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Our pursuit to replace ebased drilling fluids with more efficient alternatives has led us
to focus on three crucial objectives. The first is to develop polymers that can withstand
high-temperature environments, the second is to minimize environmepattipand the
third is to ensure acceptable shale inhibition. We have successfully synthesized families of
hyperbranched and hybrid polymers that not only meet these objectives but also synergize
with conventional polymers, significantly enhancing tempeeatstability and shale
inhibition.

Our research involved three major experimental phases, each contributing to the
development of watdpased drilling fluids as a viable alternative tolmsed ones. The
first phase focused on polymer synthesis amaradterization, utilizing a solution ring
opening polymerization seip. The second phase involved formulation and performance
testing, specifically at a temperature of 360 The third and final phase was dedicated to

shale inhibition performance testiagd formulation optimization, as required.
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In our synthesis process, we chose branched PEI as our macroinitiator for several
reasons. Its interaction with conventional polymers used in drilling operations, such as XC
polymer and HPAM, through acitlasereactions leads to electrostatic solid interaction and
ionic bond formation. Additionally, it can interact with PEI via a transamidation
mechanism, resulting in creisking and enhanced viscosity. This interaction also leads
to elevated hydrogen bondirgcrucial factor for water solubility and shale inhibition. The
use of branched PEI allows us to grow a higher number of functional groups, including
degradable ones like glycidol and Maleic anhydride, enhancing the versatility of our

synthesized polymer

Our choice of PEI as the maeirttiator is a testament to our innovative approach.
The mechanism we employ is a form of Hogening multibranching polymerization
(ROMP), with the cyclic monomer being Glycidol. We are pushing the boundaries of
polyme modification by introducing an additional layer of Amxic polymer to the PEI.
This modification not only enhances the polymer's density of functional groups but also

facilitates crossinking with ease.

Thefirst synthesis of family of hyperbranchpdlymersutilizes branched PEI as a
macroinitiator and glycidol as a cyclic minor. Different ratios were used to find the
optimum PEI: glycidol weight ratioThe polymerization mechanism is anionic Fng
opening polymerizatiofd NMR spectroscopy shows twoain regions in the synthesized
polymer. Region 1 corresponds to the methylene protafidx{) of PEI and region 2
represents the methylene and methine prote®id(OH)-) of the glycidol unit*C NMR

has been utilized to investigate the synthestagaebranched polymerswyperbranched
XVI



polymers that contain branched units display a peak in tf@ NMR spectrum
approximately at 780 ppm.’3C NMR spectra show PEI in the shift range ofS8ppm

and Glycidol subunits appear as peaks above 60 ppm. As rtiaénaatio of PEI to
Glycidol we will have better opportunities to create branched subunits (dendritic).
Interpretation of3C NMR of synthesized polymer with ratio of 4:1 PEI to Glycidol shows
glycidol on the surface of PEI as mainly linear with termsddunits. Interpretation ¢fC

NMR of synthesized polymer with ratio of 1:15 PEI to Glycidol shows dendritic branching.

Linear PEI was also used as an initiator to demonstrate the importance of branched
PEI in the synthesis. No branching was obseraed,the yield was too low to utilize for
waterbased formulation and testinbhis underscores the complexity and intricacy of the
research. Looking at tHe&INMR, we had about 1 unit of glycidol per PEI unit due to steric

hindranceThe implications ofthis steric hindrance on the synthesis process are significant

The secondsynthesis of family of hyperbranched polymers utilizes branched PEI
as a macroinitiator and glycidol as a cyclic miaadMaleic Anhydrideas a cross linker
There are three meahiam steps here. The first is the ring opening of Malick anhydride,
the second step is Micheal addition, and the third and final step is the polymerization by
anion ring opening of glycidol monomer, TAE NMR provides a clear view of the
glycidol and PEfegion, as previously indicated in the synthesis. Additionally, a small peak
at 5.9 ppm is observed, indicating the successful reaction of the majority of the double

bond due to Micheal's reaction.

The synthesized hyperbranched polymers, used as additives for-basésr

drilling fluids, have shown excellent resistance in Higimperature environments. We
XVII



have designed and tested over 100 formulations and iterations using these polymers, which
have leen successfully used to formulate wdtased drilling fluids. They are a promising
alternative to oibased fluids. Our findings underscore the practical need for these
polymers to achieve acceptable viscosity measurements, providing reassurancesabout th

effectiveness.

