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Effect of Strain Rate and Temperature on the Susceptibility of
304 Austenitic Stainless Steel to Hydrogen Embrittlement

F. El Shawesh*
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Abstract: Cathodic charging of notched 304
austenitic stainless steel specimens was carried
out in aqueous solution of IN H,SO, containing
250 mg/l NaAsO, at room temperanre and 70+2°C
while undergoing tensile strain over a wide range
of crosshead speeds of 833 um/s, 83 pm/s, 8.3 pm/
s, 833 nm/s, 83 nm/s and 9.8 nm/s.

Test at room temperature 22+2°C resulted in a
marked reduction in the elongation to fracture
ratio (Esol/Eair) with reduction of the crosshead
speed. However, little reduction was observed for
stress to fracture ratio (osol/cair). Cleavage and
intergranular where the predominant fracture
mode when tests were carried out at a low

*Petroleum Research Centre, P.O. Bex 6431, Tripoli, Libya

crosshead speed. The extent of these modes of

fracture was observed to increase with reducing

of crosshead speed.

Cathodic charging of 304 austenitic stainless
steel at 701£2°C caused less reduction in the
elongation to fracture ratio compared to the tests
carried out at room temperature. Consistent with
the room temperature test results, the reduction
in the elongation to fracture ratio was found to
increase with reduction of the crosshead speed.
However, restoration in the elongation to fracture
ratio was exhibited by 304 austenitic stainless
steel specimens tested at the lowest crosshead
speed of 9.8 nm/s. These results are in good
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agreement with the finding that the hydrogen
embrittlement is temperature and strain
dependent.

Cleavage fracture associated with the plastic
deformation was the predominant fracture mode
exhibited by 304 austenitic stainless steel
specimens tested at 70£2°C over low crosshead
speed.

INTRODUCTION

Austenitic stainless steels were observed to
have good resistance to hydrogen embrittlement
and, therefore, they were frequently chosen as the
suitable material in environments containing
hydrogen. However, a number of studies have
shown that austenitic stainless steels are
susceptible to hydrogen embrittlement, though not
to the extent of ferritic stainless steels. This owing
to the differences in the solubilities and-
diffusivities of hydrogen within these two alloys.!"!

For austenitic stainless steels, it has been
established that the degree of embrittlement in
tensile tests increases as the time of hydrogen
charging increases and is dependent on strain rate
and temperature!'l. The most severe embrittlement
was observed to occur at low strain rates and at
temperatures below or at room temperaturel?l.
Despite many previous studies on hydrogen
assisted cracking in austenitic stainless steel, there
are no reliable, consistent or uniform data about
the the effect of hydrogen on the mechanical
properties as functions of strain rate and
temperature.

In the current work, specimens of 304 austenitic
stainless steel were cathodically charged at current
density of 0.4 mA/cm? in aqueous solution of 1N
H,SO, containing NaAsQO, at room temperature
and 70+2°C while undergoing tensile strain over
a wide range of crosshead speeds. The effect of
hydrogen on the mechanical properties (ductility
and strength) and change of the fracture
morphology for 304 austenitic stainless steel as
function of temperature and strain rate (crosshead
speed) will be presented and discussed.

EXPERIMENT

A commercial 304 austenitic stainless steel

specimens with the required dimension was
machined from 0.8 mm thick sheet supplied in the
annealed condition. A 60°V notch were machined
at the middle of all tested specimens in order to
promote the initiation and propagation of single
crack to enable convenient investigation of the
tested specimens (Fig.1). In order to remove the
stresses induced during specimens preparation, all
machined specimens were given solution
treatment at 1050°C for 1 hour. The chemical
composition of the received sheet is shown in
Table 1.

Table 1. Chemical composition (wt% ) of 304 austenitic
stainless steel specimen used throughout the work.

Materials| C | Mn Si P S Cr Ni

304 5.8 10.04 [1.42 [0.3210.024 | 0.002 | 18.36 | 8.73

The all tested specimens were cathodically
charged at a current density of 0.4 mA/cm? in
aqueous solution of 1N H,SO, containing NaAsQO,
while undergoing tensile strain over a wide range
of crosshead speeds of 833 um/s, 83 wm/s, 8.3 um/
s, 833 nm/s, 83 nm/s and 9.8 nm/s at room
temperature and 70+2°C. For comparison, the
same number of specimens were tested in air at
room temperature and 70+2°C (in oil). The degree
of embrittlement for 304 austenitic stainless steel
was evaluated by dividing the value of elongation
{Esol} and stress {gsol} to fracture in solution
over the elongation{Eair}and stress{cair} to
fracture in air at eash used crosshead speed. The
obtained values of Esol/Eair and osol/Gair are
plotted versus the all-used crosshead speeds.
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Fig. 1. Schematic representation showing the shape and dimensions
(mm) of the type of specimen used in the hydrogen embrittlement
lest.

The resulted fracture surfaces were cleaned in
acetone using ultrasonic and then dried. A
scanning electron microscope (SEM) was then
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used to examine the changes in the fracture
morphology as a result of hydrogen embrittlement.

RESULTS AND DISCUSSION

Mechanical Properties (ductility)

The results of elongation to fracture ratio for
304 austenitic stainless steel specimens tested at
room temperature and 70+2°C are shown in Figure
2 as a function of crosshead speed. It can be
observed that 304 austenitic stainless steel
specimens is susceptible to hydrogen
embrittlement when tested at room temperature
and 70£2°C over low crosshead speeds. Testing
at 70£2°C markedly reduce the susceptibility of
304 austenitic stainless steel to hydrogen
embrittlement. However, little restoration in the
embrittlement was observed when the test was
carried out at 70+2°C over the lowest used
crosshead speed of 83 nm/s (Fig. 2).
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Fig. 2. Relationship between the elongation to fracture ratio and
the crosshead speed for 304 austenitic stainless steel specimens frac-
tured at room temperature and 70£2°C in aqueous solution of
IN H,50, containing NaAsO,.

The results of stress to fracture ratio for 304
austenitic stainless steel specimens tested at room
temperature and 70£2°C are shown in Figure 3.
Consistent with the elongation ratio results, the
stress ratio was observed to decrease with
reduction in the crosshead speed. Since the
resulting elongation ratio was observed to be more
sensitive to hydrogen embrittlement than the stress
ratio, during the discussion, the emphasis will be
placed on the elongation to fracture ratio.

The reduction in the elongation to fracture ratio
with lowering of crosshead speeds is consistent
with the finding that the straining at slow
crosshead speeds enhances the formation of high
localized hydrogen concentration which are
required to cause severe embrittlement!®*, The
high potential sites for hydrogen concentration are
dislocations, grain boundaries, and inclusions.
Therefore, during straining high amounts of
hydrogen is expected to be interacted or carried
out by the mobile dislocations at the crack tip.
These mobile dislocations are expected to tangle
or pile up against any obstacles (e.g inclusions and
grain boundaries) encountered its movement.
Therefore, high hydrogen concentration, well in
excess of the equilibrium content, can develop
leading to severe embrittlement!®>6l,

Stress to Fracture Ratio
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Fig. 3. Relationship between the stress to fracture ratio and the
crosshead speed for 304 austenitic stainless steel specimens frac-
tured at room temperature and 7022°C in aqueous solution of
INH,SO, containing NaAsO,.

When the test was carried out at 70+2°C,,
marked reduction in the susceptibility of 304
austenitic stainless steel to hydrogen
embrittlement was observed. This can be
attributed to the reduction in the localized
hydrogen concentration in the test specimens when
the test was carried out at 70+£2°CU#l, As stated
above, if the hydrogen embrittlement by
dislocation is assumed to be vital to the hydrogen
embrittlement mechanism, the hydrogen
concentration on the mobile dislocations is thought
to be low due to enhanced diffusion of hydrogen
with increases in temperature!™. In other words,
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increase in temperature results in destabilization
of hydrogen laden with dislocation and
homogenize its very rapid™. This, in turn, results
in a low hydrogen concentration at potential sites
such as inclusions and dislocations. at which
dislocation pile-ups takes place Hence, less
embrittlement is attained. High localized
hydrogen concentration is required in order to
cause severe embrittlement!.

Louthan et al.,®! have demonstrated the effect
of temperature on the susceptibility to the
hydrogen embrittlement as follows.

The amount of hydrogen transported (C,) for
any given amount of dislocation motion is
dependent on C, through the following equation®!.

C,oe C, YV EL—————(1)

Where C, is the amount of hydrogen
transported and ?m is the density of the mobile
dislocation which have a hydrogen atmosphere and
a burger vector, b. These dislocation are assumed
to move with an average velocity of V, through an
average distance L. Increasing the temperature
tends to decrease the ratio of the hydrogen
concentration on the dislocation core C, with
respect to the lattice hydrogen concentration C,.
The relationship between the lattice hydrogen
concentration of the dislocations is as follows!!,

CL=C exp(-G,/RT) —— (2)

Where G, is the binding energy between the
hydrogen and the dislocation.

The restoration in elongation reduction may be
attributed to the diffusion-out of hydrogen from
the mobile dislocations at the lowest used
crosshead speed of 83 nm/s. This is obviously
due to the faster diffusivity of hydrogen from
dislocations compared with dislocation velocity.
Therefore, little amounts of hydrogen are expected
to be dumped at obstacles at which dislocations
piled-up, hence, less embrittlement resulted. As
stated above, high localized hydrogen is required
in order to embrittle the 304 austenitic stainless
steell®!,

FRACTOGRAPHY

The effect of hydrogen, strain rate and
temperature on the changes of fracture
morphology of 304 austenitic stainless steel was
studied and the results can be given as follows.
Generally four features were observed on the
fracture surfaces of tested specimens. The all air
tested specimens at room temperature and 70+£2°C
(oil) exhibited ductile fracture as shown in Figure
4. Marked change in the fracture morphology was
observed when 304 specimens tested at room
temperature over low crosshead speeds of 83 nm/
sand 9.8 nm/s. Cleavage and faceted intergranular
fracture were the predominant fracture modes (Fig.
5). As the crosshead speed was increased above
83 nm/s, the percentage of ductile fracture to
brittle fracture (cleavage) starts to increase (Fig.
6), for specimen tested at crosshead speed of
833 nm/s.

P AR o,
Fig. 4. Typical appearance of S.E.M. fractograph for a 304 auste-
nitic stainless steel specimen strained in air over a wide range of
crosshead speeds.

Fig. 5. 8.E.M. fractograph of a 304 austenitic stainless steel speci-
men strained in solution at a crosshead speed of 9.8 nm/s.
Fractograph shows both cleavage and faceted intergranular [rac-
ture,
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Fig. 6. S.E.M. fractograph for a 304 austenitic stainless steel
specimen strained in solution at a crosshead speed of 833 nm/s.
Fractograph shows that cleavage fracture is predominant. Little
plastic deformation is visible.

The results of fracture morphology are
consistent with the elongation ratio results when
the test was carried out at 70£2°C. At a low
crosshead speed of 83 nm/s, cleavage or quasi-
cleavage like fractures were predominant (Fig.7)
while above it, the percentage of ductile fracture
to quasi cleavage fractures increases.

Fig. 7. 8.E.M. fractograph for a 304 austenitic stainless steel
specimen strained in solution at 70£2°C al the lowest crosshead
speed of 83 nm/s. Fractograph shows quasi-cleavage fracture
associated with some plastic deformation.

The observation of cleavage and intergranular
fractures at the lowest crosshead speeds of 83 nm/
s and 9.8 nm/s may be attributed to the high
localized hydrogen concentration in the test
specimens’.. This may be owing to the pile-ups
of mobile dislocations saturated with hydrogen
against the obstacles (e.g inclusions, grain
boundaries etc..) at the strained crack tip(3,9(. As
stated above, high hydrogen conentration are
required in order to embrittle the 304 austenitic
stainless steel”. Increases of crosshead speed

increase the percentage of ductile to cleavage
fractures. This is mainly due to formation of low
hydrogen concentration when the test was carried
out at a high crosshead speed™!.

Cleavage fracture had been observed by many
workers!'*''l. However, mixed mode, cleavage and
faceted intergranular fracture of annealed 304
austenitic stainless steel, as observed in the current
work, has not been previously shown.

Hydrogen charging at 70+2°C reduce the
percentage of the ductile fracture with respect to
the cleavage fracture owing to the low localized
hydrogen concentration in the test specimens!*.
Generally tested at a temperature higher than room
temperature, resulted in homogenization of
hydrogen concentrated at obstacles present at
crack tip such as dislocations and inclusion!,
Therefore, low hydrogen concentration is attained,
hence, less embrittlement was resulted.

CONCLUSIONS

1- The 304 austenitic stainless steel is
significantly susceptible to hydrogen
embrittlement when tested at room temperature
over low crosshead speeds of 83 nm/s and 9.8
nm/s.

2- Marked decrease in the susceptibility of 304
austenitic stainless steel to hydrogen
embrittlement was observed when the test was
carried out at 70+£2°C over the all-used
crosshead speeds.

3- Transgranular and cleavage types of fracture
modes were observed when 304 austenitic
stainless steel was tested at room temperature
over low crosshead speeds of 83 nm/s and 9.8
nm/s,

4- Transgranular cleavage, associated with plastic
deformation, was the predominant fracture
when 304 austenitic stainless steel was tested
at 70£2°C over low crosshead speed of
83 nm/s.

5- The susceptibility of 304 austenitic stainless
steel to hydrogen embrittlement was observed
to decrease with the increase of test temperature
and decrease of crosshead speed.
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Effect of Viscosity Ratio on Archie Saturation Exponent

O.B. Al Mahtot* and W.E. Mason*
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Abstract: Water saruration determination from
wireline resistivity log data depends on
measurement of the resistivity index on core
samples. Resistivity index measurements carried
out in the laboratory are the input to the second
Archie equation; I=Rt.Ro-Sw™. Errors in the
evaluation of the saturation exponent (n) can give
rise to serious errors in the estimation of
hydrocarbon saturations. This equation assumes
that the same value of water saturation should give
the same value of resistivity whatever the fluids
characteristics used, because Sw and Rt are the
only variables in the equation. It is assumed that
this equation is independent of the fluids
characteristics.

*The Robert Gordon University, Aberdeen, UK.

The continuous injection technique is used
increasingly in the oil industry. In this technique,
one fluid phase (brine) is continuously displaced
by another (oil) at a fixed viscosity (Brine/Oil)
ratio. An experimental approach is proposed here
in which repeated resistivity index measurenments
are carried out on the same core samples at
different viscosity ratios. The effect of viscosity
Fatio on the saturation exponent for the core
sample can then be investigated. Four carbonate
samples with a wide range of porosity and
permeability were tested to demonstrate resistivity
index measurements at low and high viscosity
ratios. The results showed that the fluid
characteristics, such as viscosity ratio, have a
crucial effect on the I versus Sw relationship. For
some of the viscosity ratio used, the second Archie
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equation consists of two straight-line segments on
a log-log; this may be due to a bimodal pore size
distribution in the core samples used or due to
the influence of other factors. Use of the
continuous injection technique at different
viscosity ratios has demonstrated that for water-
wet samples, a different I versus Sw correlation
can be obtained. It is, therefore, recommended
that for resistivity index measurements, fluids
characteristics represent the reservoir of interset
should be used in order to obtain a reliable I versus
Sw relation and, hence, an appropriate value of
saturation exponent.

INTRODUCTION

Water saturation is commonly determined from
electric well logs based on the second Archie
equation!'l;  J=Sw= =Rt/Ro. The Archie’s
parameters are usually obtained from laboratory
measurements on core samples. It is assumed in
laboratory measurements, that the saturation is
distributed uniformly throughout the sample and
that the saturation exponent n is constant over the
saturation range. However, many cases are
encountered where the resistivity index (7) shows
a non-linear relationship with the brine saturation
(Sw). Wettability, microporosity and capillary end
effects are the main factors which contribute to
this nonlinearity.

Archie’s equation assumes that the same value
of water saturation should give the same value of
resistivity, whatever the fluid characteristics used,
because Sw and Rt are the only variable in the
equation. It is also assumed that this equation is
independent of the fluids characteristics. The
experimental conditions, and especially the
viscosity ratio for the continuous injection
technique, have an important influence on the /
versus Sw curves. If inappropriate oil and brine
viscosities are used in resistivity index
measurements, an erroneous value of saturation
exponent may be obtained. The influence of
viscosity ratio on / versus Sw relationships has
received little attention in the past, probably
because of the time and cost involved in such
experiments. However, unreliable values of
saturation exponent can result in large errors in
hydrocarbon determination®, Generally, the fluid
distribution in porous media is function of rock
type, pore structure characteristics, wettability,
fluid properties, stress, rate of injection of
displacing fluid and desaturation history. The pore
structure also effects the profile of the displacing

fluid front which, in turn, modifies the fluid
distribution behind it and, hence, the resistivity
valuesP.

