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ABSTRACT

During exploration for oil and gas, a technical drilling fluid is used to lubricate the drill bit, maintain hydrosta
pressure, transmit sensor readings, remove rock cuttings and inhibit swelling of unstable clay based reactive sh:
formations. Increasing environmental awareness and resulting legislation has led to the search for new, improv
biodegradable drilling fluid components. In the case of additives for clay swelling inhibition, an understanding
how existing effective additives interact with clays must be gained to allow the design of improved molecules. Owi
to the disordered nature and nanoscopic dimension of the interlayer pores of clay minerals, computer simulatio
have become an increasingly useful tool for studying clay-swelling inhibitor interactions. In this work we brie:
review the history of the development of technical drilling fluids, the environmental impact of drilling fluids and t
use of computer simulations to study the interactions between clay minerals and swelling inhibitors. We report
results from some recent large-scale molecular dynamics simulation studies on low molecular weight water-solut
macromolecular inhibitor molecules. The structure and interactions of poly(propylene oxide)-diamine, poly(ethyle
glycol) and poly(ethylene oxide)-diacrylate inhibitor molecules with montmorillonite clay are studied.

Key words: clay swelling, drilling fluids, molecular dynamics simulation.

INTRODUCTION TO DRILLING FLUIDS shales) encountered during the drilling process

During the drilling of subterranean oil wells, technical
drilling fluids comprising a range of chemicals and poly-
mers are used to lubricate the drill bit, maintain hydro-
static pressure, suspend cuttings and transfer readings
from analytical equipment back to the surface. In ad-
dition to this, the fluid contains additives to prevent the
swelling of any clay shale formations (known as reactive

Qoalecrted naner nrecented at the TTITAM Svmnociiim on Swellino

swelling has a tremendously adverse impact on
operations. The large increase in bulk volume oc
from clay swelling hinders the removal of cuttin;
the drill bit, increases friction between the bit :
borehole, and inhibits formation of the thin filter c:
is necessary to seal the formations consequently

to unstable boreholes, sometimes resulting in she
damaged drill bits, which dramatically slows drill
significantly increases exploration and productio
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The development of effective clay swelling inhibitors is
an important goal of the oil and gas exploration industry.

Owing to the disordered nature of clay minerals,
and the variability of natural clay composition, labora-
tory based analysis and characterization of the action
of swelling inhibitors in these minerals is highly chal-
lenging. It is difficult, if not impossible, to experimen-
tally replicate the interaction of swelling inhibitors with
clay minerals under borehole conditions. With recent
advances in computational hardware, and the develop-
ment of increasingly efficient algorithms, computer sim-
ulation has become an extremely useful, if not essen-
tial tool for understanding the underlying principals be-
hind clay swelling (Bougeard and Smirnov 2007) and
for determining how clay swelling inhibitor molecules
interact with clay minerals (Bains et al. 2001).

This present paper highlights the effectiveness of
molecular dynamics (MD) simulation techniques in the
design of improved swelling inhibitors for use in water-
based drilling fluids (WBDFs). We report on results
from some recent large-scale MD simulation studies
(Greenwell et al. 2005, 2006b), in which the structure
and interactions of low molecular weight, water-sol-
uble poly(propylene oxide)-diamine (PPO-DiAm), poly-
(ethylene glycol) (PEG) and poly(ethylene oxide)-dia-
crylate (PEO-DiAc) inhibitor molecules with montmo-
rillonite (Mmt) clays are considered.

In the next sections of this article we introduce
the structure of clay minerals, the mechanisms of clay
swelling and briefly consider the evolution of technical
drilling fluids. We then survey the literature assessing
the environmental impact of drilling operations in the
marine environment and some of the legislation affect-
ing drilling fluid design. The concepts of MD simula-
tions are briefly reviewed followed by the application
of these techniques to study the three different swelling
inhibitor polymers described above.

CLAY MINERAL STRUCTURE

Clay minerals are layered aluminosilicates consisting
of stacks of negatively charged two-dimensional layers.

Fach laver comnricee fiiced cheote of actahedra of A13+

morphic substitutions of the atoms in the tetrahedral and
octahedral sites, e.g., Si*" by AI** and AI** by Mg?",
can lead to an overall negative charge on the clay lay-
ers. This is balanced by sorption of charge-balancing
cations into the interlayer, and on surfaces and edges of
the clay sheet. The interlayer cations are exchangeable
and may be replaced with other cations under appro-
priate conditions. The cation exchange capacity (CEC)
of clay minerals depends upon crystal size, pH and the
type of exchangeable cation (Pinnavaia 1983). In natu-
ral clays there is variability in the charge balancing ions,
which tend to be small inorganic species such as Na* and
Ca?" cations, the charge distribution and structure.

CLAY SWELLING AND ITS INHIBITION IN OIL
AND GAS PRODUCTION

In the presence of water, interlayer cations have a ten-
dency to hydrate forcing the clay layers apart. This can
occur via two different mechanisms. The first of these is
crystalline swelling and is known, both experimentally
(Mooney et al. 1952) and through simulations (for ex-
ample Boek et al. 1995 and Hensen and Smit 2002), to
occur in a discrete fashion through the stepwise for-
mation of integer-layer or mixtures of integer-layer hy-
drates. Following this, osmotic swelling may occur in
some clay minerals where the concentration of cations
present in the interlayer is higher than that in the sur-
rounding water (Norrish 1954). Swelling of this variety
leads to substantial increases in the interlayer spacing.
The tendency of the sodium smectites, frequently en-
countered during oil exploration, to swell macroscopi-
cally is the principle cause of shale instability.

The type, size and charge of cations present in the
interlayer have long been known to greatly impact upon
the magnitude of clay swelling (Falconer and Mattson
1933, Lutz 1935, Norrish 1954). Cations with high va-
lences have been shown to be more strongly associated
with the surfaces of the clay sheets than low valence
cations (Norrish 1954, Young and Smith 2000). They
have also been shown to reduce swelling when com-
pared to clays containing lower valence cations (Chavez-
2001)

PAie7 of a9l TIn addition 1aroer weaklv hvdratino
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and Smith 2000). Weakly hydrating cations have been
shown, through computer simulation, to be reluctant to
hydrate fully and act to screen the mutually repelling
clay surface more effectively than strongly hydrating
cations (Boek et al. 1995). Reduction of clay swelling in
oilfield applications has been achieved by this method,
however high concentrations of toxic KCl is required,
containing about 1 wt.% K" cation, which fail the
mysid-shrimp bioassay (O’Brien and Chenevert 1973).
Consequently, K™ fluids currently find low acceptance
for offshore drilling in many waters.

Nevertheless, KCl was commonly used in associ-
ation with partially-hydrolyzed polyacrylamide (PHPA)
as a swelling inhibitor additive in WBDFs throughout
the 1960s (Bloys et al. 1994) and its use continues to
this day. PHPA helps stabilize reactive shale deposits
by coating them with a protective layer of polymer. In
the 1970s, the drilling industry switched their attention
from WBDFs to the development of oil based drilling
fluids (OBDFs) as a means of controlling reactive shales.
These fluids proved to be very effective as they had ex-
cellent lubricating properties, temperature stability and
resulted in minimal swelling. However, the use of
OBDFs carries a high environmental price. Even with
carefully selected low-toxicity mineral oils, the disposal
of treated cuttings still produce a lasting negative en-
vironmental impact (Davies et al. 1984). As a conse-
quence, the design and development of environmentally
acceptable, biodegradable, WBDFs with OBDF swelling
inhibitor properties is currently an area of great interest.