Our successful development of a higerformance polymer watdrased drilling
fluid, capable of withstanding higlemperature conditions and being environmentally
friendly, brings us to the final requirement for replacingoaised diling fluids-good shale
inhibition. To understand this requirement, we conducted a shale characterization study. A
recovery factor above 90% is considered acceptable for drilling applications. We have
collected representative shales from typical formatittrad are drilled with oibased
fluids. The first shale is from the Qusaiba Formation, and the second is from the Sudair

Formation

Kaolinite is a clay mineral with the chemical formula>®bOs(OH)a. lllite
dominance, a condition where illite, a typeatdy mineral having the chemical formula
[(K, H3O)(Al, Mg, Fe)(Si, Al)401o[(OH)2,(H20)], absorbs more water compared to
kaolinite, has significant implications fehaleproperties. The presence of potassium ions
between the lllite layers weakens the thoig between the lllite layers. Salts generally have
more water affinity, so more water absorbed by Sudair lllite due to the presence of the
potassium ion will even weaken the bonding between the layers and cause the shale to
disperse more than Qusaiba Kaibe. An ion exchange mechanism is not an option here

since the potassium is fitted between the layers rather than on the surface.
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The third complex synthesis utilized nano silica and nano titanium dioxide for
hybrid hyperbranched polymerizatiofVe enbarked on this journey, initially exploring
the use of the hydroxyl group of the silica as an initiator to open up the glycidol ring.
However, the results revealed a challenge could not achieve the required dispersity.
Undeterred, we proceeded with fawe modification of the pogtinctionalized nano silica
using APTES. The hydrolyzed APTES would condense the hydroxyl group from the nano
silica surface and bind with it. The presence of an amino group in the APTES proved
beneficial in the ringppening poymerization of the glycidol, as Amines are stronger
nucleophiles than the hydroxyl groups. This led to an improvement in the dispersion of the
hybrid polymer. However, the performance testing for shale inhibition was unacceptable
for Qusaiba shale. Similg, dispersion testing did not meet the desired standards when

the postfunctionalized nanailica was used in watdrased drilling formulation.

The fourth synthesis utilized dopamine, which is an influential anchor group.
Dopamine's versatility lies iits ability to bind to various surfaces, including silica and
titanium. It also interacts with the shales due to the presence of aluminum silicate layers.
Dopamine's strong hydrogen bonding properties further enhance shale inhibition. We used
PEI as a maoinitiator in these syntheses, glycidol as our monomer, and Maleic Anhydride
as a crosdinker in some of the synthesized polymers. Dopamine served as the anchor
group, and we also incorporated different nanomaterials, namely Nano Silica and Titanium
Dioxide. The incorporation of these nanomaterials adds an intriguing dimension to our
research. In the case of Titanium Dioxide, | conducted both situ anfupasbnalization

synthesis. Podunctionalized TiQ refers to the nanomaterial being prepared rse¢ply
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from the polymerization step, while in situ functionalization involves preparing the

nanomaterial using a precursor during the synthesis of the polymerization solution.

We have multiple steps in this synthesis. First is the oxidization of Dopauaee
to the high pH of the PEI. This oxidation will convert Dopamine from its enol form to keto
form. Next, we have a mixture of mechanisms, namely the Micheal and Schiff base
reactions, between the Dopamine and the PEI. We also have the anioropeiiy
polymerization of the glycidol monomer. The last step in this synthesis is the addition of
the nanomaterial. If the nanomaterial is naiiica, the Dopamine will bind to its surface
by condensation of the OH group on the naitica surface. If the namaterial is titanium
oxide, the binding will be due to the chelation of the ;I Dopamine. The Ti@surface
is undercoordinated so that the Dopamine will attach to the, B@face. A dark black

conversion indicates this interaction.

The hybrid polyner and hybrid hyperbranched polymer, particularly when utilizing
TiO2, demonstrated exceptional performance inhibiting Qusaiba shale. All the synthesized
polymers in this study outperformed-bihsed drilling fluids in the case of Qusaiba shales.
For Suda, the most promising outcome was achieved with Tibasting a recovery
factor of 66%. SEM images clearly show the nanomaterials effectively sealing the shale
pores. This underscores the mechanism of shale inhibition, where the hybrid
hyperbranchegolymers, in conjunction with the nanomaterials and Dopamine, play a
crucial role. Significantly, the hydrogen bonding facilitated by the PEI and the Dopamine

significantly contributes to the shale inhibition, a finding of utmost significance.
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With the siccessful achievement of the three requirements to replatasst
drilling fluids for Qusaiba, we were presented with two viable options: either to employ a
combination of hyperbranched polymer for viscosity and another hybrid hyperbranched
polymer for shale inhibition, or to subject the hybrid hyperbranched polymer to
comprehensive testing for all the requirements (viscosity and shale inhibition). The hybrid
hyperbranched polymers, synthesized with utmost precision in this study, were then
formulated in waterbased drilling fluids and rigorously tested at highmperature
environments, producing excellent results. The viscosity obtained was more than sufficient
for effective drilling application, even after the fluid was exposed to 300 F. The pragticalit
of these formulations is underscored by the fact that they were finalized after several

meticulous attempts
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CHAPTER 1