A number of different techniques have been
devised to measure the electrical resistivity of
rocks partially saturated with brine. The porous
plate method, the centrifuge method and the
continuous injection method are the techniques
currently used in the oil industry. Of these, the
most recently developed is the continuous
injection method which is powerful, accurate,
rapid and provides a continuous curve of / versus
Sw rather than a limited number of points®?. In
this technique, oil is injected in order to displace
brine at a fixed viscosity ratio. This method has
the advantage that experimental error can be
minimized by automation of the measurement
procedure and measurements can be performed at
effective reservoir stress. In this paper, an
experimental approach is proposed in which
repeated resistivity index measurements are
carried out on the same samples at different
viscosity ratios.

EXPERIMENTAL PROCEDURE

Low and high viscosity ratio experiments were
carried out on selected carbonate samples and the
viscosity ratio chosen were respectively 0.1 and
0.6. Figure 1 shows the layout of the apparatus
used and Figure 2 illustrates the viton core sleeve
with multiple electrode system. The samples, fully
saturated with brine of concentration 100 g/1, were
then mounted in a multiple core holder made of
aluminum and subjected to an initial confining
pressure of 400 psi, which was subsequently
increased to 3000 psi. The sample pore volume
was calculated based on the brine volume collected
in pipettes attached to the outlet of each sample.
The system was allowed to come to equilibrium
and oil was then injected at one end of the sample
and brine was expelled at the other end through a
semipermeable membrane used to prevent passage
of the oil at the outlet of the sample. The
semipermeable membrane was supported on a
brine saturated high porosity glass disc. Voltage,
phase angle and temperature were monitored
continuously during the oil injection process. All
samples were previously made preferentially
water-wet by first cleaning with methanol, then
firing to 600°C for one day in a high temperature
furnace. Before the desaturation process began
and the samples loaded, the resistivity of fully
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saturated samples (Ro) were measured. The oil/
brine desaturation process was then started and /
was measured when both capillary and electrical
equilibrium was reached at the confining stress
used. This equilibrium was indicated when there
was no further change in resistance (i.e. no further
fluid redistribution along the core length).

| (AAREIIR, ALl ]

6 — Resistivily box

7 — Capillary diaphragm
8§ - Computer cell

9 - Displacement pump

I — Oil supply

2 — Brine volume measurement
3 — Pressure vessel

4 - Potential electrodes

5 — Rock samples

Fig. 1. Schematic diagram of core holder and resistivity index
measurement apparatus,

The average core saturation was calculated
volumetrically be deducting the volume of brine
displaced from the pore volume. Qil was injected
at the low rate. A displacement pump equipped
with a piston was connected to the core holder.
The amount of displaced fluid was measured by a
calibrated potentiometer connected to the pump
piston. The pump was regularly calibrated for the
experimental conditions. The samples were
subjected to the re-cleaning process to remove oil
contamination and to keep them in water-wet
condition throughout the experiment. The
resistance of the samples was measured at 1kHz
to minimize polarization effects'”. The resistivity
values were corrected for slight temperature
variations by using Arp’s equation'®),

To begin the continuous injection process, the
displacement pump was started to inject the oil
into the core holder. The first three samples,
saturated with brine (Lo = 2 cp) desaturation
process was started, and the resistivity index I was

Brine out Gil in

Core Plug

| — Core holder end 4 - Filter papers
2 — Semi-permeable membrane  A.B. — Current electrodes
3 — Ceramic disk ML.X.N.Y. — Potential clectrodes

Fig. 2. Schematic diagram of core sleeve with multi electrodes
system.

measured when the capillary and electrical
equilibrium was reached. This equilibrium was
indicated when there was no further change in
resistivity. The average core saturation was
calculated volumetrically by deducting the volume
of brine displaced from the pore volume. After,
the resistivity index measurements were
accomplished for the three samples at a low
viscosity ratio. The samples were then unloaded
and subjected to recleaning and then reloaded for
the next measurements at a high viscosity ration
(Lw=1.2 cp and po=2 cp).

DISCUSSION

The viscosity ration (L), defined here as a ratio
of displaced (Brine) fluid viscosity to the
displacing fluid (oil) viscosity. High (H,=0.1) ratio
was used. The fluid flows through a porous media
(core or reservoir) is affected by the interaction
of the local pore structure with viscous, capillary
and gravitational forces'”. The displacement of
water by oil in a porous media is not a simple
process and does depend on many factors such as
the physical properties of the fluids. The flow
mechanism, during the displacement, affects the
fluids distribution and influences the resistivity
index value. A transition zone exists since first
oil starts to displace brine and this zone travels
along the core sample until the end. The zone has
different shapes depending on the pore structure
and the forces controlling it. Whenever this
transition zone passes through and has a short
length while it progresses, the front can be named
as flat front, and small clusters will be left behind.
When this zone has a longer length, it can be
considered as a fingering front. The second type
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of front usually leaves larger clusters behind it than
the first type. These large clusters would cause
non-uniform saturation distribution and curved /
versus Sw relationship would be obtained. The
viscous force is one of many factors which
controls and forms the shape of the front and,
subsequently, different 7 versus Sw relationships
are obtained at different viscosity ratios. Figures
3, 4 and 5 represent //Sw plots for all the tested
samples at two viscosity ratios. At a lower ratio,
the 7 versus Sw relation is more uniform than at
the higher ratio. Also, the desaturation process at
low W, covers much Sw range than at a high ratio.
This can be attributed to the fact that a thin water
film is left behind when lower L, is used, while a
thicker film of water is left behind at a higeher
ratio. However, water was produced in case of
high |, even after oil reached the sample end. It
can be considered that a uniform saturation
distribution was obtained for the sample at low
I, The high viscosity ratio experiments produced
n values lower than those at a low ratio and the
difference in n values reached about 0.7 and,
subsequently, yielded a 2% error in Sw value.
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Fig. 3. I vs Sw for sample 1 at low and high viscosity ratio.

100

Uow

'\:‘u
Hiph .... oy
3
i
ud
e‘h
5,
M
hrl
1
Sw

Fig. 4. 1 vs Sw for sample 2 at low and high viscosity ratio.

100

Hign

(- o
el
...D

Sw

Fig. 5. T vs Sw for sample 3 at low and high viscosity ratio.
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These high differences confirm the necessity
to perform resistivity index measurements with
fluid that have the same characteristics as the
fluids of the reservoir or the formation under
investigation.

CONCLUSIONS

The influence of viscosity ratio on the
resistivity index versus brine saturation relation
has important consequences for saturation
exponent determination by the continuous
injection technique. The results obtained above
show that measurements of the resistivity index
by the continuous injection technique using a fixed
viscosity ratio may give an unrepresentative value
of n, and lead to error in Sw determination. Such
measurements should be carried out at a viscosity
ratio represented by the active reservoir viscosity
ratio in order to obtain a reliable value of n. Asa
result of this study, it has been found that the use
of low viscosity ratio gives a different relationship
of 7 versus Sw compared to the high viscosity ratio.
It is also found that a linear relation of I versus
Sw is obtained at low viscosity ratio and this is
due to the existence of a more uniform saturation
distribution throughout the core sample. The value
of saturation exponent to be used in water
saturation determination should be treated with
extra care since fluid characteristics created in the
laboratory may not be the same as in the reservoir.
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Effect of Porosity Type Upon Archie’s Parameters of Carbonate Reservoir
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Abstract: Water saturation determinations from
resistivity logs are based on Archie’s equation;
Sw = (0™ Rw/Rt)". The cementation factor m,
and saturation exponent n play an important role
in Sw calculation. In carbonate formations
m=n=2is usually used. However, m values
between 1.88 and 2.5 have been measured, and
also n was found to be between 2.11 and 2.78 for
a Libyan carbonate reservoir. Incorrect m and n
would lead to large inaccuracies in the calculated
hydrocarbon/water saturation.

An experimental study was carried out to
measure m and n for carbonate samples with a
wide range of porosity and permeability. Ten
samples were collected from a formation having
vuggy and interparticle porosity types. The
resistivity measurements were performed using the

*Al Fateh University, Petroleum Department, Tripoli,
Libya (GSPLAIJ)
**The Robert Gordon University, Aberdeen, U.K.

porous plate method, with four-electrodes system.
Reservoir fluids are simulated using a brine and
oil of the formation of interest. As a result of this
study, it has been found that the Archie’s
parameters are functions of pore structures.
Samples, mainly with interparticle or
intercrystalline porosity, shows m-value to be less
than or equal to 2, while vuggy samples generate
high values of m. The resistivity/saturation
correlation is well fitted by Archie’s law except
Jor vuggy samples, where n was found to be as
highas 2.78. As a consequence, it is recommended
that in order to evaluate cementation factors and
saturation exponent for carbonates, representative
numbers of samples from each zone or interval
porosity type should be used rather than an
average of m and n of the whole formation.

INTRODUCTION

Carbonate formation may have several types
of poresity which includes interparticle, vuggy,
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moldic and fracture porosity as classified by
Choquette and Pray!"! and discussed by Rieke et
al.'”, Many investigators studied the Archie
parameters”! of carbonate formation with focus on
the influence of porosity type!*>¢, However, as a
result of these studies, many other approaches
were derived such as the empirical approach (Shell
formula™, Borai correlation™). Although these
approaches were successful in many cases but do
not take in account the fact that the Archie
paramelers (m and n) may vary in the same way
as porosity and lithology". A case study is
presented in this article to contribute somehow to
the carbonate formation evaluation.

EXPERIMENT

The formation resistivity factor and resistivity
index were measured in the laboratory at ambient
conditions for 1'/," diameter for ten carbonate
samples. Their physical properties are shown in
Table 1.

Table 1. Core plugs properties

Sample No. O(%) K(mD) G.D
(gm/ce)
1 20.34 2.37 2.84
2 12.43 3.3 2.84
3 16.2 31 2.86
4 27.92 158 2.86
5 10.84 0.25 2.84
6 37.36 145 2.85
7 11.12 1.46 2.84
8 26.33 3.58 2.84
9 31.21 6.94 2.85
10 13.25 10.3 2.84

These plugs have been collected from a Libyan
reservoir in the Sirt Basin. The samples were
cleaned in hot solvents, dried and then mounted
into the core holder. All samples were saturated
with brine (80,000 ppm). The resistivity
measurements were performed using the 4-wire
method which has the advantage of eliminating
end effects. The resistivity of the saturated
samples (Ro) and brine resistivity (Rw) were
measured on consecutive days until the results
were stabilized. The resistivity index
measurements were carried out using the porous
plate method, in order to compare it with
continuous injection technique results. In this

method, the resistivity measurements and
desaturation process takes place separately. The
samples were desaturated simultaneously by
placing them on a porous place in a pressure cell,
and gas pressure was applied. The gas (nitrogen)
enters the samples [rom all directions except from
the end face. The gas pressure was maintained
until no more brine was produced. After capillary
equilibrium was reached, the gas was then released
and the samples removed from the pressure cell
and weight measurements were taken as well as
resistivity readings. The procedure was repeated
for several pressures in the range of 0.5 psi to 180
psi. The desaturated process for each sample
typically took 4-5 days to complete. Finally, m
was calculated (m = -logRo/Rw/log ¢) as well as
n being (n = - logRt/Ro/log Sw).

RESULTS AND DISCUSSION
Figure 1 shows the relation of log F versus log

¢ for all samples. Table 2 represents m and n
values of all samples.

]

|
1 1a 102
4%

Fig. 1. Formation factor vs. porosity

Table 2. m and n values for all samples

Sample No. m value n value
I 2.01 2.31
2 2.11 246
3 2.05 2,11
4 ] 2.78
5 1.86 2.14
6 2.14 248
7 2.06 2.26
3 2.23 234
9 1.88 2.51

10 2,17 2.46
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Archie’s equation obtained for this reservoir
by averaging m an n values was Sw = (¢>' Rw/
Rt)'23 This cementation factor values were close
to each other and m ranged from 1.88 to 2.5.
However, higher m values were found in vuggy
samples such as samples 4 and 9 and m values
were around 2 for interparticle type porosity
(samples 1, 3 and 7). The saturation exponent
values were between 2.11 and 2.78. Itis observed
that high n values were found associated with
vuggy samples such as samples 4, 9 and 10. Lower
n values were generated for interparticle porosity
type samples (sample 3 and 5). These findings
suggest that the assumption of m=n=2 for
carbonates is inaccurate because m and n depend
on a type of porosity which exists in a zone or
formation. This assumption is valid for a reservoir
with only interparticle or intercrystalline porosity
type. The error in water saturation determination
could reach even 20% and a decision to consider
a zone or formation is dry or productive would be
in great risk. Table 3 shows Sw values calculated
and error in it; when m, and n assumed to be
constant and when they are variable.

Table 3. Sw calculations at different m and n

Sample No. | m=n=2 m, n variable | ASw%
I 24.58 299 5
2 51.36 63.86 12.5
3 30.86 34.26 3.4
4 22.86 43.51 20.65
5 58.9 52,12 6.18
6 13.38 20.88 7.5
7 57.41 64.87 7.46
8 24.24 33.96 9.72
9 20.45 19.07 1.4
10 37.74 52 14
CONCLUSION

In carbonate reservoir evaluation, the Archie’s

parameters has a wide variation depending on the
pore structure (porosity type). Itis concluded that
the vuggy samples generate higher m and n than
the interparticle porosity type samples. It is
recommended that samples representing each
porosity type should be used rather than an average
of m and n of the whole formation.
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Simulation of New Technique for Measuring Relative Permeability
and Capillary Pressure at Capillary Dominated Flow
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Abstract: A novel technique of characterizing
wettability of porous media is based on simulfta-
neous measurement of relative permeability and
capillary pressure under capillary dominated flow.
A simulation study was conducted under different
wettability conditions and model results confirmeed
that the proposed scheme can be implemented in
the laboratory.

INTRODUCTION

The development of this new technique was
based on recent network modeling study by
McDougall and Sorbie!"*. They found that
representing the relative permeability functions in
the conventional way as a function of wetting
phase saturation essentially “hides” the processes
that are going on at the pore scale. The network
predictions have suggested that, plotting oil
relative permeability, Kro, as a function of the
reciprocal of capillary pressure, 1/P, enables the
interpretation of the effects of pore scale physics.
As a result of these findings, an experiment has

“Petroleum Engineering Dept., Al Fateh University, Tripoli,
Libya

been designed to measure relative permeability
and capillary pressure simultaneously so that the
proper plots can be generated. A schematic
diagram of the apparatus is shown in Figure 1.
The basic idea, in this new technique, is to carry
out carefully controlled measurements under
conditions of capillary equilibrium; this involves
making such measurement with pressure
regulation in each of the oil and water phases using
the Back Pressure Regulators (BPR) system. The
essential sequence of measurement is:

[+[8
OIL WET RESH
CONTAINMENT

MEMBAANES ———— @_—q— LINE
WATER R i WATER
LINE =
L1 WATER WET

LINE
THIN ROCK MEMBAANES
e ] A

o 8PR

— e DILUNE
PRESSURE
THANSDUCER

BACK PRESSURE
REQULATOR

Fig. 1. Schematic diagram of the experiment
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(i) — Set the oil and water pressures on the
separate BPRs, thus setting the capillary pressure,
Pec.

(i) — Flow the oil and water separately until the
equilibrium are reached i.e. a steady-state fluid
distribution in the small sample.

(iii) — Carry out the measurements of relative
permeability at a given capillary pressure by
setting the flows at appropriate levels, controlling
the BPRs and measuring the pressure drops and
flow rates.

A small size sample ensures that capillary
equilibrium can be established quite rapidly so that
many measurements can be made in a short period
of time. In the work reported here, the main
objective is to evaluate the proposed experimental
approach numerically. This allows us'to examine
various procedures for the proposed experiments
before trying to carry them out in the laboratory.
In this study the modeling of the new technique
was carried out using the Eclipse-100 black oil
simulator.

