Solid Deposition Stage" and seen in Figure 9.1 as Stage 3, was shown

to correspond to the plateau region seen in the weight loss curve for Oil 1 (Figure 6. 1) at

approximately 300oe. The Solid Deposition Stage is believed to be dominated by a

surface process, explaining the slow down in the weight loss seen for Dili. As was

shown by the image of both samples at 300°C (Figure 8.1), the material is a film-like

structure that is partially liquid. Therefore, whatever oxidation takes place in this stage, it

is limited to the top surface layers of the residue, as is demonstrated in Figure 9. 1 by the

oxidation arrows emanating ooly trom the sarnple surface. Sorne hydrocarbons are

trapped below these layers without being able to volatilize until the layers above them

have reacted. This is in contrast to the processes occurring in the previous stage. i.e. the

Major Weight Loss Stage, where volatilization is not limited to the surface but occurs

throughout the entire sample which is liquid and does not hinder the vaporization of the

hydrocarbons. (For the crude oil process. a similar region was attributed to distillation

and pyrolysis processes leading to solid fuel deposition. (91)

During the Solid Deposition Stage. there is a marked difference in the two oils in

terms of the behaviors observed, despite the dominant features described above being

similar. Oil 1 shows a drastic slow down in the weight loss during trus part of the process

while none is visible for Oil 2. It was shawn via the optical microscope images taken

(refer ta Figure 8.1) that tbis region is accounted for by the transition of the sample from

its liquid state to the solid state. Although it was seen that both oils undergo this

transition in the same general temperature region, the weight loss and the gas-phase

evolution only show evidence of this transformation for Oil 1 and not for Oil 2. Since Oil

1 does not have elemental oxygen within it to aid the oxidation process. it is believed that

the rate of formation of this tar and its subsequent oxidation are limited by the mass

transfer of oxygen from the reaction air to the surface of the liquid-solid sample and this

explains the slow-down in the process for Oil 1. Whereas for Oil 2, the oxygen present

aids the oxidation process by having oxidation reactions take place intemally. speeding up

the process oftar formation and subsequent break.~p ofthe film that is formed.

The tar material for Oil 1 is in the form ofa one-piece non·porous film with only a

limited amount of surface exposed to reaction air. Because of trus limitation in the
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reaetion process, the duration and rate of the transition part of the process will depend on

the amount ofmaterial in the container at the time the Solid Deposition Stage is occurring.

This is true since ooly the surface of the material will react and therefore, material that

could otherwise be oxidized would be trapped beneath the top layer of non-porous tar that

is formed until the surface layers are oxidized. This behavior explains the dependence on

initial sampIe weight for Oil 1 that was shown in Figure 4.9. The more material used

initially, the more material will remain when the transition tar layer tirst forms. thus

trapping hydrocarbons that would otherwise be oxidized untiI a path is formed for access

to the reacting medium.

For Oil 2, the tar is in several film-like pieces during the Solid Deposition Stage

(compared to one for Oil 1). The presence of severa! film-like pieces increases the surface

area of the sample that is exposed to oxidation and vaporization of hydrocarbons. Aiso.

there may still remain sorne internai oxygen in Oil 2 at this point in the process which

would further increase the rapidity of the process. Therefore. for Oil 2. although this

liquidlsoLid transition occurs in the same general temperature range as for Oil 1 and has

the same processes occurring (i.e. mainly surface oxidation), the slow-down is not

noticeable. Oil 2 differs from Oil l in initial elemental oxygen content which probably

explains trus difference. (Oil l initially had <0.5 wt% while Oil 2 had 2.4 wt% elemental

oxygen.) The oxygen causes sorne internaI oxidation to take place. thus affecting the

initial formation of the tar material. This explains the formation of distinct tar film pieces

for Oil 2, which facilitates further oxidation as temperature increases by increasing surface

area with, perhaps, further internai oxidation taking place.

AIso, as was seen in the SEM images of Oil 2 solid particles (see Figure 8.4). the

internaI oxygen increases the formation of pores near the surface which further increase

access ofthe reaction air to the residue interior. In other words, while for Oil l, oxidation

is limited at ail times to the surface of the sample. the oxygen present in Oil 2 allo\vs for at

least partial oxidation fram within the sample and increased surface area for reaction air to

access the interior of the film. This results in a smoother transition from liquid to solid in

Oil 2 and accounts for the lack ofa plateau region for this sample in the weight curve.
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Foilowing the Solid Deposition Stage" the tac material becomes more solid and

eventually breaks up into individual particles for both oil samples (as is shown in Figure

9.1, labeled as Stage 4: Solid Oxidation). These particles still contain sorne hydrocarbons

which will continue to oxidize as heating progresses., thus explaining the final weight loss

seen in both cases in the Solid Oxidation Stage. Since these hydrocarbons are associated

with solid particles and are most likely higher boiling point hydrocarbons. direct

vaporization of the hydrocarbons is not seen but instead, this zone is characterized by

mainly oxidation and thus., the presence of CO2 (see Figure 7.2 for gas-phase evolution

profiles). That is., the hydrocarbon release is slow enough and the temperature is high

enough (approximately 450°C) 50 as to allow for oxidation to take place within the high

temperature region of the furnace. (Oxygenated hydrocarbons were attributed to the solid

phase oxidation in the similar crude oil process which generated oruy CO2, CO and

H20. l9J) However, there are differences in the characteristics of the particles found for

each oil due mainly to the formation processes in the Solid Deposition Stage. Thus. in

Figure 9. l, in conjunction to the general oxidation process illustrated, SEM images of

typical particles initially formed are included to show these differences for Oil 1 (Image A)

and Oil 2 (Image B). Oil 1 initial panicles are generally flat and large, while Oil 2 particles

are smaller and partially coiled.

Thus., the final Solid Oxidation Stage in both cases is the result of the particles that

are generated from the Solid Deposition Stage material as they are being further oxidized.

Since the Solid Deposition Stage is affected by the sample internaI oxygen content. the

particles formed for each oil have ditferent characteristics. The reason for the greater

weight loss in this stage for Oil 1 is that, following the transition stage which is limited to

a surface oxidation., the solid particles produced still have significant amounts of

hydrocarbons trapped within the particles that were unable to oxidize earlier. As the

temperature increases and the surface layer erodes, a breakthrough occurs and these

hydrocarbons escape and oxidize (as seen in Figure 7.2 showing CO2 profiles), accounting

for the greater weight loss compared to Oil 2 where the same heavy hydrocarbons can

oxidize earlier in the heating process because the surface area exposure to the air is

greater.

•
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9.2 Mechanism of Solid Particle Evolution

The processes that lead up to the Solid Oxidation Stage have slight ditferences due

mainly to the initial oxygen content of the starting material as discussed above. Because

of trus, the initial solid particles generated have different characteristics as shown in

Images A&B in Figure 9.1. Due to the initial particles having ditferent characteristics. the

evolution of these particles as they get heated to a final temperature of 1aoace is also

different for each oil and the processes that dominate each oil's Solid Oxidation Stage are

different (tbis is ilIustrated in Figure 9.1 by the arrows pointing to a particle surface and a

particle interior). Therefor~ through the observations made from visual. optical

microscope and SEM studies, the differences in the solid evolution between the two oils is

explained in terms of a solid particle mechanism for each oil. A detailed schematic of the

solid particle evolution mechanism proposed is shown in Figure 9.2. The evolution from a

temperature of 400C C (approximately where individual solid particles can first be

identified) on the left-most part of the figure to a final temperature of lOOOce to the far

right is shown in the figure. The upper part of the figure shows the evolution for the Oil 1

solid particles while the lower part shows the same for Oil 2. Typical SEM micrographs

(previously shown in Chapter 8. Figures 8.3, 8.9. 8.4 & 8.12) representing the particle

evolution are also included in Figure 9.2.

