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Mineral analysis plays a major role in the successful matrix acidizing as it shows the change in physi-
ochemical changes in the formation due to the reaction with fluids injected. Mineralogy of the reservoir
can be altered by injecting mineral acids during matrix acidizing. But various complications are con-
nected during the application of these acids such as environmental hazards, corrosion of pipes and
tubings, precipitation of fluosilicates and fast spending of acid. To mitigate these problems, chelating
agents have been applied as an alternative by different researchers. In this study, three different chelating
agents EDTA, GLDA and HEDTA were applied to stimulate sandstone and dolomite samples. The pH value
of these chelates ranges from 1.7 to 3 and is measured before and after core flooding to observe phys-
iochemical changes. Core flooding experiments under 180 °F temperature were performed at a constant
flow rate of 1 ml/min on core samples having dimensions (3 inch x 1.5 inch). Porosity, permeability,
Inductively Coupled Plasma (ICP), and TESCAN Integrated Mineral Analysis (TIMA) were employed to
measure changes in formation properties such as morphology, topology and mineralogy. The reacted
sample of acids was analyzed for sodium, potassium, calcium, aluminium, magnesium, and iron using the
ICP technique to find the capability of these chelates to remove positive ions. HEDTA found to be effective
in chelating iron, calcium and magnesium and it also removed some amount of aluminium ions from the
sandstone samples. Permeability and porosity analysis concluded that HEDTA is more efficient in
creating new big pore spaces. TIMA analysis confirms that HEDTA is effective in dissolving quartz and
other positive ions while dissolved a large amount of calcium and sodium from the sandstone as
compared to other chelates. TIMA analysis also concluded that HEDTA is effective in increasing porosity

of sandstone formation while GLDA is effective in dolomites.
© 2019 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

compared to 2014. Therefore, the production optimization from
current reservoirs is inevitable. Acidizing is a process in which

According to World Economic Forum (2014) [1], EIA predicted injected fluid (mostly acid) can cause reaction of chemicals and
that 14% more hydrocarbons might be required in 2040 as minerals in porous media. This may lead to the variation of
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permeability and porosity due to rock minerals dissolution and
reaction products reprecipitation. Therefore, the removal of for-
mation damage is the main goal of sandstone and dolomite acid-
izing [2]. Thus, the initial permeability of the formation can be
restored, or the application of acidizing can create new pore spaces.

To increase or boost production from the high-temperature

Peer review under responsibility of Southwest Petroleum University. reservoirs, acidizing plays an important role [3]. In this process,
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fluids (especially acids), have been injected into the sandstone or
dolomite formations. Reaction of acid with rock minerals occurred,
when acid is injected into the formation. The injected acid can
dissolve different minerals like dolomites, quartz and feldspar and
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other minerals. As a result, the permeability and porosity can be
increased around the near wellbore area of the reservoir, eventually
increases the flow rate of the hydrocarbons from the wellbore
[4—6]. Dissolution of the rock occurs due to these reactions and this
dissolution may cause reaction precipitate to form, which can
damage the reservoir and decreases the permeability and porosity
of the reservoir.

Hydrofluoric acid (HF) mixed with hydrochloric acid (HCl) to
form a mixture known as mud acid [7]. During sandstone matrix
acidizing procedure, this acid has been applied to increase the
production by removing wellbore damage and other positive ions;
whereas hydrochloric acid has been injected in case of dolomite
acidizing to create new wormholes. During carbonate rock matrix
stimulation reaction is typically involved between acid and calcite
(CaC03) or dolomite CaMg(COs3),. The principal reaction of dolomite
with hydrochloric acid explained by Ref. [8] presented in equation
(1), while the key reactions of sandstone acidizing are shown in
equations (2) and (3) explained by Ref. [3].

