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Abstract

Crude oil and natural gas can carry various high-impurity products, which are inherently corrosive, such as, carbon dioxide (CO,) and
hydrogen sulfide (H.S). These impurities increase operational safety risks and can be detrimental to production, both in terms of equipment
damage and permeability impairment caused by scale deposition. Problems with iron sulfide scale occur when H,S comes in contact with spent
acid solutions containing dissolved iron ions. While dissolution of pipe and iron bearing core materials in H,S solutions is known to result in
FeS scale deposition, the reactivity of iron containing proppant material under sour conditions is poorly understood and with little
documentation.

The present study evaluates and compares dissolution kinetics of iron bearing formation and iron containing proppants in an H,S acid solution
in order to evaluate their relative contributions to iron sulfide scale deposition. The study uses X-ray diffraction (XRD) and inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis to qualify Fe containing crystallite forms and quantify dissolution and scale
build up reaction kinetics. Scanning Electron Microscopy (SEM) is used to evaluate surface morphology changes associated with iron
dissolution and iron sulfide scale deposition. Finally, reactivity of all tested materials is compared based on their initial iron concentration and
relative dissolution affinity.

Introduction

Utilization of fracturing methods allows economical extraction of oil and gas resources from unconventional plays. Development of
unconventional resources increases proppant consumption resulting in a high increase for proppant used per well site. With this sharp increase
in proppant volume environmental and chemical stability of current proppant solutions require extra evaluation.

Crude oil and natural gas fluids often carry various inherently corrosive substances, such as carbon dioxide (CO,), hydrogen sulfide (H.S), and
free water (Lusk et al., 2008). These impurities increase operational safety risks and can be detrimental to production, both in terms of
equipment damage and permeability impairment caused by scale deposition.
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Issues concerning operational safety revolve around the handling of H,S compounds and vapors at well sites. Documented studies show eight-
hour exposure to concentrations greater than 100 ppm H,S can cause hemorrhage and death (Tuttle, 1987). H,S compounds can also negatively
affect the wells’ economic performance by both impacting wells’ cumulative production and the economic value of the produced hydrocarbons.

Presence of CO,, H,S, and free water in producing fluids can cause equipment corrosion and failure, exposing an operator to an environmental
and ecological risk and large clean up fees (Oyelami and Asere, 2011). Corrosion of steel pipes is of greatest concern and is influenced by
temperature, CO, and H,S content, water chemistry, flow velocity, and surface conditions (Nalli, 2010).

Furthermore, the impurities (CO,, H,S, and free water) can be detrimental to oil/natural gas production in terms of permeability and
productivity loss caused by scale deposition. Problems with iron sulfide scale occur when H,S encounters dissolved iron ions (Nasr-EI-Din and
Al-Humaidan, 2001). FeS scale deposition caused by a reaction between H,S and steel pipeline walls and/or iron bearing core materials is a
known industry problem. Today the most common approach used to minimize FeS scale deposition risk is addition of H,S scavengers (Nasr-
EI-Din et al., 2000a; Nasr-EI-Din et al., 2000b; Nasr-EI-Din et al., 2000c; Nasr-EI-Din et al., 2007; Leal et al., 2007), as well as, minimization
and control of the use of iron bearing compounds during well completion.

Ceramic proppant are engineered materials typically manufactured from either clay (kaolin) or bauxite raw minerals. Each of these minerals
occupies a unique regime in the Al,O,-SiO, system: bauxite minerals contain more than 60 wt.% Al,O, while clay minerals contain less than
45% wt.% of Al,O,. High temperature thermal processing of kaolin and bauxite materials, also known as sintering, converts these minerals into
their high temperature crystalline forms. Proppants made from these minerals consist of two major phases: corundum and mullite. As clay
based proppants have excess of silica, high temperature processing results in formation of crystalline and amorphous silica compounds. On the
other hand, bauxite based proppants contain various levels of iron, most typically between 1-10 wt.%. During high temperature processing,
required to sinter proppants, iron in these bauxite minerals forms pseudobrookite, a high temperature iron aluminate phase.

During hydraulic fracturing, high volumes of bauxite-based ceramics are injected and placed in the fractures. These proppants remain in the
formation for the - life of the well - where they are continuously exposed to producing fluids. Potential for dissolution of iron bearing species
originating from ceramic proppants and the risk of FeS scale formation is currently not known. This presented paper investigates stability of
bauxite based ceramic proppants in aqueous H.,S and their ability to form FeS scale, compared to a typical shale core sample.

