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ABSTRACT

Part one of this dissertation deals with the development and validation of a test
method for determination of total corrosive sulfur in mineral insulating oils other
technical oils. The method involved reaction of corrosive sulfur compounds in oils with
finely divided copper at temperatures >110 °C. The reaction yielded cuprous sulfide
(Cu,S), CusS was then oxidized to cupric sulfate (CuSQy), which was determined as
sulfate with ion chromatography. The method offers a quantitative assessment of
corrosive sulfur compounds in oils and eliminates ambiguities associated with the
international standard methods for corrosive sulfur in mineral insulating oils and other
technical oils that rely on an empirical approach that centers around “eye-balling” test
specimens and comparing color on metal strip against a standard color chart. These
methods have been shown to yield false positive as well as false negative results.

Part two of this dissertation involved development, evaluation and chemical
characterization of a highly effective broad spectrum microbial disinfectant derived from
controlled oxidation of natural oils. During this research, reaction conditions were
optimized to achieve the highest output of antimicrobial compounds. Gas
Chromatography — Mass Spectrometry was used to monitor the reactor output. Vapor
permeability and trapping of disinfectant in different media at ambient and sub ambient
temperatures were also evaluated. In exposure experiment both chemical data and
microbial data were obtained under varied conditions to determine overall disinfection
efficiency with a variety of vegetative bacteria, bacterial spores, fungal spores and viral
species. Experiments showed that under optimal conditions disinfections efficiencies in

excess of 9 log cfu was achieved with all bacterial species tested during the study.
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1. TRANSFORMERS AND INSULATING OILS

1.1. INTRODUCTION AND LITERATURE REVIEW

1.1.1. Power distribution transformers. Transformers serve a vital role in
sustaining our modern day needs for electrical power. Without a constant supply of
power, our modern electrical components would not function and would leave us all in
the dark. Transformers are devices which are used to manipulate electrical voltage.
There are two types of transformers, step up and step down. Step up transformers
increase the voltage while step down transformers decrease the voltage. Whether a

transformer is a step up or step down is determined by the number of windings on the

primary and secondary coil.

Secondary
winding

Primary winding

Figure 1.1. Simple schematic of a step down transformer



A variation in current within the primary coil creates a magnetic flux, this
magnetic flux induces a current on the secondary coil as seen in the schematic above.
The schematic above is characteristic of a step down transformer. The numbers of
windings are less on the secondary side and voltage is decreased. The ratio below can be
used to denote the difference between a step up and step down transformer. If Nsis
greater than N, then voltage is stepped up, and if N; is less than N, than voltage is
stepped down, Vy/V, = N¢/N,,.

Flow of current through a conductor invariably leads to loss of some power as
heat — Joule Heating or resistive heating. The phenomenon occurs in transformers as well
and is of significant concern in large power and distribution transformers that carry high
currents at high voltages. A general expression for Joule Heating in transformer windings
with alternating current is as follows, Pavg = Irms Vims = s R. Where Payg average power
loss, Irms is the root mean square current of the peak current (effective current), and the
resistance of the windings.

In smaller transformers heat evolved can be dissipated into the ambient air
through convection, but heat generated in larger transformers cannot be dissipated with
ambient air and requires heat transfer medium with high resistivity, stability and
breakdown voltage. Use of oils different have been investigated, oils not only served as a
coolant but also as a dielectric insulator to keep efficiency of the transformer high. The
most commonly oils used at present are the mineral oils.

1.1.1.1. Mineral insulating oils. Mineral oils are petroleum derived complex
mixture of hydrocarbons that contain hundreds of different compounds that fill the

interior of a transformer container and dissipate heat generated in the critical components



of a transformer, the primary and secondary coils marked C1 and C2 respectively. In
some larger transformers oil is circulated through heat exchangers to enhance heat

dissipation.

Figure 1.2. Photograph of transformer interior

Mineral oils can be classified under three main categories: Paraffinic,
Naphthenic, and Olefinic. The two most common types of mineral oils used in
transformers are the Paraffinic and Naphthenic based [1]. Olefinic based oils are quite
expensive and not commonly used. Paraffinic based mineral oils are used in warmer
climates due to their higher viscosity than Naphthenic which are used in cooler climates.
At the dawn of power distribution in the late 19" Century transformers were filled with
mineral oils, which contained high levels of sulfur. The refining technology at that time
did not included hydro treating and other processes for efficient removal of sulfur
containing compounds. The corrosivity of inorganic and organic sulfur species in

mineral insulating oils towards metallic components, especially copper conductors in



transformers and similar equipment, was a persistent problem spanning several decades.
Presence of corrosive sulfur species was linked to premature failures of critical electrical
components in power distribution networks namely the power and the distribution
transformers [2,3,4]. In the late 1920s the search for less corrosive oils led to the use of
poly-chlorinated biphenyls (PCBs). PCBs were first commercially introduced by the
Swan Corporation which later became part of the Monsanto Chemical Company PCBs
with their high dielectric efficiency, stability, and the fact that they do not burn easily
replaced mineral oils as dielectric liquids in power transformers. Monsanto licensed
other chemical companies to produce PCBs leading to wide spread use of these chemicals
in power transformers, large distribution transformers and capacitors worldwide.