HCI + CaCO; CaCl, + H,0 + CO, 1)
SiOo+ 6HF H,SiFg + 2H,0 2)
H,SiFg + 4H>0 Si (OH) 4 + 6HF 3)

There are three stages of sandstone acidizing, i.e., preflush to
remove positive ions, main flush to remove silicates and after the
flush to restore wettability. Hydrochloric acid is usually applied
during the preflush acidizing stage. Removal of carbonates and
other positive ions is the main theme to apply hydrochloric acid
during the pre-flush stage while it is added in main acid stage along
with hydrofluoric acid to create buffer effect which maintains the
low pH value acid mixture. Lower pH value helps in mitigating the
formation of precipitation.

However, variation in success rate using hydrochloric acid has
been observed by field reports [9], this is due to the disadvantages
associated with hydrochloric acid. For example, if HCI acid, reacts
with chlorite it can precipitate iron, decreasing the porosity and
permeability of the reservoir by choking the pore throat. Secondly,
corrosivity of HCl acid increases at high-temperature conditions,
and precipitation reactions may occur due to high reaction rate.
Finally, secondary and tertiary reactions may cause damage at later
stages due to the ineffective preflush stage [8]. Shafiq [10] did
extensive research and compared the application of mud acid with
others chemicals developed for sandstone acidizing. Organic acids
like acetic and formic acids allow slow reaction rate and pose less
danger of corrosivity to tabulars during dolomite and sandstone
acidizing and have been used as alternatives to HCl in matrix
acidizing. Deep penetration into the formation is disallowed due to
the rapid HCl spending [8]. Shafiq [10] reviewed number of acids
developed for sandstone acidizing where they mentioned the need
to develop alternative acidizing techniques and guidelines to
overcome problems related to current technologies.

Because carbonate and sandstone formation pose to different
problems faced using HCI acid, it is inevitable to use other ap-
proaches which are alternative to HCl acid in matrix acidizing.
Shafiq (2015, 2016) [11,12] applied acid mixture where organic acid
has replaced HCl acid to acidize sandstone formation. Xiong (2010)
[13] acidize Chinese oil fields by the application of innovative
emulsified acid and discovered that the permeability has been
increased by 96.1% in oil saturated cores while water saturated
cores increment is 10.1%. Organic-HF applied by Refs. [3,14] to
mitigate the problems encountered during sandstone and carbon-
ate matrix acidizing. At high temperature conditions, different re-
searchers have applied different chelating agents recently. Non-HF

containing fluids like Ethylenediaminetetraacetic acid (EDTA) and
Hydroxyethylenediaminetetraacetic acid (HEDTA) helped in incre-
ment of gas production at high range temperatures. Nasr-El-Din
et al. (2011) [15] discovered that both EDTA and HEDTA are able
to create wormholes at 400 °F and significance of chelating agent
NasHEDTA has been discussed compared to mud acid [15—17].
conducted various stimulation experiments and showed the sig-
nificance of HEDTA chelating agent at higher temperature ranges
and increment in permeability has been discussed compared to the
mud acid. Sequestration of chelating agent with metal ions will
form metal-chelate complex with high stability. The stability of the
chelates depend on the type of metal ions it combined with, rep-
resenting the degree of bond strength between the metal ion and
the chelating agents with the more stable compound having a
larger stability constant [18]. Chelate's stability also portrays its
affinity to a certain cation, for example the cation with the largest
stability constant will be first sequestered by the chelating agents.
Sequestration of chelating agents with metal compound will
improve the formation permeability [18]. Fig. 1 below shows the
structure of GLDA, HEDTA and EDTA chelating agents while Table 1
lists the stability constant for HEDTA, EDTA and GLDA when reacted
with calcium, magnesium, barium, Iron (II) and iron (III).

To mitigate the problems that are encountered, is the core goal
of this research, when hydrochloric acid is applied during matrix
acidizing, keeping in view the advantages presented by Ref. [23]
should be sustained. Therefore, chelating agents have been selected
as acidizing fluids. Different analysis like porosity, permeability, ICP
and TIMA have been applied in this research to keep track of
different amendments in core sample at various phases of the
acidizing procedure. TIMA technology has been applied for the first
time on matrix acidizing and will be very helpful to determine
mineralogy, topology and morphology of the core samples.
Morphology is defined as the particular form shape or structure.
Topology is defined as the way in which constituent parts are
interrelated or arranged while mineralogy is related to the study
which includes the processes of mineral origin and formation,
classification of minerals, their geographical distribution, as well as
their utilization. This technique proved to be very efficient in the
determination of the amount of dissolved ions after acidizing the
core samples.