Experimental Setup

The current study evaluates and compares dissolution kinetics of iron bearing formation and iron containing proppants in aqueous H,S acid
solution. The study uses X-ray diffraction (XRD) to qualify and quantify Fe containing crystallite forms and inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis to quantify their dissolution. Scanning Electron Microscopy (SEM) is used to evaluate
surface morphology changes associated with iron dissolution and iron sulfide scale deposition.



Baseline sample analysis

The study investigates chemical reactivity of three different types of proppant sample: LWP (Lightweight Proppant), IDP (Intermediate
Strength Proppant) and HSP (High Strength Proppant). All proppant samples used in the study utilize bauxite as their starting raw material
source. Core sample used in the study originates from Haynesville shale formation. An x-ray diffraction machine, PANalytical X’Pert Pro,
measures phase composition of all used samples by utilizing internal standard reitveld XRD method for analysis. Table 1 lists phase
composition of used proppant samples, while Table 2 shows phase composition of a used Haynesville core sample.

Generation of agueous H-S solution

The study measures reactivity and dissolution kinetics of samples by subjecting them to aqueous H,S solution for seven days (168 hours) under
ambient temperature (25+/-2°C) and pressure conditions.

Hydrogen sulfide used in the current study is prepared by reacting ferrous sulfide (FeS) with hydrochloric acid (HCI) in a Kipp generator:
FeS + 2 HCI — FeCl; + H,S Q)

Figure 1 exhibits a schematic of the corrosion testing apparatus used in the study. H,S is a highly toxic and flammable gas. H,S is also heavier
than air and accumulates in low-lying unventilated areas, so efficient operation of fume hoods is critical for personnel safety during these
experiments. As shown in Figure 1, H,S is formed and absorbed in the first beaker where it creates a saturated H,S solution. The second beaker
collects any excess H,S generated but not absorbed in the first beaker. Neutralization of H,S by sodium hydroxide solution in the third beaker
ensures H,S does not leave the system.

Theoretically, a saturated solution of H,S in water has a concentration of approximately 0.10 M. The pH of this solution can be calculated -
from Eq. (2) and (3) with the given dissociation constant (K = 9.1x107, Kz, = 1.3x10™* mol L™ respectively). As the second dissociation
constant is very small, the concentration of H;O" is obtained from the first dissociation constant. The calculated pH value for this saturated
solution of H,S is 4.02. The measured pH of the prepared aqueous H,S acid is 4.5, which agrees with the theoretical value.

H,S + H,0 — H30" + HS 2)
HS + H,0 — Hs0" + 8% (3)

Analysis of samples post acid exposure

All tested samples are filtered and dried post acid exposure. pH analysis and inductively coupled plasma optical emission spectroscopy (ICP-
OES, Agilent, VARIAN, 720-ES) measures the amount of dissolved particles present in the aqueous H,S. Microstructure analysis is performed
using a scanning electron microscope (SEM, FEI, NOVA nano 230) on polished cross sections and surfaces of both original and acid corroded



ceramic proppant samples and core samples. Compositional mapping is performed using energy dispersive spectroscopy (EDS, EDAX, Apollo
10).

Results

Reaction between Ceramic Proppant and Aqueous H»S Solution

Figure 2 shows SEM surface analysis of LWP, IDP, HSP ceramic proppant before and after acid exposure. SEM analysis does not show
evidence of any Fe precipitation on proppant surfaces despite the fact that Fe containing particles are available, as shown by EDS results.

Figure 3 shows x-ray diffraction patterns of ceramic proppant before and after acid exposure. XRD analysis results confirm EDS analysis.
XRD analysis conducted before acid exposure detects Fe in the form of pseudobrookite, FeAlITiOs compound. This same crystalline form is
present after acid exposure and neither pyrite (FeS,) nor troilite (FeS) are present. This implies that pseudobrookite is a stable crystalline form
resistant to H,S acid attack. A pH analysis of used acid shows a constant value of 4.5. During the experiments, the solution of hydrogen sulfide
in water remains clear without turning cloudy over time. This indicates lack of elemental sulfur precipitation, i.e. lack of reaction of hydrogen
sulfide with the oxygen in D.l. water. ICP analysis comparison of fresh and spent H,S acid also does not show presence of any Fe containing
species, further confirming chemical stability of the tested proppants. During testing sample mass was recorded; comparison of proppant
sample mass pre and post acid exposure reveals no mass loss/gain associated with proppant dissolution or precipitation of solids on proppant
surfaces.

