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Abstract

The increasing demand for deeper drilling and more complicated wells fastens the way for improved drilling fluid (mud)
technologies and promising additives. Several studies have shown numerous improvements in mud characteristics upon using
ilmenite compared to the commonly used weighting materials. This study aims at investigating the removal of filter cake
deposited by ilmenite water-based drilling fluid under harsh conditions using low-concentration (7.5 wt%) of hydrochloric
acid (HCI) and chelating agent (HEDTA) to prevent iron precipitation during reaction. API filter press was used to conduct
the filtration tests and generate the filter cake at a pressure ~ 300 psi and temperature ~ 250°F. Different sandstone cores of
2.5-in. diameter and 1-in. thickness were used to simulate the formation during filtration. Filtrate fluids were collected for 30
minutes as per API procedures and computerized tomography (CT) scan was used to characterize the cores with the deposited
filter cakes. The filter cakes were soaked with HCI-chelate solution for six hours. Cores with the remaining filter cakes were
CT scanned again. Effluent solutions resulting from the aforementioned soaking process were analyzed using inductively
coupled plasma (ICP). Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) was used to analyze the
dried filter cakes and remaining residue. CT scan and SEM-EDS showed two layers of the filter cake with different densities but
similar elemental composition. Using 7.5 wt% of HCl can partially remove the filter cake generated by ilmenite water-based
drilling fluids. Adding the chelate showed minimal impact on the filter cake removal-efficiency; however, it helped nullify the
corrosion issues during the treatment. This study provides a step forward on the way to chemically remove ilmenite-based
filter cake using low acid concentration and virtually overcome corrosion issues encountered while acidizing.
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to increase the density of the drilling fluid and thus elevate
the hydrostatic pressure in the well over that inside the

Introduction

The petroleum industry nowadays is facing new and
difficulttechnicalchallengestokeepupwiththegrowingglobal
energy demand. Challenges are related to remote locations,
harsh drilling conditions, and unconventional reservoirs
that make conventional exploration and production methods
not efficient [1]. Engineers mostly drill wells overbalance to
prevent well kicks and blowouts. Weighting materials helps

A Laboratory Investigation on the Way to Remove the Filter Cake Generated by Ilmenite Water-

Based Drilling Fluids

formation. API-barite is the most commonly used weighting
material [2]; however, it is not applicable in different
conditions. When using high-density drilling fluid weighted
with barite, rheological properties become challenging. In
addition, the filter cake generated by barite facing several
removal issues. Barite contains several heavy components
including lead, cadmium, mercury, and arsenic, which can
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be potential sources of pollution. In addition, the supply of
barite is geographically limited, increasing its transportation
costs [3,4]. Different iron-bearing weighting materials have
been used in the oil and gas industry since the 1970s. Iron
oxide [5,6], and iron carbonate [7] have been laboratory
tested. Bloomberg, et al. [3] investigated ilmenite (FeTiO3)-
based drilling fluid and observed a flow-induced abrasion
problem. Those researchers suggested reducing the particle
size by removing large particles. In 2001, a semi-submersible
offshore rig near northern Norway used ilmenite in the
drilling fluid for weight control [8]. They further decreased
the mean particle size of ilmenite from an average of 50
microns to 10 microns and got acceptable erosion rates,
especially for water-based drilling fluid. The replacement
of barite by ilmenite can alleviate many of the challenges
in the field. It has fewer heavy metals than barite, and thus
makes onshore treatment easier. Amighi and Shahbazi [9]
recommended using ilmenite or manganese tetraoxide
instead of barite for high pressure-high temperature (HP/
HT) drilling operations and high-angle wells. Al-Bagoury and
Steele [2] introduced a new micronized ilmenite that can be
used with both water- and oil-based muds under difficult
drilling conditions and fluid requirements, which had an
even smaller average particle size of 5 microns. Using this
micronized ilmenite showed low plastic viscosity and low
sag tendency compared to API-barite. These features are
of great importance and can be employed in challenging
drilling operations such as horizontal drilling, low margin
pressure drop, deep water, and slimehole. The new grade of
micronized ilmenite showed excellent dynamic sag, stable
rheology and high acid solubility for both water- and oil-
based applications [10-15].