It was very evident based on initial visual observations that, at the end of the

process, the solid particles generated by each oil were significantly different. Although the

initial particles for each oil have clearly different characteristics, the level of difference in

the final particles clearly suggested that the evolution of the solid particles during the

heating period following their formation contained sorne different mechanisms as weil.

9.2.1 Oil 1 Solid Particle Evolution:

The Oil 1 solid phase evolution is shown at the top of Figure 9.2. At the onset of

individual particle formation, Oil 1 particles are generally large (typically 1.5-2.0 mm). flat

sheet-like particles with a smooth surface structure, as is seen in the figure in the SEM

micrograph representing the initial Oil 1 particle. By the end of the heating process. these

particles evolve to partially coiled particles being still relatively large, at 0.8-1.4 mm, seen

at the top right of the figure, in terms of schematic and SEM representations. (Along the

•
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proeess., small parts of the paniele break offand it is hypothesized that this is where fly ash

cornes fro~ if the partieles are suffieiently smaU.) The behavior of Oil 1 particles in

conjunetion with the weight and gas-phase observations lead to the conclusion that the

proeess taking place in this part of the transformation is limited to surface oxidation alone.

That is, that the carbonaceous material present in the particles react solely at the reaction

gas-solid interface of the sample. This would expIain why a second ignition temperature

was not seen in Figure 6.5.

At 400°C, the residue for Oil 1 still has some carbonaceous material and is,

therefore., "wetter". The sample at this point., maintains over 20% of its rnass.. as was seen

in Figure 6. 1. As heating proceeds, portions of the sheet lose sorne material to oxidation

(and some volatilization) at the surface: i.e. the sample ""dries", which causes the particle

to curl partially in the areas of local mass loss. Certain areas will not be strong enough ta

maintain contact with the larger piece and will break off (i.e., the stresses caused from the

curling tendency of the particle may, at sorne point.. become too great). These types of

particl~swere seen in the sample as weil (i.e. smaller, shriveled up pieces as seen in Figure

8.10). As the temperature fises, the surface layers continue ta lose carbonaceous material

and volatile matter (i.e. they dry). The drying takes place at ditTerent rates along the

particle depending on the distribution of the remaining hydrocarbons, causing differential

stresses in the particle surface and thus, the top of the particle shrinks and shrivels, causing

a curling nature at the extremities of the final paniele as is shawn in Figure 9.2 for ail 1 at

IOOO°C.

Just based on this level of observation. a conclusion cannat be made as to whether

these particles would be conducive to leaching. It is hypothesized that due to the nature

of the particles, leaching would be easy. However, it is also believed that the particles

would be more shriveled if the heating rate in the Solid Oxidation Stage were increased

and thus, if this is proven to be correct, the more compact, shriveled particles could

ultimately he dense enough to prevent or minimize leaching. In other words~ if particle

characteristics could be controlled by sorne of the process parameters, a more

environmentally friendly solid residue could he generated. Sïnce for oils, the major

•
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portion of the burning process is over early in the process, the temperature history from

this point onwards could play an important role in the solid residue part of the process.

9.2.2 Oil2 Solid Particle Evolution:

Evolution of solid particles formed during Oil 2 heating is shown on the lower half

ofFigure 9.2. For Oil2, the evolution is clearly different than for Oil 1. At 400°C (at the

bottom left of the figure), the panicle for Oïl 2 has a partially coiled structure with the

presence of surface pores, as is seen by the SEM insen. By the final temperature of

lOOO°C (at the bottom right of the figure), the particles have a much more compact

structure with a continuous surface_ Also~ the size of the panicles are significantly

smaller. At 400°C, the particles are -0.6 mm and by 1aoaoe, the particle has significantly

reduced size to -0.2 mm. From a leaching point of view, the compact structure of the

final ash should deter leaching of hazardous metals from taking place. Therefore. this type

of structure would be advantageous over the flatter, less compact structure that Oil 1

generates.

The surface oxidation process described for Oil 1 also takes place for Oil 2

particles as is demonstrated in the figure (Le. hydrocarbons at the particle surface oxidize

when they come into contact with oxygen). However, due ta the pores formed in these

particles during the Solid Deposition Stage (which are due ta initial oxygen content)

further oxidation occurs intemally. The reaction gas (air) can access the interior of the

particle as weil as the surface and thus the effective surface area exposed to oxidation

conditions increases, explaining why a second ignition event was found in Figure 6.6 for

Oil 2. The combination of the two processes means that, as the particles continue to curl

up due to the surface oxidation process. they tend to break up more readily because of the

internai oxidation occurring. As these processes continue during the heating, the final

particles become very small, compact and smooth.

9.2.3 Summary:

The differences in particle evolution for the two samples are summarized as

follows. From what is seen by the SEM images, the DilI solid phase oxidation process is

predominantly one of surface oxidation. The particle generally stans off flat and oxidizes

on the surface only. This causes the particle to shrink on the surface while the lower

•
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portion remains intact, causing the particle extremities to curl up and the general size of

the particle to remain the same (i.e. not much particle break-up occurs). Since Oil 1

contains no elemental oxygen initially, this can explain why the initial solid particle formed

is flat~ without pores that wouId promote internai oxidation.

Oil2 shows a different particle morphology initially. The initial particle (at 400°C)

is already partially coiled and smaller than Oil Lpanicles at the same temperature. This is

caused by the elemental oxygen present in Oil 2~ increasing the amount of internai

oxidation during the Solid Deposition Stage and subsequent formation of the particle is

faster. While the particle heats up and continues ta oxidize, in addition to surface

oxidatio~ the pores formed during the transition stage allow for oxygen to penetrate the

particle, thus allowing internai oxidation to also take place. This results in the particle not

only curling up from surface oxidation but also breaking up due ta the internai oxidation.

As the temperature reaches 1aOQoe. the final particle is therefore, smaller and more

compact due ta the two processes taking place simultaneously_

•
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Cbapter 10: Polycyclic Aromatic Hydrocarbon (PAH) Bebavior

10.1 Introduction

With the current knowledge on the behavior of the two used oils during the slow

heating process~ it is important to address sorne of the environmental concems associated

with the process. One of the more important areas of environmental concerns found in

most combustion processes~ especially those involving hydrocarbons, is the release of

hazardous compounds such as Polycyclic Aromatic Hydrocarbons. PARs. Therefore.

sorne initial attempts at studying the release ofPARs during the process were made.

10.1.1 Physicai and Chemical Properties ofPARs:

Polycyclic Aromatic Hydrocarbons (pAHs) are compounds that contain only

carbon and hydrogen atoms. found in two or more fused benzene rings of various

arrangements. Generally, these compounds have Io\v vapor pressures and thus, have a

tendency to be found in a condensed phase. [30J These compounds, including substituted

molecules, are of interest because many of them have been found to he carcinogenic and

mutagenic.[31.32] The Environmental Protection Agency (EPA) in the United States has

qualified 16 PARs as priority pollutants(33] (i.e. pollutants that warrant regulation). Figure

10.1 shows these compounds and those that are marked with an asterisk(*) are suspected

or known carcinogens. Table 10.1 gives selected physical properties ofthese same PAHs.