MODEL DESCRIPTION

A numerical model was constructed using the
Eclipse simulator to simulate the new experiment
as proposed by McDougall and Sorbie!', The
model layout is shown in Figure 2. It is a two-
dimensional model (X-Y) composed of 100 grids,
four of them non-active. The numbers of grids in
both directions are set equal to 10 and have equal
dimensions in both directions. The porous
medium is represented by a two-dimensional
square horizontal section and has dimensions of
0.8 cm by 0.8 cm and a thickness of 0.1 cm. this
small section is necessary to achieve capillary
equilibrium in a short period. The porous medium
was assigned to a constant porosity of 20%, and
absolute permeability of 100 mD. The wetting an
non wetting phases were dead oil and water with
identical density and viscosity of 1gm/cc and 1
cp. respectively. Each phase flow in one direction;
independently of one another, i.e. they are not
injected simultaneously from one side of the
sample as it used to be in the other methods of
measuring relative permeability. This will allow
the potential drop of each phase measure
independently.

0L INJECTORS
. (RATE CONSTRAINT)
o WATEA WET
7 - / MEMBANE
e
¥ P2 (=1
- > “
WATER PRODUCERS / ~ WATER INJECTORS
(BHP CONSTRAINT)  — T g - (RATE CONSTRAINT)
ed
. PORCUS
MEDIA
Lo
F -
I_ 0L FAODUCERS
(BHP CONSTRAINT)

on
MEMIRAANE

Fig. 2. Model layout

The injecting oil lines and water lines are
represented by tiny horizontal wells that are in
direct contact with the porous media through the
semi-permeable membranes. The injection wells
are controlled by rates and at each capillary
equilibrium they are subjected to variable rates.
Producing oil and water lines are also represented
by horizontal wells and they are controlled by
bottom hole pressures to represent the back
pressure regulators. It is assumed here that by
setting a back pressure on each line, the differences
in the pressure between the oil lines and water lines
will set the capillary pressure in the porous system.

Semi-permeable membranes are essential
elements of the experimental set-up and were
simulated using the concept of directional relative
permeability. The main components of the input
data are the capillary pressure and the relative
permeability data which control the fluids
distribution and their relative flow in the system.
Table 1 gives the equations used to generate input
data under different wettability conditions.

Table 1. Input capillary pressure
and relative permeability data

Water-wet System:

Krw = 0.30 Se’
Kro = 0.85 (1-Se)’
Pc =3.0( ) (Se)

Where

Swe = 0.6 - 0.165 log (Kabs)
Swor=0.7
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Qil-wet System:
Krw=0.8 Se?
Kro= 0.85 (1-Se)?

Pc=0.26038-5.6528w+42.505w"-148.44Sw3+243,355Se"-
152.89Sw?

Where

Swe=0.30
Swor=0.65

Mixed-wet System:

Krw=0.45 Se’
Kro =0.70 (1-8e)>7

— Capillary pressure for the imbibition curve:
Pc=15.78-112.475w+268.0Sw>-213.335w?

— Capillary pressure for drainage curve:
Pc=0.220085-2.79455w+9.7049Sw>-10.263Sw’

Where
Swe=0.30
Swor=0.70

Se= _Sw-Swc .,
Swor-Swc

SIMULATION STRATEGY

At any stage of the simulation process, the
outlet boundary conditions (represented by the
bottom hole pressure of the oil and water
producers) were set to impose a back pressure
equivalent to a certain capillary pressure. Thus,
for a fixed capillary pressure, (P -P, ), as steady-
state saturation in the system can be reached.

Equilibrium conditions can be achieved by
flowing both phases at low rates. When the
pressure gradient of each phase is kept virtually
unchanged across the system and the saturation
distribution becomes uniform (for a homogeneous
system), this indicates that equilibrium has been
established in the system at that specific capillary
pressure. The relative permeability of each phase
can be measured independently at the equilibrium
conditions by keeping the outlet boundary
conditions fixed and gradually raising the flow rate
of one of the phases until the pressure drop across
the sample can be measured. After that, the flow
rate is again gradually reduced until it returns to
the initial (equilibrium) condition. This process
can be repeated for the other phase. During this

process, it is assumed that the saturation is uniform
(for a homogeneous system) and maintained at
equilibrium conditions fixing the capillary
pressure.

If the water phase is to be allowed to imbibe
into the system, the capillary pressure between the
water phase and the oil phase should be reduced
which can be done whether by decreasing the oil
potential or by increasing the water potential.

RESULTS

The results from the simulation runs have
shown that capillary equilibrium can be
established which is characterized by uniform
fluid saturation distribution in the system. Figure
3 shows the water phase saturation distribution at
different capillary equilibrium for the water-wet
system, Water saturation distribution at each
equilibrium was within 1% differences over the
whole system which is an acceptable tolerance
for these types of experiments. The difference in
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DA
©.Q00 to 0.C10 0,010 ta 0,340
©.340 to 0.619 U] 0,610 1o Q.026
0.626 1o Q.990 ] 0.900 1o 1,200

Fig. 3. Waler-wet system
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Fig. 3. Water-wet system

the pressure between the phases at the outlets was
assumed to represent the capillary pressure in the
system and it will be referred to as the imposed
back pressure. The imposed capillary pressure was
compared with the input capillary pressures as a
function of he average water saturation. A very

3.0 l I
WATER WET SYSTEM
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. |
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0.0 0. 0.4 0.6 0.8 1.0
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Fig. 4. Input vs. imposed capillary pressure

good match has been obtained for each wetting
condition as shown in Figures 4,5,6.

I | |
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Fig. 3. Input vs. imposed capillary pressure
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Fig. 6. Input vs. imposed capillary pressure

The model was also run to investigate the effect
of the rising flow rate of one of the phases on the
equilibrium condition. Figure 7 shows the effect
of increasing oil rate on the saturation distribution
for the water-wet system. First, the system is at
an equilibrium then the rate is raised five times,
at this stage the saturation distribution has been
changed but within very small variations then the
rate was increased 10 times and also a change in
the saturation distribution has been observed but
still within an acceptable range. Finally, the rate
is reduced to its initial conditions (base case)
where a complete re-establishment is obtained.
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Darcy’s law was used to calculate the relative

permeability for each phase. These

calculated

relative permeabilities were compared with the
input relative permeabilities (Figs. 8, 9, 10). All
figures show a very good agreement that is
achieved between the input and computed relative

permeability data.

One of the advantages of using the
simultaneous measurement of capillary pressure
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Fig. 8. Input vs. calculated relative permeabilities
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Fig. 8. Input vs. calculated relative permeabilities
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and relative permeability is to use this data to plot
the oil relative permeability as a function of he
reciprocal of the capillary pressure to indicate the
type of wettability in the system. Figures 11, 12,
13 show the plot between the inverse of the
imposed capillary pressure with respect to the
calculated relative permeabilities under different
wettability conditions.
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Fig. 10. Input vs. calculated relative permeabilitics
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DISCUSSIONS

In general, the model has been able to show
clearly that capillary equilibrium can be
established at dynamic conditions i.e. both phases
can flow simultaneously while the saturations are
held constant. Figure 3 shows the saturation
distribution at different capillary pressure for the
water-wet system. These rather featureless figures
can be understood as follows: at Pc=0.432
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(Atmospheres=6.65 psi) where the grey shading
is for the saturation range 0.344 and 0.348; clearly,
all the region is within this “contour” or shading.
This is, in fact, the appropriate saturation at
capillary equilibrium from the (input) capillary
pressure curve. The other figures have been
plotted in this way i.e. the shaded range closely
brackets the expected saturation at capillary
equilibrium.

The difference in the outlet boundary pressures
impose a back pressure on the porous media
equivalent to the capillary pressure between the
phases. Figures 4, 5, 6 show an excellent
agreement between the input capillary data. These
indicate that, by measuring the difference in the
pressure at the outlet, boundaries may enable us
to measure the capillary pressure and to establish
a constant equilibrium saturatio in the system.
This concept may be well suited in small and thin
samples, where the saturation gradients are small.

The model was also run to investigate the effect
of rising the flow rate of one of the phases on the
equilibrium condition. Figure 7 shows the results
obtained for the water-wet system. First, the
model was run at low rates for both phases and at
fixed capillary pressure until equilibrium was
established (the base case). The rate of one of the
phase was then raised until the steady-rate
conditions were achieved. After that, the rate is
reduced to the base case where the same process
is repeated for the other phase. It is this process
of raising the flow rates that allows us to measure
the corresponding relative permeabilities at the
established capillary equilibrium. As soon as the
rate of any phase is raised, while the back pressure
is kept constant, a saturation gradient in the
direction of the flow of that phase may be
developed in the system. These saturation
gradients were a result of an increase in the viscous
force. If that force was controlled and carefully
monitored just to make the pressure drop
measurable, the differences in overall average of
saturation in the porous media will be minimum
and the system may be considered as if it is still
in its equilibrium conditions. In order to sustain
equilibrium conditions, the rates should be raised
gradually until the pressure gradient across the
sample for any phase reaches the level that can be
measured (it must be greater than 0.01 psi). This
procedure will avoid unnecessary rate increases

that may cause high saturation gradient in the
system.

Most of the results obtained under different
wetting conditions show a slight difference in
saturation distribution (less than 2% pore volume)
which can be accepted as technical errors in the
“experiment”. In most of the steady-state
methods, the average saturation agreed within 2%
pore volume (McCaffery and Bennion!,
Honarpour et al.¥),

The other interesting point from these processes
is that the initial equilibrium conditions (base case)
can be re-established after the rate is raised and
the process can be repeated for the other phase.
This condition enables the measurement of the
relative permeability for both phases at fixed
capillary condition and this is one of the most
important tasks in this experiment.

According to the proposed experiment, the
relative permeabilities should be measured
simultaneously with the capillary pressure. The
model has performed the above requirements by
first establishing capillary equilibrium and then
calculating the relative permeability of each phase
using Darcy’s law under steady-state condition.
All the results were compared with the input
relative permeability data as shown in Figures 8,
9, 10. Although the overall agreement is good,
the simulation results show better agreement away
from the end points. Near the end points, the
viscous pressure gradients were high as a result
of low relative permeability of one of the phases
which cause high saturation gradient in the system.

One of the advantages of the new experiment
is to detect the type of wettability from the plot of
the reciprocal of the capillary pressure versus the
oil relative permeability. The results obtained
from the model outputs were used to check
whether the trends that have been presented by
McDougall and Sorbie™™ can be reproduced using
this large scale model. Calculated oil relative
permeabilities were plotted against the reciprocal
of the capillary pressure as shown in Figures 11,
12, 13. The trend of the water-wet curve was
identical to that predicted by network modeling
for an imbibition process. For the oil-wet, the
drainage process of the oil-wet system has not
been presented by the network modeling and there
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is no comparison to be made, but it is believed
that this trend is completely different from the
water-wet system and can be used as a good
indication of the type of wettability. The shape of
the curve for the mixed-wet system is
characterized by two trends. One represents the
imbibition processes which lie in the positive
section of the capillary pressure curve and the
other represents the forced imbibition curve which
lies in the negative side of the capillary pressure
curve. The imbibition part of the mixed-wet
system was identical to the ones predicted by the
network model. The forced imbibition curve is
identical to the trend of the drainage curve of the
oil-wet system. Since the data used is not
representative of actual cases, it is recommended
to investigate the above trends with measured data
under different wetting conditions.

The results have confirmed the possibility of
carrying out the proposed experiment in the
laboratory although a number of practical
conditions may have to be investigated. In
particular, the minimum rates that can be achieved
practically. Model results have indicated that low
rates are essential to establish capillary
equilibrium. Those rates were ranging from high
values as 0.1 cc/hr to low values as 1X10™ cc/hr
and depends mainly on the input petrophysical
properties of the porous system. Low rates such
as 4X 107 cc/hr can be attainable in the laboratories
(Kokkede and Boutkan®™). It was found that
increasing the number of wells representing the
flow lines improves the intake rates into the system
without distributing the capillary equilibrium. The
model may be used as a good tool to determine
the appropriate rate for the experiment if other
relevant data are available. The mechanism on
which the experiment has to be run was well
simulated and procedures can be set for the
experiment if the model is supplied with actual
data. The semi-permeable membranes are an
essential part of the experimental set-up and
should be carefully selected to satisfy the boundary
conditions.

CONCLUSIONS

A model was set up according to the proposed
experimental scheme. The following conclusions
were drawn from the simulation study:

1 - The results have confirmed the possibility of

carrying out the proposed experiment in the

laboratory although a number of practical
conditions may have to be investigated.

Relative permeability for oil and water phases

can be measured at a fixed capillary pressure

using the proposed scheme: i.e. by achieving
capillary equilibrium and then raising the flow
rates of the two phases separately. This
technique will enable the representation of oil
relative permeability as a function of

reciprocal of capillary pressure that gives a

good indication of what is going on at the pore-

scale level.

3- More studies are required at different
wettability conditions in order to set-up a
general trend for wettability characterization
using actual data.

4 - Modeling the proposed experiment
numerically is useful in that it may assist in
establishing procedures for the experiment.
Also, if such experiments are actually
conducted, the model can be used to match the
results,

5 - If such experiments prove to be practical, then
a new technique may emerge for measuring
relative permeabilities and capillary pressure
simultaneously to detect the type of wettability
in porous media.

RS
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Evaluation of Clay and Drilling Fluid Quality
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Abstract: The present work is concerned with
the construction of a nomogram, which can be
used to evaluate the quality of clay materials.
evaluation is carried out according to three pa-
rameters: Colloidity coefficient, fractional volume
of active solid and mud viscosity. The constructed
nomogran is also used to: Evaluate the quality of
drilling fluid with respect to solid content, follow
the process of increasing mud density to be sure
the solid content is optimum. Design and drawing
the proposed nomogram is carried out by using
programming language “C ++".

INTRODUCTION

It is well known that hydrophility of clay is
the main physicochemical property that
determines its suitability for drilling fluids
preparation purposes. Basically, the hydrophility
of clay depends upon: structure of clay minerals,
specific surface area i.e. dispersion degree and
Cation exchange capacity (CEC). The higher
degree of dispersion, the higher CEC and the

*Previously with Petroleum Engineering Department, Al-Fateh
University, Tripoli, Libya

higher hydrophility, which leads to higher activity
of clay particles. In order to evaluate the quality
of clay and clay minerals, we should have
quantitative parameter, which reflect their
dispersion degree and chemical activity.

At the present time, the quality of clay is
evaluated according to:

* Filtration and rheological properties of drilling
fluids,

* Yield of clay.

In order to evaluate the dispersion degree of
clay material quantitatively, the best method is
adsorption of methylene blue (Mb). The methylene
blue test measures the total exchange capacity of
the clay system. CEC depends on the type and
content of clay minerals present. The CEC is
defined as cation-for-cation exchange between the
clay building unit and a water solution, which
contains the cation of greater attraction. CEC,
which is reported in terms of milliequivalents
(one meq = 120 ml.) of methylene blue per 100
grams of clay, is the relative ability of clays to
carry exchangeable cations.
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The CEC is calculated, theoretically, as
follows:

S .
Nxw’

E=10"x
E - CEC of clay meq/100g;
S - specific surface area of clay m*/g;
N - Avogadro’s number = 6.02 x 10*
® - Surface area occupied by one cation of
Mb=95x 10" ., m?
E=01753%8

Inasmuch as specific surface area of pure
montmorillonite is 800 m*¥/g therefore;

E = 140 meq/100g.

The following table shows typical CEC of
different clays and drilled solids.

Table 1. CEC of various solids

Solids Meq of Mb / 100g of solid
Montmorillonite 70 - 140*
Illite 10 - 40
Chlorite 10 -40
Attapulgite (Sepiolite) 10 - 35
Koilinite 3-15
Gumbo shale 20 - 40
Sandstone 0-5

Shale 0-20

* Theoretically.

It is known from colloidal and drilling fluid
chemistry that one gram of pure montmorillonite
adsorbs (59cm?) of methylene blue. This value
(59cm?), the author will consider as the standard
to evaluate the relative activity of clay and drilled
solids. Therefore, the quantitative parameter of
clay quality will be represented by the colloidity
coefficient “K”. It describes the relative activity
of clay and clay materials. “K” is defined as ratio
of Mb adsorbed by one gram of a solid to (59¢cm?)
the amount of Mb adsorbed by one gram of pure
montmorillonite;

K=V/59
K- Colloidity coefficient of tested clay.

V- Volume of Mb adsorbed by one gram of clay
under consideration.

LABORATORY PROCEDURE OF Mb
VOLUME DETERMINATION

In order to determine (V) the following
procedure is used:

1. Prepare mud sample using clay of interest.

2. Add 1 ml of mud sample to 15 ml 3% of
hydrogen peroxide and 0.5 ml of sulfuric acid.
Boil gently for 3-4 minutes. After cooling dilute
the mixture to 35 ml with distilled water.