To this end, PEG type polymers have been used in
WBDFs to prevent swelling enhancing clay shale sta-
bility (Bloys et al. 1994). A relatively low concentra-
tion of PEG is required, thus making them relatively
cheap to use; and at sufficiently low concentrations they
do not significantly affect other important drilling fluid
properties such as viscosity and fluid-loss control. High
molecular weight (My,) PEGs also reduce the amount
of solids dispersion (non-swelling clays particles) that
can occur. Moreover PEGs have a relatively low toxic-
ity, though have a long persistence in the environment.
Tt 1s thoucht that PEGs work bv three main methods to

tant systems, with the collective non-constrainex
molecules having higher degrees of freedom tl
polymer replacing them; ii) enthalpic terms, w
energy of the clay-inhibitor interaction driving
action. Recent work (Chen and Evans 2005) h
gested this may in-fact be more important than
tropic contributions; iii) At a macroscopic leve
swelling inhibition by high M, PEG polymers h
attributed to osmotic dewatering of the clay
However, Smalley in his recent book (Smalley
suggests a bridging flocculation model is far mor
on the basis of neutron scattering data. This is al
firmed by data by Chen and Evans (2004) showi
the d-spacing of clay-PEG systems is irrespectivi
M,, of the PEG used.

To improve the efficiency of clay swelling
tion, Coveney and co-workers devised an in sit
merisation, within the reactive shale, of small
molecules with reactive end groups (Stackhous
2001, Coveney et al. 2004). An example of sucl
tem is the PEO-DiAc system reported here (Grze
et al. 2006a). In these systems it is important t
how the reactive acrylate groups align between t
sheets. Computer simulation gives molecular
that is experimentally unavailable.

There have been several simulation studies
interlayer behaviour and arrangement of qua
alkyl ammonium species within clay minerals.
and co-workers (Zeng et al. 2003, 2004) have
that, depending on the alkyl ammonium specie
a range of interlayer arrangements including m
ers, bilayers, pseudo-trilayers, and pseudo-quad
of inhibitor molecules may be observed. Posp:
co-workers (Pospisil et al. 2001) examined the
ent intercalation behaviour of ammonium surfac
Mmt paying particular attention to the host-guest ;
tion energies. Heinz and co-workers (Heinz et al
Heinz and Suter 2004) have also examined the
tural transitions in organo-ammonium clays wh
ammonium has long alkyl chains, comparing sim
results with experimental measurements.

A further annroach to swelline control wh
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a water-soluble PPO oligomer terminated with an amine
group at each end. It is thought that these amine groups
become protonated in the clay interlayer, and as or-
ganic hydrophobic cations replace the hydratable metal
cations, thus prevent swelling. We have previously stud-
ied di-amine systems in a combined experimental and
simulation study to understand the effect of organic
cation substitution on the structure of the clay interlayer
(Greenwell et al. 2005).

Recently, interest has increased in the development
of improved and increasingly environmentally friendly
swelling inhibition additives for WBDFs based upon a
variety of polymers incorporating amine and quaternary
alkyl ammonium species (for example, Patel et al. 2007,
Kippie and Gatlin 2007, Patel and Stamatakis 2007).

IMPACT OF DRILLING FLUIDS ON THE MARINE
ENVIRONMENT

Increasing environmental concerns and changes in leg-
islation has limited the use of some drilling fluids with
known environmental impacts (Geehan et al. 1990), how-
ever knowledge of the impact of many types of drilling
fluids is still limited. A recent study (Holdway 2002)
assessed the acute and chronic toxic effects of drilling
fluids on temperate and tropical marine ecological pro-
cesses, through evaluation of prior laboratory and field
studies. Detrimental effects were indicated on a wide
variety of ecosystems including pelagic communities,
benthic communities, plankton communities, coral reefs,
mangroves and seagrass beds. The environmental re-
sponse close to a contamination source was identified
as a toxic or smothering effect, causing species popula-
tions and biodiversity decline, or an enrichment effect in
which species abundance increased.

Earlier literature recounts the sublethal effects of
chromium or ferrochromium lignosulphate based drill-
ing fluids on 35 species of marine organisms (Hinwood
et al. 1994). Close to the contamination source, sub-
lethal effects of ester-based drilling fluids are of mod-
erate concern, indicated by the relatively low toxicity
measured in the burrowing marine sand snail, Polinices

annicrne (Giilee 1004 Marine microhial nroceceee are

teria (Okpokwasili and Nnubia 1995). Recent studies
have found that whilst dissolved contaminants are ex-
pected to dilute in seawater to non-harmful levels, po-
tentially toxic contaminants may accumulate through
flocculation, potentially resulting in rapid transport of
waste material to the seafloor at levels that can impact
benthic organisms (Cranford et al. 1999). The benthic
boundary layer has characteristics that differ from the
overlying water column that may allow particles from
drilling fluids to remain in concentrated suspension close
to the seabed (Muschenheim and Milligan 1996). Con-
centrations of barite as low as 0.5 mg/l (ppm) caused
significant effects limiting adult scallop growth of Pla-
copecten magellanicus in the North Atlantic Ocean (Gor-
dan et al. 1992). Studies also indicated that oil droplets
sequester contaminating particles, thus affecting levels
of contaminants at both the seabed and the surface mi-
crolayer (Cranford et al. 1999).

Gray et al. (1990) indicated increased abundance
patterns of some species and altered presence and ab-
sence of rare species due to barium, hydrocarbons and
drilling fluids up to 3 km from drilling sites, indicat-
ing impacts at a distance from platforms not previously
considered. Daan et al. (1990, 1994, 1995, 1996) indi-
cates significant effects of OBDFs and ester based drill-
ing fluids (EBDFs) on macrobenthos species abundance
up to 1 km from the drilling site, with the greatest ef-
fects shown in the echinoderm Echinocardium corda-
tum and its symbiont, Montacuta ferruginosa. WBDFs
commonly indicated a lack of significant environmen-
tal effect in comparison to OBDFs and EBDFs for most
species. However, whilst the abundance of most of the
indicator species was reduced near OBDFs and EBDFs
sources, the abundance of the opportunistic polycheate
Capitella capitata was shown to increase indicating or-
ganic enrichment owing to changes in sediment proper-
ties. Larval settlement of red abalone, Haliotis rufes-
cens, in addition to adult mortality, tissue loss and vi-
ability of brown cup coral, Paracyathus stearnsii, were
shown to be adversely affected by even low toxicity
WBDFs of 0.002-200 mg/l (Raimondi et al. 1997). In
addition. whilst comnonents of WBDFs and EBDFs are
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the increased toxicity of bioaccumulation and food
chain transfer and its consequential effects at higher
trophic levels (Neff et al. 1989, Frost et al. 2002).

In summary, there is a paucity of data on both the
acute and chronic effects of drilling fluids and their as-
sociated wastes on many marine organisms and ecolog-
ical processes. Whilst the impacts of drilling fluids on
multiple ecological processes have been highlighted,
the inherent variation in different natural environments
coupled with variations in temporal and spatial scales
have so far impeded the ability to predict the long-term
impacts of drilling fluids on the marine environment
(Holdway 2002). Design of suitable drilling fluid ad-
ditives can lead to low environmental impact, waste min-
imization through recycling, and reuse of fluids and
their components.

COMPUTER SIMULATION FOR STUDYING
CLAY-ORGANIC SYSTEMS

In many papers concerning polymer-clay systems, the
only form of analyses presented are powder X-ray dif-
fraction (PXRD) and, to a lesser extent, thermo-gravi-
metric analysis (TGA), which reveal the interlayer spac-
ing and organic/water content respectively. Fourier
transform infra-red spectroscopy (FTIR) has also been
used to study the adsorption of low My, amines by clays,
for example to demonstrate the presence of Brensted
acid sites in the clay interlayer (Yariv and Cross 2002).
These conventional analytical techniques, whilst use-
ful, are by themselves incapable of elucidating the inter-
layer arrangement, let alone dynamical behaviour. How-
ever, the insight gained by these methods provides useful
starting data for building models for computer simula-
tion. Computer simulation is a valuable tool for gaining
understanding of the arrangement and dynamics of in-
tercalated molecules in clay systems (Greenwell et al.
2006b). The complexity and size of inhibitor-clay sys-
tems generally rules out the use of quantum mechanical
(QM) based methods other than to understand the inter-
actions between reactive groups and small components
and clay sheets. Therefore, simulations are typically

carried ot nieino claccieal force-field haced methode

gles, torsions, non-bonded van der Waals and cou
interactions.