PARs are common produets of incomplete combustion of hydrocarbons and are

produced in a variety of anthropogenic and natural systems. During incomplete

combustion processes (or high temperature pyrolytic processes), unburned hydrocarbons

are released, ofwhich PARs are a part of Since many PARs have high boiling points (as

demonstrated in Table 10. 1), they have always been associated with soot, tly ash, and

other particulates formed during the combustion process, mainly in the respirable size

range of less than about 3 J.1rn diameterP4). However, this does not exclude vapor phase

PARs trom being present in the atmosphere. Recently, with the advent of better analytical

technology, it was found that PAHs are indeed being released in the gas phase during

these processes. Therefore. it is no longer adequate. environmentally, to capture ail solid

partieles to prevent PAH release. There aIse needs te be a way to reduce the gas phase
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• Figure 10.1: Structures of PAHs as EPA priority poliutants(3JI
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1=naphthalene. 2=anthracene, 3=phenanthrene. 4=chrysene. 5=benz[alanthracene*, 6=pyrene.
7=dibenz[a.h]anthracene*, a=benzo[a]pyrene*, 9=acenaphthylene. 10=acenaphtene. 11 =fJuorene,
12=fluoranthene, 13=benzo[k]fluoranthene*, 14=benzo[blfluoranthene*. 15=benzo[ghllperylene*,
16=indeno[1.2.3-cd]pyrene*.

Table 10.1: Priorit PoLIutant PAH Pro erties [35)

•

Corn ound
naphthalene
anthracene
phenanthrene
chrysene
benz(a)anthracene
pyrene
dibenz(a.h)anthracene
benzo(a)pyrene
acenaphthylene
acenaphthene
f1uorene
f1uoranthene
benzo(k)fluoranthene
benzo(b)fluoranthene
benzo(ghi)perylene
indeno 1.2,3-cd rene

Formula MW Meltin Pt, oC
C1QHa 128.19 81
C,4H,o 178.24 216
C14H1Q 178.24 101
C,aH '2 228.30 256
C ,aH

'
2 228.30 162

C ,6H '0 202.26 156
CnH '4 278.36 205
~OH'2 252.32 177
C,2Ha 152.21 93
C,2H1Q 154.21 96
C ,3H lO 166.23 117
C'6H10 202.26 111
C20H ,2 252.32 217
~OH'2 252.32 168
CnH '2 276.34 278

H, 276.34

496
270
279
294
383
481
481



PAH emissions to make combustion processes more environmentally credible, as weil as

limiting exposure to PARs and therefore, decreasing heaIth risk.

The factors that determine whether PAHs generated are found in the vapor or the

condensed phase are: 1) the vapor pressure of the PAR (which is a funetion of

temperature); 2) the process temperature~ 3) PAH concentration; 4) the amount of fine

particles generated (in terms ofsurface area for adsorption of the PAH); and 5) affinity of

individual PARs for the particles' organic matrix.[36] In general, the more surface area

there is in terros of particles, the greater the possibility of PAH adsorption and

condensation. AlSQ, PARs with a molecular weight less than that of pyrene (MW=202)

are found, to a large extent, in the gas phase.[361

10. 1.2 Health Concems:

Why the interest in PARs? Sorne of these compounds are carcinogenic and

mutagenic and it is therefore, in the public interest to understand their behavior in

processes such as the one being studied, to eventually be able to minimize human exposure

to these compounds. Sorne PARs, particularly those with four or five aromatic rings

(such as benzo(a)pyrene)~ are known to cause mutations in human cells and cancer in

radents, and so, PARs are among the compounds regulated as hazardous air pollutants

under the United States Clean Air Act.[3 1l In Canad~ PARs are not yet regulated. (Note

that PARs are partly responsible for the carcinogenicity of cigarette smoke!i~7]

PARs were among the tirst atmospheric pollutants to be identified as being

carcinogenic.[36I As far back as 1775, a British surgeon named Sir Percival Pott observed

an increase in cancer in chimney sweeps. He hypothesized that the soot and tar that they

were exposed to was the cause of the cancer. It wasn't until 1915, that researchers, by

being able to induce tumors with coal tar, tirst established the link that Pott had observed.

(This was achieved by painting the inside of rabbit ears until tumors developed. )(~g39AIII

Eventually, it was discovered that the carcinogenic components that these and other

similar cornpounds consisted were PARs. By 1916, over 30 PAHs and several hundred

derivatives of PAHs were reponed to have sorne degree ofcarcinogenic effect.l3s. 39. ~Ol

Despite the fact that PARs are produced only in trace amounts in most combustion

processes, the cumulative amounts trom ail the combustion sources may be considerable.I~1

•
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There is concern that continuous low-Ievel exposure to PARs could increase the risk of

cancer and genetic defects, a1though the level of this risk is yet to be established. Thus~ it

is important to limit the release ofthese compounds from combustion processes.

10.1.3 Sources ofPAHs:

PAHs can be formed by anthropogenic as weil as natural processes, with the

greatest arnount coming from man-made sources.[36] The natural sources of PAH are

mainly from forest tires, bioSYfithesis processes, and volcanic eruptions, but will not be

discussed here, sa as to concentrate strictly on anthropogenic sources which are much

more important ta air pollution.[381

PAHs are, however, mainly emitted by anthropogenic sources~ namely by the

combustion of organic fuels, such as used ails. In these processes, PARs are formed

mainJy in two ways: 1) pyrolysis or incomplete combustion; & 2) carbonization processes

(i.e. carbon growth).[381 PAH release is not limited to combustion processes (e.g.~

evaporation ofgasoline containing PARs) but this is the major anthropogenic contributor

and of most direct interest to the area of study since sorne to what is Ieamed in this

research on used oils may be applicable ta other types of combustion processes~ especially

if used oil is used as a supplemental fueL

Anthropogenic sources can be divided into two classes: mobile sources and

stationary sources. Mobile sources of PARs incIude diesel and gasoline operated vehicles.

while stationary sources include a wide variety of combustion processes~ such as

residential heating, power generation and industrial activities (which are possible

consumers of used oil as a fuel). Table 10.2 shows different sources of stationary and

mobile PAHs. Evidently, stationary sources tend to result in localized high concentrations

of PAHs while mobile sources spread the PAH release over a wider region. The highest

concentrations of PAH found in the atmosphere are, logicaUy, located near the emission

sources (i.e. urban and industrial regions). However, due to atmospheric transport

phenomen~ PARs have been found even in the most pristine, remote areas of the world

and thus, PAH release takes on a global concern.