Recently, several studies showed successful field
applications of drilling fluids weighted using ilmenite.
Al-Bagoury [16] designed invert-emulsion mud using
synthetic-based oils weighted with micronized ilmenite.
These fluids show the ability of micronized ilmenite to
provide significantly lower rheology to control equivalent
circulation density (ECD), significantly reduced sag potential
and lowered formation damage. Ivan, et al. [17] and Feder
[18] discussed the history of drilling-fluids application in
a reservoir drilling campaign offshore Abu Dhabi, from the
early use of a solids-free, brine-/water-based mud to the
application of nondamaging, nonaqueous fluids (NAFs)
with micronized acid-soluble ilmenite. Using micronized,
acid-soluble ilmenite lowered ECD as compared with sized
calcium carbonate. Additionally, the evolution of breaker
formulations allowed for longer breakthrough time, which
allowed for better coverage of the lateral, better removal of
the filter cake, and, ultimately, enhanced production through
improved inflow profiles. A synthetic-based mud containing
ilmenite yielded lower ECD when applied in South East
Asia [19]. A field application of nondamaging oil-based
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mud (OBM) using micronized-ilmenite was presented by
Ibrahim, et al. [20]. The new system showed lower plastic
viscosity, higher drilling rate, lower friction factor which
reduced torque and drag. A systematically evaluation was
conducted for a potential weighting material to accomplish
an ultra-high-density oil-based drilling fluid system (19.62
to 22.12 ppg) aimed to utilize in ultra-HP/HT conditions
(>30000 psi and >410°F) [21,22]. Results revealed that
ultra-micro manganese and ilmenite complex after suitable
surface treatment could act as an ideal weighting material
than ultra-pure barite or other materials, which could fail in
rheology and sag measurement with such high temperature
and density. Moreira, et al. [23] discussed the best practices
to mitigate risk, reduce complexity, and ensure improved
drilling performance using slim hole to revitalize existing
wells using re-entry drilling techniques in association with
MRC (Maximum Reservoir Contact) and ERD (Extended
Reach Drilling) designs. The best option of drilling fluid in this
study was selected to be “Synthetic Organophilic Clay Free
Invert Emulsion Fluid System”. This system was designed
to cover lower mud weight range from as low as 8.5 ppg
to as high as 12.8 ppg. For high weighted fluid, micronized
ilmenite was used as a secondary weighting agent and
reservoir friendly material to mitigate formation damage. It
helps to maintain lower rheology, reduces sag risk, and it is
less abrasive compared to barite and acid soluble systems
(particles roundness is 80%).

Drilling fluids with new weighting materials, like
ilmenite and manganese tetra-oxide, have unique advantages
during the drilling process than using barite and cause
little operational problem; however, filter cakes generated
by those drilling fluids are hard to remove. Filter cake is
generated during the drilling process on purpose to control
the fluid invasion into the formation. Small particles, usually
called bridging materials and most likely calcium carbonate,
accumulate on the pores of the rock. As a consequence, fluid
starts to build a thin layer on the surface of the wellbore. This
thin and strong layer (filter cake) can prevent additional fluid
from going into the formation, thus mitigating formation
damage. After drilling, it is necessary to remove this layer to
further damage control.

IImenite is mainly composed of FeTiO, and reacts with HC,
as follows [24];

FeTiO,+ 2HCl — Fe*' + TiO* + 2CI"+ 20H™ (1)

The problem with the dissolution of ilmenite is iron,
which can precipitate under acidic environments and
cause formation damage. Smith, et al. [25] found iron (III)
precipitation at a pH of 2. Taylor, et al. [26] showed that
iron hydroxide can precipitate at a pH of 1 and the reaction
was almost complete at a pH of 2 and room temperature.
Precipitation will occur even earlier at higher temperatures.
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By adding HC], the filter cake can be dissolved but this causes
iron precipitation. As for the removal of the ilmenite filter cake
differentworkis done. In one study, HClatalow concentration
(5 wt%) was used to remove filter cake generated by ilmenite
water-based drilling fluid [12]. Chelating agent and glycolic
acid had also been tested individually. The conclusions drawn
at that time were that neither chelate nor glycolic acid alone
are effective in removing the filter cake generated by ilmenite
water-based drilling fluid. Xiao, et al. [15] removed ilmenite
filter cakes based on oil-based drilling fluid. To remove filter
cake generated by oil-based mud, a mutual solvent was first
used to change oil-wet filter cake to a water-wet one. Then
similar procedures were followed. Those studies reported
that higher concentration of HCI (10-15 wt%) should be used
to remove the filter cake generated by ilmenite-weighted
drilling fluid.