MOLECULAR DYNAMICS

By applying initial velocities to a configuration o
and solving Newton’s equations of motion the
tial energy surface of a system may be travers
deterministic fashion and the temporal evolutic
system followed. This is known as molecular ¢
ics (MD). In this technique thermal energy is ir
using a thermostat, which allows potential ener
riers to be overcome, in a realistic manner. Th
advantage of the method is that the dynamical
tion of a system, with time, may be followed,
allows comparison with additional experiment:
niques such as NMR and quasi-elastic neutron sca
The data from these simulations provides precis:
mation regarding the coordinates of all atoms wi
model at any point in time during the simulation
This allows the interlayer arrangement and dyna:
organic and water molecules to be evaluated wit
precision.

MODELLING PERIODIC SYSTEMS

In order to model the bulk structure of materials (
than 10?* atoms) using relatively small models (ge
less than 10* atoms), two methods are often em
(i) The use of super-cells, where the original u
usually derived from a crystal structure, is replicat
eral times and then redefined as one larger sim
cell, (ii) periodic boundary conditions are applie
simulation cell, where the super-cell is considere
replicated infinitely in all three orthogonal spacc
tions. It is assumed that such an approach will re
the properties of the extended condensed phase s

SIMULATION METHODOLOGY

Each of the model inhibitor-clay systems was pt

ac deceribed 10 ot nrevione work 11 thie area (R,
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MODEL DETAILS

The model clay used was a Wyoming-like Mmt with
chemical formula [Al;sMg;][Si30096H 6 IM" (M*=Na",
K"). Four possible scenarios of PPO-DiAm (M,, =
248 g mol™!, see Fig. 1a) Na'—Mmt systems using ex-
perimental loadings of inhibitor and water have been
simulated: (i) None of the Na* was exchanged and all
the amine was unprotonated (-NH,); (ii) 33% of the
(-NH,) and Na" was exchanged by ammonium species
(fNH;r); (iii) 66% of the Na® was exchanged by am-
monium species; (iv) all the monomer was protonated
ammonium (fNH;r), equivalent to exchange of 83% of
the Na* cations. The number of inhibitor intercalants
and water molecules remained constant for each model,
based upon experimental TGA data (Greenwell et al.
2005) for the PPO-NH, system and corresponded to
10% mass inhibitor content and 1% mass water. The
super-cell composition of each model is given in Table 1.
To investigate finite-size effects, one of the initial mod-
els was further replicated to form a super-cell containing
350840 atoms. This was simulated for 0.5 ns.

(a)

(b)

YA

(c)

Fig. 1 — Structure of (a) poly(propylene oxide) diamine (PPO-NH,),
molecular weight My, =248 g mol !, (b) poly(ethylene glycol) (PEG),
My =414 g mol ™! and (c) poly(ethylene oxide) diacrylate My, =

258 ¢ mol™! as used in the simulations presented in this work.

A total of four Mmt based systems were simulated
consisting of PEG (M,, = 414 g mol™!, see Fig. 1b) and
PEO-DiAc (M,, =258 g mol™!, see Fig. 1c), intercalated
within Na* and K* Mmt galleries. In these simulations
models were constructed in the order of 20,000 atoms.

The 1111t cell comnocition of each model ie oiven 1h

required to extract the bending modulus. The undula-
tions are only noticeable for large system sizes; for Mmt,
the collective motion of the clay atoms only manifests
as long-range undulations at length scales greater than
100A. We have therefore constructed two very large-
scale Mmt models through replication of much smaller
unit cells: i) intercalated with a double layer of water,
with a system size of 1055000 atoms, ii) intercalated
with a double layer of PEG (M,, = 3978 g mol™") with a
system size of 1756020 atoms.

SIMULATION CODE AND PARAMETER DETAILS

The MD simulations were performed using the Large-
scale Atomic/Molecular Massively Parallel Simulator,
LAMMPS (Plimpton 1995). LAMMPS uses algorithms
and techniques that allow the code to exhibit a near lin-
ear relationship (scaling) between the number of proces-
sors used, or the size of the model system of interest,
and the time taken for the simulation to be performed
(Hein et al. 2005, Suter et al. 2007). To model the vari-
ous systems two different parameter sets were required:
(i) The Teppen force-field (Teppen et al. 1997), (an ex-
tension of the cff91 force-field) which has been specifi-
cally parameterized to account for the behaviour of clay
minerals, as well as describing the organic molecules
was employed to simulate all models > 500000 atoms
in size. This force-field has been validated for the swel-
ling behaviour of the Na*~Mmt clays (Hein et al. 2005)
and used to study the interlayer arrangement and dynam-
ics of all of the PPO-DiAm—Mmt and PEO-DiAc—Mmt
inhibitor-clay systems, as well as the smaller (< 25K
atoms) PEG-Mmt models (Boulet et al. 2003, Green-
well et al. 2005, 2006a, b). (ii) To calculate the elastic
properties of inhibitor-clay systems a completely flex-
ible force-field is required. To this end the more re-
cently developed ClayFF force-field (Cygan et al. 2004)
was used to describe the clay framework of the much
larger models (> 1000000 atoms). This force-field treats
most interatomic interactions as non-bonded Coulombic
and Lennard-Jones (12—6) pair potentials, which allows
complete translational freedom and permits simulation

of comnley dicordered eveteme Intercalated oroanic 1n-
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TABLE I
Simulation cell composition of clay-polymer molecular models. For the mixed
PPO-NHZ/NH3+ systems the percentage NH3+ content is labelled.

Polymer M* | No. Water % Weight Time (ns) | No. Atoms
Water | Polymer

PPO-NH, Na® 56 1 10 1.8 7160
PPO-NH,/NHJ (33%) | Na* 56 1 10 1.0 7160
PPO-NH,/NHJ (66%) | Na* 56 1 10 1.0 7160
PPO-NHJ Na® 56 1 10 1.0 7160
PPO-NH{ Na® 56 1 10 0.5 350840

PEG Na® 474 29 19.8 1.0 17784

PEG Na® 0 0 22.5 1.5 1756020
PEG K* 705 3.6 27.4 1.0 23775
PEO-DiAc Na* 200 1.2 17.8 1.0 20840
PEO-DiAc K* 60 0.4 17.7 1.0 20420

N/A Na® | 720000 8.9 0 43 1055000

successfully used to describe the intercalation of organo-
layered double hydroxides (Padma Kumar et al. 2006)
and alkylammonium-intercalated smectites (Liu 2007).

In all cases water was represented by the SPC
model (Berendsen et al. 1981) which is consistent with
the ClayFF, CVFF and Teppen force-fields. Short-range
non-bonded interactions were described using a Len-
nard-Jones 9-6 potential where the Teppen force-field
was used and a 12-6 Lennard-Jones potential for the
larger systems simulated using the ClayFF and CVFF
force-fields.
signed a cut-off distance of 10A. Calculation of the

In both cases these interactions were as-

computationally demanding long range interactions was
carried out using the PPPM algorithm (Hockney and
Eastwood 1981, Luty et al. 1994, Toukmaji and Board
1996). The rRESPA algorithm was employed to econo-
mize simulation time, with an outer time step for elec-
trostatics of 4 fs and an inner time step for bond terms
of 0.5 fs. Three-dimensional periodic boundary condi-
tions were applied to all models to represent the bulk
material. Models were constrained to be orthogonal by
the limits of the LAMMPS package. The inhibitor-clay

<triictiiree were ontimized to remove rentilceive 1nterac—

COMPUTATIONAL DETAILS

Simulations of the inhibitor-clay systems we
formed on a variety of high-end computing res
In typical recent simulations, a federation of th
percomputing grids was employed to perform th
lations as well as to visualize the data producec
this is a somewhat novel computing infrastruct
also briefly describe pertinent aspects of it in tl
tion. Simulations were performed on the followin;
ated grid infrastructures: the UK’s National Grid:
(www.ngs.ac.uk), including HPCx (www.hpcx
the TeraGrid (www.teragrid.org) and the EU Dist
European Infrastructure for Supercomputing A
tions (www.deisa.org). Submission of jobs wa
itated by the Application Hosting Environment
(http://www.omii.ac.uk/). The AHE allows the s
sion of geographically distributed jobs through ¢
uniform interface which interoperates between
and Unicore grids and also retrieves output dat
matically once a simulation has finished (Covene
2007a, b).