2. Experimental studies
2.1. Materials

Chelating agents were purchased from chem-supply. Colton
Sandstone, Berea Sandstone and Guelph dolomite core samples
(3inch x 1.5 inch) were used for this study. Brine water is used to
prepare all the chelate solutions in the laboratory. Table 2 showed
different properties and the mineralogy data of Berea sandstone,
Colton sandstone and Guelph dolomite core samples.

2.2. Core Flood Setup

Core-flooding setup is mentioned in Fig. 1a and b, used for the
matrix acidizing of Guelph dolomite and Colton sandstone core
samples with different chelates. The pressure and temperature this
core flooding setup can handle is up to 10,000 psi 200 °F respec-
tively. To avoid corrosion, the wetted parts of the core flooding
system are made of Hastelloy material which is resistive to corro-
sion, therefore, even at high concentrations of acid this system is
rust free. The experimental setup and the function of basic parts is
explained below.
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Glutamic acid N,N-diacetic acid(GLDA)

Ethylenediaminetetraacetic acid (EDTA)
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Fig. 1. Chelating agents (Mohamed Mahmoud, 2017) [15].

Table 1

Stability constant at 77 °F [19—22].
lons GLDA HEDTA EDTA
Calcium 5.9 104 8.7
Magnesium 5.2 7.0 8.7
Barium 35 6.2 7.7
Iron (II) 8.7 12.2 14.3
Iron (III) 15.2 19.8 25.7

Table 2

Properties and mineralogy data of core samples.

2.3. Core flood experiments

Three samples of each mineralogy core sample were used and
reacted with HEDTA, EDTA and GLDA. The weight of core plug was
measured, and dimensions were obtained using Vernier caliper.
Permeability and porosity of all the core samples have been
analyzed before and after the core flooding experiments. To
perform core flooding operation, core holder was fixed with the

Berea (Conventional Sandstone)

Colton (Tight Sandstone) Guelph dolomite

Properties Homogeneous, Clear sandstone
Minerals 93—-96% Quartz 3—5% Feldspar
Porosity 16—19%

Permeability 60—100 mD

Homogeneous, Dirty sandstone
59% Quartz

10% Albite

8% Calcite

4% Ankerite

3% Orthoclase

10—12%

1-2mD

Heterogeneous, Clean formation
97% Ankerite 2.5% dolomite

14—-15%
9—10 mD

(1) The core is confined under at required temperature and
pressure using the core holder. The core holder material is
made up of is Hastelloy. There are two inlets and one outlet.
1000 psi confining pressure is applied on the core while the
temperature is 180 °F.

(2) The chelates are injected into the core holder using High-
Performance Liquid Chromatography (HPLC) pump at
desired flow rate as shown in Fig. 2a and b. The maximum
flow rate that can be injected using this pump is 6000 cc/
min. The injection rate used during this research is 1 cc/min.
High back pressure is avoided by using less injection rate.

(3) Core holder is heated using the temperature controller and
heating tape (Fig. 2a). The maximum temperature attained
using this controller is 500 °F. The temperature set for this
project is 180 °F.

(4) High confining pressure inside the core holder is created
using the syringe pump (Fig. 2a). High pressure is created
using fresh water and this pump can create up to 20,000 psi
pressure. The confining pressure used during this project is
1000 psi.