The objective of this work is to evaluate the effectiveness
of using HCl at a lower concentration of 7.5 wt% to
remove the filter cake generated by ilmenite water-based
drilling fluids. In addition, 7.5 wt% HEDTA (hydroxyethyl
ethylenediamine triacetic acid) as a chelant was also
investigated to stabilize cations, especially iron, and prevent
precipitation. HEDTA can react with cations that have two
or three positive charges and form complexes, which are
soluble in water. The results showed higher potential of the
HCl- HEDTA solution to remove ilmenite water-based filter
cakes. The filter cake characteristics were also investigated
using different techniques to help in drawing comprehensive
insights and conclusions. The study presented a trial on the
way to chemically remove ilmenite-based filter cake using
lower HCI concentration and virtually overcome corrosion
problems.

Experimental Studies

Materials

Fully-formulated water-based drilling fluid was used
in this research contained micronized ilmenite. The mud

formulation consists of KOH, KCl, and defoamer, which
were used as alkalinity control agent, shale inhibitor,
and anti-foamer, respectively. Xanthan gum was used to
provide primary viscosity, and modified starch to adjust
the final rheological properties and fluid loss. Polyanionic
cellulose (PAC-R) used as API filtrate loss additives. Besides,
calcium carbonate (medium 50 pm and fine 25 um) was
used as bridging material. Finally, mirconized ilmenite (5
um) was provided and used as a weighting material. All of
the aforementioned additives were provided by different
service companies and used as received. The particle size
distribution of miconized ilmenite is shown in Table 1 as
described by Ibrahim, et al. [20]. Ilmenite is a mixed metal
oxide (FeTiO,) with a hydroxyl group on the surface, which
yields different surface chemistries when compared to the
most commonly used barite.

Hydruclaric acid (HCl) was provided from a chemical
company with a concentration of 36.31 wt%. The chelate
used was HEDTA (hydroxyethyl ethylenediamine triacetic
acid) has a pH of 4 and a concentration of 42.5 wt%. Figure
1 shows the chemical structure of HEDTA. To simulate the
formation during the filtration process, Berea and Bandera
core disks were cut in dimensions of 2.5-in. diameter and
1.0-in. thickness from big core blocks. Tables 2 & 3 show the
porosity and permeability of the cores used in this study and
their mineral composition as revealed from X-ray diffraction
(XRD), respectively.

-

Figure 1: Chemical structure of HEDTA.

Parameter d, d,, d,, Density Bet
Value 2 um 5.5 um 12.2 ym 4.6 g/cm3 1.5 m?/g
Table 1: Particle size distribution of micronized ilmenite [20].
Sandstone Core Porosity (vol%) Permeability (mD)
Low-permeability Bandera sandstone 10 6
High-permeability Bandera sandstone 20 80
High-permeability Berea sandstone 18 60

Table 2: Porosity and permeability for different sandstone cores.
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Berea Sandstone Bandera Sandstone
Mineral Concentration (wt%) Mineral Concentration (wt%)
Quartz 91 Quartz 59
Kaolinite 3 Kaolinite 3
Microline 4 Albite 12
Muscovite 1 Chlorite 1
Smectite 1 Illite 10
Dolomite 15

Table 3: Mineral composition for different sandstone cores.

Ilmenite Water-Based Mud Formulation

The formulation shown in Table 4 was used as the base
fluid. The present work considers that adding 1 g of material
to 350 cm?® of fluid in the laboratory is equivalent to adding 1
Ib_of material to 1 bbl of fluid at field scale. Preparation of the
base fluid started by adding the defoamer and xanthan gum

to the deionized (DI) water (290 cm?®) while mechanically
agitating the fluid by using Hamilton beach mixer for 20
minutes at speed equals to 1. Then, the other chemicals were
added carefully to avoid producing ‘fish eyes’ in the mud with
the mixer set at the initial speed. An adequate stirring time
was given for each additive as shown in Table 4.

Amount added
Additive Function L?l?g:ggog };;Jl?)it Field Unit (per bbl) M(l::ir:i'tlzge
Quantity Unit Quantity Unit

Deionized Water Base 290 cm? 0.829 bbl -

Defoamer Anti-Foaming 0.08 g 0.08 b 1
Xanthan Gum Viscosifier 0.25 g 0.25 b 20
Modified Starch Fluid Loss Control 5 g 5 b 20
PAC-R API Filtration Control 1 g 1 b 20
KCl Salt/Shale Inhibition 72 g 72 b 20

KOH Alkalinity Agent g b 1

CaCO, Fine (25 um) 7 g 7 Ib

CaCO, Medium (50 pm) Bridging Material 3.5 g 3.5 Ib 20
[Imenite (5 pm) Weighting Material 300 g 300 b 20

Table 4: Laboratory formulation to prepare the equivalent of 0.829 bbl of ilmenite water-based drilling fluid.