Although PARs have been investigated and quantitied by many ditferent

researchers for different combustion processes~ there is as yet no standard method for



•
Chapter 10: PAR Behavior

Table 10.2: Sources ofPAH[J8)

10 l

Stationary sources
1. Residential heating

Furnaces. firepla~ and Sloves
(wood and coal)

Gas bumers

3. Power and heat generation
Coal-and oil-fired power plants
Wood- and peat-fired power plants
[ndustrial and commercial boilers

2. Industry
Coke production
Carbon black production
Petroleum catalytic cracking
A5phaJtproduction
Aluminum smelting
Iron and steel sintering
Ferroalloy indusU)'

~. Incineration and open tires
Municipal and industrial incinerators
Refuse buming
Forest tires
Structural tires
Agricultural buming

•

•

Afobile sources
5. Gasoline-engine automobiles

Diesel-engine automobiles
Rubber tire wear
Airplanes
Sea traffic

studying PAHs and thus, each researcher provides different types of data (i.e. different

collection and quantification methods and ditferent PAHs). This has the implication of

making comparisons of different combustion processes difficult. Nevertheless comparison

of PAH ernissions of different combustion sources is quite interesting as an order of

magnitude indication of the efficiency of different processes and fuels. A number of

Tables follow that show sorne interesting comparisons. (despite being taken from different

researchers, different experimental conditions, etc.).

Table 10.3 shows estimates ofPAH emission in Norway, Sweden and the USA in

M.T/yr. Since PAHs are not yet regulated in Canada, similar data is not available. It is

interesting to note that stationary sources account for the majority of PARs emitted.

Despite the lower percentage from mobile sources, these tend to be highly concentrated

within certain areas (i.e. urban centers) and therefore, are cause for local episodes of high

levels of PAH. A significant amount of PARs are emitted in industrial processes such as

alumioum production in Norway and the U.S.~ while Sweden produces a significant

amount through residential combustion processes. Also fram Table lO.3~ the U.S. is
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Table 10.3: Estimated PAR Emission[J81

(02

•

•

Nonvav Sweden U.S.A.
Source M.TJvr °At M.T.lvr % M.TJyr %
Residential combustion

WOO<L coal -18 16 96 38 700 12
Oil. gas 14.5 5 36 14 15 0.3

Industrial production
Coke manufacturing 5.1 2 18 7 630 Il
Carbon black - - <0.1 <0.1 3 <0.1
Asphalt production 0.1 <0.1 0.3 <0.1 -1 <0.1
Aluminum production 160 54 35 14 1000 17
Iron and steel works 34 12 - - - -
Ferroalloy industry 3.5 1 1 0.4- - -
Petroleum cracking - - <0.1 <0.1 - -

Power generation
Com and oil-fired power plants - - <0.1 <0.1 1 <0.1
Peat. wood. straw 0.1 <0.1 6.5 3 - -
Industrial boilers 1.2 OA 6.5 3 400 7

Incineration
Municipal incineralion 0.3 <0.1 2.2 0.9 50 0.8
Open buming OA <0.1 - - 100 2
Forest tires 7 2 1.3 0.5 1000 17
Agricultural burning 6 2 - - - -

Mobile sources
Gasoline automobiles t3 .J 33 13 2100 35
Diesel automobiles 7 2 14 6 70 1
Air trafflc 0.1 <0.1 <0.1 <0.1 - -

TOTAL 295 250 6000

estimated to produce 20 times as much PAH as either Norway or Sweden. However~ if

the populations of the U.S.~ Norway and Sweden are estimated to be 250.5 million. 4.3

million and 8.5 million[41J~ respectively~ the amounts estimated become 23.95. 68.60~ and

29.41 M.T. PAH emitted per million capita per year. which show that the United States'

emissions on a per capita basis are actually Jess than either Sweden or Norway and that

Norway produces the most per capita.

10.1.4 Emission Factors:

A method to compare PAH emission sources is to define what is called an emission

factor. That is~ to determine an important parameter for a certain PAR producing process

and dividing the amount of PAH formed by this parameter (e.g. amount of fuel burned).

This gives a weighted value of emission strength that can be compared between different

processes. However~ this method has limitations in that the same definition is not always
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possible. A1so, when overall emissions are compared, one can be lead to different

conclusions. For exampIe, process Amay emit less PAH per gram of fuel than process B.

but process A may use a substantial amount of fuel more than process B so in facto

process A is a more significant polluter. Ifone looks solely at emission factors, one may

conclude that process A is the more environmentally acceptable. Nevertheless, the use of

emission factors still aIlows for comparisons of process efficiency with respect to PAH

emission as long as the limitations are kept in mind.

Tables IO.4a to lO.4d list emission factors for various processes and are ofinterest

since many may be potential candidates for use of waste oil as a fuel. Table lO.4a gives

emission factors for residential heating with different fuels. The emission factor here is

defined as mg PAH per kg offuel consumed. \Vith this definition, coal-fired fumaces emit

a fairly high amount ofPARs, namely 60 mg/kg while the lowest emission is from a 30kW

oil-fired burner. Note that for coal-fired processes. the range of PAH emitted varies a

great deal. This is due to coal having different emission factors for ditferent types and

qualities of coal used, as well as differences in combustion systems used. The combustion

of wood and coal give significant emission factors since combustion during these

processes is often slow and incomplete.

Table lO.4b gives PAH emission factors for industrial sources defined as g PAH

per ton of product produced. As you cao see, this emission factor' s definition differs from

the one from residential heating (Table 10.4a) and therefore. makes direct comparison

between the two much more complicated. Nevertheless, within the industrial sources of

PARs listed, the aluminum smelting industry has the highest emission factor. i.e. 235 g per

ton of aluminum produced. The iron works industry is another significant producer of

PAR with an emission factor of 60 giton. These industries probably use a lot of coal in

their processes for fuel, which would account for the high emissions. Again. one can

notice that the ranges of emission factors vary significantly, resulting from differences in

detection methods as weIl as differences in operating conditions in various locations.

Table lO.4c gjves emission factors for power and heat generators defined as J.lg/kg

of fuel used. The most significant emitters in this area are hot water boilers fueled with

wood and peat. Here again, combustion of these fuels is usually slow and incomplete.
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• Table 10.4a:
Source
Wood stoves
Fircplaces
Coal fumaces
Oil (30 kW)
Oil (7.5 kW)

PAH Emission Factors for Residential Heating(J81

Range (m;fkg) T\pical (mglkg)
l~70 ~o

29
60

0.15
10

104

TABLE 10.4b: PAH Emission Factors for Industrial Sources(J81

Ran§e (mgfton) Tvpical (giton)

•

Source
Aluminum smelting
Anode baking
Coke production
Petroleum catalytic cracking

No control
CO \Vaste heat boiler

Carbon black production
Asphalt production

Air bloning
Shingle saturators

Iron and steel sintering
Ferrous foundries
Ferroalloy industry
Iron works

LA - 3200
0.32 - 2.~

220 -~90

2.8 - ~LOO
1 - 50

0.03
0.001
0.3

0.05
0.005
0.3~

7.7
10
60

TABLE lO.4c: PAR Emission Factors for Power and Heat GenerationlJ81

Source Range (~glkg)

Pulverized coal-fired power plants 0.5 - 32
Coal-fired fluidized bed 36.000·
Coal-fired industrial boilers
Oil-fired industrial boilers 5.3 - 100
Oil-fired commercial boliers
Gas-fired intennediate boilers ~90 - LLOO
2 M\V hot water boiIer

Wood 1180 - 3390
Peat

19

-41
23

820
LOOO

2000
15000

a The plant was not operated properly.