The environmental persistence and other detrimental effects of PCBs and other
polyhalogenated compounds were not well known in 1930s, in fact took nearly 40 years,
for persistence and detrimental effects of such compounds was realized [5]. Perhaps, the
most noteworthy contributor to the environmental awareness was Rachel Carson, a
marine biologist with US Bureau of Fisheries. She is considered the pioneer of the
modern environmental movement. Rachel Carson published the book “Silent Spring” -
publisher Houghton Mifflin. In “Silent Spring” Rachel Carson described the effect of
chlorinated aromatics and the their implications to environment and human health. Later
in 1977, after much research, the U. S. Environmental Protection Agency began banning
PCBs, and Mineral oils were brought back as dielectric insulators even in power and
large distribution transformers [6]. By 1970’s the refining technology had advanced
significantly and sulfur compounds were not found to be in high concentrations in

mineral oils [7,8].



1.1.1.2. Transformer failures. Power and distribution transformers have an
operating lifetime of up to 40 years [9]. In the late 1990’s transformers in operation for
only a few years began to fail. The failures resulted in short circuiting and dangerous

fires as seen in the figure below:

Figure 1.3. Fire engulfed transformer

Power and large distribution transformers cost several million dollars per unit, and
when failures occur several million dollars are lost these do not include losses suffered by
customers. Due to the increasing number of transformer failures the International
Electrotechnic Commission (IEC) initiated a study to investigate these failures in
November 2005. The main participants who spearheaded this research were the Italian
Electric Power Company (Terna), Sea Marconi Technologies, and Center for
Environmental Science and Technology — University of Missouri.

Evidence gathered by experts in power distribution as well as post mortem
analysis of failed transformers showed evidence of corrosive sulfur, despite the decrease

of sulfur compounds in mineral oils as shown in the graph below.
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Figure 1.4. Concentration of sulfur compounds in crude oil from 1964 to 2008

The main question during these investigations was what corrosive sulfur species

could be responsible for such failures? The mineral oil used for dielectric insulating is

ultra-pure and has undergone hydro-treating to remove sulfur, however there is some

residual sulfur left even after hydro treating [10]. The family of thiophenes is known to

be recalcitrant to hydro treating and other de-sulfurization processes used in petro-

chemical refining. Such compounds include those shown in the figures below.
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Figure 1.5. Thiophenes known to be recalcitrant to hydro treating

Historically, thiophenese are not known to exhibit reactivity toward copper at
elevated temperatures. To further verify if reaction with copper can occur, white mineral
oil was fortified with 400 mg/kg each of benzothiophene and dibenzothiophene. These
samples were heated to 150°C in the presence of freshly polished copper strips. These
samples were allowed to heat for 720 hours or 30 days. After the 30 day heating period,
the copper surfaces remained “shiny bright” with no observation of color change [2,3].
Therefore some other sulfur compounds were present and causing reaction with copper.
Copper samples removed from failed transformers were discolored and contained a
greyish dark coating.

To determine the corrosive sulfur species which was causing these failures
analysis needed to be performed on the mineral oil. Mineral Oil with its complex matrix
of hydrocarbons is difficult to analyze without selective detection. Gas Chromatography
(GC) is the only method of choice for separating compounds in mineral oil since its

composition is volatile and semi-volatile components. Mass Spectrometry is the



preferred method for obtaining structural information in low concentrations. However,
dealing with a complex matrix such as mineral oil, a response is received at every
possible mass to charge (m/z). Below is the total ion chromatogram for a sample of
mineral oil which had been diluted 40 fold and injected into a mass spectrometer.
Searching for a single corrosive sulfur compound is like looking for a needle in a

haystack with such a complex matrix.

Figure 1.6. Total ion chromatogram of mineral insulating oil diluted 40 times

A more selective detector was needed to search through a sea of hydrocarbons. A
few sulfur specific detectors exist including; Flame Photometric Detector (FPD), Sulfur
Chemiluminescense Detector (SCD), Atomic Emission Detector (AED), and Electron
Capture Detector (ECD).