Equipment and Procedures

The Grace M3600 rotational viscometer was used to
measure the rheological properties of drilling fluids at
atmosphericpressure and 120°F. Six different readings (shear
stress) were obtained at six different fixed speeds of 600, 300,
200, 100, 6, and 3 rpm. The equipment was operated until a
steady value was reached in the indicator dial for each speed.
Plastic viscosity (PV), yield point (YP), gel strength at both 10
seconds (10-sec) and 10 minutes (10-min) were determined
according to the standard protocol [27]. The PV (in cp) was
determined as the difference between the dial readings at
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600 and 300 rpm. The YP (in lb,/100 ft*) was calculated as
the difference between the dial reading at 300 rpm and the
PV. The 10-sec gel strength (in 1b,/100 ft?) was measured by
shearing the fluid at high speed and then allowing it to rest
for 10 seconds. The maximum magnitude of the dial reading
at 3 rpm, after the resting time, was observed as 10-sec gel
strength. The same procedure was repeated to determine the
10-min gel strength (in 1b,/100 ft*) except that the fluid was
allowed to rest for 10 minutes. Density and pH of the drilling
fluid were measured using a regular mud balance and pH
meter, respectively.
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An HP/HT API filter press was used to perform the
filtration tests and generate filter cake at a differential
pressure of 300 psi and a temperature of 250°F according
to the standard protocol [27]. It includes a 500-cm? cell that
can handle the 2.5-in. diameter and 1-in. thickness disk, cell
caps, valve stems, heating element, and a nitrogen gas line.
The fluid samples were placed in the cell, and the cell was
then putin a heating jacket. A differential pressure of 300 psi
and a temperature of 250°F were adjusted for 20 minutes.
The lower valve of the cell was opened, and the filtrate was
collected and recorded as a function of time for 30 minutes.
The lower valve was closed, and the cell was cooled down
for 20 minutes. The disk with filter cake was taken out from
the cell and CT-scanned in wet conditions to determine
the filter cake thickness and charcterize the filter cake.
Furthermore, SEM-EDS was used to visualize and determine
the composition of the filter cake.

Subsequently, the acid-chelate solution was prepared
and mixed with a corrosion inhibitor. Either 7.5 wt% HCI
+ 1 vol.% corrosion inhibitor or 7.5 wt% HCl + 7.5 wt%
HEDTA + 1 vol% corrosion inhibitor solutions were tested
and both density and pH were measured. The combination
was then soaked with the core and the filter cake inside the
filter press for six hours. Effluent solution, after reaction, was
collected and pH and density were measured again. Effluent
solution was filtered and diluted at 2000, 1000, 500, and 400
times with DI-water and analyzed by ICP to determine the
amounts of cations. The remaining filter cake was analyzed
by SEM-EDS to determine the composition.

To summarize the methodology, the experimental procedures

can be listed as follows:

e Drillingfluid preparation and rheological measurements:
ilmenite water-based drilling fluid was prepared by
adding chemicals in the order given in Table 3 and the
rheological properties were measured at 120°F and
atmospheric pressure.

e Filtration and acid soaking: A HP/HT filter press was
used to generate the filter cake at 250°F and 300 psi.
Filtration volume was recorded for 30 minutes. The filter
press was also used as a reactor for the acid to remove
the filter cake.

e Computerized tomography (CT) scan: the filter cake
with the core after static filtration and the remaining

filter cake with the core after soaking with acid solution
were CT scanned to characterize and compare the filter
cake before and after the acid-removal.

e Scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS): the filter cake and the
remaining residue were dried in the oven and then
analyzed by SEM-EDS to investigate any change after the
removal.

e Inductively coupled plasma (ICP): the effluent solution
after the removal of the filter cake was analyzed by ICP to
determine the concentrations of different cations.

Results and Discussion

Rheological Properties

Rheological properties were measured at 120°F and
atmosphericpressure (Table 5). Density at room temperature
as measured by a mud balance averaged 109.5 lb/ft?
(pcf). The PV and YP were determined to be 35 cp and 21
Ib,/100ft? respectively, at 120°F immediately after the fluid
preparation and 33.35 cp and 20.7 1b,/100ft* overnight. At
120°F, gel strength at 10-sec and 10-min were obtained to be
3 1b,/100ft*> and 4 1b /100ft? respectively, immediately after
fluid preparation and 2 Ib /100ft* and 4 1b,/100ft* overnight.
The results are consistent with Elkatatny, et al. [10-12].