TABLE 10.4d: PAH Emission Factors for Incineration and Open Fires1J81

Source Range (mglkg) T~'pical (mglkg)

240
lA

20
20

3.5 - 31.5

Incinerators (US. geometric mean) 0.017
Incinerators (2-5 tonslday) 6.8
Openburning

Automobile tires
Municipal refuse

Forest fires
Agricu1tural buming•



accounting for the high levels ofPAH emitted. An interestingly low PAH emission factor

is obtained from pulverized coal-fired power plants~ i.e. 19 J..1g1k:g. This number is

interesting because a high value (60 mg/kg) \vas obtained in Table 10.4a for coal-fired

furnaces which May lead to the conclusion that pulverizing coal before combustion.,

ameliorates combustion efficiency and lowers PAH emission. Qil-tired processes vary in

PAH emission factors, demonstrating the lack ofcontrol with respect to PAR emission.

Table 10.4d gives emission factors for incinerators and open tires. Note that

incinerators produce reIatively low amounts ofPAH per kg offuel used. (However~ this is

a good example of the potential limitation of the emission factor since, in one day, a

tremendous amount of fuel May be burned which would mean that the overall PAHs

emitted would be high.) The greatest emission factor from this Iist is from the buming of

automotive tires (which again follows from the slow and incomplete combustion processes

involved). Note also the rather high emission factors of forest tires and agricultural

burning (both giving factors of 20 mglkg), which are uncontrolled processes.

For the reasons described above, it was deemed very important to understand the

behavior ofPAH release from used ails under the conditions currently studied. If a newer

method of used oil disposai is to be ultimately proposed., PAH behavior will have to be

addressed. Therefore, initial attempts at studying PARs released during the slow heating

process were undertaken.

•

•
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10.2 Analytical Methodology

10.2.1 PARs in ail:

In order to observe PAH behavior, Oil 2 was spiked. ail 2 was selected since it

was sampled at an oil collection center and therefore was believed to be a sample more

representative of used oils. By comparing the behavior of the spiked oil to the unspiked

oil, it was hoped to isolate the PAH behavior in the environment being studied in order to

propose future work on these important compounds.

Oil 2 was spiked with a 50000 Jlg/ml (ppm) standard of naphthalene and

benzo(a)pyrene in a dichloromethane (CH2Ch) solvent in arder to get an oil sample with

-5000 ppm of each spiked PAR. lnitially, a standard with pyrene and anthracene in
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addition to those mentioned above was attempted. However~ the mixture could not be

prepared since the solvent could not dissolve that high a concentration of four PAHs.

Naphthalene was seleeted since it is the simplest PAH with ooly two benzene rings and has

a low boiling point (i.e. 218°C) thus decreasing the chances of it condensing in the transfer

line. Benzo(a)pyrene was seleeted since it is a compound that has been found to be

carcinogenic[39] and has a boiling point (496°C) that was thought to be sufficiently far from

that ofnaphthalene 50 as to isolate the effeets ofeach PAH on the overall process.

In order to veritY the concentration of the PARs in the spiked oit it was necessary

to analyze both the spiked and the unspiked oil. This was done by using Thin Layer

Chromatography preparative plates (TLC). The TLC glass plates are 10 cm by 20 cm and

have a 0.25 mm silicone layer adhered to one of the flat sides. The oil sample being

analyzed, as weil as a reference PAH standard. are placed at the bottom of the plate which

is lowered in a vertical position into a tank. A solvent is placed in the tank (Sa/50 iso­

octanelcyclohexane) so that only a few centimeters wets the lower part of the plate. As

the solvent slowly migrates up the silicone-covered plate. different fractions of the oil will

migrate at different rates 50 that by the rime the solvent reaches the top of the plate. the

PARs in the ail should he separated from any interfering compounds. The plate is then

removed tram the bath and allowed ta dry.

When the plate is dry~ it is placed under an ultraviolet lamp which allows the PAHs

in both the standard and the sample to become visible in the fonn of a light blue hue. The

area around the oil sample corresponding ta the height where the standard PAH migrated

is marked off and taken off the plate by scraping. This silicone, which contains any PAHs

from the ail sample~ is then crushed and extracted with a dichloromethane solvent. The

solvent is vaporized under an inert atmosphere. leaving only the PARs. Acetonitrile is

added having an internai PAH standard of 2-methyl anthracene. This mixture is then

injected into an HPLC for analysis. The TLC procedure allows for removal of substances

that would otherwise interfere with PAH analysis.

10.2.2 PARs in Gas-Phase:

Since PAHs were not detected by FTIR, PAHs were studied by using an organics

trap (Orbo 100 Adsorbent Tubes) ta capture the emissions generated and identifying
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individual PAHs by extraction and subsequent HPLC analysis. It should be noted that

extractive sampling procedures may make detection ofreaetive species difficult. [231

Prior to discussing results obtained in the PAH study~ it is necessary to discuss the

extraction procedure utilized. The organic trap is a cylindrical tube. tapered on the ends.

having a diameter of 7 mm and 12 cm long. It contains 175 mg of carbonaceous particles

that capture the PARs from the gas-phase emissions through adsorption. Once the trap

has been used~ the two ends are covered with snug-fitting caps and the entire trap is

wrapped with aluminum foil. This keeps the captured volatile material from escaping and

also keeps the light away from the volatiles that are susceptible to reaction with light. The

trap can be stored in this way for a period of time. until the extraction procedure can be

completed in the laboratory.

When several runs are completed. the organic material from the traps can be

extracted. One end of the trap is cut open 50 as to disperse the contents into a lO mL vial.

Five mL of benzene are added to the particles to extract the PARs. The benzenelparticle

mixture is then placed in an ultrasonic bath for a period of 15 minutes. After the 15

minute period is over, the solution is homogenized using a Vortex vibrating instrument.

The vial is then placed back into the ultrasonic bath for another 15 minutes of ultrasonic

treatment. after which the Vortex treatment is repeated.

After tbis extraction to transfer the PARs from the solid particles to the benzene

solvent, the vials are allowed to sit for approximately 5 minutes so that sorne of the larger

carbon particles settle to the bottom. Once done. as much of the liquid content as possible

is transferred into a filter syringe (using silver lined filters ta remove the fine carbon

particles). The sarnple is then forced through the tilter into another vial. The remainder of

the liquid. as weil as the solid particles. from the sampie is then also passed through the

tilter to get the remainder of the benzene solvent and thus. the remainder of the PAAs.

Once the benzene solvent containing the PARs has been filtered~ an aliquot of the

sample is transferred to a longer test tube and the amount taken is noted by marking off

the level in the tube. The benzene solvent is then evaporated under nitrogen until only a

small drop of liquid remains (thus leaving the PARs in the vial). Once the evaporation

process is complete. the vial is refilled to the marked line with acetonitrile solvent which



includes an internal standard of 2-methyl anthracene. (This is done in order to maintain

the same PAH concentrations as in the benzene solven~ which was initially 5 mL). This

solution is then placed in a capped dark GC vial and placed in a refrigeratqr to await

injection into the HPLC column.

10.2.3 HPLC:

Ail samples analyzed for PAHs were injeeted ioto a HPLC in the fonn of an

acetonitrile solvent containing 12.025 JJ.g/mL of 2-methyl anthracene~ which was used as

an internaI calibration standard. 10 J,J.L of the sample was injeeted using an ICI

autoinjector, model LC1610. The HPLC was equipped with two columns in series

(Supelco LC-PAIL 25 cm. 5 J.1m) which were rnaintained at 32±1°C. Gradient elution

was accornplished with the foLlowing solutions: (A) 60% acetonitrile/water~ (B) 100%

acetonitrile (with a profile of 100% A for 10 min~ 50% A for 10 min~ 20% A for 12 rnin~

100% B for 6 min). The flowrate was 2.0 roUmin. The fluorescence detector utilized

was linked via an interface (Hewlett-Packard, model 35900) to a PC equipped with a data

handling program (Hewlett-Packard~Chemstation). For quality control~ a sample blank

and a standard mixture of 19 PAHs were analyzed after every L0 samples injected.