(5) Pressure transducers are connected at the inlet and outlet
ports to monitor pressure changes during the core flooding.

core plug and sleeve. The syringe pump then confines the core
sample under 1000 psi pressure. Temperature controller and tape
are attached to the system to heat it up to 180 °F. HPLC pump was
used to inject the chelate at a flow rate of 1cm?®/min. When the
pressure transducer shows the constant pressure drop across the
core plug; it shows the completion of the reaction. At this point, the
acid injection was halted post flush brine solution is injected to
clear the reaction products formed inside. After post flush stage,
stop brine injection and release the confining pressure. Take out the
core sample and dried at 80°C for 24 h. The weight of the core
samples was measured again to investigate the solubility of sam-
ples in chelates. The effluent sample of acid was collected at the
outlet and was utilized in ICP analysis for various ions concentra-
tion. The dried reacted core plug was used to determine the change
in pore topology using TIMA analysis technique.

3. Results
3.1. Permeability and porosity

Porosity is the percentage of void spaces in the formation. It
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Fig. 2. a. Core Flood Setup. b. Schematic Diagram.

shows the ability of the reservoir to store oil and gas thus plays a
major role in the production capacity of the reservoir.

Matrix acidizing is applied to increase the porosity of the for-
mation and results are presented in Table 3, where, the maximum
change in porosity has been observed when HEDTA is applied on
core samples. There is 10.10%, 6.3% and 6.8% increment in the
porosity of Colton sandstone, dolomite and Berea core samples
respectively which is higher than the application of other chelates.
EDTA and GLDA also proved efficient in increasing porosity of the
Colton sandstone and Berea sandstone samples while not that
effective in increasing porosity of dolomite samples. These results
will be further discussed during TIMA porosity distribution
analysis.

Permeability is the representative of oil and gas conductivity in
the reservoir. More permeability indicates the effective well pro-
ductivity. Table 4 represents the increase in permeability of the core
samples when all three chelates have been applied. HEDTA is the
most effective chelate where increase in permeability is almost
100% when applied to dolomite or tight sandstone formations.
Other chelates are not effective in increasing the permeability of
the samples maybe due to precipitation inside the pores. These
precipitates might be blocking the small pore through present in-
side the tight sandstone sample.

3.2. ICP analysis

ICP is an analytical technique that is used to detect the trace
metals inside the solution. This technique utilizes excite atoms and
ions that may produce electromagnetic radiation related to the
wavelength of the specific element. The temperature used range
from 6000K to 10,000K and known as a flame technique. The
concentration of the element present in the sample is indicated by
the intensity of this emission. This technique can measure the
concentration of dissolved elements in parts per million (ppm)
while the minerals or compounds settled at the bottom of the
sample cannot be detected by this technique. This technique pro-
vides very useful information about the presence of different ions
in the solution. Its importance in acidizing has been increased by

Table 3
Porosity results (%).

the fact that concentration of dissolved ions by acid can be analyzed
at different times during the process. ICP results are presented in
Table 5 below.

Colton Sandstone Sample: HEDTA proved to be effective in
dissolving sodium ions where it dissolves 580 ppm more sodium
than EDTA, magnesium (470 ppm more than GLDA), Zinc (69 ppm
more than EDTA) and calcium (1960 ppm more than GLDA) ions
from sandstone core samples while EDTA is effective in dissolving
potassium (556 p.m. more than HEDTA). These results indicate that
HEDTA is a good chelate with the power to dissolve magnesium,
sodium, zinc and calcium ions in sandstone acidizing.

Dolomite Sample: HEDTA is also effective in dissolving magne-
sium (1608 ppm more than GLDA) and calcium (2310 ppm more
than GLDA) from dolomite samples while EDTA is effective in dis-
solving sodium (490 ppm more than HEDTA). These results are
indicating that HEDTA is a good chelate with the power to dissolve
magnesium and calcium ions in dolomite acidizing. EDTA and GLDA
are also effective in dissolving some ions like sodium and
potassium.

Berea Sandstone Sample: All chelates proved effective in
dissolution of sodium ions from Berea sandsne sample but most
effective is HEDTA where it dissolves 210 ppm more ions than
EDTA. HEDTA also provd to be effective in dissolving aluminium
(187 ppm more than GLDA), silicon (49 ppm more than GLDA), and
iron (217 ppm more than GLDA). While GLDA is effective in disso-
lution of magnesium (764 ppm more than HEDTA), potassium
(2531 ppm more than EDTA) and calcium (1856 ppm more than
HEDTA) ions from the berea sandstone core samples.