ANALYSIS AND VISUALIZATION
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was started after this period. Data was collected every
0.1 ps and statistical averages were evaluated over the
last 800 ps of simulation where possible. Time averaged
radial distribution functions (RDFs) and 1-D atom dis-
tribution plots were calculated for selected atom types.
Visualization was achieved using the UCSF Chimera
package for models containing less than 10,000 atoms.
Larger models were visualized using the AtomEye soft-
ware package (Li 2003), which has more efficient ren-
dering capabilities for larger systems and can be run on
parallel processors. Parallel rendering of the trajecto-
ries was performed on six processors of an SGI Prism,
further reducing time spent on visualization. Fast net-
works are required in order to transfer data from su-
percomputing resources for post-processing and visual-
ization. Switched optical networking was used in or-
der to transfer the large quantities of data generated in
this study, ~ 250 GB. (Coveney et al. 2007b) Specif-
ically, the JANET lightpath research network was uti-
lized (http://www.ja.net/services/lightpath/). This ser-
vice operates within the UK and connects to similar net-
work infrastructures across Europe and the U.S.

!WWﬁV‘V‘

»ic- S \oxoi A

!&A Jl

Fig. 2 — Snapshots after 1 ns of molecular dynamics simulation of
the 7160 atom 33% ammonium mix (PPO-NHz/PPO—NH;r) sys-
tem showing the interlayer arrangement of ammonium cations and
adjacent clay sheets. The ammonium cation is arranged to maximise
H-bond and electrostatic interactions. When compared to the Na™
cation, the ammonium cation is unable to sit closer to the cavities in

the tetrabhedral laver af the clav cheet diie ta cterie rectrictione and

RESULTS

In this section we first present the results obtained
from our studies of Na™ Mmt with PPO-DiAm swelling
inhibitors, and examine the results of increasing pro-
tonation of the amine group. This is followed by the
results from studies of PEG swelling inhibitors in Na*
Mmt, the way PEG effects plasticity and other mate-
rial behaviour of the clay-water-inhibitor system, and
then the effect of functionalizing the PEG with DiAc.
We next look at the effect of exchanging the Na* cation
for K* cations as might be the case where KCl brines
are used to help suppress swelling. By examining the
interactions at a molecular level the subtle interactions
between inhibitor and clay and effect on water arrange-
ment can be deduced, vital for successful design of dril-
ling fluid composition.

PPO-DIAMINE NA*—MMT SYSTEMS

Interlayer arrangement and bonding in PPO-NH,

inhibitor-clay systems

The PPO-NH; molecules in the simulated 7160 atom
system formed a monolayer with a d-spacing of 13.98A
(£0.002A). This is in good agreement with the exper-
imental value of 14.3A (Greenwell et al. 2005). Fig-
ure 3 shows the 1D atom density distribution across the
interlayer regions for the amine/ammonium group N and
H atoms. The PPO-NH; N atoms are located slightly
offset either side of the mid-plane of the interlayer. Lit-
tle or no H-bonding occurs between the amine groups
and the siloxane surface oxygen atoms in the tetrahe-
dral layer of the clay sheet. The other atoms in the PPO
backbone are observed to lie along the mid-plane of the
interlayer region. The interlayer water molecules in this
system are arranged almost parallel with the clay sheets.
The water O atoms are arranged near the interlayer mid-
plane, but oriented towards the face of the clay sheets
with the water H atoms residing close to, but slightly off-
set from, the mid-plane of the interlayer. As in all the
systems we have investigated, Na* cations were arranged
mainly adjacent to the face of the clay sheet, sometimes

nenetratinoe ihto the tetrabhedral laver <lichtlvy The RDF
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(a)

(b)

d = 1439A £0.001A

U

d=1515A+0001A

(©

(d)

+0.001A

d=13.69

d=13.98A +0.001A

Fig. 3 — One-dimensional atom density maps for interlayer species in MD simulations of, (a) poly(propylene oxide) diammoniur

NH;’); (b) poly(propylene oxide) 66% mix (PPO—NHZ/PPO—NH;’); (c) poly(propylene oxide) 33% mix (PPO—NHZ/PPO—NH;') cot

(d) poly(propylene oxide) diamine (PPO-NH,) Na™t-montmorillonite. Colours are as follows: Siloxane surface clay O atoms (black)

nium N (blue), amine N (green), ammonium H (red), amine H (pink).

the N atoms of the amine groups (2.5A). A PPO-amino-
sodium cation coordination has also been postulated by
Lin et al. (2004), who suggested that the combined O
and N atom coordination to Na* provides a driving force
for adsorption of the organic molecules.

Interlayer arrangement and bonding in PPO—NH;'
inhibitor-clay systems

The simulated d-spacing for the 7160 atom system am-
monium system was 14.39A (with a standard deviation
of £0.001A), in reasonable agreement with the experi-

mental worl of hoth onireelvee (Greenwell ef al 2005)

distribution within the interlayer (Fig. 3) and c
ing it to the distribution for the PPO-NH, modc
ure 3a shows the distribution of the ammoniun
N and H atoms in comparison to the siloxane su
atoms of each clay layer. The ammonium gro
predominantly arranged adjacent to the face of t
sheets, with the ammonium H atom density clo:
1.5A) to the siloxane surface O atoms than the
nium N atom density (ca. 1.9A), indicating the
tion of a domain of ammonium groups H-bondex
aluminosilicate sheets. The slightly expanded in
in the PPO—NH_;F system arises due to conform
chaneges in the molecules. discussed below. to al
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nium H atoms and the O atoms of the silicate sheet. This
conformational change does not occur when only amine
(-NH,) groups are present.

The PPOfNH3+ backbone C and O atoms, Fig-
ure 3b, are arranged along the mid-plane of the inter-
layer region, with the methyl groups and the O atoms
both slightly offset either side of the mid-plane, due to
the staggered nature of these groups in the PPO back-
bone. The Na* cations adopted positions along the face
of the clay sheets (Fig. 3c), in some cases interpene-
trating the rings formed by the siloxane surface oxygen
atoms of the tetrahedral aluminosilicate layer. In the
case of the ammonium-intercalated systems with very
few Na* cations the interlayer water adopted an arrange-
ment close to the faces of the clay sheets, with the wa-
ter H-atoms oriented predominantly closer to the face of
the clay sheet than the water O atoms. This arrangement
of water molecules is in contradistinction to the PPO—
NH, systems where the water O atoms were arranged
near to the interlayer mid-plane and oriented co-planar
with the clay sheets.

A more detailed analysis of the local environment
about each atom type is given by the RDFs (not shown).
The ammonium cation H atoms are coordinated strongly
by interlayer water (1.8A inter-nuclear separation), indi-
cating that the ammonium ion behaves somewhat akin
to a Na* cation. The ammonium H atoms also strongly
interact with the siloxane surface O atoms of the clay
sheet at a distance of some 2.4A, as suggested by the
1-D atom distributions. This arrangement of the pos-
itively charged ammonium groups is again similar to
the similarly charged Na" cations, which also interact
closely with the O atoms in the PPO backbone. The am-
monium group is oriented such that the H-bonding and
favourable electrostatic interactions are maximized. In
conditions of low interlayer water content, Na™ cations,
by comparison, tend to interpenetrate slightly into cav-
ities within the tetrahedral layer of the clay sheet so as
to maintain a full coordination shell of O atoms made
up partly by water, partly by clay.