Reaction between Shale Core and Agueous H»S Solution

Figure 4 shows appearance of a Haynesville shale core sample before H,S exposure. The shale core sample is not homogeneous and contains
veins in the middle section of the sample. SEM and EDS analysis reveals that these veins contain sodium (Na), magnesium (Mg), aluminum
(Al), silicon (Si), potassium (K), calcium (Ca), and iron (Fe) elements.

Figure 5 shows the appearance of the shale core sample after H,S exposure. Exposing the shale sample to aqueous H,S acid changes the color
of the veins into light yellow. Presence of yellow precipitates is associated with deposition of sulfur containing minerals on the rock caused by
reaction with H,S. Figure 6 shows SEM with EDS analysis of the shale sample after H,S exposure. Deposited sulfur element is found across
this vein and is accompanied by the presence of elemental Fe indicating possible iron sulfide precipitation.

XRD analysis further confirms SEM and EDS results. Figure 7 shows the diffraction pattern of the core sample post acid exposure. Pyrite
(FeS,) peak can be detected among crystallized peaks, indicating the formation of sulfide scale. Furthermore, XRD analysis of core samples
post acid exposure reveal a lack of the muscovite phase, originally detected in the pristine core sample.



The pH value of the spent H,S acid is 8.8. This pH value is higher than 4.5 measured in H,S before core exposure. Acid appearance is also
different. While original H,S is clear and transparent in color, after core exposure acid color is yellow. ICP analysis of spent acid detects many
metal ions, such as calcium (Ca2+), potassium (K+), and sodium (Na+).

Summary and Implications
Analytical analysis of three different types of bauxite based proppants, and shale core reveal all samples contain iron bearing crystalline
compounds. However, results show that dissolution kinetics of shale core and proppant samples are very different. Iron containing compounds
in all ceramic proppants tested in this study demonstrate high stability in aqueous H,S acid solution. None of the analytical techniques used are
able to detect dissolution of iron or FeS precipitation. On the other hand, the iron bearing shale core sample shows high reactivity with aqueous
H,S resulting in both dissolution of shale core as well as precipitation of FeS scale. Since the dissolution of Fe containing minerals in shale is
much faster than that seen for proppants, any scale formation observed during the lifetime of the well , points to the primary source of the Fe
as originating e either from formation rock or steel piping. Results shown in this study suggest that bauxite based proppants are not a
significant contributor to FeS scale formation and can therefore be safely used in sour wells.
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Figure 1. Schematic of H,S generator and sample reactor.
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Figure 2. Scanning electron micrographs of LWP, IDP, and HSP proppants surface before and after exposure to aqueous H,S solution for seven
days (168 hours) under ambient temperature (25+/-2°C) and pressure conditions
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Figure 3. X-ray diffraction patterns of LWP, IDP, and HSP proppants before and after exposure to aqueous H,S. Labels on the XRD pattern
refer to mullite (M), pseudobrookite (P), and corundum (C).
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Figure 4. Optical and scanning electron micrographs of core sample surface.
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Figure 5. Stereoscopic images of core sample surface post exposure to H,S.
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Figure 6. Scanning electron micrograph of core sample after exposure to aqueous H,S acid with EDS line scanning analysis.
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Figure 7. X-ray diffraction patterns of shale core sample before and after exposure to aqueous H,S. Labels on the XRD pattern refer to
muscovite (Mu), albite (Al), amesite (Am), quartz (Q), calcium carbonate (Ca), iron oxide (Fe), and pyrite (Py) respectively.




Phase LWP IDP HSP
C?AL:;C?;m 30.8 59.0 74.7
{Aﬂéfﬁg)l > - >
Amorphous 31.3 329 16.0

Table 1. Composition of HSP, IDP, and LWP.




.Phases

Shale Core
Quartz
SiO, 27.5
Calcium Carbonate
CaCOa 14.8
Iron Oxide
Fe,04 1.2
Muscovite
KALSisAIO 10(OH), 22.8
Amesite 39
(MgoAI)(AISIOs(OH)4) '
Albite Calcian Low 49
(Nag.s4Cap 16)Al1.165i2.8404¢ '
Amorphous 25.0

Table 2. Composition of shale core sample.