3.3. TIMA analysis

The TIMA is an analytical technique which is related to Field
Emission Scanning Electron Microscope (FESEM). This technique is
highly throughput and effective for analysis of sample mineral
composition, pore topology and morphology. Fast and quick anal-
ysis can be performed because the equipment is equipped with BSE,
color CL, and four energy dispersive X-ray Spectroscopy (EDS) de-
tectors. Mineral composition in the sample can be analyzed quickly

Chelate Colton Sandstone Guelph Dolomite Berea Sandstone
Initial Porosity Final Porosity Initial Porosity Final Porosity Initial Porosity Final Porosity
HEDTA 11.49 12.65 14.19 15.09 19.70 21.04
EDTA 10.56 11.66 16.80 16.82 19.04 20.01
GLDA 12.13 13.01 21.20 21.63 18.98 20.09
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Table 4
Permeability results (md).

Chelate Colton Sandstone Guelph Dolomite Berea Sandstone
Initial Permeability Final Permeability Initial Permeability Final Permeability Initial Permeability Final Permeability
HEDTA 0.4633 0.9542 9.80 18.11 165.12 166.34
EDTA 0.7120 0.8380 104.27 113.20 124.53 127.35
GLDA 0.8069 0.9025 405.55 435.22 80.41 84.93
Table 5 ) s ~
ICP analysis (ppm).
Chelate Formation Sodium Magnesium Potassium Calcium Sampl.e prepa.tred
as a thin section.
EDTA Colton S.St 3710 614 869 1090
Dolomite 4930 198 1970 178 %
Berea S.St 5990 1843 6629 6262
HEDTA Colton S.St 4290 1370 313 4600
Dolomite 4440 2570 2310 4320 (Area of interest) field
Berea SSt 6200 1938 6612 6364 size, pixelspacing
GLDA Colton S.St 2870 900 130 2640 and analvsis mode
Dolomite 2090 962 2610 2010 y
BereaSSt 5610 2702 9160 8220 \_selected.
Aluminium Silicon Sulphur Manganese Iron Zinc
EDTA  Colton S.St 0.432 447 105 133 0.285 31.6
g"lomslt;t f5267 (1)?754 ;170 0.522 471;?6317 4.32 Energy dispersive X-rays
erea S. E — — .
HEDTA Colton S.St 136 97.9 67.7 155 207 101 ?Ollecieg fl(Zir evgryé)ls)gl
Dolomite  6.65 0.684 133 5.73 549 12.1 In:cach:1icld and a
Berea S.St 377 235 5520 — 4782 - image.
GLDA  Colton S.St 0.962 0.1 26.6 1.6 328 139
Dolomite  39.1 421 17 141 145 22.8
Berea S.St 190 186 60.80 — 4565 —

by using this technique. Some of the key capabilities of TIMA are:
mineral and element mapping, mineral association, particle size
and porosity distribution. This is a SEM-based automated miner-
alogy solution. It can measure mineral abundance, size by size
liberation, mineral association, and grain size. Application includes
characterization, process optimization etc.

(1) FESEM

(2) Energy dispersive Spectroscopy
(3) Modal, liberation and bright phase
(4) RGB color Cathodoluminescence
(5) SE and BSE detectors

The Tescan Integrated Mineral Analyser (TIMA), can delivers
particle by particle mineralogical data (quantitative) of inorganic
materials, is an automated scanning electron microscope [24]. It
follows the same operation like other scanning electron microscopy
- energy dispersive spectroscopy (SEM-EDS) techniques (e.g.
QEMSCAN) proposed by Refs. [25,26]. Fig. 3 represents the sche-
matic workflow of TIMA analysis. Individual mineral grains can be
identified from a thin section by generating a backscattered elec-
tron image (BSE) and EDX. Multiple energy-dispersive X-ray (EDX)
detectors used pre-defined resolution to scan each mineral particle.
EDX spectra formed automatically is examined against the classi-
fication scheme of TIMA, assigning each gain a certain mineral
phase through mineral definition, which allows very accurate
mineral mapping for each mineral.