3. Add Mb solution to flask. After each addition
of 0.5 ml of dye, swirl the content of the flask
for about 30 second and, while the solids are
still suspended, remove one drop of fluid with
the stirring rod and place the drop on the filter
paper. The end point of the titration is reached
when the dye spreads as a greenish-blue ring
or tint around the spot of the dyed solids.

4. When the blue ring or tint is detected around

the spot, shake the flask for additional 2
minutes and place another drop on the filter
paper. If the blue ring is again evident, the
endpoint has been reached, whereas if the ring
does not appear, continue the addition of 0.5
ml Mb until a drop taken after shaking for 2
minutes shows the blue tint.

5. Report the “V” as volume of Mb which has
been required to reach endpoint of titration.

Table 2 shows typical “K” values for different clay

materials used to prepare drilling fluids in USA
and (former) USSR.

Table 2. Typical “K” values

Adsorption Mb
Clay material | cu. cm/g | g/g | Meq/100g | K = V/39
Montehill 50 0.225 69.6 0.84
Heko 51 0.229 61.3 0.86
Bentonite 45 0.202 54.1 0.76
Cherkaski 44 0.198 52.8 0.74
Saragooski 46 0.207 553 0.78
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Optimum Limit for “K”

The optimum limit of “K” is the practical limit,
which is in turn, depended on particular downhole
conditions, lithology, technical requirements and
others. However the optimum range must be
established. Therefore, and according to the value
of “K” presented in Table 2 for most clay materials
used in the mud preparation, clay with colloidity
coefficient ranged between (0.7 - 0.75) is
considered as good clay. Drilling fluid prepared
with clay having “K” of (0.7) and greater is good
with respect to:

* Rheological and filtration properties,
* Mud stability,
 Density regulation.
Calculation of Active Portion of Clay:
The fractional volume of active solids can be
estimated as;
VIi=V /59

V1- Fractional volume of active solid.
V- Volume of Mb required to reach endpoint.

The (V1) is expressed as a ratio of volume of

active portion of clay to the total volume of clay
ie,
V1 = Vactive / Vclay
Vactive / Velay = V /59
V /59 = K -Colloidity coefficient
(by definition)
Vactive = K # Vclay

NOMOGRAM FOR QUICK

EVALUATION OF CLAY AND
DRILLING FLUID QUALITY

Preface:

The essential parameters for construction of

nomogram are densities of clay, barite and water.
Use of nomogram requires the laboratory
predetermination of mud viscosity, mud density
and total volume of solid. This nomogram is
intended for determination of:

* Solid density,

* Volume of clay,

* Volume of barite,
* Colloidity coefficient,
* Volume of active portion of clay,

* Yield of clay. In addition, the nomogram can be
used to aid the selection of optimum amount of
bentonite and barite, which are added to increase
the mud density.

Nomogram Construction:

The nomogram (Fig. 1)consists of three charts
A, B, and C.

Data required for nomogram construction are
Water, Clay and Barite densities. These charts
were constructed as follows:

1-Chart (A)

[Mustrates the relationship between the mud
density (Dm) solid volume (Vs) and solid density
(Ds).

Each line in chart (A) represents constant solid
density as a function of fractional solid volume
and mud density. Solid density (For case of
Vs =30%, Vm =1 cc and Dm = 1.5 g/cc) is
obtained from the following expression:

Ds=(Dm* Vm-Dw * Vw) / Vs,
Ds=(1.5%1+1.03%(1-0.3))/0.3= 2.60 g/cc

If the fractional volume of solid is decreased
gradually from (0.30) until zero and (Ds) held
constant the first (lower) line will be obtained. This
line represents constant (Ds = 2.6 g /cc) as a
function of different (Vs) and (Dm).

2 - Chart (B)

Chart (B) illustrates the relation between (Ds)
and (Vce). In order to construct this chart, use a
suitable scale to plot (V) on (x) axis as a function
of (Ds). As solid density increased the (Ve) is
decreased toward the upper left current, where the
amount of clay is zero, whereas, the fractional
volume of barite is 100%.
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3 - Chart (C)

The relationship between mud viscosity, yield
of clay and colloidity coefficient are shown in this
chart. These relationships are obtained on the basis
of laboratory experiments as a function of mud
solid contents.

Examples

Ex. 1. Determination of clay and barite
volumes, colloidity coefficient , volume of active
portion of solid, and yield of clay, assuming the
following initial mud parameters:

« Mud density = 1.6 g/cc,

* Mud viscosity = 40 cp, and

e Total volume of solid = 20%.

= Volume of water is = 0.8 cc of water / 1 cc of
mud. or 80%.

From point of intersection (of horizontal line
of 1.6 g/ce and vertical line of Vs = 20%) draw
line parallel to the nearest inclined line until
intersecting with right (Y) axis of chart A. Read
solid density (3.88 g/cc). From this point, draw a
horizontal line into chart C until intersecting with
inclined line of Vs%. From point of intersection,
draw downward vertical until it intersects with the
horizontal line representing mud viscosity of 40
cp. Read on the lower X axis of chart B clay
volume (4.9% or 0.049 cc / 1 cc of mud). On the
upper X axis of chart C read the yield of clay ( 60
bbl of mud of 40 cp per one ton of dry clay).
Colloidity coefficient is 0.955. Thus, the amount
of active solid is 0.049 * 0.955 = 0.0467 cc or
4.67%.

Barite volume is; 0.2 - 0.049 = 0.151 cc of
barite / I cc of mud.

Weight of clay is 0.049 * 2.6 = 0.1247 gm.
Weight of barite is 0.151 * 4.3 = 0.6493 gm.

Total weight of solid is 0.1274 + 0.6493 =
0.7767 gm.

Density of solid is 0.7767 / 0.2 = 3.883 g /cc.,
which is very close to density obtained from
nomogram (3.88 g / cc), error is 1%.
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Fig. 1. Nomogram for evaluation of clay and drilling fluid quality.

Ex. 2. Follow the process of increasing mud
density to be sure the solid content is optimal.

Situation:- The drilling below the intermediate
casing requires an increase in the drilling fluid
density from 1.6 to 1.8 g/cc. Show the optimum
amount of solids required to increase the drilling
fluid density.

Increase mud density usually is achieved by
adding barite, but too much weighting material can
cause the loss of the suspension system stability
due to barite sedimentation. The final decision is
dependent on field experience. However it is
decided to use only barite for increasing the mud
density. Let us refer to Figure 2. From this figure
the following is obtained: Amount of barite is

Hud Density g/cc * I:i..l.

Barite volume %

9 a 12 16 a0 2aq 28 az

Bentonite volume %

Fig. 2. Mud density as [unction of barite and bentenite volumes.
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21.4% and amount of bentonite is still as previous
i.e. 4.9%. from nomogram, the solid density is
3.963 g/cc. After viscosity measurement, the
colloidity coefficient can be easily determined.
Initial and final solid content are summarized in
the Table 3.

Table 3. Optimum concentration of solid content

Initial mud density = 1.6 g/cc  Final mud density = 1.8 g/ce

Vsolid = 20% Vsolid = 26.2%

Velay = 4.9% Velay =4.9%
Vbarite = 15.1% Vbarite = 21.1%
K=0.935 K =0.955
CONCLUSIONS

1- A nomogram for quick evaluation of clay and
drilling fluid quality has been successfully
constructed.

2- Bentonite or any type of clay material having
colloidity coefficient greater than 0.7 is
recognized as good clay for drilling
preparation purposes.

3- Drilling fluid contains any clay materials,
having colloidal coefficient greater than (0.7),
in range of (3.5 - 13%) is good mud with
respect to the system stability and chemical
additives consumption.

4- Content of clay materials greater than (13%)
in the mud is not recommended because of low
responsibility to chemical treatment and high
consumption of dispersant. In contrary, a
fractional volume of clay less than (3.5%)
requires a greater quantity of filtration reducer
and may result in the loss of system stability
due to weighting materials sedimentation.
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A '“C-Radiotracer Study of the Hydrogenation of Ethyne
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Abstract: Abstract Using the "C-radiotracer
technique the adsorptions of carbon monoxide,
ethene and ethyne have been studied in a static
system at 293+2 K. "CO adsorption showed the

Langmuir-type behaviour whilst the adsorption of

both "C-ethene and *C-ethyne showed typical
primary and secondary adsorption regions. A
Jraction ca.30% of the adsorbed hvdrocarbon
retained on the surface as strongly bound species
and cannot be removed by evacuation, dilivdrogen
or ethyne hydrogenation treatinents.

“Tajoura Nuclear Research Centre, P.O, Box 30878, Tajoura,
Libya.

Ethyne hydrogenation on Europt-3 proceeds in
two distinct stages. During the first stage the
reaction order is ca. 1.73+0.06 in dihydiogen and
is ca. - 0.95£0.01 for ethyne. The reaction rate
constant is ca. 2.4x0.1 x 107 min-1 with an
activation energy of ca. 40.7x0.3 k Jmol!. The
initial selectivity for ethene formation is ca. 0.68.

Direct surface monitoring during the
adsorption or hydrogenation reaction shows that
ethene does not adsorb on the ethyne adsorption
site whilst ethyne adsorb on ethene adsorption site.
Evidence has been obtained to show that during
the hydrogenation reaction, surface coverage by
hydrocarbon progressively increases at the
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commencement of the reaction and decreased
linearly as the reaction proceeded.

The hydrogenation of ethyne in the presence of
MC-ethene show that the yield of ethane from the
hydrogenation of ethene constitute a very small
fraction; the major route to ethane formation is
by direct hydrogenation of ethyne. Three distinct
types of surface sites are proposed as being
responsible for the hydrogenation (i) ethyne to
ethene; (ii) ethyne to ethane and (iii) ethene to
ethane.

It is proposed that under the influence of
hydrocarbon adsorption and hydrogenation
reaction, the surface undergoes some
reconstruction in which distinctive sites for the
adsorption of ethyne and ethene are created.

INTRODUCTION

The hydrogenation of ethyne has been the
subject of extensive investigations. It was first
studied by Sheridan er al.l"? over pumice-
supported metals, by Bond et al.”*# using alumina-
supported metals and metal powders and more
recently by Webb and his co-workers®™ on a range
of supported Group VIII metal catalysts. The
different aspects of the reaction have been
reviewed by many workers!!%12],

Most of the early studies!*! were concentrated
in evaluating the reaction kinetics and
thermodynamic parameters to deduce the reaction
mechanisms. The latter studies in particular, those
employing the tracer technique?®, were carried
out with the intention to sense the behaviour of
the reactants during the adsorption and catalysis
processes on clean and working catalysts in order
to verify the deduced mechanisms.

It is generally accepted that the selectivity for
ethene formation is associated with a
thermodynamic factor which controls the relative
surface coverage of ethyne and ethene (the same
surface site being assumed to be involved in the
adsorption of ethyne and ethene, i.e. depends on
AH_,..) and a mechanistic factor, which determines
the extent to which the ethene is hydrogenated to
ethane without undergoing intermediate
desorption step (i.e. it is the catalyst property).
The basis and extent to which the two factors

operate either separately or together is not
thoroughly clear, however, the reported studies
indicate dependence on a number of variables in
the system, such as, the activation energies of
adsorbed and desorbed species!’?!, hydrocarbon:
dihydrogen ratio™, catalyst preparation and
pretreatments™® and type of support!'?.

This paper is an extension to our previously
reported studies'™ on ethyne hydrogenation over
supported Group VIII metal catalysts and reports
the adsorption of carbon monoxide, ethene and
ethyne hydrogenation over the standard reference
EUROPT-3, (Pt/Al,0,) catalyst/',

EXPERIMENTAL

Catalyst

The catalyst used in this study is a standard
catalyst containing 0.3% (w/w) Pt/A1,0,-0.82%Cl
designated by the Council of Europe Catalysis
Group as EUROPT-3 and has the industrial code
KETJEN-CK303. The catalyst has a BET sur-
face area of 184 m?g! and pore volume of
0.49 cm g 1",

Materials

“C-carbon monoxide was prepared by the
reduction of “C-carbon dioxide using metallic zinc
as described elsewherel®. “C-ethene and "C-
ethyne were supplied by the Radiochemical
Centre, Amersham, of specific activities 5.8 mCi
mmol ' and 1.08 mCi mmol"' respectively. Before
use, each "C-labelled gas was diluted with the
respective non-radioactive gas (B.O.C. Ltd) to
give specific count rates of ca. 400,000 counts
min' Po.

Apparatus

The adsorption and hydrogenation measure-
ments were made in a reaction vessel of a similar
design to that described earlier’. The reaction
vessel (416 cm?) was fitted with two inter-
calibrated Geiger-Muller (GM) counters (Mullard
MX168/01) to permit direct observation of the
adsorbed species, during subsequent treatments
and hydrogenation of hydrocarbons. The apparatus
was maintained at a pressure of 0.0133 Pa by
means of mercury diffusion pump backed by a
rotary oil pump. Pressures in the reaction vessel
were measured using a calibrated pressure
transducer (S.E.Type SE/V/10D) capable of
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accurately recording pressure change as low as
1.33 Pa.

To faciliate analysis of the gas phase on contact
with the catalyst surface during the adsorption or
subsequent surface processes, the reaction vessel
was connected to a gas-sampling system which
was coupled to a combined gas chromatograph-
proportional counter. Analysis was performed
using a 1.0 m (2.0 mm, i.d.) stainless-steel column
packed with 40-60 mesh activated silica (Aerosil,
Degussa Ltd). The column was operated at 313 K
with helium (Air Products Ltd) as the carrier gas
at a flow rate of 60 cm® min*'. On elution from the
column, the eluant was mixed with the required
amount of methane (Air Products Ltd) before it
entered the gas proportional counter.

Procedure

For catalyst reduction, the catalyst (typically
0.30£0.05g) in a finely divided form (100 B.S.S.
mesh) was spread uniformly in a glass boat-shaped
container and positioned in a part of the reaction
vessel which was surrounded by an electric
furnace. Dihydrogen was introduced to the catalyst
at a flow rate of 30 cm®min’’, the temperature of
the catalyst was raised at 5 Kmin' to 523 K and
maintained at this temperature for 2 h. The reaction
vessel was then evacuated at 523 K for 30 min
and the catalyst cooled in vacuo to ambient
temperature.

A sample of Europt-3 was calcined in air at 773
K for 28 h, reduced in flowing dihydrogen at 673
K for 4 h and was then evacuated at 673 K for 30
min before being cooled to ambient temperature.

Adsorption of "“C-carbon monoxide and "“C-
hydrocarbons was investigated by admitting small
aliquots of the relavent gas to the reaction vessel,
determining surface and gas-phase count rates
after ~10 min equilibration (each determination
is an average of triplicate measurements).

In the hydrogenation of ethyne a premixed 1:3
ethyne/dihydrogen mixture ratio at a total pressure
of 6.67 kPa was admitted to the reaction vessel.
The reaction was followed by the pressure fall
recorded by the pressure transducer, samples being
extracted at any desired pressure fall
(% conversion) for analysis. All the adsorption and

hydrogenation measurements were made at
203+2 K.

RESULTS AND DISCUSSION

Adsorption of “C-Carbon Monoxide

The adsorption isotherms obtained by
admitting successive aliquots of "C-carbon
monoxide to freshly reduced, deactivated (steady
state catalyst) and calcined catalysts are shown in
Figure 1. The adsorption on a freshly reduced
catalyst showed the expected behaviour, the
surface count rate increased linearly with
increasing gas pressure until a plateau region was
obtained, characteristic of Langmuir-type
adsorption isotherm. The plateau region however,
showed a slight positive gradient, such behaviour
has been observed on a silica supported platinum
catalyst (EUROPT-1)® and on oxidised copper
surfaces!"!. The extent of “CO adsorption on a
steady state catalyst is reduced remarkably to ca.
30% of that obtained on freshly reduced catalysts.
This behaviour has also been encountered on
supported Ni, Pd, Ir and Rd catalysts’®7 and
interpreted as due to adsorption of carbon
monoxide in a linear mode on single metal sites
left vacant following the dissociative adsorption
of ethyne.
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Fig. 1. Adsorption of “C-carbon monoxide on curopt-3 at 2932 K.