The PV depends mainly on the friction between the inert
solids (shape, size, and distribution). A suitable PV value
is always required to increase the rate of penetration, save
the energy required to circulate the mud, cool and lubricate
downhole equipment, and reduce the mud circulation loss
due to excessive ECD [28]. The YP value affects cutting
carrying capacity of the drilling fluid. Practically, a higher YP
often contributes to higher frictional losses that consequently
results in higher ECD. A higher YP is often demanded in large
diameter holes for efficient hole cleaning. On the other hand,
low YP may cause weighting material and drilled cuttings
sag [28]. Gel strength is a measure of the ability of mud
to suspend cuttings and weighting materials when there
is a pause in circulation. This feature will assure proper
suspension of rock cuttings and weighting materials, thereby
preventing sagging issues [28]. The measured parameters
showed well designed mud for applications.

Property Temperature (°F) Average Value Unit
Density 77 109.5 pcf
Plastic viscosity 120 34.2 cp
Yield point 120 20.9 1b./100ft?
10-sec gel strength 120 2.5 1b./100ft?
10-min gel strength 120 4 1b,/100ft?

Table 5: Properties of ilmenite water-based drilling fluid.
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FiltrateInvasionandFilter CakeCharacterization

The tests were conducted for 30 min. The filtrate was
collected in a graduated cylinder. The filter cake and the core
disk were carefully removed and the filter cake thickness
was determined after running each filtration test using
CT scan. Figure 2 shows the cumulative filtrate volume
(30 minutes) plotted against the square root of time. The
cumulative filtration volumes using high-permeability and

low-permeability Bandera sandstone disks were 12.7 and 11
cm?, respectively, at 300 psi and 250°F, which are acceptable
filtration volumes (<15 cm?). This will decrease the mud
invasion into the formation and cause less formation damage.
Filter cakes generated by ilmenite water-based drilling fluid
were thin, as determined by CT scan at four different location
(Figure 3) with the average thickness of 0.203 + 0.003 in.

Figure 2: Static filtration curve of the ilmenite water-base drilling fluid through Bandera sandstone disks at 300 psi and 250°F.

disks at 300 psi and 250°F.

Figure 3: CT scan image of the filter cake generated using the ilmenite water-base drilling fluid through Bandera sandstone

A CT scanner was used to investigate the filter-cake
properties. Cross-sectional CT images were taken through the
filter cake and the used disk and analyzed using a commercial
software. The filter-cake thickness and CT numbers (CTNs)
were determined. CT scanner is a powerful tool that had
been used thoroughly to investigate filter cake properties
[29-32]. CT attenuation data are normally presented in
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an internationally standardized scale in Hounsfield units
(HU). The CTNs for air and water are -1000 and 0.0 HU,
respectively, which are used for normalizing this unit. Thus,
each HU represents a 0.1% change in density with respect to
the calibration-density scale [33,34]. CT scan images showed
that the filter cake contained two layers with different CTNs.
Figure 4 shows the Bandera sandstone core disk on the left
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after static filtration with the black filter cake on the top. On
the right, the CT image shows that the average thickness of
the filter cake is 0.337 in. The CTNs stand for the relevant
density. With a higher CT number, the density of the material
will be higher. The average CTN for the core disk was 1776
HU. The CTNs for the upper (close to the drilling fluid) and
lower (close to the formation) layers of the filter cake were

2400 and 3500 HU, respectively. Figure 5 presents a Berea
sandstone core disk with the black filter cake on the top. The
two layers showed average CTNs of 2411 HU for the upper
layer and 3396 HU for the lower layer. The CTN of the core
disk was 1650 HU and the thickness of the filter cake was
0.203 in.

cake using CT scan.

Figure 4: Left-Bandera sandstone core with filter cake after static filtration at 300 psi and 250°F; Right-two layers of the filter

filter cake using CT scan.

Figure 5: Left-Berea sandstone core disk with filter cake after static filtration at 300 psi and 250°F; Right-two layers of the

To better understand the two layers of the filter cakes,
SEM-EDS was used to both visualize and quantify their
elemental composition. Table 6 shows the elemental
composition of the upper and lower layers of the filter
cake generated using the ilmenite water-base drilling fluid
through Berea sandstone disk at 300 psi and 250°F. Both
layers contain more than 50 wt% iron and 30 wt% titanium.
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The amount of potassium and chloride came from the
drilling fluid, in which 72 g KCI was added to inhibit shale
and to increase the density of the drilling fluid. Calcium also
came from the drilling fluid. Calcium carbonate was added
as the bridging material. The SEM-EDS analysis also revealed
other elements, which may come from the chemicals used to
prepare the drilling fluid.