The large-scale, 350840 atom system, simulated
for 05 ns. showed an averace simulated Jd-snacine of

features in both systems, but the atom density in the
larger system was found to be less constrained than in
the smaller model. Visualization showed that some un-
dulations in the clay layers had formed (see Greenwell
et al. 2005). It is likely that this effect is due to the large
supercell employed; small periodic models are much
more tightly constrained by symmetry to rigid clay
sheets. In short, absence of such undulations is due to
finite size effects. The observation of such clay sheet un-
dulations are of significance as they allow the calculation
of materials properties, vide infia.

Interlayer arrangement and bonding in
PPO—NH;' /PPO-NH, inhibitor-clay systems

The simulated PPO—NH;/NHz systems had average d-
spacings of 13.69A (£0.001A) and 15.15A (£0.001A)
for the 33% ammonium and 66% ammonium systems
respectively. The larger average d-spacing for the latter
case arises due to one of the interlayers in the model
being significantly more expanded (ca. 15.9A) than the
other (ca. 14.4A), the reason for which is described in
more detail below.

An examination of the atom density distribution
across the interlayer shows that the ammonium groups
in both PPO-NHJ /NH; systems (Fig. 3) behaved sim-
ilarly to those in the PPO—NH;F system, being found
adjacent to the clay sheet siloxane surface O atoms as
can also be seen in Figure 2. In contrast to the PPO—
NH; systems, the amine groups in the 66% ammonium
system were further away from the mid-plane of the
interlayer, with the bulk of the amine H atom density
located towards the positively charged ammonium
groups, suggesting possible H-bonding between these
species, which is manifested in the RDF plot discussed
later. The amine groups in the 33% ammonium sys-
tem were distributed more in line with the amine groups
in the PPO-NH,; system (Fig. 3). The monomer back-
bone C and O atoms were distributed in the mid-plane
of the interlayer, with the exception of the much wider
interlayer noted above. In this larger interlayer phase,
AF Aeanacine ~a 16A the PPO anneared ta form a hio
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showed that this was due to intra-molecular H-bonding
causing a coiled monomer conformation to arise, result-
ing in an apparent bilayer arrangement.

The distributions of Na™ cations and water across
the interlayer are similar to those of the PPOfNH;r Sys-
tem (Fig. 3) for the 66% ammonium system, and fol-
lowed the PPO-NH, system for the 33% ammonium
system. This illustrates that the distribution of inter-
layer Na* and water varies according to the number of
amine groups that have been protonated. So far as the
intercalated organic molecules are concerned, in scenar-
ios where there are predominantly ammonium groups
the interlayer adopts an arrangement similar to the case
where there are all ammonium groups, and vice versa
for amine groups and compounds. The RDFs for the
amine N atoms (not shown) indicate that the ammonium
H atoms approach within 1.9A on average, indicating
strong H-bonding. The strong nature of such H-bonding
in the simulated system would also be a plausible expla-
nation for the high shift noted for the N-H bending mode
absorption (indicative of H-bonding) in the PPO-NH,
and PPO—NH;/NHZ systems FTIR spectra (Greenwell
et al. 2005), suggesting that in the PPO-NH; system a
mixture of H-bonded -NH; and NH;r groups exist in the
interlayer, rather than just -NH,.

PEG BASED NA*—MMT INHIBITORS

Simulations revealed average d-spacings of 1.70nm for
the Na*~-Mmt-PEG system. The 1-D atom density dis-
tribution for the PEO backbone C atoms shows two dis-
tinct peaks corresponding to a definite bilayer arrange-
ment for PEG, concentrated within a relatively narrow
region about the mid-plane. In the 1-D atom density
distribution plot, the Na* cations are found embedded
in the faces of the clay sheets, with a very small num-
ber of Na* cations further out into the interlayer region
adjacent to the face of the clay sheets (Fig. 4). The wa-
ter molecules were found to hydrate the exposed sur-
faces of the Na* cations studding the clay surface and
pointing toward the interlayer space. As such the water
molecule distribution follows the asymmetry present in
the Nat 1D atom dencitv dicdtrihiifion and the forman

organic molecules were further from the clay sl
sulting in the more compact bilayer. Na™ ions int
with the PEG hydroxide groups and the PEG ba
O atoms.

Bulk properties of PEG systems

Intercalation of polyethers such as PEG can not ¢
fect the swelling properties of clay but can also
the elastic and viscoelastic properties of the cl
terial. However, experiment measurements of tk
tic moduli of smectite clay platelets have, thus
been successful (Chen and Evans 2006), so it
possible to calculate values of modulus to use i
posite theory; inhibited clay systems can be con
as high clay fraction clay-polymer composites.
culate the material properties of Mmt, in Figur
show the spectral intensity per undulatory mode
wave-vector in the x and y directions for Mmt wit
and with 3978 g mol™! PEG polymer, with syste
of 1055000 and 1756020 atoms respectively (T
To calculate the elastic properties of the Mmt sh
relate the wavelength and amplitude of the therr
dulations of the clay sheet to its material propertic
as the bending modulus, & (Suter et al. 2007):

kpT

hl(@))? = ,
@ = e

where /4 is the height function of the clay shex
the wavevector of the undulation, A4 is the area
clay sheet, kp is the Boltzmann constant and 7
temperature.

We find through fitting the long wavelen
haviour to a ¢~ fit that the bending modulus
x and y directions to be 1.7 x 107!7 J, for both cl
tems. The identical bending moduli indicates t
undulations of the clay are unaffected by the int
medium. Thisis likely to be due to the very large i
elastic modulus of the clay sheet, which is far
than the intercalated medium.

DiAc functionalized PEO inhibitors
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atoms has two distinct peaks corresponding to a defi-
nite bilayer arrangement for the Na*~Mmt-PEO-DiAc.
The carbonyl O atoms on the PEO-DiAc were found, in
part, to have a similar spatial distribution to the PEO C
atoms, but also occupied much of the space along the
mid-plane of the interlayer suggesting cross-linking be-
tween the acrylate end groups in different monolayers
may be possible. A similar distribution occurred for the
PEG hydroxyl groups. The RDFs also show that the Na*
also interacted somewhat with the PEO-DiAc carbonyl
O atoms and the PEO chain O atoms of the PEO-DiAc.

THE EFFECT OF EXCHANGING NAY FOR K
IN MMT SYSTEMS

Simulations revealed average d-spacings of 1.69nm and
1.84nm, respectively, for the K"~Mmt-PEO-DiAc and
the K*~-Mmt-PEG system. The larger d-spacing of the
K"*-Mmt-PEG was found to correspond to a clear tri-
layer arrangement of organic molecules (Fig. 4) com-
pared to the bilayer observed for the K'-Mmt-
PEO-DiAc. In the K"'-Mmt-PEO-DiAc the K* cations
were distributed only adjacent to the faces of the clay
sheet. This suggests that K™ has better mobility within
the interlayer, due to lower charge density resulting in
lower interaction with water and monomers, and is able
to migrate to the face of the clay sheet. For the K-
Mmt-PEG, a small amount of K* atom density was ob-
served towards the mid-plane of the interlayer (Fig. 4).
Analysis of the 1-D atom density distribution plots and
RDFs for the water O atoms, the PEO C atoms and the
PEO-DiAc carbonyl O atoms showed that the K* cation
was approached as closely by the organic molecule as
the water molecules, and in fact the carbonyl O atoms
in the PEO-DiAc were closer to the face of the clay
sheets than the water O atoms. The fact that the organic
molecule approaches the cation as closely as the water
supports the suggestion that the K* cation has less inter-
action with water due to its lower surface charge density
relative to Na™.