INTRODUCTION

Waterbased drilling fluids utilize freshwater, seawater, and brines. The selection
of optimum chemicals is critical drlbngmaxi mi ze
costs without damaging equipment or the surrounding environment. Drilling fluids must
be evaluated before drilling to ensure technical and environmental requirements. There is
always a strong relationship between the performance of wells aotdh@cals used in
drilling and completion. For instance, formation permeability is significant for fluid
filtration properties. Water sensitivity and temperature stability will determine the most
suitable polymer types. Selecting suitable polymers is gakeéa provide sufficient
carrying capacity and minimal filtration losses.

Filtration loss, viscosity, and shale stability are all controlled with different
polymers. Because salt limits polymer hydration, some polymers will not work well in salt
solutions. At high temperatures, some polymers degrade and lose their viscosity. A
viscosifier is an additive used to build up the viscosity of drilling fluids to carry the cuttings
generated while drilling. Another issue we see in drilling operations is stpek due to
improper shale inhibition. Shale inhibitors should provide {terg inhibition, especially
when drilling across loss circulation zones.

Oil-based drilling fluids have been the ideal fluid to use in -eghperature

environments. If high shaleontent is encountered, then switching from watesed
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drilling fluids to oil will be the ideal solution. However, dibsed drilling fluids are
considered environmentally toxic and expensive. Whebaskd drilling fluids are used

in water aquifers orféshore environments, excellent care and attention must be followed.
Contaminatioenvironments are always a significant concern when it comesbtsed
drilling fluids. Drilled cuttings from offshore drilling operations must be disposed of
properly and ot be dumped in the sea to avoid contamination of marine life.

This research is about finding an alternative whtsed system that can replace oil
based drilling fluids to reduce any potential impact on the environment. Formulations using
existing polyners in the market will not produce suitable viscosity in Heyhperature
conditions. Also, drilling through watesensitive formations using watbased drilling
fluids is challenging. To overcome this challenge, new polymers must be synthesized to
formulate watetbased drilling fluids for optimum performance and less environmental

impact.
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CHAPTER 2

LITERATURE REVIEW

There are amide and carboxyl groups in partially hydrolyzed polyacrylamide (HPAM). The
carboxyl group imparts water solubility to thmlymer by dissociating and leaving
negatively charged macions and positively charged countens, which results in the
agueous solution being a polyelectrolyte. This polyelectrolyte property led to higher
viscosity when compared to neutral polymeil$iese negatively charged madons in
PHPA absorb and distribute positively charged particles through the force of ionic
attraction and certain neutral particles through the force of hydrogen bonding. [1]. Fig.1

shows the hydrolysis reaction of polyacryide polymer [2].

OH
‘ECHZ_CH% |_ CHs5 CH {CHZ_CH +  NHj
AR —+
o)

H,N—CO H* HoN —CO

Fig.1: Polyacrylamide polymer hydrolysis reactjq]

PAM has a different molecular structure from HPAM. PAM is a nonionic polymer
(disregarding hydrolysis in water), so it does not have the polyelectrolytic properties of
HPAM. HPAM used in enhanced oil recovery has a 25% to 35% hydrolysis degree. A
higher hylrolysis degree means increasing solution viscosi] [Polymer concentration

and crosdinker concentration can affect the gelation time. Increasing -tirdes
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concentration will reduce the gelation time. Increasing salt concentration will lead to
viscosity reduction. The reason behind this is the presence of more cations in the solution,
which will lower the initial degree of hydrolysis and delay the crosslinking process.
Increasing temperatures will lead to an increase in hydrolysis degree, whitdadito
generating more carboxyl groups and accelerate the crosslinkidly PPAM trivalent

metals cross linkers have been used since 1970. However, the issue with the inorganic
crosslinkers is the stability under high temperatures (more than 90iC) [

The crosslinking mechanism between PEI and HPAM starts with a nucleophilic
amine group attack from PEI on the carbonyl carbon of the amide group within the PAM
backbone, Fig.2 [221]. Temperature and high pH values accelerate the gelatiomend t
crosslinking. Inorganic salts delay the gelation and crosslinking because of the shielding
effect by positive cations that will be attached to the negatively charged functional group
on the PAM, preventing the entrance of PEI and delaying the crosg)ifji. Bentonite
can provide better crosslinking between PAM and PEI. The bentonite will also show a
reinforcing effect on the crosslinked structure. However, other studigsdkh et al[12]
mentioned that a high concentration of bentonite will weakennteraction between PEI
and PAM. The reason is that the bentonite positive charge will be placed in some of the
free amine groups in the crelgsker. In addition, the PAM will have high adsorption on
bentonite, reducing the number of available PAKE tan perform crosslinking. Barite
will also delay gelation because it will prevent or mitigate crosslinking between PEI and
PAM. In addition, at extremely high pH values of more than 13, using more than 0.5 Ib./bbl.