Copyright© Mahmoud O, et al.


https://medwinpublishers.com/PPEJ/

Petroleum & Petrochemical Engineering Journal

Upper Filter Cake Layer Lower Filter Cake Layer
Element Concentration (wt%) Element Concentration (wt%)

Fe 55.86 Fe 51.73

Ti 29.66 Ti 29.03
Mg 5.1 Mg 4.96
Si 2.54 Si 2.51
Cl 2.79 Cl 3.56
K 2.44 K 3.09
Ca 1.61 Ca 1.61
Al 0 Al 3.51
Sum 100 Sum 100

Table 6: Elemental composition of the upper and lower layers of the filter cake generated using the ilmenite water-base drilling

fluid through Berea sandstone disk at 300 psi and 250°F.

The elemental analysis (in wt%) indicates relatively
similar composition of the upper and lower layers of the
filter cake. Figures 6 shows the SEM images of those layers
under X500 magnification. More pores were observed in the
upper filter cake, whereas the lower layer was denser and
more compact. The difference stems from the way in which

the filter cakes are deposited. At first, the high-density, heavy
weighting materials start to deposit on the surface of the
formation. Later, smaller and lighter materials deposit on the
top part of the filter cake [35,36]. The lower filter cake layer
is in a continuous compaction until the end of the filtration.

Figure 6: SEM images (500X magnification) of the surface of upper (left) and lower (right) layers of the filter cake generated
at 300 psi and 250°F under static filtration by the ilmenite water-base drilling fluid through Berea sandstone disk.

Elkatatny, et al. [10,11] used bentonite-based drilling
fluid, with at most 50 g weighting material. They found that
the filter cake layer closer to the formation contained mainly
the weighting material whereas the layer closer to the drilling
fluid contained other materials. In our study, the drilling fluid
formulation contains 300 g of weighting material. Thus, the
filter cake was composed mainly of the weighting material
with minor amounts of other materials.

Mahmoud O, et al. A Laboratory Investigation on the Way to Remove the Filter Cake Generated
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Filter Cake Removal

The solubility of ilmenite by acids particularly is widely
used in industrial processes to obtain TiO, for pigment
application. A brief summary of the reaction of ilmenite with
different acid systems was reported by Elkatatny, et al. [13].
In our study, acid solutions were prepared and mixed with a
corrosion inhibitor. Either 7.5 wt% HCI + 1 vol.% corrosion
inhibitor or 7.5 wt% HCl + 7.5 wt% HEDTA + 1 vol% corrosion
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inhibitor solutions are tested. The combination was then
soaked with the core and the filter cake inside the filter
press for six hours at 300 psi and 250°F to simulate the real
conditions. Effluent solution, after reaction, was collected,
filtered, and diluted at 2000, 1000, 500, and 400 times with
DI-water and analyzed by ICP to determine the amounts of
cations. The remaining filter cake was analyzed by SEM-EDS
to determine the composition.

The firstattemptused 7.5 wt% HCl with 1 vol% corrosion

inhibitor for six hours soaking time. Figure 7 shows the filter
cake after static filtration, after treatment with 7.5 wt%
HCI for six hours, and finally after drying at 212°F for three
hours. Partial filter cake remained on the surface of the core
disk, indicating an incomplete removal. Figure 8 shows a 3D
model of the filter cake using CT scan. On the left side, after
static filtration, some drilling fluid invasion can be observed,
which may be due to the bridging process. On the right side,
after reacting with 7.5 wt% HCI for six hours, more filtration
into the core was observed.

Figure 7: Left-filter cake after static filtration at 300 psi and 250°F; Middle-remaining filter cake after soaking for six hours
with 7.5 wt% HCI at 300 psi and 250°F; Right-remaining filter cake after drying at 212°F for three hours.

Figure 8: Left-3D model of the CT image of the filter cake and disk after static filtration at 300 psi and 250°F; Right-3D model
of the CT image of the filter cake and disk after treating with 7.5 wt% HClI for six hours at 300 psi and 250°F.

Table 7 shows the different weights of the core disk
used in the 7.5 wt% HCI treatment. The dry weight of the
core disk was 168.4 g, and weight in wet conditions, after
saturation with 5 wt% KCl, was 178.2 g. After static filtration,
the core with the filter cake weighed 219.7 g. Later, after the
filter cake removal, the core with filter cake residue weighed

191.4 g. Compared to the saturated core, weighing 178.2 g,
the filter cake removal was incomplete. The remaining filter
cake and the core were also dried and compared with the
initial conditions, which confirming incomplete removal of
the filter cake.