DISCUSSION

In the PPO-DiAm cveteme the interlaver enacino 1ihder

dent on the number of intercalated ammonium groups,
and showed good agreement with the experimentally ob-
served monolayers at similar organic and water load-
ings. Computer simulation shows that the organic mo-
lecules studied in this work are generally arranged in a
monolayer within the interlayer. The PPO backbones of
the molecules are arranged along the mid-planes of the
interlayer and the orientation of the headgroups depends
on whether an ammonium or amine group is present. The
arrangement of the PPO backbone contrasts with the be-
haviour of PEO based polymers (as can be seen in the
following section), which are hydrophilic and arrange
themselves along the face of the clay sheets to form bi-
layers (Boulet et al. 2003).

As discussed, in MD simulations the amphiphilic
nature of the Na*~Mmt is influenced by the presence
of organo-ammonium species, the orientation of water
molecules within the interlayer depending upon whether
the monomers were terminated with ammonium or
amine groups, due to the changes in H-bonding net-
works and absence of Na* cations which might other-
wise coordinate the water strongly.

The range of the calculated d-spacings for the
Na* systems showed good agreement with experimen-
tal values, given the differences in composition and un-
certainty in the degree of intercalated material, typically
within about 5%. The ability of the Na* cations to dif-
fuse into the tetrahedral pockets of the clay surface has
already been observed both experimentally (Yang and
Zax 1999) and theoretically (Hackett et al. 2000) for
Li" and Na" cations. The absence of the cations and
their associated hydration spheres, from the interlayer
region, results in both a more organophilic interlayer
region and more space for organic molecules for a given
d-spacing.

The simulated K*-Mmt-PEO-DiAc systems showed
particularly poor agreement to experimental d-spacing.
However, it should be noted that the experimental XRD
reflections are very broad for K'~Mmt-PEO-DiAc sys-
tems (Greenwell et al. 2006b). Paradoxically, these sys-
tems containing K* cations, which have been shown to
be less able to miorate into the tetrahedral lavers of the
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Fig. 4 — Snapshots after 1 ns of molecular dynamics simulation for (a) the PEG-K*Mmt composite and (c) the PEG-Na*Mmt co

The one-dimensional atom density maps of the change in K* cation distribution for the simulated PEG and PEO-DiAc K*Mmt comy

shown in (b) and the change in Na™ cation distribution for the simulated PEG and PEO-DiAc Na™—Mmt composites in (d). The x-axes

distance from the centre plane of the interlayer in nm (x 10). The y-axes show the arbitrary density. Dashed line = poly(ethylene glycol)

line = poly(ethylene oxide) diacrylate for comparison.

that these materials tend to exfoliate and hence exhibit
domains where single clay sheets are not assembled in
tactoids, but are rather dispersed throughout the poly-
mer matrix. Exfoliation accounts for the lack of agree-
ment between simulated and experimental d-spacings for
the K'-Mmt systems, since exfoliation cannot be sim-
ulated in these strictly periodic models. The propensity
for KT—=Mmt to exfoliate is noteworthy as it is in con-

drilling fluids; the use of K* salt inhibitors w
tain organic inhibitors may lead to dispersion anc
bilization of clay fractions.

For all the simulated PEG systems no evider
found for H-bond interactions between the pro
the PEG alcohol groups and the tetrahedral O at
the clay surface. Therefore, it seems that in th
ence of water and cations, PEG is unlikely to
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cations which reside at the clay sheet surface. This ar-
rangement, which results in organic monomer C atoms
adjacent to the organophilic silica surface, has been re-
ported previously by others (Bujdak et al. 2000).

1e+06 o
* s ® Mmt with intercalated water
| LAy = Mmt with intercalated PEG
E [N
10000
.
< 100
=
L E
1E
00—l PR T T WL | Ll

q[A™]

Fig. 5 — Spectral intensity per undulatory mode versus wave-vector
in the x and y directions for MMT intercalated with water (1055000
atoms) and 3978 g mol~! PEG (1756020 atoms) in the x and y di-

4 modes for

rections. The dashed line is a fit to the undulatory ¢~
g < 0.04 with k = 1.7 x 10717 J. The local peak centred on
g = 0.35A~1 and 0.175A~1 is due to artificial periodicity resulting
from the way isomorphic substitutions are included in all the mod-
els. Isomorphic substitutions in real clays are randomly distributed so

this peak can be disregarded.

The choice of functionalized PEO was also found
to affect the cation distribution across the system in-
terlayer. In the PEG systems hydroxyl (alcohol —OH)
groups retained some of the cations and associated
hydrations shells within the interlayer region. The mag-
nitude of this effect is dependent upon the cation, with
nearly all the K* migrated to the face of the clay sheet.
Since the cations are retained in the interlayer region
away from the clay sheet surface they are also closely
associated with the monomer backbone O atoms. There-
fore in the RDFs, the order of interaction for both the
PEG hydroxyl O atoms, and the backbone O atoms,
with the cations is: Na* > K*.

Conversely, the PEO-DiAc, having no alcohol OH
groups, did not retain the cations in the mid-plane of

the inferlaver recion: inctead the vacet matioritv of the

action between the different cations and the PEO-DiAc
backbone O atoms, or the endgroup O atoms, showed the
strength of the interaction with the low surface charge
density cations decreasing in the order: K* > Na*.

Furthermore, both the resistance to swelling and the
tendency of K*~Mmt to exfoliate can be rationalized
in light of the fact that the low surface charge density
K" cation is not particularly hydrophilic, and sheds its
hydration shells (Boek et al. 1995). This both renders
the clay more resistant to swelling in an aqueous en-
vironment and, if the driving force for intercalation is
entropy-favoured displacement of interlayer water, facil-
itates the uptake of organic molecules, when present, by
allowing water of hydration to be exchanged (Bains et
al. 2001).

CONCLUSIONS AND FURTHER WORK

We have reported on the use of large-scale MD on high
performance computing facilities, and using grid-com-
puting methods, to undertake simulations of clay swel-
ling inhibitor systems. The results allow interpretation
of bulk experimental data of the mode of interaction of
swelling inhibitors with clay minerals at an atomistic
and molecular level. This highlights the use of com-
puter simulations for the design of new and improved
drilling fluids. The ultimate goal of computer aided
design is to allow the oilfield industry to produce im-
proved swelling inhibitors for reactive shales that max-
imize oil and gas recovery and reduce costs associated
with wellbore instability. With increasing environmen-
tal awareness, the design of biodegradable fluid com-
ponents, including swelling inhibitors, with similar ef-
ficiency to current technologies is a key priority. Fur-
thermore, by using very large-scale simulations, enabled
through grid computing, material properties can been
calculated for hydrated clay systems, which are in agree-
ment with the experimental data available for related
systems. Future work will use the techniques and un-
derstanding of swelling inhibitor-clay interactions de-

corithed here ta decion i oilicrn new ocweallino inhihkho
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RESUMO

Durante a exploragdo de dleo e gas um fluido de perfuragao
¢ usado para lubrificar ‘bit” da perfuradora, manter a pressido
hidrostatica, transmitir sensores de leitura, remover residuos
da rocha e inibir o inchamento da argila instavel baseada nas
formagoes dos folhelhos. O aumento das preocupagdes am-
bientais bem como a legislagdo resultante levou a procura de
novos fluidos de perfuracdo com componentes biodegradaveis.
No caso dos aditivos para inibir o inchamento das argilas o
entendimento das interagdes entre os aditivos e as argilas tem
que ser adquirido para permitir o projeto de moléculas com
melhores propriedades. Devido a natureza desordenada da di-
mensdo nanoscopica dos nano poros dos minerais argilosos,
simulagdes computacionais tém se tornado uma ferramenta
poderosa para estudar as intera¢des entre o inchamento da argila
e o inibidor. Neste trabalho revisamos brevemente o historico
do desenvolvimento de fluidos técnicos de perfuracdo, o im-
pacto ambiental dos fluidos de perfuracdo e o uso de simu-
lagdes computacionais para estudar as interagdes entre os flui-
dos de perfuracao e os inibidores do inchamento. Nos repor-
tamos resultados para alguns estudos baseados em simulagdes

de dindmica molecular em larga escala em uma solugdo aquosa

Ao hatva necn malaecriilar com enhiitae coamnnetfac NAr MMacrno

Palavras-chave: inchamento das argilas, fluidos de

¢do, simulagdes de dindmica molecular.