•

•

Chapter JO: PAR Behavior 108

•

10.3 Experimental Procedure

The trap was set at the exhaust outlet and the sampling accessories removed. [n

tbis way. all emissions released would he passed through the trap and increase the

amounts of PAHs captured. In arder to minimize condensation prior to the trap. a larger

vacuum pump was utilized to pull the emissions through the exhaust and minimize the

opportunity for condensation. (During the runs, condensation was seen accumulating in

the entrance to the organic trap. In the subsequent extraction procedure~ it was found that

at least a portion of this condensed material was not soluble in acetonitrile and thus was

not PARs. However. it is not known if sorne PARs were condensed with tbis material but

any results obtained include the condensed substance.)

Samples were run in this way on the spiked ail as weil as on the unspiked oil.

under the same conditions. The trap contents were then extraeted and analyzed by HPLC

and the spiked oil results compared to the Oil 2 results to determine the behavior of the



PAHs added. It is necessary to stop the heating process at a desired fumace temperature

and remove the trap. Any PARs found in the trap are therefore an accumulation over the

heating period studied. At this point., not much was known about PAH behavior in this

type ofexperiment and therefore.. the temperatures of the initial study were selected as the

same as those used for the solid phase study.. i.e. 400°C.. 650°C and 1000°C. Since

naphthalene's boiling point is 218°C and benzo(a)pyrene's boiling point is 496°C, it was

considered a reasonable approach for an initial study to use these temperatures since the

processes for each PAH were likely to be isolated. Based on the results obtained from this

study,. a more appropriate set of experiments couid be designed in the future to better

understand the PAH evolution during the heating process.

•
Chapter 10: PAR Behavior 109

•

•

10.4 Results

10.4.1 PAHs in Oil:

The results obtained from the analysis of both the unspiked (i.e. Oil 2) and spiked

oils are shown in Table 10.5. Although Oil 2 was spiked with enough naphthalene and

benzo(a)pyrene to give a sample with -5000 ppmv of each.. the analysis showed a

complete absence of naphthalene and a lower-than-expected amount of benzo(a)pyrene

(i.e. 33.40 instead of - 5000 ppm). Since the analyses were comp[eted after

experimentation, most of the spiked matenal was lost prior to analysis. (The results from

the extraction experiments show that naphthalene was still in the spiked oil at that time.

although the amount is unclear.) Naphthalene is very volatile and was most probably

vaporized while benzo(a)pyrene., although not as volatile., is known to be more reactive

and therefore, probably degraded., possibly forming other PAHs. This is a possible

explanation since a few of the PARs found showed an increase in the spiked oil. 1n

particular, the increase in benzo(e)pyrene from < 0.13 to 2.26 ppm is probably due to the

degradation of benzo(a)pyrene over time. Since only naphthalene and benzo(a)pyrene

were added in the presence ofa solvent. the concentration of ail other PARs was expected

to decrease since the oil was being diluted with respect to these compounds (e.g.,

anthracene went from 10.82 to 6.23 ppm; phenanthrene trom 43.52 to 34.72 ppm) and
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PAR Unspiked, Spiked,
ppmwt ppmwt

Naphthalene <0.13 < 0.19 *
Anthracene 10.82 6.23
Phenanthrene 43.52 34.72
Chrysene <0.38 < 0.57
Benzo(a)anthracene 0.75 0.75
Pyrene L7.23 18.87
Dibenzo(~h)anthracene <0.03 2.83
Benzo(a)pyrene <0.01 33.40 *
Benzo(e)pyrene <0.13 2.26
Acenaphthene < 0.13 < 0.19
Fluorene 14.47 6.98
Fluoranthene 10.94 9.06
Benzo(k)f1uoranthene <0.02 <0.02
Benzo(b)fluoranthene 1.38 l.13
Benzo(g.h.i)perylene <0.03 <0.04
Indeno{ 1.2.3-cd)p~'Tene <0.10 < 0.15

* spiked

thus any increase in PAR content came either from the PARs spiked or from their

degradation (e.g. pYrene concentration rose slightly trom 17.23 to 18.87 ppm).

10.4.2 Weight Behavior:

Once the Oil 2 sample was spiked with naphthalene and benzo(a)pyrene in a

dichloromethane solvent, the spiked sample was studied under the same conditions as for

the previous experirnents and compared to Oïl 2 results. A typical weight curve obtained

from the spiked ail mns is shown in Figure 10.2 and is compared to an unspiked Oil 2

experiment. (Note that the results shown are from runs having exactly the same setup as

previously described; i.e. the regular FTIR sampling accessories were in place and not the

extemal pump/organic trap setup. [t was not known how the external pump would affect

the weight curve and balance system and therefore, the weight behavior was compared in

runs having the regular setup for both samples.)

As can be cIearly seen in the \veight curves in the figure, the weight curve for the

spiked oil is similar in shape but different in location than the typical Oil 2 curve. The

spiked curve has a more significant initial weight loss and then seems to be shifted to the

left in the area of the curve previously designated as the Major Weight Loss Zone (see



Figure 6.2). The shift is approximately 35°C in this zone, which is dominated by the bulk

vaporization ofthe lighter liquid hydrocarbons present in the oiL

,Oil2
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Figure 10.2: Spiked vs Unspiked Weight Behavior

It is not clear at this point why the ditference is seen. After confirming that

thermocouple placement was correct and that the shifting tendency was consistent in ail

runs. the FTIR data collected was analyzed. Unfortunately. the data collected was

insufficient and inconclusive with respect to explaining the phenomenon seen. However.

sorne hypotheses can be raised based on the observations and other knowledge. The only

differences between the two samples are the two PARs and the solvent which were added

with the standard mixture when the spiked sample was prepared. Therefore. it is logical to

conclude that sorne. or aIl, ofthese compounds affect the process and cause the ditterence.

It is clear that the initial weight loss ditference is due. at least in part. to the

evaporation of the solvent used to prepare the spiked oil (which was about 10% by

volume of the spiked sample). This was confirmed with FTIR data which showed a

dichloromethane peak trom the onset of the heating to a temperature of approximately

90oe. as shown in Figure 10.3. However. the solvent evaporation temperature range

corresponded orny to a portion of the initial weight difference. It was not evident whether

the solvent began to react after 900 e or whether no more solvent was found in the sample.

AlI that was clear trom the FTIR data was that pure solvent was no longer seen after this

temperature. It was also seen that sorne naphthalene evaporated between sooe and

150oe. although the identifYing peak was very weak.(43
)

The solvent may be the cause of the temperature shift. Chlorinated solvents such

as dichloromethane have low boiling points which May lower ignition temperatures in oils
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Figure 10.3: Solvent Evolution Profile

subjected to typical combustion processes.[oUI Therefore~ despite much of the solvent

evaporating prior to the Major Weight Loss Zone~ it is possible that the chlorinated

solvent could still affect the vaporization temperatures of sorne of the hydrocarbons

present in the oil mixture. This would cause the vaporization temperatures to be lowered

and result in an apparent shift in the overaLl weight curve.

