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Abstract
Global developments in the shale inhibition market are trending towards environmentally friendly materials that are biodegradable, non-bioaccumulative, non-toxic and, ultimately, non-hazardous.  Furthermore, many markets are moving towards, or already mandate, salt-free systems for reasons including environmental regulations, disposal needs and potential groundwater contamination.  This paper will detail efforts to develop new shale inhibitors that satisfy these requirements while still maintaining excellent performance relative to industry benchmarks.  
Through a structured research program, groups of novel candidate chemistries in several homologous series were studied and validated using shale recovery, hardness and Slake Durability (roller cage) tests.  This program identified inhibitors with superior performance across multiple parameters, both technical and environmental.  Additionally, all identified new materials having excellent performance did not require the addition of a counter-ion e.g. potassium chloride salt.  Results will be presented as a study into the effects that sequential molecular structure changes have on shale inhibitor performance.  The chemistries that were identified from the study exhibited improved inhibitor performance relative to known glycol/salt materials and other commonly used amines.

Introduction 
When drilling for oil and gas, shales are the most commonly encountered rock type.  They account for over 75% of all drilled formations and more than 70% of borehole problems relate back to shale instability.(1)  Shales are also reported to cause more problems per foot drilled than any other type of formation.(2)  Over the last ten years, reactive shale ranked as one of the top ten mud-related issues affecting deepwater drilling operations.  Reactive shale is also a major contributor to another concern in the top ten list, namely stuck drill pipe.(3,4)  These statements on shale instability, while dramatic and true, should be considered with respect to the drilling fluid used and the type of shale that is encountered during drilling operations.  It is the interaction of these two factors that largely determines the extent of the problem.
The reactivity of shale towards water is a much studied and debated topic.(5)  For years, the swelling of shale, which is due to the ingress of water and hydration of metal cations, has been considered the “best documented” and main failure mechanism.(6)  Combinations of swelling, dispersion, migration and swelling-induced migration have all been given extensive attention.(7,8)  Water activity, brine composition, brine concentration and pH have all been shown to play a role in shale stability.(8,9)  If shale instability is not properly addressed, then the consequences can be dramatic including complete loss of the well.
This paper will report on the development of shale inhibitors which increase the performance of water-based muds (WBMs).  For years, the service industry has devoted a significant amount of thought and effort to bring the performance of WBMs up to that of oil-based muds (OBMs) (10,11)  To abate the unwanted reactions of reactive shales with water, WBMs contain shale inhibitors that range from salts (e.g. KCl),(12) to simple glycols often containing or requiring salts,(13,14,15) to various amines,(16) to polymers.(17,18,19).  Collaborative work by M-I Swaco and three universities have put forth several different mechanisms for the polyetheramine class of shale inhibitors which is currently considered to be one of the best-in-class for low molecular weight inhibitors.(20,21)  More studies of this nature are needed to further progress the industry’s understanding of shale inhibition.
One approach to study how molecular structure influences shale inhibition performance is to pick a particular molecular descriptor or series of descriptors (e.g. molecular weight, degree of branching, varying heteroatom content, length of hydrophilic/hydrophobic segments, number of end groups bearing a particular functionality, etc.), make different homologous series where the descriptors are systematically varied and then conduct comparative tests.  Most of the comparative testing for this work used shale recovery and hardness performance parameters (14,16) as a means to differentiate the various candidates.  While such studies generally cannot provide conclusive evidence regarding the mechanism of inhibition, they are highly informative regarding critical molecular features needed for performance.  Such features, once identified, can suggest reasonable assumptions regarding mode of action.  The first level of screening for all materials was recovery and hardness performance on London shale samples.  If a given material demonstrated outstanding inhibitory performance on this swelling shale, it was then subjected to broader  and in some respects more demanding performance tests, such as Slake Durability (roller cage) on both London and oxford shale, and analyzed for biodegradability and toxicity, among other environmental factors.

Test Methodology
When attempting an in-depth study of the effect of subtle changes that chemical structure can have on shale inhibition, the key step is to secure a large enough volume of a consistent shale material to test against. The mineralogical makeup and physio-chemical nature of shales are both important criteria in how they will behave on exposure to aqueous media. 
Due to the size of our study, outcrop shales of known, characterized mineralogy have been utilized.  This is a particularly useful approach for large, extensive studies.  The advantage to such substrates is the availability of large shale quantities with similar composition and properties that allows a better comparison between the performance of various fluids or additives.  However,  as Young and Friedheim (22) point out, there is a caveat for choosing outcrop shale, and they describe the disadvantage of such shales is that typically their chemical makeup is one of higher water activity and structurally of poorer consolidation (less exposure to stress) than shales that are drilled at depth.  To compensate, we use a range of different outcrop samples that span the shale types that could be encountered whilst drilling that contain clays from highly swelling (high montmorillonite content) through mixed clays to highly dispersive (high kaolinite content).  We also acknowledge that our laboratory testing is probably more onerous for shale inhibition performance than that seen in the field because of the above factors. 
The out-crop shales utilized for this study are: 