The adsorption of "CO on a freshly reduced
calcined sample of the catalyst showed no plateau
region as the gas pressure was increased. This
behaviour suggests that treatment of Europt-3 in
oxygen at 673 K tend to lower its dispersion and
severely oxidize platinium atoms.
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The effects of various treatments on the
adsorbed carbon monoxide were also investigated,
and the results are summarised in Figure 2. From
these it can be seen that ca. 23% of the adsorbed

-1CO can be removed by evacuation and a further
ca. 30% fraction can only be removed by cycles
of dihydrogen - evacuation - ethyne hydrogenation
treatments, however, ca. 47% of the adsorbed “CO
is retained by the catalyst as strongly bound
species. Kramer ef al.!'" from their CO
temperature programed desorption studies on Pt/
Si0? catalyst identified such tightly bound CO
species to be CO adsorbed at the phase boundary
platinum/support in a slow adsorption process
which may correspond to the primary adsorbed
species of the adsorption isotherm (Fig.1) and in
agreement with our findings such species can only
be removed by cycles of oxidation-reduction at
~750 K.

% Radioactivity Retained

Treatment

B (14-C]Ethyene  EZ1[14-C]Ethyene ] [14-C|Carbon Monoxide

Fig. 2. Variations in surface count rates when a precovered surface
was subjecied to various treatments at 293+2 K.: l.evacuation (30
min}; 2.ethyne hydrogenation; 3.evacuation (30 min); 4.dihydrogen
(13.33 k.pa for 15 h); S.ethyne hydrogenation; 6.ethyne
hydrogenation; 7.dihydrogen (13.33 k. pa. for |5 h); 8.ethyne
hydrogenation; 9.dihydrogen (13.33 k. pa. for 13 h); 10.ethyne
hydrogenation.

Adsorption of “C-Ethene and “C-Ethyne

The adsorption isotherms of “C-ethyne and
C-ethene on freshly reduced samples of Europt-
3 catalysts are shown in Figures 3 and 4
respectively. They are of a similar form to the
isotherms observed previously on Pt/SiO? (Europt-
1) catalyst™ and over the other supported Group
VIII metalsP7l, showing a non-linear primary
region and a linear secondary region. The extent
of adsorption in the secondary region continued
to increase with increasing adsorbate pressure, no
plateau was reached even though gas pressures

>0.7 Kp were used. When samples of the catalyst
were precovered with C,H_species or run to their
steady-state by sucssessive hydrogenations using
1:3 ethyne:dihydrogen mixtures and followed by
“C-hydrocarbon adsorption, only the secondary
adsorption region is observed (Figs. 3 and 4).
Comparision of the amounts of '“C-ethyne
adsorbed on the primary region of a freshly
reduced catalyst with the corresponding value for
the adsorption of C-carbon monoxide shows that
the ratio of ethyne to carbon monoxide molecules
on the surface is ca. 0.7:1.0 while the ratio of
ethene to carbon monoxide is ca.0.2:1.0. The same
ratios were also found to hold on steady-state
catalysts. Assuming as generally accepted that
ethyne and ethene adsorption occur as dissociative
species, these results suggest that ~30% of the
surface, for geometric reasons, not available for
ethyne adsorption and ~80% of the surface sites
for the same reason are unable to accomodate
ethene molecules. These findings with the
observations that no adsorption of ethene was
observed to occur on ethyne precovered surfaces,
whilst on ethene precovered surfaces, subsequent
adsorption of ethyne resulted in a displacement
of ca.50% of the pre-adsorbed ethene, clearly
indicate that ethene adsorption occur on distinctive
sites wherease ethyne adsorption can take place
on more than site type. No ethene was ever
observed as a self-hydrogenation product from the
adsorption of ethyne.

The gas-phase hydrocarbon in contact with the
surface during the build-up of the "C-ethyne and
“C-ethene adsorption isotherm was analysed by
radio-gas chromatography. This showed that
during the build-up of the primary region (up to
the turning point in the adsorption isotherm) the
only hydrocarbon in contact with the surface was
ethane.

The effect of subsequent treatments on '“C-
ethyne or “C-ethene precovered surfaces is shown
in Figure 2. Note that about 70% of the adsorbed
MC-hydrocarbons were effectively be removed by
cycles of evacuation-ethyne hydrogenation-
dihydrogen treatments at ambient temperature and
the remaining ~30% of the "“C-hydrocarbon
species retained strongly adsorbed on the surface
and can completely be removed by reduction in
flowing dihydrogen cycles at 523 K.
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Ethyne Hydrogenation Reactions

For the hydrogenation of ethyne at 1.67 kPa
with dihydrogen at 5.0 kPa over 2.020.5g
catalysts, plots of pressure against time curves
showed that the reaction to occur in two distinct
stages, the onset of the second stage being
accompanied by an increase in rate at a pressure
fall of ca. 1.67+£0.027 kPa and ascribed to ethene
hydrogenation in availability of dihydrogen'®l. Up
to this acceleration point, the reaction order is ca.
1.73+0.06 in dihydrogen and ca. - 0.95+0.01 for
ethyne with a rate constant of ca. 2.4 0.1 x
10 min"' and an activation energy of ca.40.7+
0.3 kJ mol".

When series of ethyne hydrogenation reactions
were performed over the same catalyst sample, it
was observed that from reaction to reaction the
activity progressively decreased until a steady-
state activity was attained. Both the first and
second stages of ethyne hydrogenation were
deactivated by similar amounts. Treatment of a
freshly reduced catalyst with ethyne alone for
extended periods, before carrying out the
hydrogenation reactions, did not have any
significant effect on the deactivation process.
From this and similar observations on Group VIII
metal catalysts®?!, it can be suggested that the
deactivation does not simply arise from a build-
up of carbidic or other hydrogen defficient
carbonaceous residues on the surface, resulting
from the dissociative adsorption of ethyne, but

rather from a process involving the interaction of

ethyne with dihydrogen on the catalyst surface.
Such a thought has been previously coined by
Thomson and Webb!'? in which they proposed that
the hydrogenation on metals should be
interperated as hydrogen transfer between an
adsorbed hydrogen-defficient hydrocarbon
species, M-CxHy, and adsorbed alkene and alkyne,
rather than the direct addition of hydrogen to an
associatively adsorbed hydrocarbon. The
deactivation process did not have any effect upon
the acceleration point of the reaction, although the
selectivity, S, which defined as: S=pP_ /(P +
P ... increased by ca. 6% as the catalyst run to
its steady-state activity. The average selectivity for
ethene formation over Europt-3 is ca. 0.677+1.8%.

Regeneration of Europt-3 can be achieved by
heating at 573 K in flowing pure dihydrogen

(30 cm®* min") for 2 h and evacuation at 573 K for
30 min (Figs 3 and 4).
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Fig. 3. Adsorption of "C-ethyne on europt-3 a1 29322 K.
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Fig. 4. Adsorption of "C-ethyne on europt-3 at 293+2 K,

Ethyne hydrogenation on clean and steady-
state samples of Europt-3 was followed by
monitoring the surface radioactivity during the
course of the reaction. The results presented in
Figure 5, showed that when a 1:3 "C-
ethyne:dihydrogen mixture reacted on clean or
steady-state catalysts, the surface radioactivity
representing the adsorbed '"C-species increased
almost sharply at the comencement of the reaction
and then decreased linearly as the reaction
proceeded, this extent is more pronounced on clean
catalyst in comparision on deactivated catalyst.
This implying the formation of surface monolayer
coverage on the freshly reduced surface and the
adsorption of “C-species on the metal sites made
available following ethyne hydrogenation on the
steady-state catalyst.
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Fig. 5. Variations in surface count rate during the hydrogenation of
1.67 k. pa. “C-ethyne with 4.99 k. pa. dihydrogen on europt-3 at
293+2 K.

When the catalyst was precovered with
pressures of “C-ethyne capable of building up the
primary region of the adsorption isotherm and
followed by 1:3 "C-ethyne:dihydrogen mixture
reaction on the same catalyst, the surface
radioactivity remained unchanged during the
course of the reaction (Fig. 5). This is another
evidence to support the suggestion made earlier
from the “C-hydrocarbon adsorption behaviour
that, catalysis of ethyne hydrogenation takes place
on the secondary adsorption region.

Hydrogenation of 12C-Ethyne +
HC-Ethene Mixtures

In order to gain some insight into the
mechanism of the selective hydrogenation of
ethyne over Europt-3, a series of reactions were
carried out on steady-state catalysts using 1:3,
ethyne:dihydrogen and varied aliquots of “C-
ethene which were added to the reaction mixture
before admission to the reaction vessel. The
amount of radioactivity in the individual reaction
products was determined by radio-gas
chromatography. The results are shown in Table 1.
From these, two interesting features emerge, first,
the amount of “C-ethane constitutes a small
proportion of the total ethane yield relative to the
amount expected from the amounts of added "C-
ethene and the '*C-ethene present in the reaction
vesel. This suggests that only minute amounts of
ethene undergo readsorption and further
hydrogenated to ethane until all of the ethyne has
hydrogenated. Secondly, the yield of “C-ethane

increased linearly as the reaction proceeded and
was directly proportional to the amount of "C-
ethene added to the reaction mixture.

Using the data of Table 1 and the possible
routes for the hydrogenation of ethyne presented
below:

k C,H, (ads.)—»C,H, (g.)

C,H,(ads.) & k,
N

CH, ()

the relative values of the rate constants were
calculated according to the procedure of Brendt
et al." and found to equal: k= 0.071+4% , k=
0.009£3.3% and k,= 0.163£4% at 2932 K.

CONCLUSIONS

The obtained results of the adsorption of carbon
monoxide, ethyne and ethene and the
hydrogenation of ethyne on Europt-3 are of similar
characteristics to those shown by Europt-1 and
other supported Group VIII metals®*?., The
adsorptions of "“C-hydrocarbons occur in two
distinct stages: a non-linear primary region
followed by a linear secondary region and ethyne
hydrogenation is associated with hydrocarben
species adsorbed on the secondary region.

The results of the "C-hydrocarbon adsorptions
together with the “C-ethene tracer studies show
the presence of separate surface sites for the
hydrogenation of ethyne to ethene, the
hydrogenation of ethyne to ethane and the
hydrogenation of ethene to ethane. This consistent
with a mechanism previously proposed by Webb
and co-workers!”#! for the hydrogenation of ethyne
over supported Group VIII metal catalysts as
shown in Figure 6.

Although the precise population of these
different surface site types is difficult to assess,
however, from the extent of ""C-carbon monoxide
and hydrocarbons adsorptions and using the rate
constants presented above they can roughly be
estimated to represent, Type I sites = 29.2%,
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Fig. 6. Surfuce site types responsible for ethyne hydrogenation on
supported metal catalysts.

Type II sites = 67.1% and Type I1I sites = 3.7%.
Collectively, the results of this study concludes
that Europt-3 catalyst shows a high
thermodynamic selectivity but a low mechanistic
selectivity.

From the "“C-adsorption studies and ethyne
hydrogenation reactions over Europt-3 and on the
other supported Group VIII metal catalysts
studied”?, we conclude that during the adsorption
of hydrocarbons or ethyne hydrogenation, a
rearrangement of the surface occurs resulting in
the freeing of metal sites on the surface. The
precise origins of such rearrangement cannot fully
be established from the present studies. It could,
however, arise due to the movement of some metal
atoms through the hydrocarbonaceous primary
layer, under the influence of the hydrogenation
reaction or adsorbed hydrocarbons as predicted in
Figure 7. Such phenomenon has been observed
in the hydogenation of hydrocarbons on supported
Ni and Pt catalysts and termed corrosive
chemisorption!'®'7l,

Fig. 7. Model for surface reconstruction as a resuit of adsorption or
catalysis of hydrocarbons on supported catalysts. (a) clean surface;
(b) hydrocarbon covered surface; (c) reconstructed surface.

According to such surface rearrangement
model, the deactivation of the Group VIII metal
catalysts to a steady-state activity could be
interpreted as the establishing of a steady-state

concentration of active metal sites by migration
of individual metal atoms into the hydro-
carbanaceous layer adsorbed on the primary
region, these metal atoms being responsible for
the secondary adsorption process and catalysis.
The presence of the carbonaceous overlayer causes
a modification of the surface orbitals to the extent
that distinct sites for the adsorption of ethyne and
ethene, as -bonded complexes are created.

Table 1. Variation of product composition (in pascal)

as a function of extent of hydrogen uptake during the

hydrogenation of 12C-ethyne in the presence of varied
amounts of added 14C-ethene at 293(2 K

Conversion  P("CH,) P(PCH,) P("CH,) P(HCH,)
(%) (Total) (Direct)
HC-ethene = 133.3 Pa
20.0 184 43 39 2.7
41.9 335 109 101 2.9
75.9 536 165 151 3.3
91.2 661 252 228 4.8
MC-ethene = 266.6 Pa
13.1 128 21 17 T2
45.0 372 48 36 8.3
93.0 528 212 188 10.9
113.7 575 247 221 11.9
"C-ethene = 666.6 Pa
10.9 97 21 19 13.2
40.1 235 129 123 17.3
65.4 413 179 167 17.6
105.6 543 279 257 24.4
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Thermal Stability Study of Ras Lanuf Jet Fuel by NMR-Spectroscopy
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Abstract: Abstract The thermal stability of jet
fuel produced by Ras Lanuf refinery was studied
by nuclear magnetic resonance-spectroscopy
(n.m.r.) and gas chromatography mass
spectrometry (g.c-m.s.). The fuel was thermally
stressed for 3 hours at different temperatures 360,
380,400.420 and 440 °C. The vol% of aromatics,
olefins and paraffins was calculated by proton
n.nr. spectroscopy. The buildup of olefinic
compounds started at 380 °C. GC analysis
indicated that the formation of olefins and
aromatics at high temperatures was accompanied
by a decrease in C,, and C,, aliphatic fractions.
Rapid increase of aromatics content was also
observed at high temperatures (420-440 °C).
Identification of the new formed compounds was
carried out by g.c-m.s. The formation of solid

*Ras Lanuf Oil & Gas Processing Co,

carbonaceous deposits was firstly observed at
420 °C. Its content reached 19.5 wit% at 440 °C.

INTRODUCTION

The development of new high speed aircraft
generation required a fuel with high thermal
stability. The fuel for such aircrafts would have
to withstand temperatures in the range of 400-
500 °C for several hours and the pyrolytic
degradation of the jet fuel at this speed may be
much more important than autoxidation. The
possibility of the fuel pyrolysing and forming solid
carbonaceous deposits in the fuel delivery system
is of particular concern because of deposition of
such materials in fuel lines or burner nozzles could
lead to catastrophe. Jet fuels are mixtures with a
huge number of hydrocarbons that became an
extraordinarily complex chemical composition
following thermal stressing at elevated
temperatures. The distribution of molecular
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species broadens as cracking and transformation
reactions produce a myriad of aliphatic and
aromatic molecules of varying structures and
molecular weights!!l.

Conventional jet fuels are limited to maximum
heating temperature of about 300 °C. Thermal
oxidation stability of jet fuels at 100 to 300 °C in
presence of oxygen has been researched for several
decades'*®!. For the development of fuel that will
resist degradation by thermal stressing, the
scientist should understand how the molecular
structure of the fuel affects the thermal stability
and what the molecular mechanisms that lead to
the formation and accumulation of carbonaceous
solids are. Many studies of fuel thermal stability
were carried out. The principal indication of
thermal instability was found to be the amount of
solid carbonaceous deposit that forms during
thermal stressing in a closed reactor”. The other
important indicator was the formation of gaseous
products. The change of the jet fuel composition
can be followed by different methods. N.M.R-
spectroscopy has been widely used to characterize
petroleum oils and fractions!'""1.  The use of
n.m.r. spectroscopy offers distinct advantages over
other spectroscopic methods since it can be
recorded in relatively short times, and it provides
detailed compositional characteristics of the oil
fraction that are unobtainable by other methods.
The g.c-m.s technique has also contributed greatly
to the analysis of various petroleum fractions!'%!",

In this work, the change of the chemical
composition of jet fuel at different temperatures
(360, 380, 400 and 420 °C) was followed by means
of n.m.r. spectroscopy and g.c-m.s. The structure
parameters obtained by the spectra are discussed
and the composition change of the jet fuel at
different temperatures is presented. The new
formed compounds are separated and identified
by g.c-m.s. This paper represents the first step of
a research programme in the RASCO laboratory
for investigating the compositional factors that
affect the thermal stability of jet fuel.

EXPERIMENTAL
The jet fuel fraction was received from Ras

Lanuf refinery (distillation temperature 150-
204 °C). The fuel was heated for 3 hours in a

stainless steel autoclave designed in the RASCO
workshop. N.M.R. spectra was obtained by
Bruker 100 Mhz spectrometer in 5 ml probe.
Tetramethyl silane was used as an internal standard
and deuterated chloroform as a solvent.