The PAHs added may also be the cause of the shift~ especially since sorne

naphthalene is deteeted just prior to the Major \Veight Loss Zone of the process~ where

the shift is most noticeable. It is hypothesized that~ as the added PAH oxidizes, the

exothermic reaction increases the local temperature of the material inducing reactions to

take place that would otherwise occur ooly at a later fumace temperature. Therefore, it is

possible that the addition of hydrocarbons may increase the local temperature of the oil

which would promote other reactions taking place al a Iower oven temperature and would

shift the weight curve since this would cause a chain reaction.

At this juneture, the above theories are hypotheticaI. Therefore, more work needs

to be done in this area ofthe study to understand what is occurring. Ta do 50, it would be

necessary to isolate the three compounds added with the standard (i.e. add one compound

at a time, to the oil matrix) in order to tirst determine which compound or cornpounds

cause the shift to occur. Once that is identified, then further studies can be undertaken to

attempt to expIain why and how the effect manifests itself: Whether the effect is due to

the solvent or the PAHs (or sorne combination), this can be a very important area of future



study especially since the overall charaeter of the weight-temperature profiles is very

similar, excluding the shift phenomenon.

10.4.3 Gas-Phase PARs:
•
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The results tram the extraction experiments on the unspiked and spiked oils are

shawn in Table 10.6 below. The extracts were analyzed for a total of 16 PARs. The table

shows the results for bath ails at 400°C, 650°C and 100QoC in terms of mg of PAH

generated per kg ofoil used.

Table 10.6: Unspiked and Spiked Oil PAH Emission Facton, mglkg oil

Unspiked Spiked
PAH 400°C 650°C IOOO°C 400°C 650°C IOOO°C

Naphthalene 119.92 124.50 32.[6 25l.67 280.00 247.50
Anthracene 2.41 3.04 4.44 1.68 5.37 5.48
Phenanthrene 23.75 28.50 38.34 12.63 29.~2 32.42
Chrysene < 0.05 <0.05 <0.05 <0.05 <0.05 < 0.05
Benzo(a)anthracene 0.02 0.02 0.07 <0.01 0.05 0.07
Pyrene 5.35 7.41 10.6 1.72 7.24 10.36
Dibenzo(~h)anthracene < 0.01 <0.01 < 0.01 <0.01 < 0.01 < 0.01
Benzo(a)pyrene < 0.01 <0.01 0.06 0.77 3.37 3.85
Benzo(e)pyrene <0.02 <0.02 < 0.02 <0.02 <0.02 <0.02
Acenaphthene < 0.01 <0.01 < 0.01 <0.01 < 0.01 < 0.01
Fluorene 7.44 10.70 16.74 4.72 9.08 11.12
Fluoranthene 1.95 2.18 3.71 1.03 2.64 3.28
Benzo(k)t1uoranthene < 0.01 <0.01 <0.01 0.03 0.17 0.28
Benzo(b)fluoranthene 0.04 < 0.01 0.16 <0.01 0.15 0.20
Benzo(g~~i)perylene < 0.01 <0.01 < 0.01 < 0.01 < 0.01 < 0.01
Indeno( l,2,3-ed)pvrene <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

In general, the emission factors for the unspiked ail were higher than those for the

spiked ail for the PARs other than those added. Since when preparing the spiked sample

a solvent was also added.. other PAHs are expected ta be diluted. For most of the PAHs.

the amount generated increases with temperature~ with the most significant amount being

generated before 400°C. The patterns seen for each individual PAH are repeated for bath

unspiked and spiked oils. within sorne experimental error. However. for

benzo(k)t1uoranthene, which was not added to the spiked material, there is a significant

increase in emission factor for the spiked oiL This may show that this PAH is formed

during the heating process.



Figure 10.4 shows the evolution pattern of emission factors for naphthalene.

benzo(a)pyrene and fluorene. Naphthalene and benzo(a)pyrene are the PARs spiked while

fluorene represents a typical behavior seen of the remaining PARs detected. The

naphthalene emission factor increased signiticantly (Le. by over a factor of two) trom

unspiked to spiked sample. This increase shows that~ at the time of experiments. the

spiked oil sample still had significant amounts of spiked material despite there not being as

much when the spiked sample was analyzed. However.. in bath cases. at 1000ce. the

amount of naphthalene generated decreases. Since the collection process is cantinuous

from 300 e to the collection temperature~ the decrease in emission factor signifies that the

naphthalene generated is reaeting in the organic trap between 650 and lOOQoC. The

organic trap was not wrapped during the run and thus. the contents may have been

exposed to ultraviolet light causing the naphthalene to react. In future experiments. it will

be necessary to cover the trap even during the runs to prevent such reactions from

occurring. As it was done for these experiments. it is not known whether the increases in

other emission factors at 1000°C are due to fonnation from the process or from

degradation of naphthalene.
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In terros of benzo(a)pyrene~ Figure 10.4 shows that there was an increase in

emission factor with benzo(a)pyrene content as well as with temperature (at least in terros

of the spiked oil which was expected because of benzo(a)pyrene's higher boiling point).

The unspiked oil generated a very small amount ofbenzo(a)pyrene. Fluorene showed the

pattern of most of the other PARs detected in that the emission factor increased with

temperature but decreased from unspiked to spiked oil.

The initial experiments ioto the release of PARs show that~ during the process..

Many PARs are generated in various amounts. Therefore~ funher study into the release of

PAHs is warranted. However.. the results obtained show that sufficient naphthalene is

generated from the unspiked oil that it is unnecessary to spike the oil with naphthalene.

The selection of benzo(a)pyrene as a PAR for spiking proved to be good since none was

emitted from the unspiked sample. For future studies, the sample can be spiked with other

pAHs~ particularly those with low emission factors.. to continue to study their behaviors.

The results obtained show that several PARs are generated during the oil combustion

process. Sorne of these (such as benzo(a)pyrene. benzo(a)anthracene..

benzo(b)fluoranthene) are known carcinogens and their release is a concern to be

addressed in practical combustion systems.

•
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Chapter Il: Concilisions

Chapter Il: Conclusions

The purpose of tbis study was to observe and understand the behavior of used

motor oils during a slow heating oxidative process. Based on the results obtained. it is

clear that it may eventually be possible to recommend more efficient and safer thermal

remediation techniques to deal with the abundance of waste oils generated. Il was

believed that by first studying the behavior of a slow process. more information would be

gained into the transformation of the oil that could be used in tater studies of more typical

combustion processes.

1. Under the conditions studied. the two oils were found to behave in the several

distinct zones which were characterized by different dominating events. Following an

initial heating period where very linle occurs. the oil loses the majority of its mass due to

volatilization of the liquid hydrocarbons present. In addition, there is also sorne limited

oxidation taking place. After this vaporization~ there is a transition zone where the sample

changes from liquid to solid. In this stage. the material is tar-like and the rate of the

process is affected significantly by the initial presence of elemental oxygen in the oil

sample. Finally, once the transition zone has passed. the material becomes individual solid

particles which continue to oxidize as the temperature increases. The onset of solid

particles showed differences in initial structure for the two oils studied. The subsequent

solid particle evolution was also clearly ditferent and was due to ditferent mechanisms

occurring (surface oxidation for Oil 1 and both surface and internai oxidation for Oil 2).