London Shale
This formation is a marine geological formation from the Lower Eocene period and is a reasonable analogue of Tertiary shale found in upper hole sections and typically contains 15-25% smectite clay.  The shale is plastic in nature due to its moisture content and has low bulk density.  This shale is recognized by operators and mud companies as a representative swelling shale. 

Oxford Shale
The Oxford shale formation is a Jurassic marine sedimentary rock formation, which is less swelling than London shale, as it contains less smectite but more illite clay.  It is dispersible and effective for hardness testing but is not as swelling as London shale. Like London, Oxford is recognized as an acceptable analogue of problems encountered during drilling and has a mixture of swelling and dispersive character.

Shale Testing
The shale testing procedures outlined below are described in more detail by Young and Friedheim (22) and were used to evaluate the inhibiting chemistry homologous series and benchmark relative performance.
The standard test protocol includes:
· Bottle recovery tests
· Slake Durability (roller cage) recovery tests (more aggressive test)
· Shale hardness test (sometimes referred to as the BP hardness tester, 14)
· Shale moisture content change
For all tests, we recognize that the rheological properties of the fluid can influence the test results by altering the amount of agitation in the rolling phase.  For these tests, the rheological parameters of each fluid tested are designed to be similar to minimize any inaccuracies in cross-fluid comparisons.
In essence, we test the shale performance efficiency of each chemistry on an 8 point matrix, and we look for enhanced performance across all data points.  This then leads into toxicity and biodegradation characterization against the said same molecular changes within each homologous series.

Results and Discussion

Series 1 (quaternary amine containing molecules):
In an effort to better understand the structural properties that lead to successful shale inhibition performance, a series of hydrophobically modified, quaternary amine containing molecules was synthesized and analyzed for shale recovery and hardness.  By first analyzing for the relative inhibitory performance of the materials, higher performing materials could be readily identified and promoted for further inhibition and environmental testing.  Using London shale, an optimal length of the hydrophobic moiety was determined for best recovery and hardness.  Since the size of the molecule is dictated by its hydrophobic functionality, an optimal length corresponds to an optimal molecular weight.  
Additionally, a series of quaternary amine containing molecules were synthesized with a high charge density and increasing amounts of hydrophilicity.  For this series, it was found that increasing either the molecular weight or the hydrophilicity improves the recovery and hardness as tested with London shale.  Overall, our results indicate that new solutions to the shale swelling and dispersion problem can be found with new chemistry.

Series 2 (substituted amines with alcohol functionality):
[bookmark: OLE_LINK1]While new quaternary amine containing molecules can improve the shale inhibition performance of WBMs, it is preferable to use ion/salt free materials.   To this end, substituted amines having alcohol functionalities provided different chemical classes and were synthesized with varying molecular weight, amine content and branching.  Similar to the studies based on quaternary amine-containing molecules, it was found that the best shale inhibition performance could be obtained when an optimal molecular weight and amine content were used in combination with increased branching.  Figures 1 and 2 illustrate this trend.  The best molecule from this series was identified by analysis of the shale recovery and hardness data (Chemistry A).  It was then subjected to further investigations and demonstrated excellent performance relative to industry standards.  Chemistry A has been commercialized and will be discussed further below.  Interestingly, related materials that have the same functionalities (i.e. amines and alcohols) but different structures do not perform well, indicating that only particular substituted amines with alcohols as specific groupings generate enhanced inhibition performance.  While trends within a series of related structures are clear, understanding the effects when expanding hypotheses to related materials remains an active area of investigation.

Series 3 (primary amines with hydrophobic groups - no alcohols):
[bookmark: OLE_LINK7]A series of primary amines with no alcohol functionality but with hydrophobic groups was also found to demonstrate excellent performance having optimal structures.  As with other materials studied, a balance exists between molecular weight and hydrophobic length that generates peak shale inhibition.  The recovery of shale is also improved by increasing the hydrophobicity of the molecule, by increasing branching or by utilizing an optimal molecular weight with high hydrophobicity (Figure 3).  However, hardness of the cuttings will increase with decreasing molecular weight, similar to recovery, but branching and hydrophobicity have a minimal effect.  The best in class performer from this study (Chemistry B) will be further discussed below as a potential next generation shale inhibitor with superior performance relative to industry standards and with excellent environmental and toxicological properties.