3.3.1. Mineral Analysis

Mineral Analysis is applied to analyses the change in the
mineralogy of the core samples before and after acidizing. Change
in mineralogy describes the mineral composition of the core sam-
ple which is very important in the analysis of acidizing

Grain boundaries are
determined using BSE
image and spectroscopic
data.EDS data from eac
pixel summed together
Qithin each grain.

pectroscopic data
compared to mineral e r.. Sy
definition files within the /s aig “2% .
TIMA classification g*.“. Iy
scheme.Unknoan must * wey %" o
satisfy all rules in the r P e
definition of a phase to bedgg™%e T4 2%
@assiﬁed. ) o J

Fig. 3. Schematic workflow of a TIMA analysis using resolution liberation analysis
mode [24].

experiments. It shows the relative decrease or increase of specific
minerals and elements. Table 6 represents the mineral mass change
in Colton sandstone sample. It can be observed from the results that
when HEDTA reacted with the Colton sandstone formation, there is
an increase in relative weight of albite and orthoclase due to the
decrease in the relative amount of calcite and quartz. While, when
the core sample is reacted with EDTA, there is an increase in the
relative amount of ankerite, calcite and kaolinite because of the
decrease in the relative weight of Magnesiogedrite, Muscovite and
Dolomite. When core sample reacted with GLDA, there is an in-
crease in relative weight of Garnet, orthoclase and kaolinite
because there is a decrease in relative weight of albite and
dolomite.

Table 7 represents the mineral mass change in dolomite sample
after reaction with all three chelates. It has been observed that



72 M.U. Shafiq et al. / Petroleum 5 (2019) 67—76

Table 6

Mineral mass in Colton sandstone.
Massof phase [%] HEDTA Initial EDTA GLDA
Garnet - Pyrope 0.38 0.34 0.33 0.39
Albite 9.11 8.96 8.32 8.73
Magnesiogedrite 1.2 1.18 0.77 1.18
Orthoclase 3.22 3.11 3.03 335
Ankerite 6.06 6.07 6.88 6.02
Calcite 5.53 6.31 8.74 6.26
Muscovite 1.11 0.98 0.89 1
Wollastonite 0.2 0.21 0.23 0.19
Anorthite 1.23 1.06 1.19 11
Dolomite 0.08 0.1 0.05 0.07
Kaolinite 1.53 145 21 1.62
Hematite/Magnetite 0.34 0.36 0.3 0.33
Quartz 54.62 55.59 55.28 55.22
Unclassified 14.32 13.28 10.97 13.47
Total 98.93 99 99.08 98.93

Table 7
Mineral mass in dolomite.

core sample when reacted with HEDTA, EDTA and GLDA respec-
tively, which shows effective action of HEDTA on Colton sandstone
samples. The increment of medium and large size pore spaces is
negligible by all chelates. The change in porosity is mainly due to
the creation of small new pore spaces after reaction. The less
increment of pore spaces by EDTA may be attributed to the pre-
cipitation of minerals inside the pore spaces.

Table 10 represents the distribution of small, medium and large
size pore spaces inside the dolomite core sample before and after
reaction with different chelates. HEDTA managed to increase the
total pore spaces by 3046 where GLDA only introduced 2117 new
holes and EDTA even less than that, only 545 new pore spaces have
created.

Now if concentrated on number of small pore spaces; HEDTA
introduced 2743 new pore spaces while GLDA managed to intro-
duce 1952 new pore spaces. HEDTA is also effective in creating

Mass of phase [%] Dolomite (EDTA)

Dolomite (HEDTA)

Dolomite (GLDA) Dolomite (Initial)

Ankerite 97.12 97.18
Calcite 0.27 0.07
Dolomite 2.24 242
Quartz 0.03 0.04
Unclassified 0.34 0.28
The rest 0.01 0.01
Total 100 100

97.71 96.93
0.03 0.30
1.92 25
0.02 0.01
0.31 0.25
0.01 0.01
100 100

calcite has been dissolved efficiently by HEDTA and GLDA. While
small amount of dolomite has been dissolved too by all chelates.
Relative weight of quartz has been increased representing no
dissolution of this mineral.