A Flame Photometric Detector, FPD, utilizes a cool air hydrogen flame that
produces excited S,*, that emits over a broad band centered around 393 nm. This
emission is monitored with photomultiplier tube through a band pass filter providing an

output that is selective for sulfur containing compounds. The minimum detectable limit



for sulfur is approximately 1 x 10™"'g S sec™’. However, good quantification can be
difficult because response is a square function of the sulfur concentration (S, emission),
and is quenched by hydrocarbons. FPD has been used in a large number of studies on
quantification of organo sulfur compounds in petroleum products and fingerprinting of
crude oils and identifying sources of oil spills in open waters.

The response with a Sulfur Chemiluminescense Detector, SCD, results from a

chemiluminescent reaction between sulfur dioxide and ozone.

SO, + O3 SO3* + O,

The reaction follows a first order kinetics as a result its response unlike that of the
FPD, as it is linearly related to the concentration of sulfur containing compounds entering
the detector. The response is equimolar for most sulfur containing compounds.
Sensitivity of the detector is reported to be 5.1x10™"%g S s, thus it is more sensitive than
the FPD. It exhibits sulfur selectivity over carbon of over two decades. GC-SCD has been
used for characterization and quantification of sulfur -containing of sulfur species which
refractory to hydrogenatiqn.

An Electron Capture Detector, ECD, responds to chemicals with high electron
affinity. Classes of compounds with higher electonegativey and give strong signal in the
ECD are the polyhalogenated compounds such as PCBs, nitroaromatics (TNT), and some
organic compounds which contain multiple sulfur atoms can also give a response in the
ECD.

The Atomic Emission Detector, AED, was developed to detect trace concentration
organics with heteroatoms after their separation with gas chromatography. The detector

consists of a cavity which confines microwave energized helium plasma. Analytes exiting
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the GC column with carrier gas are introduced into the plasma and are atomized. The
plasma is sufficiently energetic to excite some of the atoms which upon relaxation emit

radiation at characteristic wavelengths.

C14H 148 ~-mmmmeeee 14C + 14H + 28 =eemmmmmmmee O ) — C+S

AemC 177 nm ; Aem S 181 nm; Ay H 486 nm

The emission is monitored with a diode array after separation of lines with a
diffraction grading. Intensities of emission lines over the 170 — 780 nm range are
monitored to detect elements such as N, S, C, P, O and Cl etc. in the separated GC peaks.
The Atomic Emission Detector (AED) was selected in this experiment to detect the
unknown sulfur based compound which was suspected of causing the corrosion. Sulfur
has an emission at 181 nm and carbon at 177 nm. An aliquot of an oil sample suspected
of containing a corrosive sulfur compound or compounds was heated in the presence of
copper. A sample of this was taken for CG-AED analysis before and after being heated

in the presence of Cu metal at 150°C. Below is the AED output from the sample.
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Figure 1.7. Emission at 181nm (S channel) obtained with GC-AED prior to reaction
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Figure 1.8. Emission at 181nm (S channel) obtained with GC-AED after reaction
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The intensity counts of the large peak observed on the sulfur channel of the
sample had dropped after heating with copper. The smaller peaks in both samples
remained at the same intensity are are believed to be the thiophenes while the larger peak
is not a thiophene since it has clearly reacted with the copper [4]. The copper strip in this
experiment had discolored and turned a greyish dark color. In order to obtain a molecular
finger print for the unknown compound which was causing reaction with copper a mass
spectrometer (MS) was coupled with the AED as seen in the schematic below [11]. As
mentioned earlier, the complexity of the mineral oil matrix will cause an ion to appear at
just about all mass to charge ratios. However, if the retention time of the peak observed
in the AED is matched with the same retention time of the mass spectrometer, then that
ion will be representative of the unknown compound. The schematic below shows how

the AED and MS were connected with the GC effluent.

MICROWAVE ATOMIC EMISSION

MASS SPECTROMETER

Figure 1.9. A block diagram of GC-MS-AED system



13

Since the mass spectrometer is operated at much lower pressure than the AED, fused
silica linear restrictors were used to keep the sample pull and split even between the two
detectors. The mass spectral output for the peak which was reacting with copper is

shown below.
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Figure 1.10. Mass spectrum of dibenzyl disulfude (DBDS)

The molecular ion is seen at m/z 246 and the major fragment ions from alpha
cleavage are observed at m/z 182 and 91. A compound which exhibits this same
fragmentation characteristic is Dibenzyl Disulfide (DBDS). Shown below is the

fragmentation dibenzyl disulfide undergoes during election ionization at 70 eV.
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Figure 1.11. Alpha cleavage (a) of dibenzyl disulfude (DBDS) from electron ionization

1.2. DIBENZYL DISULFIDE

Dibenzyl disulfide in its pure form is a white crystalline solid. DBDS <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>