The polymers of caustic soda or liggwwill not be crosginkable [9].
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Fig.2: PAM and PEI cross linking mechanis{8]

A study [13] shows that the drilling rate of penetration was improved when using
guar gum or carboxymethyl cellulose compared to polyacrylamide. HPAM has moderate
good solubility in water. HPAM is synthesized from acrylamide monomers. HPAM has
negatively barged linear chain macromolecules hydrolyzed by an electrolyte, causing
repulsion forces among negatively charged polymers in HPAM solution, causing the large
viscosity. This viscosity is also controlled by the degree of hydrolysis. Salt content also
affects the viscosity of HPAM. For example, a monovalent cationic solution like NaCl can
cause the attraction betwela" and the negative polymer chain, causing polymer coiling
up. This coiling up causes the polymer to precipitate and viscosity to decreaske F
divalent cations like G4, B&*, and St*, more severe polymer precipitation and viscosity
loss will occur [1416].

Partially hydrolyzed polyacrylamide (HPAM) has been used as a flocculation agent
in drilling fluids since as early as 1938is used to support removing the cuttings during
drilling operations. The amount of drilled cuttings and size make the HPAM an attractive
flocculation agent. HPAM can carry more and smaller cuttings than other additives. HPAM
showed a significant impaot improving ROP (rate of penetration). However, there could

be some disadvantages, such as concentration sensitivity. We could have flocculation if we

30



use a concentration of HPAM that is too high. In addition, if we drill through shale
formation with motmorillonite, the flocculation will be poor because of sodium ions in
these shales. HPAM is used mainly for {swalids drilling fluid for optimum results [17].
HPAM can also work as a shale inhibitor by accumulating cuttings. This research project
will also cover testing for shale dispersion using representative formation. In addition, the
HPAM has an amide ion group (CONHwhich has a strong hydration ability, which
allows it to work as a fluid loss additive, which will also help minimize the waterimvas
into the watessensitive shales.

The current practice for higlemperature drilling is to utilize starch for temperatures
up to 230 °F. For higher temperatures, no good viscosifier can be utilized. We can switch
to oil-based drilling fluids at lgh temperatures. However, -based drilling fluids are
expensive and can cause environmental and operational issues. An intensive literature
review [1832] has shown that HPAM and crdgskers were used for different
applications than drilling, such a®R (Enhance Oil Recovery) or production.

Applications of hyperbranched polymers can be found in a range of sectors,
including optical, electrical, and magnetic applications, as well as coatings, additives,
supramolecular chemistry, and biomedici@her fields that make use of hyperbranched
polymers (HBPs). Because of the thoBmensional globular structure that HBPs possess
and the ease with which they can be synthesized compared to dendrimers, they have
garnered much interest as potential mdgior the administration of drugs. This is because
HBPs can be made relatively quickly. HBPs have had their compositions, structures, and
functions altered in order to make the process of administering medications more effective.

This was done to improwe efficiency of drug delivery [33].
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When compared to linear polymers, the advantages of HBP include a higher degree
of inherent solubility, a lower tendency for chain entanglement, a smaller hydrodynamic
radius, a lower degree of inherent vistpsand a high degree of branching (DB) that
results in a large number of terminal functional grofpg.3. The uneven topologies of
these macromolecules, which consist of dendritic, linear, and terminal units that are
randomly interspersed, are what cauthem to have significant molecular weight
distributions in comparison to dendrimers. Dendrimers have a uniform distribution of
molecular weight across their entire molecule. The production of HBP can be done in a
single pot, making the process more édint and coseffective than the mukstep
approach used to make dendrimers. This is because the production of dendrimers requires
purification after each coupling reaction, whereas the production of HBPs does not require
this step. Dendrimers will probgbbe more complex than the functionalization of HBPs,
although this remains to be seen. This occurs due to the steric barrier presented by
dendrimers [3448]. Utilizing high-density functional groups that are located on the
exterior of HBP makes it pos$#boto introduce functions. These groups are located outside
of HBPs [49], which significantly increases the overall number of terminal functional

groups,Fig.4.
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Fig.3: The relationship of BHPs to linear polymers and dendrimers
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Fig. 5 shows an overview of synthesized hyperbranched polymers. Compared to
working with a single monomer, working with monomer pairs is more likely to rasult
the creation of (multi)cyclic species. This is because monomer pairs, as opposed to single

monomers, possess a greater degree of stability [50].