Table 8 represents the mineral mass change in Berea sandstone
sample after reaction with all three chelates. Albite and kaolinite
relative mineral mass has been increased, which showed that they
are not soluble by all chelates. Orthoclase relative mineral mass has
been decreased indicting its solubility by these chelates. Maximum
solubility of zircon and rutile has been seen when GLDA is applied.
Increase in relative mass of quartz showed that it is not soluble by
these chelates.

3.3.2. Porosity distribution

Porosity distribution represents the concentration of different
size of pores in the core sample. It can be evaluated to determine
the creation of new pores before and after acidizing of core sam-
ples. Table 9 represents the distribution of small, medium and large
pore holes in sandstone samples reacted with different chelating
agents. Note that initial concentration of small holes is very high as
the sample is tight sandstone. The increase in small holes can be
observed when the sample is reacted with chelate with highest
number of small pores increment in case of HEDTA.

4627,1651 and 2843 new small pores have been created in the

Table 8

Mineral mass in Berea Sandstone.
Mass of phase [%] Initial HEDTA GLDA EDTA
Albite 0.08 1.73 1.82 1.76
Orthoclase 5.22 3.89 4.28 4.23
Kaolinite 0.26 1.39 1.10 1.13
Zircon 0.16 0.14 0.01 0.09
Quartz 86.63 88.3 88.43 87.9
Rutile 0.43 0.39 0.09 0.23

medium size pore spaces while GLDA managed to introduce more
number of large size spaces compare to HEDTA where 11 new large
pores have been created by GLDA while HEDTA managed to create
only 2 large pore spaces.

Table 11 represents the distribution of small, medium and large
pore holes in Berea sandstone samples reacted with different
chelating agents. 3862, 3090 and 1443 new pore spaces have been
created in Berea sandstone when reacted with EDTA, HEDTA and
GLDA respectively. Where, GLDA is effective in creating medium
size pore spaces and introduced 132 new pore spaces compared to
101 by HEDTA and 88 by EDTA. Large wormholes have been
created too when core samples were reacted with all chelates
while maximum change has been observed with HEDTA, where 5
new pores have been introduced by HEDTA compared to 2 by
GLDA and 1 by EDTA. It can be concluded from this analysis that
EDTA is effective in creating small pore spaces while GLDA in
medium size and HEDTA in creating large size pore spaces. Most
effective chelate on Berea sandstone formation from porosity
distribution is EDTA.

Panorama analysis shows the high quality (Black Scattered
Electron, BSE) image of the core surface. It shows the presence of
matrix and different minerals present on the surface of the core
sample. Images obtained after the acidizing procedure can illustrate
the dissolution of the matrix and minerals due to the creation of new
pore spaces which can be observed in Figs. 4—12. Scanning Electron
Microscope (SEM) instrument is usually used to get BSE images. BSE
usually is a detector, which is used to get black scattered electrons
around different directions. Scattered electrons are collected by the
detectors which are placed above the sample and information
collected as a function of composition of sample. While the infor-
mation collected from the side detectors is a function of surface
topography. Images obtained using BSE technique are instant
depending on scan rate. The magnification is based on the instru-
ment and number of phases information can be collected very
quickly. It can be used for spot analysis also by capturing the images
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Table 9
Pore size distribution in Colton sandstone.
Size range/Number of holes Reacted with HEDTA Reacted with GLDA Reacted with EDTA
Initial HEDTA Initial GLDA Initial EDTA
9.6—33 um 52,590 57,217 53,780 55,431 46,252 49,095
33-68 um 862 871 1371 1373 1390 1393
68—98 um 5 7 16 16 17 17
Total 53,457 58,095 55,167 56,820 47,659 50,505
Table 10
Pore size distribution in dolomite.
Size range/Number of holes Reacted with EDTA Reacted with HEDTA Reacted with GLDA
Initial EDTA Initial HEDTA Initial GLDA
9.6—30 um 46,558 47,031 46,013 48,756 49,089 51,041
30—67 um 458 527 417 718 502 656
67—146 um 16 19 16 18 25 36
Total 47,032 47,577 46,446 49,492 49,616 51,733
Table 11
Pore size distribution in Berea sandstone.
Size range/Number of holes Reacted with HEDTA Reacted with GLDA Reacted with EDTA
Initial HEDTA Initial GLDA Initial EDTA
9.6—50 um 21,589 24,573 20,990 22,299 22,850 26,623
50—101 pm 450 551 389 521 550 638
101-180 um 15 20 16 18 14 15
Total 22,054 25,144 21,395 22,838 23,414 27,276