The integration and treatment of the obtained
spectra was carried out on the Bruker data station
with the WINNMR program. For g.c-m.s analysis
a UNICAM series 610 Automass instrument,
equipped with a 105 m Fison DB-1 (d=0.25 mm)
capillary column, operating temperature
programmed (150 °C for 25 min, rate 5 °C/min
up to 300 °C with helium as a carrier gas. GC
analysis had been performed using Carlo Erba
Instrument 4100 equipped with 105 m Fison DB=1
(d=0.25mm) capillary column, operating
temperature programmed (150 °C for 25 min, rate
5 °C/min up 300 °C with helium as a carrier gas.

RESULTS AND DISCUSSION
Theory of the n.m.r calculation:

The n.m.r. method is based on calculating the
relative number of carbon atoms, classified as
aromatics, paraffinis, or olefins in jet fuel from
n.m.r. integral spectrum. The calculation of the
composition of aromatics, paraffins and olefins by
volume is given by the following equations!'® '

1.279. (A + C/3)
Aromatics, vol % = x 100

(1)

1.279. (A+C/3)+(D-2B+E2 +F/3)+25. B

(D-2B + E/2+F/3)
Paraffins, vol % = x 100
(2)

1.279. (A+C/3)+(D- 2B+ E/2+F/3)+25. B

2.5.B
Olcfins, vol % = x 100

(3)

1.279. (A+C/3)+(D-2B+E/2+F/3)+235. B

A = aromatic carbons

B = olefinic carbons

C = CH2 and CH3 substituted to aromatic ring
D = aliphatic tertiary C-atoms

E = aliphatic methylene groups

F = aliphatic methyl groups
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Some carbon atoms go uncounted for because
they are completely substituted and give no n.m.r
signal. Other carbons are erroneously counted as
belonging to a given hydrocarbon class. Their
protons resonate in the regions of n.m.r. spectrum
where other hydrocarbon types normally appear.
The densities of the light paraffins and aromatics
are different, therefore, correction factors for these
effects are carried out. The densities of aromatic
compounds are significantly greater than paraffins.
The aromatic terms in equation (1) through (3)
need to be multiplied by a constant to correct the
density differences. For these purposes, a
quantitative determination of individual
compounds in kerosene was carried out by gas
chromatography. The weighted average density
for each hydrocarbon class was calculated by the
following equation!’!:

| val%, | [densitym]
weighted average density = (4)
[ val%, |

The weighted average density for aromatics
was found to be 0.8662 g/ml and for paraffins
0.7592g/ml. The aromatic term (A+C/3) must,
therefore, be multiplied by 0.8765 to correct the
density differences.

In the n.m.r. spectroscopy, the full substituted
carbon atoms give no signal. Correction factor
for this phenomena was also calculated for
individual compounds in kerosene fraction. The
following equation was applied!":

weighted average ratio
(carbon counted/carbon uncounted) =

no. carbon counted (i)
X [ vol%] (1)

no.carbon uncounted (i)

(3)

Z [ vol%(i)]

The correction factor for aromatics in kerosene
fraction was found to be 0.6843. The aromatic
term in the equations mentioned above (1,2 and
3) must be multiplied by 1.46. That means the
overall constant to multiply the aromatic term with
is 1.2796.

Correction factors of weighted average density
and weighted ratio (carbon counted/carbon
uncounted) for olefins were also calculated. The
weighted average density for olefins was found

to be 1.1704 and the weighted ratio (carbon
counted/carbon uncounted) 2.14. The overall
constant to be applied to the olefinic term is 2.5.

For paraffins, no density correction was
necessary because the aromatics and the olefins
were normalized to the paraffins density.,
Weighted average ratio for paraffins was
calculated only. Its value was 1.

n.m.r. analysis:

The proton n.m.r. spectra for the base kerosene
fractions obtained from the RASCO refinery and
for the thermally stressed kerosene samples are
indicated in Figures (1-3) and Table 1. The
integral values for the regions were obtained from
the spectra and were calculated by the above
mentioned equations. The n.m.r. spectra were
divided into the regions of interest based upon the
chemical shifts of specific proton types. These
areas are illustrated in Table 2.

a)

b)

Fig. 1. "H-NMR spectra of a) base kerosene without heating and b)
for kerosene heated for 3h at 360 °C, CDCI, as solvent and TMS as
standard.
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a)

T | DARRE I ML Y LA R T

8.0 7.0 6.9 5.0 4.0 3.0 2.0

PPH
. MJJ

T T T | BRTISRa T T Tl

a.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
PPH

b)

Fig. 2. '"H-NMR spectra of a) thermally stressed kerosene at 400 °C
and b) thermally stessed kerosine at 380 °C, CDC1, as solvent and
TMS as standard.

Table 1: Properties of the RASCO base kerosene

a)
T ¥ T ¥ T [ T T ¥ T
7.0 6.0 0 40 3.0 2.0
PPH
T ¥ T ¥ T T 2 T T T T T ¥ T
B.0 7.0 6.9 5.0 4.1 3.0 2.0 1.0 0.0
PP
b)
] T T 4 T 4 T T T T T T
8.0 7.0 6.0 50 40 8.0 2.0
PPl

Fig. 3. '"H-NMR spectra of a) thermally stressed kerosene at 440 °C
and b) thermally stressed kerosene at 420 °C, CDC[] as solvent

and TMS as standard.

Table 2: Proton n.m.r assignments for functional

23]

groups of interest in kerosene!®!s

Specific gravity 0.7853
Density g/ml 0.7853
API gravity 48.64
Freezing point, °C -55
total sulphur, wt% 0.0023
Smoke point, mm 29

Chemical shift Proton type

region (ppm)

0.6to 1.0 hydrogen atoms of CH, in aliphatics
and CH, in yposition and more
distance to aromatic ring

1.0to 1.5 CH in aliphatics and CH, CHJ in
B position to aromatic ring

[.5102.151.5 CH in aliphatics and CH, to double
bounds

2.15t0 3.0 CH, CH, and CH, in ¢-position to
aromatic ring

4.5t0 6.0 CH to olefins

6.6 to 8.0 CH to aromatic ring
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The increase of temperature up to 360 °C
showed no change in the kerosene composition.
By temperature at 380 °C a value of 2.8 vol% of
olefinic compounds was obtained. At this
temperature, formation of solid carbonaceous
deposits was not observed. The colour of the
kerosene remained unchanged. Table 3 shows that
at high temperatures (T-400-440 °C), the
paraffinic carbons are extensively converted to
olefins and aromatics. The colour of the kerosene
becomes yellow at these temperatures. Building
up of carbonaceous solids started at 420 °C and
the olefins and aromatics quantities go up to
14.9 vol% and 12.9 vol% respectively. A rapid
increasing in the formation of carbonaceous solids
was observed at 440 °C. At this temperature,
19.5 wt% carbonaceous solid was found. The
aromatic content was increased to 57.4 vol%. The
n.m.r. results indicated that the primary pathways
to form carbonaceous solid are firstly, formation
of olefins and secondly, cyclization to aromatics.
This conclusion is derivable from the n.m.r. results
shown in Table 3.

Table 3: Composition of thermally treated
jet fuel by n.m.r spectroscopy and
carbonaceous solid formation

Tempera-  Aliphatic  Olefinic ~ Aromatics ~ Carbon-

ture/°C s (vol%) s {vol%) (vol%) aceo us
solid

(wt%)

150-204 88.32 — 11.58 0.00
360 88.17 — 11.83 0.00
380 85.3 2.8 11.9 0.00
400 84.16 3.84 12 0.00
420 72 12.97 14.99 0.02
440 28.76 13.8 57.44 19.50

These tests show that the determinated
kerosene can be thermally stressed up to 400 °C
without any significant change in its composition.
The value of clefinic compounds formed at this
temperature lies in the internationally accepted
limit, 5% of olefins is allowed to be contained in
the jet-A kerosene!””. On the other hand, the
undesired carbonaceous solid could firstly be
observed at 420 °C.

g.c -m.s analysis:

g.c -m.s analysis of the thermally unstressed
kerosene was carried out. C“, C,»C,,and C, were
found as main compounds in the RASCO kerosene
respectively. None of olefinic compounds could
be indicated in the base kerosene. At 380 °C, small
amounts of light olefins were observed (e.g.
ethylene and propylens). Increasing the
temperature to 400 °C leads to a build up of olefins
with higher molecular weights. The main
compounds formed were methyl 1-butene, trans-
2-pentene, 2-methyl-2-buttene, 2-methyl-1-
pentene, 2-methyl-2-pentene, 4,4-dimethyl-1-
pentene and methyl hexene. Bifunctional olefins
or olefins with higher molecular weight were not
observed. The appearance of oxygenated
compounds like carboxylic acids, alcohols or
ketones were not observable. It seems that these
compounds are not stable enough for long periods
of time (3h) at high temperatures. The g.c and
g.c-m.s analysis implied that the C,, aliphatic
fraction is the main cracking feed. By starting of
formation of olefins at 380 °C, the C,, content
decreases from 20 vol% to 17.1 vol%. The C,,,
C,,» and C, values remained unchanged. At420 °C
the cracking process was observed in C,,,C,,, C,,,
and C,. Table 4 illustrates the vol% of these four
fractions at different treatment temperatures. It
seems from the g.c-m.s analysis that the C
fraction negatively affects the thermal stability of
kerosene.

Table 4: Comparison of the vol% of the
main aliphatic compounds in kerosene
at different temperatures

T/°C CU (vol%) C,, (vol%) CII (vol%) C,, (vol%)
150-204 1.6 9.5 20 3.80
360 1.6 10 18.2 4.40
380 1.84 10.4 17.1 3.88
400 1.6 9.7 16.1 3.60
420 1.64 6.66 9.97 2.15

CONCLUSION

The n.m.r. spectroscopy and g.c-m.s analysis
showed that the Jet fuel produced by Ras Lanuf is
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thermally stable up to 400 °C. The thermal
degradation starts at 380 °C which leads to trace
amounts of olefinic compounds. The g.c analysis
indicated that the formation of new olefinic and
aromatic compounds is mainly at the expense of
the C,, aliphatic fraction. The production of
carbonaceous deposits was firstly observed at
420 °C.

(1]

(4]

[5]
(6]
(7]
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Determination of Pollutants from Heavy Fuel Qil (HFO)
Combustion in Power Plants

L.H. Ali*, A.A. Ejebali* and M.J. Gurbaj*
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Abstract: Carbon deposits highly contaminated chimney. Heavy fuel oil (HFO) is used as the main

by acids (32.8 wt. % on H, SO, basis), and poly fuel.

nuclear aromatics (PNA’s; 707 ppm) accumulate

and need periodical removal from a power station SO, (115.7x15.4mg/n?'), SO(317.5+91.3 mg/
n’), and NO (88.2+75.2 mg/n?), in flue gas were
determined. HFO consumption was 10.5 m*.l" and

*Petroleum Research Center, P.O. Box 6431, Tripoli, G.S.P.L.A.J. air flow rate in the burner was140x10° m’.h".
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Heavy metals (ppm) Cr: 271.7%2.5, 386.9x15.4
and <0.05; Mn: 853.6+51.1 544.9+39.0 and

<0.06; Ni: 9278.3+567.1, 69.427.9and 3.18+1.7;
182.5£4.9 and 0.73x0.1;
V: 7956.1+1916.5, 189.3x43.1 and 1.45+0.80;

Zn: 327+2.0,

Fe(%): 28, 0.92, and <0.04, in carbon deposits,
fire-brick linings and HFO, respectively, were
determined by atomic absorption spectroscopy.
Other heavy metals, namely Cd, Cu and Pb were
also derermined. Polynuclear aromatics PNA's in
CH,CI, extracts from carbon deposits were
estimated by capillary gas chromatography.

INTRODUCTION

Among several orthopogenical activities,
combustion of fuels in stationary plants is a major
contributor to pellution by some combustion
products such as sulfur oxides (SOx), nitrogen
oxides (NOx) and particulate matter!"->*I. Of most
concern, is the combustion of residual fossil fuels,
such as heavy fuel oil (HFQ).

Another aspect of increasing worldwide
attention related to combustion of HFQ is the fate
of uncombusted and / or reformed organics
released into the environment. It is well
established now that the combustion of crude oil
residues and heavy distillates results in a wide
variety of organic pollutants which enter the
environment in the form of gas, liquid and solid
wastes!*’]. Among these pollutants, polynuclear
aromatic hydrocarbons (PAH; also called:
polycyclic nuclear aromatics PNA), make up a
class of concern due to their carcinogenic,
teratogenic, mutagenic, and chronic low-level
hazardous potential that may affect lower and
higher organisms.

Heavy fuel oil is used as the main fuel in the
Western Tripoli Power Station. The present paper
gives the results of a study carried out on deposits
in, and emissions from one of five small chimneys
(60 m height) in the power station. There are
two more bigger chimneys (120 m height).
Accordingly, we carried out investigations
covering the following aspects:

— Determination of heavy metal contents in the
ash of carbon deposits, parent HFO, and in fire-
brick lining of chimney.

— Estimation of SOx and NOx release as a result
of HFO combustion.

— Studies on water and organic solvents extracts
from carbon deposits in the chimney.

— Estimation of uncombusted hydrocarbon
release with attempted elucidation of chemical
structures of some of the released compounds.

EXPERIMENTAL

Experimental Procedures:

1- Separation of Uncombusted Organic Matter
from Carbon Deposits in the Chimney:

Organics were separated using Soxhlet
extraction system with toluene or dichloromethane
solvents. 50 g (accurately weighed to four
decimals) of dried (105°C for 2 h) carbon deposits
(bottom; BCD or wall; WCD) were placed in a
clean, dried, accurately weighed porcelain
thimble, which was then placed in the Soxhlet
extractor. 300 ml of solvent was added in the round
bottom flask collector, and extraction was
continued until no coloured extracts were
observed (~12 h). Extraction was stopped, the
thimble dried and the extracts were distilled in a
rotary evaporator using a mild vacuum. Extracts
were accurately weighed .

2- Estimation of Total Uncombusted
Hydrocarbons in Flue Gases

Uncombusted hydrocarbons were separated
from combustion gases using cooled solvent traps.
Two solvents were used in the separation {one at
a time), toluene and dichloromethane.

The trapping assembly consisted of:

» Stainless steel tube (180 ¢m x 0.4 cm internal
diameter) to get the gas sample at least one
meter deep in the main flow of stack.

* Solvent (aq. NaOH 1.0 N) traps

* Silica gel trap to protect the vac, pump.

¢ Vacuum pump equipped with gas flow meter
and was adjusted to a flow of 1.5 1. min.”!
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When everything was set, the stopcock was
opened, the pump was turned on, and the gas
sample was drawn up to 500 liter total volume, At
this point, operation was stopped,the solvent was
distilled under mild vac. using a rotary evaporator,
and the uncombusted organics were accurately
weighed. Refer to Figure-1 for a diagram of the
operation.

1. Flue gases

2. Chemney wall
3. 100 cm ss tube
4. 30 em ss tube

3. Stop-cock control 9. IN NaOH

6. Ice-salt 10. Silica gel column
7. Salvent 11. Flow meter

12, Vac. pump

8. Empty trap

4;

)?x\

Fig. 1. Flue gas trap for uncombusted organics.

3- Determination of Total Acidity of Flue Gases:

A similar trapping system to that used in (2)
above was used to determine the total acid content
of flue gases. Two traps were used, the first one
contained 500 ml, 2 N NaOH aqueous solution
and the second one (between the first and the
pump) was empty. The flow rate was adjusted to
1.5 I/min. and the operation was stopped after 500
liters were drawn. The amount of trapped acids
was determined from the back titration of the
NaOH solution. Acids were determined on a
H,SO, basis.

4- Determination of Total Acidity of Water
Extracts from Carbon Deposits:

100 g of carbon deposits (B.C.D and W.C.D,
one at a time) were refluxed (1 h) with 500 ml of
distilled water. The mixture was then filtered and
the deposits were washed several times with
distilled water. The filtrate and the washings were
combined and the volume was made up to 1 liter
in a volumetric flask. The pH of the previous
solution was measured. Samples of 30 mli of this
solution were titrated against a standard 0.2 N

NaOH solution using phenolphthalein as indicator.
The total acid content was determined on aH,SO,
basis.

5- Determination of Sulfate Ion in the
Aqueous Extracts:

The method used was that of ASTM-D516!6.