STEP-GROWTH POLYMERIZATION OF PAIRS OF STEP-GROWTH POLYMERIZATION OF
MULTIFUNCTIONAL MONOMERS MULTIFUNCTIONAL MONOMERS
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Fig.5: Principal synthesis pathways for the production of HEB5G

In the innovative process of stejg@ growth copolymerization, the selective
reactivity of functional groups plays a crucial role in determining the choice of functional
group. The initial mixture of components A2 and B3 leads to the formation of a gel,

followed by an intriguing process itramolecular cyclization. Gelation can be effectively
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reduced through various methods, such as halting the polymerization process before it
reaches the gel point, using an excessively diluted solution, or incorporating
monofunctional endapping agentsThe implementation of any of these three choices
promises a significant reduction in gelation [51].

When multivinyl monomers are utilized in chamowth polymerization, one
strategy for lowering the rate at which gelation occurs is to use tBialgemts for the chain
transfer of free radicals. However, to produce HBPs, the thiols have to be added equally.
An increase in the temperature at which polymerization occurs and an increase in the
amount of multifunctional comonomer present contribut@tancrease in branching [52
53]. In recent years, polymerization in dispersed media has been introduced to this process.
This includes polymerizations such as suspension, emulsion, and controlled radical
polymerization to produce HBPs from multifunctiomabnomers. A controlled radical
polymerization technique known as catalytic chain transfer polymerization is used in
manufacturing [5465].

In stepgrowth polymerization of ABx Monomers, we can produce highly branched
polymers without forming gelgven in relatively low intramolecular reactions. This was
based on the observation that such monomers contain one reactive group A. The creation
of a branching point results from a reaction between the B groups of AB2 monomers and
the A groups. Those HBRseated from ABx monomers have a greater observed dispersity
but a lower computed dispersity than the other HBPs. This is the case when compared to
other types of HBPs. The expectation of creating HBPs with a narrower molecular weight
dispersion has prongd the development of several distinct techniques in recent years [56

57].
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The process of setfondensing vinyl polymerization, also called SCVP, was first
uncovered by Fréchet. He achieved this result by bringing together a group and a vinyl
monorrer. Including this specific group, referred to as an inner (A*B), is feasible in the
AB2 system [58]. In order to lessen the likelihood of crosslinking reactions and gelation of
reaction mixtures, radical polymerizations, in addition to cationic polyntenmaand
anionic polymerizations, were considered. This was done so that cationic polymerizations
would no longer be the only type covered by SCVP. This was done so that the process
would be more alencompassing and successful. Because carbanions haye rate of
reactivity, it is essential to produce animals in situ that contain a vinyl group and an anionic
initiator. This is because of the need to prevent carbanion formation [59]. In order to
facilitate the selcondensing anionic or cationic rhmpening polymerization of cyclic
epoxides, oxetanes, lactones, and phosphates, a new type of timer known as A*B timers
has been designed and developed specifically for this purposeH66]a ring structure,
which stands in stark contrast to A*, which & hydroxyl group. You can make
hyperbranched polyethers useful for nucleophilic propagation by coupling the hydroxyl
group from glycidol with the epoxide group of another chemical. This will result in the
production of glycidol. There is a possibility thaclization will take place within the
molecule itself [6162].

HBPs have the potential to revolutionize drug delivery. By enhancing the amount
of transport to tumor tissue through drug loading achieved via various methods such as
encapsulation oconjugation, and passive targeting, we can significantly increase the
guantity of transport to the tumor. The interactions between pharmaceuticals and polymers

not only make drugs more stable but also increase their loading capacities, enabling the
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creation of more personalized drug delivery patterns. Our research has explored the
possibility of covalently binding the drug to the polymer through linkers that can be
modified to induce drug release, a promising avenue due to the susceptibility-of non
covalentmethods to the physical forces in their surroundings. HBPs are capable of
conjugating a substantial pharmacological payload to their terminal functionalities,
underscoring their potential in drug delivery {64].

Cationic polymers, with their amenfunctional groups that can be protonated to be
either primary, secondary, or tertiary [68], are a complex yet promising area of study. A
cationic polymer like PEI is often used in meinal methods of gene delivery. However,
its application is limited bgytotoxicity, posing a significant challenge. The PEI can adopt

either a branching or a linear shape, adding to the complexity of jtEigsé [68].