Shale Performance Data for Shale Inhibitor Chemistries A and B
Two chemistries in particular came to light in this detailed investigation that had very good properties across the shale substrate testing.  Candidate inhibitor Chemistry A is a commercially available material that produces very hard cuttings and good shale inhibition characteristics at concentrations of 2-3% v/v. Its performance can be compared against industry standard amines and glycol in freshwater.  Candidate inhibitor Chemistry B is a developmental material that has either equivalent, and in some tests incrementally better, shale characteristics over a broader concentration range of 1-3% but is also readily biodegradable which advances its environmental credentials against most industry inhibitors. 
[bookmark: OLE_LINK15][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK16]The evaluation of these two shale inhibitor chemistries, both in terms of hardness and Slake Durability, is shown in Figures 4 and 5 on London clay, which is the more swelling version.  Figure 4 illustrates how Chemistries A and B exhibit improved hardness performance over that of an industry leading amine reaching higher torque with less turns at the same dosage.  It is important to note that the fluids for Chemistries A and B are fresh water systems.  The standard glycol exhibited lower hardness than Chemistries A, B, and the industry leading amine, and the former required KCl as an adjunct to perform. This feature defeated the objective of having a chloride free or freshwater drilling fluid for environmental and discharge constraints.  The Slake Durability performance of Chemistry B stands out above that of all other materials tested in this study on London shale, as shown in Figure 5.
[bookmark: OLE_LINK17]Similar to the London shale study, the same chemistries were evaluated for hardness and Slake Durability on Oxford shale.  Results are shown below in Figures 6 and 7. Chemistry A, B and the industry leading amine top the hardness performance data as they develop higher torques faster than the other tested materials as illustrated in Figure 6.  The Slake Durability performance of Chemistry A, B, and the industry leading amine are comparable in this study on Oxford shale, with Chemistry A showing a slight advantage as depicted in Figure 7.

[bookmark: OLE_LINK10]Second Generation Inhibitor
For situations where even higher performance is required and greater environmental constraints are present, we are developing a second generation inhibitor for WBMs.  As detailed above, our experimental methodology has successfully identified Chemistry A as a top shale inhibitor.  These experiments also indicated another top performer, Chemistry B – from a different series. Initial results indicate that the new material has inhibition performance exceeding that of leading industry materials that do not require the addition of salts.  Both recovery and hardness tests suggest high efficacy at comparable dosage levels (Figures 4 and 6) and initial Slake Durability (roller cage) studies are also very encouraging (Figures 5 and 7).
Beyond its excellent performance attributes, several tests suggest the presence of a superior environmental profile.  EPA’s EPI Suite (BIOWIN models) estimated that this inhibitor would be readily biodegradable under aerobic conditions. This prediction was confirmed experimentally via a screening test based on the OECD 301F guideline (23).  According to this test, the inhibitor can be considered “readily biodegradable” since it reached 120% biodegradation at the end of the 28 day study. This result of 120% biodegradation is based on biological oxygen demand (BOD) at 28 days compared to the theoretical oxygen demand of the test material.  The biodegradation percentage in this OECD 301F test may be higher than 100% due to some additional oxygen consumption other than the amount required for the bio-oxidation of the test material.  Dissolved organic carbon removal was 98% after 28 days which suggests that the test material was indeed completely degraded.  These results are now being validated by a more stringent GLP OECD 306 biodegradation test in seawater.
[bookmark: OLE_LINK3]A Quantitative Structure Activity Relationship (QSAR) assessment of aquatic toxicity of the inhibitor, in pure form, was performed using the OECD QSAR toolbox v.3 and a relevant subset of model molecules from databases of aquatic toxicity results.  According to the US EPA classification, the derived model predicted the pure compound to be moderately toxic to algae (Pseudokirchneriella Subcapitata), slightly toxic to Daphnia Magna, and practically non-toxic to fish.  Practically speaking, aquatic species do not have a high potential for exposure to the inhibitor in pure form but rather would be far more prone to encounter drilling fluid formulations. Thus, testing for the toxicity of fully formulated drilling fluids towards aquatic species is more relevant and would often be expected to be less than that of the pure compound for each respective species as predicted above. A 96 hour definitive bioassay was conducted on a Generic 7 drilling fluid containing up to 2 wt% of the inhibitor following EPA’s Drilling Fluid Toxicity Test guidelines (24).  The results showed a LC50 value, the concentration at which 50% of the test organisms respond, above 50,000 ppm, thus passing the guideline minimum requirement of 30,000 ppm.  This very encouraging data indicates that our second generation inhibitor may generate remarkable inhibition performance as well as have minimal environmental impact.  Studies are ongoing and will be reported in due course.
[bookmark: OLE_LINK20]Environmental data for Chemistries A, B, and an industry leading amine that encompass toxicity and biodegradation test results, as well as partition coefficients is summarized in Table 1.  It shows an evolution in improvements in toxicity and biodegradation results within the series.  Chemistry A exhibits very good toxicity data but poor biodegradation, an element that Chemistry B improves upon.  A high end industry leading amine, in spite of an excellent shale performance, can have very poor toxicity and biodegradation characteristics.