2. It was c1ear by the observations made that the initial oxygen content of the oil

sample played an important role in the transformation and combustion process. The

presence of a signjficant amount of oxygen in Oil 2 affected the transition zone. The rate

of oxidation during tbis transition was not disturbed noticeably in Oil 2 whereas the rate

significantly slowed during the transition zone when initial oxygen was lacking. This is

explained by the fact that, for Oil 1, oxygen required for the oxidation process of the

transition material is limited to that available from the extemal environment. For Oil 2. the

process does not slow down since sorne oxygen is also available from within the particle

ta continue the oxidation process.



3. Since the transition zone is affected by oxygen presence in the initial oil. the

formation of the solid panicles in the subsequent zone are also affeeted. For Oil 1 (no

oxygen), the initially fonned particle is flat and continuous (i.e. few pores). For Oil 2. the

particle is smallert partially coiled and more porous (since the transition zone is faster. the

initial particle is surely formed earlier and has time to oxidize partially by 400°C). Due to

the differences in initial structure, Oil 1 particles demonstrate mainly surface oxidation

without a significant size reductio~ while Oil 2 particles demonstrate both internai and

surface oxidation causing the final particle to be more compact with a continuous surface

and having a significant reduction in final size.

4. From the understanding of the oxidation process studied. it is probable that used

ail is indeed a good candidate for use in practical combustion systems. The fact that a

significant reduction in waste mass and volume is achieved was confirmed in the study. In

aIl cases, the weight loss was always greater than 98%. What was also seen, however.

was that during slow heating, the process clearly can be separated into different phases.

namely a part where the sample reaeting is liquid.. one where the sample is solid and one

where the sample is in transition. If this separation of phases during the process can be

maintained in a praetical thermal remediation unit, it could have significant implications

trom an environmental point ofview.

5. Based on weight behavior of the oil sample studied. it does not seern necessary ta

operate the process at a very high temperature to achieve waste mass and volume

reductian. It was clear that by 650°C, the samples had lost over 97% of its weight.

Although in terms of environmental concems, the effect of doing so is not clear, perhaps

operating at a lower temperature \vould reduce energy requirements while still

accomplishing the desired mass and volume reduction.

6. From a methodology point of view~ it was clear that using the combined TGA­

FTIR experimental setup proved to be very valuable in understanding used oil behavior. It

allo\ved different aspects of the process ta be studied while also allowing the flexibility

necessary to develop the study method utilized. It can also allow for sorne parametric

studies to be done as a follow up to the work already done in order ta further the

knowledge ofthe important aspects ofthe process. It tumed out to he very important that
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the process be slowed down for study. The slow down allowed for the observations that

led to the realization of the importance of initial oxygen content on the process. In a

faster combustion processy the process would occur sa rapidly that perhaps the effect of

oxygen could not he determined.

7. A number of Polycyclic Aromatic Hydrocarbonsy PAHsy were identified (e.g.•

naphthaleney phenanthreney pyreney fluoreoe) which were released from Oil 2 during the

process studied. When the oil was spiked with naphthalene and benzo(a)pyrene. the PARs

released increased for the two that were added while the amount of other PARs. 5uch as

benzo(k)fluoranthene, aIso increased_ This signifies the possible formation of PAHs not

previously existing in the sample. NaphthaIene was found ta be very reactive and thus

care needs to be taken \vhen sampling in order to minimize its reaction with ultraviolet

Iight.

8. There are different environmental concems associated with volatilization of liquid

hydrocarbons compared to those dealing with oxidation of solids. [f the combustion

process can be separated into its two phases (Iiquid and solid). it can allow for control

strategies on each phase individually to minimize the particular environmental concems

associated with each phase. If this cao be accomplished through the design of a

continuous combustion system having a low temperature zone for the Iiquid oxidation

followed by a high temperature zone for the solid oxidation, it can make environmental

control of combustion processes much more efficient. The process parameters during the

Iiquid phase of the process can be altered to concentrate solely on minimizing the

eroissions of unbumed toxic compounds released. Once a1l the liquid is reacted. the

combustion parameters cao be adjusted to deal with solid phase environmental issues such

as particle leachability since the gas-phase study showed that the solid part of the process

does not release much in terms of hydrocarbons into the atmosphere. It is most Iikely that

the eventual solution will involve a compromise between altering the process parameters

to deal with the vapor phase pollutants and altering the process parameters to deal with

solid phase environmental issues. Since practical combustion processes would probably

involve faster heating ratesy it may not be possible to separated the process ioto the liquid

and solid aspects. Nevertheless. the possibility remains interesting.
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Chapter 12: Recommendatiol1s

Chapter 12: RecommendatioDs

In order to continue the work done to date, there are a number of aspects of the

process that still need further investigation. These can be separated ioto two

classifications that are inter-related: those involving study of different environmenta[

concems associated with the process and those involving parametric studies to isolate the

affects ofdifferent parameters on the process. Sorne of these studies cao he combined.

1. First of all, environmental concems need to he addressed in any new combustion

design. Future work should focus on things such as PAH behavior, which was started in

this work, in order to better understand the mechanisms involved duriog the oxidation of

these hazardous compounds. This could be accomplished by perfonning more

experiments with the organic trap sampling system at the same temperatures. to ensure

reproducibility of the data obtained so far. In addition.. since it is clear that much of the

PAH re[ease occurs below the first temperature utilized for the current study. i.e. 40QoC. it

is necessary to take samples at [ower temperatures in order to determine the temperature

ranges associated with PAH release. In addition to these PAH studies.. it will a[so be

beneficia[ to determine the types and amounts of other hydrocarbons released during the

process, including PAHs associated with soot particles. Since it was not possible to

identify those hydrocarbons. it will be important to do so if a more detailed understanding

of the mechanisms occurring in the liquid oxidation part of the process is to be possible.

namely whether the hydrocarbons result from direct vaporization from the samp[e or

whether they result from partial oxidation. (This will be particularly important if

hazardous products of incomplete hydrocarbon combustion are to be minimized.)

2. In a similar respect. since emission toxicity is a concern in practical combustion

systems, it follows that mutagenic studies of emissions from this process be undertaken.

The final environmental aspect to be addressed in future work involves the behavior of

metals. Metal behavior also needs to be understood and taken into account in any new

combustion system. SpecificaIly, the leachability of metals in the final solid material

produced should be investigated.



3. However, in order to address environmental concems~ process parameters need to

be investigated to see what effect they have on the different areas ofconcem. This can be

accomplished via various parametric studies. Ta better understand the overall process. it

is necessary to confirm the importance of initial oxygen content (ta ensure that an

unknown factor such as metallic catalyst is not responsible for the differences seen). This

can be achieved by artificially varying the oxygen content on the same ail and subjecting to

the same conditions. Also, a parametric study on the heating rate will allow insight into

more practical combustion systems as weU as determining if control ofheating rate can aid

in lightening the environmental impacts of the process_ Finally. parametric studies are

required to continue the study on PAH behavior. It is necessary to isolate the three

compounds added to the ail sample (i.e. dichloromethane. naphathalene and

benzo(a)pyrene) in arder to explain the shift in weight temperature profiles observed.

Once this is understood. operating parameters can he aJtered in arder ta determine effects

on PAH emission to ultimately minimize their release and formation.

•

•

•
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