Dry Weight (g) Wet Weight (g)
Core disk 168.4 178.2
Core disk with filter cake - 219.7
Core disk with the remaining filter cake 179.8 191.4

Table 7: Different weights of the core disk and filter cake used in the acid treatment for six hours with 7.5 wt% HCL
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The second treatment attempt was conducted using
acid solution of 7.5 wt% HCI + 7.5 wt% HEDTA + 1 vol%
corrosion inhibitor at 300 psi and 250°F. Table 8 shows
the pH, density, and acid concentration changes before
and after the treatment. pH was 0 before and 0.3 after the
treatment. Density increased from 1.078 to 1.124 g/cm?. The
concentration of HCI decreased from 7.5 to 2.13 wt%. Table
9 compares the different weights of the core disk before and

after the reaction. The dry weight of the core was 169.4 g,
and after saturation with 5 wt% KCl, the core weighed 182.8
g. After static filtration, the core with the filter cake weighed
238 g, and after the treatment with acid combination, the
weight was 199.7 g. Compared with the wet weight of the
core, the remaining filter cake still existed on the surface of
the core. Therefore, this attempt also resulted in a partial
filter cake removal.

Value Before Treatment After Treatment
pH 0 0.3
Density (g/cm?) 1.078 1.124
HCI Concentration (wt%) 7.5 2.13

Table 8: pH, density, HCI concentration before and after the acid treatment for six hours with 7.5 wt% HCl and 7.5 wt% HEDTA.

Dry Weight (g) Wet Weight (g)
Core disk 169.4 182.8
Core disk with filter cake - 238
Core disk with remaining filter cake - 199.7

Table 9: Different weights of the core disk and filter cake used in the acid treatment for six hours with 7.5 wt% HCl and 7.5 wt%

HEDTA.

Figure 9 shows the filter cake after static filtration and
after soaking with 7.5 wt% HCl and 7.5 wt% HEDTA for
six hours at 300 psi and 250°F. Remaining filter cake was
observed. Figure 10 shows CT scan images of the core disk
with the filter cake before and after the treatment. Before
using acid, the thickness of the filter cake was 0.337 in,,
and after the treatment it became 0.094 in. The average
CTNs of the filter cake after static filtration was 2400 HU for
the upper layer and 3500 HU for the lower layer. After the
reaction with the acid-chelate combination, the upper layer
had been removed, and the CTNs of the lower layer became
3200 HU. Incomplete filter cake removal also occurred when
using 7.5 wt% HEDTA with 7.5 wt% HCl at 300 psi and 250°F
for six hours. In the past literature, weight difference was
used to calculate the removal efficiency after acid-treatment.
However, it is not an accurate method because it neglects
the dissolution of the core. The acid will react with the filter
cake as well as the core. Thus, the result obtained by using
weight loss is not the true removal efficiency. In our research,
if we ignored the dissolution of the core for the purpose of
comparing with the past literature, the following equation
should be used;

Wt

-wt o
re+cake o+ e
coretcake core+remaitning cake % (2)

/43 /43

core+cake core

Removal Efficiency =
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where; Wt = the wet weight of the core disk and filter

core+cake

cake, Wt

core+remaining cake

= the wet weight of the core disk and the

remaining filter cake, ad Wt = the wet weight of the core
before the experiment.

Based on this equation the removal efficiency when
conducting the acid treatment for six hours with 7.5 wt%
HCl was 68.2%, Additionally, the removal efficiency when
conducting the acid treatment for six hours with 7.5 wt%
HCl + 7.5 wt% HEDTA was 69.2%. The calculated removal
efficiencies showed that HCl was the dominant acid in the
removing process with minimal removal effect of 7.5 wt%
HEDTA; however, HEDTA played a key role in reducing
the corrosion issues as will be presented in the following
sections.

Previous literature [12, 15] presented higher removal
efficiency of ilmenite filter cake using HCl acid and chelating
agents; however, they used higher soaking time and did not
discuss the corrosion issues. For instance, Elkatatny, et al.
[12] conducted the experiments using a soaking time of 16
hours and reported almost 100% removal efficiency when
using 5 wt% of HCl and almost 48% removal efficiency when
using 20 wt% of HEDTA as stand-alone acid.
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and 7.5 wt% HEDTA for six hours at 300 psi and 250°F.

Figure 9: Left-filter cake after static filtration at 300 psi and 250°F; Right-remaining filter cake after soaking with 7.5 wt% HCl

Figure 10: Left-CT scan image of the filter cake after static filtration at 300 psi and 250°F; Right-CT scan image of the remaining
filter cake after soaking with 7.5 wt% HCl and 7.5 wt% HEDTA for six hours at 300 psi and 250°F.