Linear PEI N
H

Branched PEI ’) I)

Fig.6: Linear PEI vs. Branched PH68]
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PEls are polymer molecules made up of amine unitsatieatepeated in a pattern
and two aliphatic carbons. The linear PEI only contains the primary and secondary forms
of amino groups, whereas the branched PEI may contain all three amino groups. In
addition, LPEI is a liquid at ambient temperature, but BBHE solid (independent of its
molecular weight). The melting point of LPEI is close to that of BPEI-76P
Considerable molecular weight PEI can attach to DNA in a multivalent manner, whereas a
small molecular weight PEI can only form monovalent bon@g [7

Because of the secondary amine protonation throughout the backbone, the PEI
chain takes on a positive charge when exposed to acidic conditions. It is essential for the
polymer to exhibit weak buffer properties in order for it to be utilized @b5lA delivery
agent because of its ability to absorb ibns [73]. PEI offers more benefits over other
cationic polymers and other neiral vectors than it does over other naral vectors
because of the high density of the charge that it carries arsd-ttedled "spongeroton
effect.” However, strong PEI efficacy is typically linked with considerable toxicity, which
restricts its utilization in clinical settings. This is partly because PEI cannot be degraded
[74-75]. PEI has grafted saccharides suchobgo-maltose, chitosan, galactose, and
mannose onto it to reduce its toxicity. However, most of these alterations required either a

multi-step synthesis or rigorous experimental conditions, Fig.7 [76].
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Fig.7: Techniques of synthetic pegblymerizationmodification for the purpose of

improving the biocompatibility of branched RIE16]

It was anticipated that neutralizing the PEI amines would improve biocompatibility.
After some alteration was performed to neutralize the PEI amines, the positigescbér
PEI were protected. As a result, the biocompatibility of PEI was significantly improved.
This research highlights the fact that the biocompatibility of the produced neutral or
negatively charged PEI derivatives was greatly improved after the neatical of PEI
amines by acylation, PEGylation, or hydroxylation [77].

Below low critical solution temperature (LCST), the aqueous polymer solution will

be in a soluble hydrophilic state. Above LCST, the polymer precipitates and becomes
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hydrophobic.Monomer units can influence the interaction between the water and the
polymer chains, which then affect the polymer solubili§]] There are interactive forces
that result in the coifjlobule transition of linear polymers. For example, hydrophobic
interaction, electrostatic interaction (electric dipoles and ions), hydrogen bonding between
polymer side chains and solvent, and topological interactions (entanglemen¥tc.) [
There are different types of polymer phase transition as the tetapeincreases.
For example, we could have a clear, opaque (milky) solution or plase state where
the solvent and polymers are separa&fj. [The type of phase transition will depend on
the polymer chain hydrophobic character. The precipitatiohgmie a solution at high
temperatures and low concentrations of the polymer chain. Precipitate aggregation will
occur if we use a high concentration of polymer chain at high temperatures. The hydrogen
bonding between the hydrophilic group in the polynme aurrounding water will cause
polymer chain elongation. As the temperature increases, the solvent quality will decrease,
leading to hydrophobic polymgrolymer interactions. In the beginning, we had a balance
between hydrophobic and hydrophilic interaatiin aqueous polymer solution. When
hydrogen bonds are formed between the pol yme
energy) contribution of the solut8lphks since &H
the temperature increases, the hydrogen bonditggajfected, and precipitation takes. The
temperature where this precipitation occurs is known as cloud point temperature when the
T(a&®S) contributi on 82sWehcouy lnave sommehclmudingsbeldowat of H
LCST for copolymers with high heterogaty (less than ideal copolymerizatiorg3.
There are different methods to detect LCST. For example, we can use light scattering to

detect coHto-globule transition 4]. Phase separation could be detected using
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turbidimetric measurement8Y]. Differential scanning calorimetry (DSC) can be used for
transition heat measureme®6]. Poly(N-isopropyl acrylamide) PNIPAAmM is a water
soluble thermally sensitive polymer

We have the hydrophilic CONHand the hydrophobic CH(GhHt groups. At a
temperatue below LCST, we will have strong-bbnding and the hydrophilic polymer
group and, thus, good solubility. As the temperature increases, the hydrogen bonding
between the carbonyl oxygen and water molecules gets weaker, and the interaction of the
isopropyl dain gets better. The interaction of the hydrophobic isopropyl chain gets much
more vital as the temperature increases than LCST. There will be an increase in entropy
due to the release of structured water around the hydrophobic polyme8$8&8.[The
relative hydrophilicity of the polymer determines the phase separation tempe&#ure [
The transition temperature is close to the temperature at which osmotic pressure becomes
zero. It has nothing to do with crelisking density or polymer concentrati¢@0]. We can
have twestep mechanisms for the phase separation. For example, raising the temperature
above the UCST of the aqueous PNIPAAmM solution causes -#oggidbule transition
followed by a phase separatio®l]. There are methods to try to modifye LCST, for
example, using solvent®97], surfactants 93], salts P4], or polyelectrolytes 95| in
agueous solutions. However, the most practical method to control and modify LCST is to
add a cemonomer or to perform polymer chemical modification. Ifadel a hydrophobic
co-monomer, the LCST will be decreased, while adding a hydrophitim@momer will
increase the LCST8[7]d co-monomers with ionizable groups such as tertiary amines or
carboxylic acids. Hydrophobicity or hydrophilicity can be modifiecchgnging the pH of