Tables
[bookmark: OLE_LINK19]Table 1.  A review of the environmental data for Chemistries A, B, and two industry standard amines.
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[bookmark: OLE_LINK4]Figure 1.  Surface plot of shale inhibition performance based on recovery for a series of substituted amines with alcohol functionality as a function of molecular weight and branching ratio.  Purple indicates poor performance (performance values <30% where 0% is the minimum value possible or no recovery) and red indicates excellent performance (performance values >80% where 100% is maximum possible or 100% recovery).  The molecular weight axis indicates relative size of the molecule with higher numbers representing higher molecular weight.  Similarly, the branching ratio axis indicates relative degree of branching in the molecule with one representing the maximum amount of branching possible and zero representing no branching present.  
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Figure 2.  Surface plot of shale inhibition performance based on recovery for a series of substituted amines with alcohol functionality as a function of molecular weight and amine content.  Purple indicates poor performance (performance values <45% where 0% is minimum value possible or no recovery) and red indicates excellent performance (performance values >80% where 100% is maximum possible or 100% recovery).  The molecular weight axis indicates relative size of the molecule with higher numbers representing higher molecular weight.  Similarly, the amine content axis indicates relative amount of amine present in the molecule with higher numbers representing increased amine content.  
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Figure 3.  Surface plot of shale inhibition performance based on recovery for a series of primary amines with no alcohol functionality but with hydrophobic groups as a function of molecular weight and hydrophobic length.  Purple indicates poor performance (performance values <40% where 0% is minimum value possible or no recovery) and red indicates excellent performance (performance values >85% where 100% is maximum possible or 100% recovery).  The molecular weight axis indicates relative size of the molecule, with higher numbers representing higher molecular weight.  Similarly, the hydrophobic length axis indicates relative, normalized length of the hydrophobic moiety present in the molecule with higher numbers representing increased hydrophobe length.  
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[bookmark: OLE_LINK11][bookmark: OLE_LINK18]Figure 4.  Hardness data on London shale of the two candidate materials (Chemistry A and B) versus two benchmarks KCl/poly(ethylene glycol) butyl ether (DCP 208) and a high end performing industry amine.
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Figure 5. Slake Durability (cage recovery) on London shale of the two candidate materials (Chemistry A and B) versus two benchmarks KCl/ poly(ethylene glycol) butyl ether (DCP 208) and a high end industry leading amine.
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Figure 6.  Hardness data on Oxford shale of the two candidate materials (Chemistry A and B) versus benchmarks consisting of poly(ethylene glycol) butyl ether (DCP 208), with and without added KCl, and a high end industry leading amine.
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Figure 7. Slake Durability (cage recovery) on Oxford shale of the two candidate materials (Chemistry A and B) versus benchmarks consisting of poly(ethylene glycol) butyl ether (DCP 208), with and without added KCl, and a high end industry leading amine.

Conclusions
The main goal for this investigation was to identify new chemistries that have enhanced shale inhibition characteristics that could be utilized in freshwater systems which also have enhanced toxicity and biodegradation profiles.  The focus of these efforts would be for land drilling in environmentally sensitive locations e.g. the Amazon in Latin America, Europe, East Africa and US; where environmental regulations are either already stringent, or are changing rapidly and becoming more challenging.  To this end, extensive experiments were performed to identify not only new chemistries, but also structural factors that contribute to excellent shale inhibition.  As a result, a novel chemistry was identified and developed that shows excellent performance across economic, technical and environmental parameters (Inhibitor Chemistry A).  This chemistry represents an excellent replacement for, and a significant improvement on glycol/KCl systems.  We have also identified and are further validating a next generation inhibitor (Chemistry B) with superior performance for the most demanding applications needing enhanced performance, toxicity, and biodegradation character.   The methodology presented allowed the development of new chemistry and an improved understanding of how molecular structure affects both shale inhibition performance and environmental impact.  This knowledge will enable continued new product development and will benefit the drilling industry by providing improved materials and expertise to mitigate formation damage.
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