Fig. 5. Dissolution of minerals when dolomite samples reacted with HEDTA, unreacted (left), reacted (right).

on the film. BSE images are only limited to a grayscale because they
only record one variable, average Z (a combination of all the ele-
ments in asample. Left sample are the unreacted one while right side
figures represent the reacted samples. Clear dissolution after

acidizing can be seen in all the figures. This shows the effect of
different chelating agents on the pore topology of the core sample. In
case of dolomite, major dissolution has been shown by all chelates
(Figs. 4—6), while in case of Colton and Berea sandstone, the
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(2 (b)

Fig. 6. Dissolution of minerals when dolomite samples reacted with GLDA, unreacted (left), reacted (right).

(@) (b)

Fig. 7. Dissolution of minerals when berea sandstone reacted with HEDTA, unreacted (left), reacted (right).

(2 (b)

Fig. 8. Dissolution of minerals when berea sandstone reacted with GLDA, unreacted (left), reacted (right).

(a) (b)

Fig. 9. Dissolution of minerals when berea sandstone reacted with EDTA, unreacted (left), reacted (right).

maximum dissolution is shown by HEDTA (Figs. 7 and 12). 4. Conclusions

(1) Porosity of Colton sandstone, Guelph dolomite and Berea
sandstone is greatly affected by the application of HEDTA
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(2)

(b)

Fig. 10. Dissolution of minerals when berea sandstone reacted with EDTA, unreacted (left), reacted (right).

()

(b)

Fig. 11. Dissolution of minerals when berea sandstone reacted with GLDA, unreacted (left), reacted (right).

(a) (b)

Fig. 12. Dissolution of minerals when berea sandstone reacted with HEDTA, unreacted (left), reacted (right).

chelate as compared to other chelates where it increases
10.10%, 6.3% and 6.8% porosity.

(2) Permeability of Colton sandstone and Guelph dolomite is
greatly affected by the application of HEDTA chelate as
compared to other chelates where it increases permeability
by 100%.

(3) HEDTA chelate is also effective in dissolving positive ions
(sodium, magnesium, potassium, calcium) in tight sandstone
formation, where it dissolves 4290 ppm, 1370 ppm, 313 ppm
and 4600 ppm respectively.

(4) HEDTA chelate is also effective in dissolving positive ions
(sodium, magnesium, potassium, calcium) in dolomite for-
mations, where it dissolves 4440 ppm, 2570 ppm, 2310 ppm
and 4320 ppm respectively.

(5) GLDA is very effective in dissolution of potassium and cal-
cium from Berea sandstone, 9160 ppm and 8220 ppm
respectively.

(6) GLDA is very effective in dissolution of potassium and cal-
cium from dolomite formation, 2610 ppm and 2010 ppm
respectively.

(7) Berea contains high amount of iron ions, which are effec-
tively removed by all the chelates.

(8) Quite significant change in number pores have been
observed by applying the chelates especially HEDTA on
sandstone and dolomite formations, 4627 and 3862 new
pores respectively.

(9) EDTA proved to be effective in creating new pore spaces in
Berea formation, 3773 new pore spaces.

(10) GLDA proved to be effective in the creation of more medium
and large size new pore spaces in case of dolomite formation.
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