6- Determination of Iron Content in the
Agqueous Extracts from Carbon Deposits:

The method used was that of ASTM-C1147],
which is basically used for the analysis of
hydraulic cement .

7- Determination of Ash Contents:

The methods used were those of ASTM-D482-
(87),or ASTM-D3174-(79)'®! depending on the
sample, whether liquid or solid.

8- Determination of Heavy Metal Contents in
Carbon Deposits:

The method used with carbon deposits was that
of ASTM-D3683"!,

9- Determination of Heavy Metal Contents in
Heavy Fuel Oil:

A suitable weight of sample (10 g) was ashed
into a platinum dish at 500°C in a muffle furnace
with 0.5 g of p-toluenesulfonic acid. When ashing
was completed (~30 min.), the residue was
warmed gently with 10 ml of nitric acid (25%),
stirring and crushing the ash with a glass or PTFE
rod. The slurry was transferred to a 50 ml
calibrated flask, washed with a further 10 ml of
nitric acid (25 %) and 5 ml of cesium chloride
solution (1 %) and diluted to the mark.

Calibration solutions were prepared from a
stock standard and they contained the same
concentrations of nitric acid and cesium chloride
as the sample solutions.

10- Separation and Determination of Individual
Polluting Gases: SO3 502 and NO.!"!

(a) Collection and Determination of SO;:
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200 liters of flue gases, withdrawn from the
chimney at arate of 4 1. min™'. were passed through
a liquid trap of 80% iso propyl alcohol in distilled
water (400 ml IPA + 100 mI H,0 ). The gases were
kept warm by wrapping the stainless steel
connecting tube with asbestos tape, since SO, dew
point is about 44°C. At the end of the experiment,
SO, content in the trap was determined by titration
against 0.01 N NaOH aqueous solution using
phenolphthalein as an indication.

(b) Collection and Determination of
Total SO,+NO

Gases leaving the SO, trap in (a) above, were
split by a three-way stop cock and were passed
simultaneously at a rate of about 2 1. min. into
two liquid traps; one for total SO, + NO and the
other for NO alone. )

The total SO, +NO stream was allowed to pass
through 500 ml of 0.3 % H,O, aqueous solution.
At the end of experiment, SO, + NO content (after
being oxidized to SO, + I-\JO2 by H,0,) was
determined by titration against 0.01 N NaOH
aqueous solution using phenolphthalein as an
indicator. The SO, content in flue gas was deduced
by subtracting the corresponding value related to
NO which is determined in (c) below.

(¢) Collection and Determination of NO:

The split stream of stack gases from (b) above
was passed through 500 ml of 0.1 NH,SO, in 0.3%
H,0, aqueous solution. A diagrammatic represent-
ation of the operations is given in Figure-2. At the
end of the experiment, the solution was made
alkaline with | N KOH and was evaporated to
dryness; gently without any spattering (about
24 h).

1, Glass wool filter

2. Chimaey wall

3. Insulating tape

4. Three-way sfopeock
5, Iee-salt bath

6, Flow meter

i

8. Liquid trap ( 03% H,0,)

& 7. Liquid trap ( 80% IPA +20% H,0)

“ 10. Silica pel column

11. Flow meter
12. Vacuum pump

Fig. 2. Liquid trap for SO,, 5O, and NO.

9, Liquid trap ( 0.1N 1,80, in 0.3% H,0,)

10 ml of phenoldisulfonic acid reagent (PDS )
“see d below” was added to the residue from
evaporation, the solution was shaken and was
transferred quantitatively, to a 100 ml volumetric
flask, using distilled water. Visible light absorption
in the range 400-430 nm was obtained (the solution
may be diluted if necessary). The concentration
of NO, was determined from a calibration curve
of concentration Vs absorption intensity in the
range 400-430 nm of KNO3 standard solutions
containing known amounts of PDS reagent in both
samples and reference cells.

(d) Preparation of PDS Reagent:

It is prepared as follows:
Phenol 25 g
Conc. H2S04 150 ml
15% Oleum 75 ml

11- Gas Chromatographic Experimental
Conditions for the Determination of
Poly-Nuclear Aromatics (PNA):

The chromatographic conditions employed by
us in the separation of PNA’s are listed in (A)
below. Meanwhile, the GC-Conditions employed
by the American Environmental Protection
Agency [EPA] for the separation of the 16 standard
PNA’s!®! are listed in (B). The variation in
conditions, as given in the two sets (A and B), may
afford an explanation for the small differences in
the retention times of some of the expected PNA’s
compared with the standard ones.

Chemicals and Instruments:

* Chemicals used were of analytical grade
obtained from Aldrich, UK.

* GC carried out using PACKARD 439.

* Heavy metal determined using AAS/A.
A-1475,

» Sulfur determined using ANALIR, Analyzer
instrument.

* GC 312 pumps used to withdraw gases from
chimney

* pH meter used was KNICK DIGITAL-pH-
METER 646
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A

B

PRC- GC- Col . Conditions

EPA - 610/ GC- Col. Conditions

Column: 25m x 0.25mm (L x ID) WCOT

CP-S8il CB (df = 0.12um )
Temperature: 35°C - 280°C rate 5°C/ min.-!
Carrier gas: N,, 60 KPa (0.6 bar, ); 25ml/min-".
Injector: spliter, 100 ml/ min'!, (T = 300°C }
Detector: FID, 1 x 10 -11AFS (T = 300°C )
Sample size: 1.0pl

Column: 25m x 0.25mm (L x ID) Ultimetal WCOT
CP-Sil PAH CB (df = 0.12um)

Temperature: 70 C - 300 C / min-1.

Carrier gas: H2, 100 KPa (1.0 bar, 15 psi); 30 cm/s

Injector: spliter, 100 ml / min-1. (T= 325°C)

Detector: FID, 2% (T=350°C )

Sample size: 0.5pl

* Muffle furnace LINN. HIGH THERM VMK?22
used for ashing.

RESULTS AND DISCUSSION

The Western Tripoli Power Station, first
established in 1976, is situated on the
Mediterranean shore, about 20 km west of Tripoli
center. Heavy fuel oil (HFO) is used as the energy
source for steam generation. The station is
composed of two power plants, the descriptions
of each are given in Table 1.

There also exists a desalination plant and
treatment units. The power station is surrounded
by farms and village residential communities from
all directions except the north side. Prevailing
wind is from north to south in most seasons, thus,
farms and populations are exposed to pollution
from emissions from this power station.

Figure -3 gives an illustrating diagram for the

boiler, gas flow, sampling location and definition
of carbon deposits (bottom carbon deposits, B.C.D

Table 1. Western Tripoli Power Station.

Property Plant A Plant B
- No. of generators 5 2
- Capacity; mega watt.h! 5x65 2x120
- Stack height; meters 60 120
- Amount of HFO consumed, 17.7 28.5
Tons.h-1 at max. loading
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- |
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Fig. 3. Boiler air and gas Mow.

and wall carbon deposits W.C.D with respect to
chimney).

Temperatures in the burner and boiler zones are
also indicated.

Sampling and operation conditions with other
information of interest are given in Table-2. It is
obvious that our results and conclusions represent
only a small portion of operations taking place at
the power station. All our investigations were
carried out on one of the five small chimneys in
plant A (Table-1), defined as Unit 2.

In our investigations, we focused first on the
carbon deposits (C D) in the chimney. A pile of
over 50 cm deep of these deposits was noticed on
the chimney’s floor (B.C.D), and about 15 c¢m
thick deposits on the inside walls (W.C.D). It is
well established that incomplete combustion of
fossil fuels produces carbon deposits, along with
a variety of reformed and/or partially oxidized
hydrocarbons. It is also expected that carbon
deposits will be contaminated with inorganic acids
as a result of the production of acid gases during
combustion.
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Extraction of CD with CH,CI, in a soxhlet
system produced a higher hydrocarbon content,
but less combustibles in WCD (Table-3). The
results in this table further indicate a very high
iron content in the ash of CD (especially in BCD).
This prompted us to carry out full analysis on
heavy metals content in BCD, WCD the fire brick
lining of the chimney’s interior, and ash in the
parent HFO. The results are given in Table-4. Fire
brick (FB) is also used to line the interior of the
burner. The results in Table-4 indicate that FB may
be the source of the relatively high contents of
Fe, Mn, Pb, Cr, Zn, and Cu in the carbon deposits.
On the other hand, the HFO is a considerable
precursor of Ni and V.

The water extracts from carbon deposits was
found to be highly acidic. This is to be expected
given the type of fuel used (HFO) and the
combustion conditions. The results on pH and
amount of acid in CD on the basis of H,SO,
equivalence, are given in Table-5 .

Table 2. Sampling and operation condition®

Sampling conditions Operation conditions

Stack
temp.
Sample Sample Sampling Air flow  Fuel Power (°C)

No. type date (m3h) (ton/h) (mega watt)
1 He. 19.1.95 170 13 40 135
2 He. 19.1.95 170 13 40 140
3 T.acid 26.1.95 160 155 42 140
4 Tacid 26.1.95 145 12.5 40 135
5 He. 30195 160 13 42 135
6 He.  30.1.95 160 13 42 135

* As designed.
- He: hydrocarbons.
- T. acid: Total acids.

- Sampling location : Unit 2.
- Sampling duration : 4 h,

- Flow rate (1.min™"); 2

- Sample vol. (1): 500.

- Combustion temp. C°: 1370.

Table 3. Bottom & wall carbon deposits analysis

% Organics % Combustables
(% hydrocarbons) (and/or

Sample % Ash % Iron

decomposebles)
BCD 47.67 28 0.11 52.33
WCD 66.5 4.6 .43 335

Table 4, Average concentration(X) of heavy metals"

Element BCD WCD FB HFO
(ppm) (ppm) (ppm) (ppm)
Cd 59.54+4.3 27.743.1 71046  <0.06

Cr 271.7£2.5 49.7+2.8 386.9+154  <0.05

Cu 173.9£11.3 47.2+2.1 38.0£2.9 <0.04
Fe % 28.0(2) . 4.6% 0.9® <{.04

Pb 4161.2=11.5 259.5+10.4 51715 <0.3420.6
Mn 853.6x51.1 1828.9470.8 54492390 < 0.06
Ni 9278.3+567.1 92.3x18.4 69.4+79 318217
In 32720 74.7x6.1 1825445 0.73z0.1

v 7956.1£1916.5 1825.82147.2 189.3+43.1 145208

(1) Average of three determinations.
(2) By gravimetric & Titrimetric Analysis.A single determination was conducted

Table 5. Acids in bottom & wall carbon deposits

Sample PH  N* Total acid % Acid in deposits S0=**
(HZSO4 basis) {H,S0, basis)
(g-ml") (g {ppm)
BCD L5 0015 16.4 32.8 11145
WCD 16 0.008 9.8 19.6 5390

#* N Grams of NaOH needed for neutralization of acids
#* Determined gravimetrically

It is well established that sulfur in fossil fuels
converts mainly to SO, on combustion of fuel!>?),

CH,S,.+0,—»50,+850,+CO,+H,0+etc. (1)
fossil fuel 90-98% 1-2%

It is also well documented in literature, that
active conversion of SO, to SO, is catalyzed by
Fe and Mn oxides present in the fly ash of the
same heavy fuel employed"!.

SO, + 1,02 =2 SO, (2)
SO, + H,0 —» H_SO, 3)

Fe and Mn salts are also present in the
composition of fire bricks lining the interior of
the burner and chimney (refer to Table-4) and may
play an important role in this conversion
(Equation-2) through surface catalysis. This may
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also account for continuous abrasion of the lining
and accumulation with the carbon deposits. To
further supplement and justify the choice of H,SO,
equivalence for the estimation of total acid content
in CD, a gravimetric determination of sulfate ion
content in the aqueous extracts from CD was
performed. The results are given in Table-5. BCD
contained more than twice the amount of sulfate
ions than WCD.

Separation of the principle polluting gases:
50,, SO, and NO individually from flue gas, using
liquid traps as shown in Figure-2, made reliable
assessment of the contribution of each gas
possible. The choice of the specified liquid traps
is based on previous work!. Thus, the
determination of SO, in flue gas is based on the
work of Alyea and Backstrom"” who found that
several higher alcohols inhibited the oxidation of
dissolved SO,. Flint!" selected isopropanol (IPA)
because it is miscible with water, its inhibiting
action extended over long periods of time, and the
solubility of SO, in IPA solutions was considerably
lower than in distilled water. Absorption in 80 %
IPA has been the most widely used collection
method!"""? for SO* in power plants.

Aqueous hydrogen peroxide absorbing solution
has been widely used for the collection of SO,
where:

1,50,

50,(g) + H,O—H S0, (aq.) B H,50, (ag.) (4)

Collection of SO, in H,0, is the technique
required by EPA for checking compliance with
new source performance standards (power plants
etc.) under the Clean Air Act of 19700,

Nitric oxide (NO) is the only oxide of nitrogen
present in significant concentrations at flue gas
temperatures. It is mainly formed as a result of
the reaction of O, and N, of the air at flue
combustion temperatures. Thermodynamically,
the oxide is unstable and dissociates back to its
elements at all temperatures:

YN, +',0 > N 5
2 272 44— 0 )

Phenoldisulfonic acid (PDS) is the most widely
used reagent for NO_determination in flue gases
and it has been adopted as a standard method by
EPA!"*MI and other standards!'®l. Beatty, et. al.l'”!

used 0.1N H,50,in 0.1% H.,O, as the absorbing
solution and recently up to 0.4% H,O, has been
used. The peroxide serves a two-fold purpose,
namely to oxidize any nitrate and to convert
sulfite, an interference, to sulfate i.e.:

NO + H,0, —»NO, + HLO—>HNO, (6)
SO, + H,0,—>»S0, + H,0 —»H S0, (7)

H,S0, does not interfere with the quantitative
color production which will be explained below.

After absorption, the solution is made alkaline
with potassium or sodium hydroxide and slowly
evaporated to dryness to avoid spattering losses.
PDS is then added to the dry solid residue and a
nitration reaction takes place:

OH OH
s0aH NO32 503H
+ HnOg 2904 (8)
O3H S03H
Phenol-2,4-disulfonic Phenol-6-nitro-2,4- (Formed in
acid (PDS) disulfonic acid (PNDS) solution)

The yellow colour produced on making the
solution alkaline is due to the ionization of the
phenolic proton from the 6-nitrophenol-2,4-
disulfonate:

OH -K+
02N SO 3H 03N SO 3K
+KOH =~ —— &)
S0 3H 0 ;K
PNDS Yellow

The yellow color produced is measured
between 400 and 430 nm with a spectro-
photometer. The color intensity is related to
concentration and assessed quantitatively from a
calibration curve.

The results obtained for determining SO,, SO,
and NO concentration in milligrams per cubic
meter (mg/m3) of flue gas, are given in Table-6 (a
and b). It is obvious from these results that
considerable conversion of SO, to SO, does take
place under the combustion conditions. It is well
established that only 1 to 2 percent of SO, is
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usually produced on burning in air of sulfur
containing fossil fuels such as HFO. The average
results on SO, content in Run No.’s 1,2 and 6 in
Table - 6a, and those in Run No.’s 1,2 and 5 in
Table - 6b, on SO2 content, indicate that SO,
concentration (in mg/m?) is about 28% that of the
total SO_produced during the combustion of HFO
containing 0.5% sulfur. This strongly points that
a considerable catalysis is taking place. Such
catalytic effect is probably occurring through the
action of Fe and Mn oxides in the ash and/or
through the action of other metals present in the
composition of the fire-brick lining in the burner
and chimney walls.

Table 6a. Concentration of SO3™ in flue gas
from the combustion of HFQO®® jp
Western Tripoli Power Station

Run Vol. of 0.0IN Total NaOH H,S0 Date

i 4

S0

3

No. NaOH needed consumed equivalence equivalence of run

(ml) (g/m?) (mg/m’) (mg/m*)
I 2.6 0.130 159.3 130.1  30.1.96
2 23 0.115 140.9 1146 30.1.96
3 2.0 0.100 122.5 100.0 6.2.96
4 2.6 0,130 159.3 130.1 6.2.96
5 ; 0.095 116.4 94.6 6.2.96
6 2.5 125 153.1 1245 6.2.96

(1): Collected in 80%IPA aqueous solution .
{2): HFO consumption 10.5 m3.h" and air flow rate in the burner 140x10°
m*.h!
(3): HFO sulfur content is 0.5% .
- Sample collection flow rate 2 Lmin'!, vol. of gas collected = 200L
- Ligquid trap volume = 500 ml.
- Titrated portion volume = 20 ml.