REFERENCES

BAINS AS, BOEK ES, COVENEY PV, WILLIAMS
AKBAR MV. 2001. Molecular modeling of the
nism of action of organic clay-swelling inhibitos
Simul 26: 101-145.

BERENDSEN HJC, POSTMA JPM, VAN GUNSTER
AND HERMANS J. 1981. Interaction models for
relation to protein hydration. In: PULLMAN B (
termolecular Forces. Riedel, Dordrecht, the Neth
p. 331-342.

BLOYS B, DAvIsS N, SMOLEN B, BAILEY L, Hou
REID P, SHERWOOD J, FRASER L AND HODI
1994. Designing and managing drilling fluid.
berger Oilfield Rev 6: 33-43.

BOEK ES, COVENEY PV AND SKIPPER NT. 1995.
Carlo molecular modeling studies of hydrated Li-,
smectites: Understanding the role of potassium a
swelling inhibitor. J] Am Chem Soc 117: 12608—

BOUGEARD D AND SMIRNOV KS. 2007. Modeling
of water in crystalline nanoporous aluminosilicats
Chem Chem Phys 9: 226-245.

BOULET P, BOWDEN AA, COVENEY PV AND W
AJ. 2003. Combined experimental and theore
vestigations of clay polymer nanocomposites: ir
tion of single bifunctional organic compounds
montmorillonite and Na*-hectorite clays for the
of new materials. J Mater Chem 13: 2540-2550.

BUIDAK J, HACKETT E AND GIANNELIS EP. 2000. ]
layer charge on the intercalation of poly(ethylene c
layered silicates: Implications on nanocomposite |
electrolytes. Chem Mater 12: 2168-2174.

CHAVEZ-PAEZ M, VAN WORKUM K, DE PABLO L
PABLO JJ. 2001. Monte Carlo simulations of W
sodium montmorillonite hydrates. J Chem Ph
1405-1413.

CHEN B AND EVANS JRG. 2004. Preferential inter
in polymer-clay nanocomposites. J Phys Chem
14986-14990.

CHEN B AND EVANS JRG. 2005. On the thermoc

Aevixrttnrr Lo v v )y o9 v c1vtmrrmna ottt 111 crvm vt od



“main” — 2010/1/21 — 13:35 — page 58 — #16

58 RICHARD L. ANDERSON et al.

CHOU CC, SHIEU FS AND LIN JJ. 2003. Preparation, orga-
nophilicity, and self-assembly of poly(oxypropylene)ami-
ne-clay hybrids. Macromolecules 36: 2187-2189.

CHOU CC, CHANG YC, CHIANG ML AND LIN JJ. 2004.
Conformational change of trifunctional poly(oxypro-
pylene)amines intercalated within a layered silicate con-
finement. Macromolecules 37: 473-477.

COVENEY PV, WATKINSON M, WHITING A AND BOEK ES.
2004. Stabilizing Clayey Formations, US Patent Number
6787507.

COVENEY PV, SAKSENA RS, ZASADA, SJ, MCKEOWN M
AND PICKLES S. 2007a. The application hosting envi-
ronment: Lightweight middleware for grid-based compu-
tational science. Comput Phys Commun 176: 406—418.

COVENEY PV, GIUPPONI G, JHA S, MANOS S, SUTER
JL, THYVEETIL M-A AND ZASADA SJ. 2007b. Large
Scale Computational Science on Federated International
Grids: The Role of Switched Optical Networks. Preprint.

CRANFORD P, ARMSWORTHY S, LEE K, MILLIGAN T,
MUSCHENHEIM K, HANNAH C, LODER J, L1 M, SON-
NICHSEN G AND KING E. 1999. Interactions between
offshore oil and gas operations and the marine environ-
ment. In: PATIN S (Ed), Environmental impact of the
offshore oil and gas industry. Ecomonitor Publications.

CYGAN RT, LIANG JJ AND KALINICHEV AG. 2004. Molec-
ular models of hydroxide, oxyhydroxide, and clay phases
and the development of a general force field. J Chem Phys
B 108: 1255-1266.

DAAN R, LEWIS WE AND MULDER M. 1990. Biological
effects of discharged oil-contaminated drill cuttings in the
North Sea. NIOZRapport 1990-5, Netherlands Institute
for Sea Research, North Sea Directorate, Rijswijk, The
Netherlands, 79 p.

DAAN RK, MULDER M AND LEEWEN A. 1994, Differential
sensitivity of macrozoobenthic species to discharges of
oil-contaminated drill cuttings in the North Sea. Neth J
Sea Res 33: 113-127.

DAAN R, Boo1J K, MULDER M AND VAN WEERLEE EM.
1995. A study of the environmental effects of a discharge
of drill cuttings contaminated with ester-based drilling
muds in the North Sea. NIOZ-Rapport 1995-2, Nether-
lands Institute for Sea Research, North Sea Directorate,
Rijswijk, The Netherlands, 50 p.

DAAN R, BoolJ K, MULDER M AND VAN WEERLEE EM.

DAVIES JM, ADDY JM, BLACKMAN RA, BLANCHARDS
JR, FERBRACHE JE, MOORE DC, SOMERVILLE HIJ,
WHITEHEAD A AND WILKINSON T. 1984. Environ-
metal effects of the use of oil-based drilling muds in the
north sea. Mar Pollut Bull 15: 363-370.

FALCONER JG AND MATTSON S. 1933. The laws of soil
colloidal behaviour. XIII. Osmotic inhibition. Soil Sci
36: 317.

FrROST TK, JOHNSEN S AND HJELSVOLD M. 2002. En-
vironmental risk management of discharges from E&P
activities in the North Sea. Paper for presentation at the
SPE International Conference on Health, Safety and Envi-
ronment in Oil and Gas Exploration and Production held
in Kuala Lumpur, Malaysia, p. 20-22.

GEEHAN T, HELLAND B, THORBJORNSEN K, MADDIN C,
MCINTIRE B, SHEPHERD B AND PAGE W. 1990. Re-
ducing the oilfield’s environmental footprint. Oilfield Rev
2: 53-63.

GORDAN DC, CRANFORD PJ, MUSCHENHEIM DK,
LODER JW, KEIZER PD AND KRANCK K. 1992. In:
RyaN PM (Ed), Managing the environmental impact of
offshore oil Production. In: Proceedings of the 3279
Annual Meeting of the Canadian Society of Environ-
mental Biologists, St. John’s, Newfoundland, Canada,
p. 139-147.

GRAY JS, CLARKE KR, WARWICK RM AND HOBBS G.
1990. Detection of initial effects of pollution on marine
benthos: an example from the Ekofisk and Eldfisk oil-
fields, North Sea. Mar Ecol Prog Ser 66: 285-299.

GREENWELL HC, HARVEY MJ, BOULET P, BOWDEN AA,
COVENEY PV AND WHITING A. 2005. Interlayer struc-
ture and bonding in nonswelling primary amine interca-
lated clays. Macromolecules 38: 6189-6200.

GREENWELL HC, JONES W, COVENEY PV AND STACK-
HOUSE S. 2006a. On the application of computer simula-
tion techniques to anionic and cationic clays: A materials
chemistry perspective. J Mater Chem 16: 708-723.

GREENWELL HC, BOWDEN AA, CHEN B, BOULET P,
EvANS JRG, COVENEY PV AND WHITING A. 2006b.
Intercalation and in situ polymerization of poly(alkylene
oxide) derivatives within M*-montmorillonite (M = Li,
Na, K). J Mater Chem 16: 1082-1094.