Figure 11 shows the solution color before and after the
treatment. The yellow color came from the corrosion inhibitor.
The purple color after the reaction was abnormal and rarely
seen in the lab. Table 10 presents the elemental composition
of the effluent solution after the reaction as revealed using
ICP elemental analysis. The effluent solution contains large
amount of iron (23,530 ppm) and sharply contrasted with
titanium at 71 ppm. Calcium, magnesium and aluminum
were also detected by ICP. The sandstone core disk minerals
have calcium, magnesium, and aluminum, which confirms

the acid reaction with the core. HEDTA complexes with Cr3*
and changed the color of the solution [37]. Abnormal high
concentrations of Ni and Cr were also observed, which are a
sign of corrosion. Figure 12 shows the SEM of the remaining
filter cake after the treatment. Before the removal, the filter
cake’s lower layer was smooth, dense, and compact. After the
treatment, more pores were generated, which is a sign of the
partial filter cake removal. Some of the particles aggregated
and formed new structures.

Figure 11: Left-7.5 wt% HCl and 7.5 wt% HEDTA acid-solution before the reaction; Right-effluent solution after reaction.
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Element Fe Ti Ca Mg Al Ni Cr
23,530 71 1,982 374 252 2,851 4,616

Concentration (ppm)

Table 10: Cation concentration in the effluent solution after reaction with 7.5 wt% HCl and 7.5 wt% HEDTA.

for six hours at 300 psi and 250°F.

Figure 12: SEM images (200X magnification) of the remaining filter cake after soaking with 7.5 wt% HCl and 7.5 wt% HEDTA

High vac.

The filter cake was not removed completely, and the
acid was not fully spent. The concentration of the acid after
the reaction, as determined by acid titration, was 2.13 wt%.
Compared to the initial HCl concentration, almost 71.6%
of the acid was spent. Van Dyk, et al. [24] discussed the
mechanism of ilmenite leaching and concluded that titanium
could polymerize in HCl. Low initial mole ratio of the acid-to-
ilmenite will cause titanium polymerization, which forms a
product layer. After forming this layer, the acid is separated
from the remaining filter cake, and no more reaction can
take place. Precipitation of TiOCI, would occur in the pores
of the particles. The start point of polymerization of titanium
occurs when the concentration of titanium is larger than 103
mol/cm3. Almost 71 ppm of titanium, as determined by ICP,
if divided by the molecular weight of titanium (47.867) is
1.48x10% mol/cm?3. Therefore, titanium polymerized in the
solution and mass-transfer limits the reaction. Van Dyk, et
al. [24] recommended higher initial acid-to-ilmenite mole
ratio to delay the polymerization of titanium and allow much
more titanium to dissolve from ilmenite.

Summary and Conclusions

[Imenite water-based drilling fluid was prepared and
used to generate filter cake under static filtration using HP/
HT filter press at 300 psi differential pressure and 250°F. CT
scan, SEM-EDS, and ICP were used to characterize the filter
cake before and after soaking with HCI-HEDTA solution for
six hours. Different attempts were conducted in order to
remove the ilmenite-based filter cake. Based on the obtained
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results, the following conclusions can be drawn:

o Thefilter cake generated by ilmenite water-based drilling
fluid consists of two layers as observed by CT scan and
confirmed by SEM-EDS. The two layers were different in
density, which led to different CTNs. SEM showed fewer
pores in the upper layer. The lower layer was denser and
more compacted with similar elemental compositions of
the two layers as revealed by EDS. The bottom layer was
harder to be removed than the upper layer.

e Removal of filter cake generated by ilmenite water-
based mud with low-acid concentration of (7.5 wt%
HCI) was partially completed as observed by both weight
difference and CT scan.

o Using HEDTA as chelate with the acid solution is a good
choice to prevent iron precipitation in the solution.
However, corrosion issues were noticed. The acid
solution color changed from yellow to purple, which
resulting when HEDTA complexes with Cr®. A special
cell (Hastelloy) is recommended instead of stainless
steel to minimize corrosion issues.

e The combination of 7.5 wt% HCl with 7.5 wt% HEDTA
can partially remove the filter cake. Unspent acid and
remaining filter cake indicate the polymerization of
titanium, which could separate ilmenite from the acid
and stop the reaction.

This study showed lab results to characterize and remove
the filter cake generated by ilmenite water-based mud with
lower concentration of acids. A better characterization will
promote removing the filter cake effectively and completely.
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With incomplete filter cake removal, more cost and benefit
analysis should be done before apply in the field.
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