the water 88]. If we have acidic pendant groups in the polymer, the swelling will increase
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as the pH of the solution increases. If we have a weakly basic gel, it will expand if the
solution pH decrease8§). In low pH of 23, the carbrylic acid dissociation is inhibited
due to the presence of the counter ion){khus, LCST will be lower compared to a
polymer with no acrylic acid monome3€]. For a polymer containing both the amide and
carboxylic acid groups at low pH, there will beore intra and intermolecular hydrogen
bonding between these two groups. Thus, the hydrophobicity of the polymer will increase,
reducing the water access to the polymer. In order to overcome this and increase the cloud
point temperature of the polymer, wan increase the pH. At a pH of about 4.0, we will
have increased hydrophilicity from the ionized acrylic acid component. Increasing the pH
will introduce strong electrostatic repulsive interactic®g.|

In poor solvents, the hydrophobic interactiis more than the electrostatic
interaction, and polymepolymer interaction becomes strong, leading to gel shrinkage
[90]. To maintain good polymer solubility for polymers with acrylic acid, the pH must be
higher than the pK of the acid groups to ionikem to the carboxylate9(]. Another
alternative is to increase the basicity of the polymer if a constant solution pH is required.
We can, for example, use more extended alkyl segment monomers such as polyacrylic acid
and butyl acrylic acid to increaselpmer pKa and LCST, the temperature at which the
phase temperature takes place. An important factor is the effect of the alkyl chain length
on solubility. The hydrophobicity of the carbon chain is more significant than the
hydrophilicity of the carboxyligroups, and as we increase the amount of carbon, the LCST
will decrease §2]. So, increasing hydrophilic emonomerwill lead to an increase in the

LCST.
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Cloud points of random copolymer are higher than cloud points of homopolymer.
As the acrylicacid content increases in the copolymer, the cloud point will increase due to
the hydrophilic character of the acrylic acid monomer unit along the backbone. For grafted
polymers, the cloud point is not influenced by the acrylic acid cor@éht4s the nalkyl
chain length increases, it is anticipated that the LCST will decrease for amphiphilic
copolymers. This trend was observed for C10 and C14 alkyl chains but not for C18
containing polymers. The reason for not lowering the LCST is that the alkyl cheras
not exposed to water, and they formed a micellar structure instead. Not exposatigythis
group to water means no hydrophobic contribution was made to the ISOBT |

Polymers with low polydispersity indices show a sharper LCST tranditiamn
polymers with high polydispersity indices((. Transition temperature is the temperature
at which a sudden change of physical properties occurs, for example, phase or crystalline
structure. High polymer weight polymer can show low transition tertyoer4]. As the
hydrophilicity of the polymer increases, we will have a weaker and broader phase
transition. The polymer will be better solvated with increasing hydrophilicity, i.e., the
solvent is firmly bonded, and less water release will occur inafgedymer chain collapse
[83]. The cloud point will shift to a higher temperature if the charged octyl units increase
in a copolymer due to increased hydrophilic character. However, charged dodecyl groups
will decrease LCST due to increased hydrophobaracter. Draw the structure Turbidity
measurement showed that the turbidity of charged C12 was lower than charged C8. Lower
LCST means lower turbidity8p]. Adding surfactant to the polymer changed the
conformation by binding an anionic surfactant to eausicellar repulsion along the

polymer chain, reduce intermolecular aggregation, and increase polymer soldbility [
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Adding an excessive amount beyond the saturation point of surfactant will result in
micelles formation, similar to salts in lowering LCSAIso, adding too small surfactants
will not enhance polymer solubilitytp2-103).