GULEC 1. 1994. Evaluation of toxicity of drilling fluids and
their impact on marine environment. M.Eng. thesis, Uni-
versity of New South Wales.



“main” — 2010/1/21 — 13:35 — page 59 — #17

DESIGNING DRILLING FLUID ADDITIVES

HEIN J, REID F, SMITH L, BUSH I, GUEST M AND SHER-
WwOoOD P. 2005. On the performance of molecular dynam-
ics applications on current high end systems. Phil Trans
R Soc A 363: 1987-1998.

HEINZ H AND SUTER U. 2004. Atomic charges for classical
simulations of polar systems. J Phys Chem B 108: 18341—
18352.

HEINZ H, CASTELIUNS HJ AND SUTER U. 2003. Structure
and phase transitions of alkyl chains on mica. J Am Chem
Soc 125: 9500-9510.

HENSEN EJM AND SMIT B. 2002. Why clays swell. J Phys
Chem B 106: 12664-12667.

HiNwooD JB, PorTs AE, DENNIS LR, CAREY JM,
HouRrIDIS H, BELL RJ, THOMSON JR, BOUDREAU P
AND AYLING AM. 1994. Environmental implications of
offshore oil and gas development in Australia — drilling
activities. Australian Petroleum Exploration Association
(APEA), Energy Research and Development Corporation
(ERDC), p. 123-206.

HOCKNEY RW AND EASTWOOD J. 1981. Computer simu-
lation using particles. New York, MacGraw-Hill.

HOLDWAY DA. 2002. The acute and chronic effects of wastes
associated with offshore oil and gas production on temper-
ate and tropical marine ecological processes. Mar Pollut
Bull 44: 185-203.

KiPPIE DP AND GATLIN LW. 2007. Shale inhibition additive
for oil/gas downhole fluids and methods for making and
using same. US Patent 7268100.

L1 J. 2003. AtomEye: an efficient atomistic configuration
viewer. J Modelling Simul Mater Sci Eng 11: 173-177.

LIN JJ AND CHEN YM. 2004. Amphiphilic properties of
poly(oxyalkylene)amine-intercalated smectite alumino-
silicates. Langmuir 20: 4261-4264.

Lin JJ, CHENG 1J, WANG R AND LEE RJ. 2001. Tailoring
basal spacings of montmorillonite by poly(oxyalkylene)-
diamine intercalation. Macromolecules 34: 8832-8834.

L1u X. 2007. Interlayer structure and dynamics of alkylam-
monium-intercalated Smectites with and without water: A
molecular dynamics study. Clay Clay Miner 55: 554-564.

LuTty BA, DAVIES ME, TIRONI IG AND VAN GUNSTEREN
WE. 1994. A comparison of particle-particle, particle-
mesh and Ewald methods for calculating electrostatic in-

teractions in periodic molecular systems. Mol Simul 14:

11 AN

MOONEY RW, KEENAN AG AND WOOD LA. 19
sorption of water vapor by montmorillonite. I.
desorption and application of BET theory. J Ar
Soc 74: 1367-1371.

MUSCHENHEIM DK AND MILLIGAN TG. 1996. F
tion and accumulation of fine drilling waste partict
the Scotian shelf (Canada). Mar Pollut Bull 32: 7

NEFF JM, BRETELER RJ AND CARR RS. 1989. E
mulation, food chain transfer, and biological ef
barium and chromium from drilling muds by 1
(Pseudopleuronectes americanus) and lobster (F
americanus). In: ENGELHARDT FR ET AL. (Ed
ling Wastes. Elsevier Science Publishers Ltd, 1
England, p. 439-460.

NORRISH K. 1954. The swelling of montmorillonite.
Faraday Soc 18: 120-134.

O’BRIEN DE AND CHENEVERT ME. 1973. Ste
sensitive shales with inhibited potassium-based
fluids. J Petrol Technol 25: 1089—-1100.

OKPOKWASILI GC AND NNUBIA C. 1995. Effec
spill dispersants and drilling fluids on substrate sp
of marine bacteria. Waste Manage 15: 515-520.

PADMA KUMAR P, KALINICHEV A AND KIRKPATI
2006. Hydration, swelling, interlayer structure,
drogen bonding in organo layered double hyd
Insights from molecular dynamics simulation of
intercalated hydrotalcite. J Phys Chem B 110:
3844.

PATEL AD AND STAMATAKIS E. 2007. Shale hydr:
hibition agent and method of use. US Patent 731:

PATEL AD, STAMATAKIS E, DAVIS E AND FRIED
2007. High performance water based drilling fl
method of use. US Patent 7250390.

PINNAVAIA TJ. 1983. Intercalated Clay Catalysts.
220: 365-371.

PLIMPTON SJ. 1995. Fast parallel algorithms for sho
molecular dynamics. J Comput Phys 117: 1-19. !
http://lammps.sandia.gov/.

PospiiL M, CAPKOVA P, MERINSHA D, MALAC
SIMONIK J. 2001. Structure analysis of montmo
intercalated with cetylpyridinium and cetyltrime
monium: molecular simulations and XRD anal
Colloid Interface Sci 236: 127-131.



“main” — 2010/1/21 — 13:35 — page 60 — #18

60 RICHARD L. ANDERSON et al.

SMALLEY M. 2006. Clay swelling and colloidal stability.
CRC Taylor and Francis.

STACKHOUSE S, COVENEY PV AND SANDRE E. 2001.
Plane-wave density functional theoretic study of forma-
tion of clay-polymer nanocomposite materials by self-
catalyzed in situ intercalative polymerization. J Am Chem
Soc 123: 11764-11774.

SUTER JL, COVENEY PV, GREENWELL HC AND THYVE-
ETIL MA. 2007. Large-scale molecular dynamics study
of montmorillonite clay: Emergence of undulatory fluctu-
ations and determination of materials properties. J Phys
Chem C 111: 8246-8259.

TEPPEN BJ, RASMUSSEN K, BERTSCH PM, MILLER DM
AND SCHAFER L. 1997. Molecular dynamics modeling
of clay minerals. 1. Gibbsite, kaolinite, pyrophyllite, and
beidellite. J Phys Chem B 101: 1579-1587.

THYVEETIL MA, COVENEY PV, SUTER ] AND GREEN-
WELL HC. 2008. Emergence of undulations and deter-
mination of materials properties in large-scale molecular
dynamics simulation of layered double hydroxides. Chem
Mater 19: 5510-5523.

TOUKMAIJI AY AND BOARD JA. 1996. Ewald summation
techniques in perspective: A survey. Comput Phys Com-
mun 95: 73-92.

WyYCKOFF RWG. 1968. Crystal Structures Vol. 4. New York,
London, J Wiley & Sons.

YANG DK AND ZAX DB. 1999. Li+ dynamics in a polymer
nanocomposite: An analysis of dynamic line shapes in
nuclear magnetic resonance. J Chem Phys 110: 5325—
5336.

YARIV S AND CrOsS H (EDS). 2002. Organo-clay com-
plexes and interactions. New York: Marcel Dekker. Ch.
2.

YOUNG DA AND SMITH DE. 2000. Simulations of clay
mineral swelling and hydration: Dependence upon inter-
layer ion size and charge. J Phys Chem B 104: 9163-9170.

ZENG QH, Yu AB, Lu GQ AND STANDISH RK. 2003.
Molecular dynamics simulation of organic-inorganic
nanocomposites: The layering behaviour and interlayer
structure of organoclays. Chem Mater 15: 4732—4738.

ZENG QH, Yu AB, Lu GQ AND STANDISH RK. 2004.
Molecular dynamics simulation of the structural and dy-
namic properties of dioctadecyldimethyl ammonium in
organoclays. J Phys Chem B 108: 10025-10033.