Noticeable concentration of NO is also
produced as a result of the operating conditions
in this power plant. An average value of
88.2 mg/m® NO is produced in the Run No.’s 1,2
and 5 (Table - 6b) compared to 317.5+91.3 mg/m*
(Table 6b) and 115.7+15.4 mg/m?® (Table 6a), for
S0, and SO, respectively. This comparison further
indicates that about 17% of the total (SO, +NO))
emission is in the form of nitrogen oxide (NO)
expressed in mg/m?. Chemical conversions in the
manner outlined earlier (equations 1, 2, 3 and 5)
might take place producing the observed SO_and
NO_ distribution.

We thought it is necessary to put some
emphasis on uncombusted and/or reformed
organics released into the environment during the

. combustion of fossil fuels. By far, the main

anthropogenic source of PNA’s is incomplete
combustion of fossil fuels.

Up to date, the power of the combined capillary
column GC/MS system is the top analytical
technique for the separation, estimation and
identification of individual PNA‘s!"*#} In our
laboratory, we tried to throw some light on PNA ‘s
in CD using capillary column GC only.

In a recent publication!®!, emphasis on
dichloromethane (CH,C,,) as a model PNA solvent
was registered, therefore, we used CH,CI, to
extract (soxhelt), and to trap organics from CD
and flue gases respectively. The results on total
amount of organics trapped were 998 ppm, 4280

Table 6b. Concentration of S0,'" and NO™ in flue gas from the
combustion of HFO® in Western Tripoli Power Station

Run  Vol. of 0.0IN  Total NaOH Portion of Portion of 50, NO Date of
No. NaOH needed consumed NaOH reacting NaOH reacting equivalence  equivalence run
with HNO, with H 50,
(ml) (z/m?) (mg/m?) (mg/m?) (mg/m%) (mg/m?)
1 3.6 0.36 69.1 290.9 231.6 51.8 30.1.96
2 6.2 0.62 233.1 386.9 307.6 174.8 30.1.96
3 3.2 0.32 - - - - 6.2.96
4 3.8 0.38 - - - - 6.2.96
5 5.7 0.57 50.6 5194 413.4 38.0 6.2.96

(1): Collected in 0.3% H,O, aqueous solution, then determined by titration againest NaOH.

(2): Collected in 0.1N H;SQ in 0.3% H,O, aqueous solution, then determined spectrophotometriclly using PDS method .
(3): HFO consumption 10.5 m*.h"' and air flow rate in the burner 140x10° m3.h-".

- Sample collection flow rate 2 L.min"', vol. of gas collected = 100L

—  Liquid trap volume = 500 ml.
—  Titrated portion volume = 20 ml.
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ppm and 0.0848 g/m?* for BCD, WCD and flue
gases respectively.

In order to throw light on the nature of the
CH3C12 extracted organics from CD, detailed
capillary column gas chromatographic investig-
ation was carried out on three extracted samples
from each of BCD and WCD. The specification
of the GC column, the running conditions and

results are given in Table-7 for BCD and in Table-
8 for WCD. Although running conditions are not
exactly matched with those given in literature!®”!
on the conventional sixteen PNA’s proposed by
the American Environmental Protection Agency
[Project EPA - 610], tentative comparisons of our
results and relevant observations and conclusions
may be drawn. A major conclusion is that several
PNA's are present in the CH,Cl, extracts from

Table - 7 GC of CH,CI, extract from bottom carbon deposits (B C D)

BCD, BCD, B CD, EPAI¥!
R.T.O CONC. R.T.O CONC. R.T.O CONC, Name R.T.S
(min) (ppm) (min) (ppm) (min) (ppm) formula (min)
- - - - - - Naphthalene 4.24
cl(l[-IS
10.5 40.6 10.2 11.1 Acenaphthylene 10.65
CIZHR
= - = = 11.4 11.00 Acenaphthene 11.8
CIEI{IO
- - - - - - Fluorene 15.16
C.H,
- - - - - - Phenanthrene 21.28
CI-S'I-Il(l
23.8 44.00 - - - - Anthracene 21.64
ClrlI-Illl
- - - - - - Fluoranthene 29.94
CI()HI()
- - - - - - Pyrene 31.36
C!(!H!(J
40.4 364.7 40.1 402.8 39.9 322.0 Benz[a]anthracene 40.51
CIMHII
40.7 32.0 40.4 37.5 425 31.5 Chrysene 40,80
_CIHHIZ
47.8 5.9 47.5 61.5 46.9 26.00 Benzo[b]fluoranthene 48.08
CEOH!Z
493 29,1 48.6 18.4 o - Benzo|k]fluoranthene 48.31
CHys
51.0 64.00 49.00 73.9 51.7 15.5 Benzo[a]pyrene 49.85
CZI)HIZ
56.0 28.2 55.6 20.3 553 28.7 Benzo[ghi]perylene 56.72
C'_’IHIZ
- - 57.6 157.0 57.6 101.0 Indeno[1,2,3-cd]pyrene 57.38
CEIHEJ
58.0 8.6 58.1 18.3 - - Dibenz[ah]anthracene 58.00
C;‘ZHIJ
Total GC
detected 616.7 968.4 5337
PNA
(ppm)
Total He
content 906 1183 906
(ppm)

R.T.O = Retention time / observed.
R.T.S = Retention time / standard.
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BCD and WCD, but we cannot assign accurately
any specific retention time to a certain PNA
member. An observation worth mentioning from
Tables 3, 7 and 8 revealed the amount of organics
in WCD is about four folds higher than that in
BCD. This suggests that the higher we go up in
the chimney the higher the concentration of
expected PNA's. In other words, a noticeable
release of PNA‘s occurs as a result of burning HFO
as a source of energy at the Western Tripoli Power
Station.

In Table 9 (a and b), the structures of some
strong carcinogenic PNA ‘s and the percent of total
area measured by GC of related carbon numbers,
are listed.

Table 10
(a) Structure of some carcinogenic PNA’s

o oY

Benzolalanthracene  Benzo[alpyrene  Di-Benzo[ah]anthracene
(CiH.) (C,, H,.» (C,,H,

18

(b) Percent of total area measured by GC

average ayverage
Cx BCD, BCD, BCD, BCD WCD, WCD, WCD

C, 44 486 137 173 155
(40.31) (404) (@0.1) (39.9) 40.1) (413)
c, 107 132 46 93 30 39 35
(49.85) (51.0) (49.0) (51.7) (50.8) (46.9)
c, 103 166 143 137 24 5l 38
(58.0) (38.0) (38.1) (57.6) (56.9) (56.9)

*Values in brackets represent retention times in mints.

CONCLUSIONS AND
RECOMMENDATIONS

In a very broad sense, two major conclusions
may be drawn from this study:

1- Flue gases form the combustion of heavy fuel
oil (HFQ) in Western Tripoli Power Station and
the amount of fuel combusted daily may pose
health hazards to people, animals, and plants
and cause property damage under certain
meteorological conditions; when air is
stagnant. However, in order to give fair
assessment of the effects of pollutants; SOx,
NOx, Particulate, PNA's etc. it is imperative

to conduct seasonal monitoring at specified
distances from the station in all directions
(except North), taking meteorological
conditions into consideration.

2- Highly acidic, extremely enriched heavy
metals and PNA ‘s containing carbon deposits,
which are removed periodically from the
chimneys, pose serious dangers no matter
where these deposits are disposed of; on land
or in the sea. We recommend the following
scheme to deal with these deposits.

i- Adjusting the combustion operation
conditions, or injecting steam to reduce the
carbon deposits formation to minimum.

ii- When the above is not attainable, the deposits
may be washed with a dilute base (e.g. .01 N
NaOH) to neutralize the acidity.

The acid free deposits may be used as a solid
fuel, after mixing with a petroleum pitch, or
be used as a filler in road paving.

AKNOWLEDGEMENTS

We, the authors of this work, wish to convey
gratitude to the management of the Petroleum
Research Centre for permission to publish this
work. We also wish to aknowledge thanks to the
management of the Western Tripoli Power Station
(WTPS) for their understanding and unlimited
cooperation. Special thanks are due to the chief
engineer at WTPS, Mr. Muhsen Shiglabo for his
sincere help during the course of conducting the
field experiments.

REFERENCES

[1] Driscoll, I. N. 1974 flue Gas Monitering Techniques
Ann Arbor Science (1-9) .

[2] Stoker, S. H. and Spencer S. 1. 1976. Environmental
Chemistry, Airand Water Pollution Scott, Foresman
and Company, Brighton, England.

[3]1 Ali, L. H . 1987, Industrial Pollution: Sources,
Chemistry and Control — University of Mosul
Publication Registration No. 1241 1987. The National
liberary , Baghdad, Iraq (in Arabic).

[4] Sadeghi, M.A., Sharma, M.M.,and Yen, T.F. 1982,
Proceedings, 17th Intersociety Energy Conversion
Engineering Conference, 2, 899.

[5]1 Yen, T.FE. 1984, Proceedings, Specialty Canference on
Environmental Engineering 460 P.

[6] ASTM -3516-68 Re-approved 1974 Determination
of sulfate ion in water.

[71 ASTM-CI114-77 1977 Chemical analysis of hydraulic
cement.

[8] (a) ASTM-D482-87 1987 Ash from petroleum
products.



(91
[10]

(11]
[12]

[13]
[14]
[15]
[16]

(17]

Determination of Pollutants from Heavy Fuel Qil (HFO) Combustion in Power Plants b5

(b) ASTM-D3174-73 Re-approved1979 Ash in the
analysis of coal and coke.

ASTM-D3683-78 Re-approved1989. Trace elements
in coal and coke by atomic absorption.

Alya, H.N. and Backstrom, H.L., 1929 J. Am. Chem.
Soc., 51, 108.

Flint, D. 1948 . J. Soc. Chem. Ind. 67, 2.

Gartrell, FE., et.al. 1963. Am. Ind. Hyg. Assoc. [.,
24, 13.

Corbett, PF. 1948, J.Soc. Chem. Ind., 67, 227.
Seidman, E.B., 1958. Anal, chem., 30,1680 .

EPA Standards, 1971 Standard of Performance for
New Stationary Sources Federal Register, 36 No.247,
P 24876, Method 7.

ASTM D1608-60, 1971., ASTM Book of Standards,
Part 23.

Beatty et.al., 1943 Determination of nitrogen by the
PDS method. Bureau of Mines, R13687.

[18]
[19]
[20]
[21]
[22]
[23]

[24]

Grimmer, G., Bhonke, H., and Fresenius, A. 1972,
Anal, Chem. 45, 261.

Lao, R.C., Thomas, R.S., OQja, H., and Dubbios, L.
1972, Anal. Chem. 45, 310.

Lao,R.C., Thomas, R.S., and Monkman, J.L. 1975, /.
Chromatogr., 112, 618.

Hites, R.A., and Biemann, W.G. 1975. Adv. Chem. Ser,
147,188,

Hase, A., and Hites, R.A. 1976. Geochem. Cosmociin.
Acta., 40, 1141.

Bieri, R.H., Cueman, M.K., Smith, C.L., and Su., C.W.
1978. Int.J.Environ. Anal. Chem., §, 293.

Sadeghi, K.M., do Nascimento, H.C.G., Sadeghi,
M.A., Wang, L.S., Wang, Y., and Yen, T.F. 1994. Fuel
Sci. Tech. Intern., 12, 1393.

(a) Janssen Chemical Acta. (1992), 10, No. 3.

{b) Chrompack Catalogs of Chemical Separation.



Petroleum Res. I. Vol. 10 (1998); P. 57-59, 2 Figs.

The Bahi Formation - Its stratigraphic position, western Sirt Basin, Libya
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The subsurface marine succession in the
western Sirt Basin (Fig. 1) is normally underlain,
in many places, by a sandstone unit known as the
Bahi Formation. Lithologically, it commonly
consists of sandstone and pebbly sandstone with
a clay matrix and interbeds of siltstones,
conglomerates and shale and its thickness varies
from zero to a maximum of over 400 feet (Barr
and Weegar, 1972),

The Bahi Formation unconformably overlies
various lower Palaeozoic rocks, mostly Cambro-
Ordovician Hofra Formation (Orthoquartzites) and
is overlain by marine sediments with a sharp and
conformable to gradational contact (Fig. 2).

The generally mottled nature of the siltstones
and shale and the red staining of the sand grains
may indicate a continental origin. The presence
of glauconite in the uppermost 10-20 feet could
be considered as a sign of marine origin.

*Petroleum Research Centre, P.O. Box 6431, Tripoli, G.S.P.L.A.J.

The thickness variation is believed to have had
been caused principally by the palaeotopography.
The provenance, being mostly continental, the
time span of its subaerial exposure, therefore, is
expected to have had also played a very significant
role in this variation. This role can obviously be
explained by the act of weathering and erosion
processes on the highs accompanied by the settling
of the yielded product in the lows.

The age of Bahi Formation in western Sirt
Basin seems to have had been suggested during
the early stages of exploration for oil and had never
been changed in the work that followed. It was
considered older than Maastrichtian (Barr, 1972,
Barr and Weegar, 1972 and Sughair, 1992). This
inferred age decision had, most likely, been based
on the assumption that the total inundation of Sirt
Basin took place during the Maastrichtian Stage
and, consequently, marine carbonate deposits were
assumed to have had been laid down all over the
basin during this stage. In this case, the
provenance and the site of deposition of this
formation, which are mainly continental, were



58 Milad Ali Ghummed

B1-20 | S1-20 | H1-20

Maastrichtian

Campanian

Fig. 1. A map showing the geographical distribution of the Danian
Islands (eminences).

both considered non-existent after the Campanian
Stage or early Maastrichtian time.

The age aspect of this formation, however, does
not seem to have received enough attention from
geologists. Its virtual barrenness of fossils had
possibly contributed to the difficulties faced in its
age determination and, therefore, it was decided
stratigraphically.

The idea of throwing some light on this aspect
occurred to the author during a regional
investigation of the Palaecocene succession in the
area (Ghummed, 1997). The interest in this
problem arose from finding out that the minimum
thickness of the Danian marine strata (limestone
overlain by shale) is occurring in H1-20 well,
where it is found in direct contact with the Hofra

Orthoquartzites. This minimum thickness,
measuring less than 120 feet, is considered less
likely to represent the full Danian time by all
measures. Therefore, a considerable time-
proportion of the Danian Stage is considered to
be represented by non-deposition and, most likely,
erosion at this location. This proportion could be
as high as four fifths of the stage as can be figured
out knowing that the thickness of the Danian
marine strata, where fully developed, is normally
about 1000 feet, especially in the relatively stable
areas. This perhaps can be interpreted, in terms
of time that Hofra Formation remained, in some
parts of the area, subaerially exposed for a
considerable period of time during the Danian
Stage. This period is unlikely to have had no
impact on the exposed rocks with regard to
weathering, erosion and deposition.

The present work, however, shows quite clearly
that Hofra Formation continued subaerially
exposed in many parts of the area, especially in
the so-called Azzahrah-Al Hufrah and Al Bayda
platforms (Fig. 1), until sometime through the
Danian Stage forming some sort of islands
(eminences). These islands are considered to be
the sole source of the sand found in the area. Itis
normal, however, to expect that these bold areas
to be subjected to weathering and erosion and,
eventually, the settling of the product of these
processes in their environs. Therefore, it is quite
possible to consider part of Bahi Sandstone to be
Danian in age.

The sandstone thickness in these islands varies
from zero to over 300 feet in places. The
Maastrichtian-Danian contact within this
formation is rather difficult to place in many cases,
whereas in others it is possible to consider the
whole sand as belonging to the Danian, e.g. in
UUI1-11 Well where more than 300 feet of strata
consist of interbedded sandstone and chalk (based
on stratigraphical correlation). This interbedding
is undoubtedly an additional very sound proof of
assigning a Danian age to, at least part of, this
sandstone because the chalk is most likely Danian
deposits.

The onlapping nature of the formation and the
certainty of subaerial exposure of its source during
Danian allow the suggestion that it does not only
straddle stratigraphically the Campanian-
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Fig. 2. A sketch diagram showing the inferred occurrence of the
Bahi Fm.

Maastrichtian boundary, but also that of the
Cretaceous-Tertiary and, therefore, its age can
rightly be considered extending into Danian. The
re-investigation of the formation with regard to
its age is strongly recommended. To achieve this
goal it is perhaps possible to use the contained
shale and palynomorphs in addition to isotopic
age dating on the glauconite present in the
formation.
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