When we want to add polymers in a high salinity solution, the salt ion will interact
with the side chain of the polar groups, such as amide or carboxyl, whichfieitt
hydrogen bonding with wate Q4. When we dissolve polymers in fresh water, we will
have a hydration sheath surrounding the polymer. Adding salts will alter the hydration
sheath and change the orientation of the water molecule surrounding tmeepoly
increasing the hydrophobic character of the polymer chains and reducing LCST. We will
have different effects on LCST based on the type and concentration of the saliOied [

In the Hofmeister Series, ions on tight-sideproduce (stabilizing) ékct on the polymer,
whereas the ions on the left side lead to a satiirtgdestabilizing) effect. Chnd Nd ions

are typically considered as the broad line between strongly and weakly hydrated anions
and cations, respectively. Large ions are weaklygréed and will cause large
polarizability and will interact with the polymer surface. Small ions are intensely hydrated
and will cause small polarizability and will interact with the hydration shell or hydration
sheathFor anionic ions: Citrat& > Sulfate? > Phosphaté& > F> CI* > Brt > | > NO*>

, CIO*. For cationic ions: N(Ck4** > NH4* > Cs'* > Rb" > K 1* > Nal* > Ca?* > Mg

2+ > Al 3" The direct binding of large weakly hydrated anions to the polymer, a novel
aspect of our study, driven by a favorable change in enthalpy. This interaction, as we
will demonstrate, unveils significant implications for the behavior of the polyh@€t.|

Weakly hydrated salts such as calcium bromide lower the Lower Critical Solution

Temperature L(CST), thereby raising the surface tension between the hydrophobic
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polymer component and water molecules. Strong hydrated ions weaken the hydrogen

bonding between polar groups such as amide and carboxyl by polarizationJdi#.cin

general, increasiniipe phase transition temperature will reduce hydrogen bonding and thus
reduce e&eH. For a solution with ions, | owering
with a reduction in &H. The reason here is th
from the polymer chain and increase the hydrophobic character and interaction, thus

lowering the phase transition temperature. The abstracted water will hydrate the ions and

will be associated with exothermic heat and reduction of the endothermic heat of th

transition. These findings have direct implications for the design and behavior of polymers

in various applicationslpg.

Salt with no alkyl groups lower the transition temperature. If there is a long alkyl
chain, the transition temperature witicrease. This was observed when using salt with
C4Ho, CsHa1 alkyl groups. This was due to the hydrophilic interaction, which refers to the
attraction between water and a substance, between the salt alkyl group and isopropyl group
in the polymer. This int@action promoted ions attachment to the polymer part, making
them behave like fixed charges on the polymer netwtoE [

A crosslinked hydrophilic network, also known as a hydrogel, is defined as a
network of polymer chains that are hydrophibic,waterloving. Whether they are cross
linked or not, they show a similar response to different types of salts and concentrations.
A study suggested that a small amount of NaCl will resuttdreasing th@hase transition
temperature. However, the phasansition temperature will be reduced as we increase the
NaCl salt concentration. For Gel polymer with fixed acrylic acid content therts will

be exchanged for the salt content which lead to further increase of free counter ions
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produced by acrylicad dissociation leading to increase in swelling pressure and viscosity.
However, increasing the salt concentration will cause complete acrylic acid dissociation,
reducing the ion swelling pressure and resulting viscosg| [and B1].

Some addives, such as alcohol, weaken hydrophobic hydration, i.e., hydrocarbon
interaction with the hydrogen bond surface is more favorable than that of liquid water. So,
adding alcohol to water will reduce hydrophobic hydration and increase hydrophobic
interacttn . Using alcohol as a solvent will reduce
inbigger-eeS and mor eeHsivanhiufeisc a-alth veanlour enoiursdi cat es a
association between hydrophilic groups suchNts and-C=0 in the polymer and water
mol ecule, i.e., hydrogen bonding is taking pl
we have strong temperature dependence condit]i
associated with using alcohol, indicated reduced hydrogen bonding. DMSO
(Dimethylsulfoxide) is an aprotic solvent. It cannot form hydrogen bonding. Therefore, the
DMSO will replace hydrated water molecules and decrease transition temperature. These
findings underscore the importance of solvent selection in polymer behavior and have

significant implications for polymer science and materials chemi&tt@} |

Shale Inhibition

The process of shale swelling is a complex interplay of various mechanisms. One of these
is the cationic exchange between water (cations) and the damaging clay minerals, which
occurs when water comes into contact with the shale. Swelling, in this cagexies an

increase in interlayer spacing and increased thickness of individual layers. This cationic
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exchange is not a straightforward process, but rather takes place through different
mechanisms. The first of these is spontaneous/osmotic imbibitiach wbcurs when the
shale has high contact with saline connate water compared to drilling fluids salinity.
Osmosis, in this case, occurs by moving water molecules from the low salinity zone to the
high salinity zone, resulting in shadevelling [111].

The process of shale swelling is governed by three main mechanisms, each playing
a significant role. The first mechanism is hydraulic pressure differences, where the density
of drilling fluids should ideally be higher than the formation pressamd filtrate invasion
is inevitable. Minimizing this invasion is desirable to enhance drilling operations and
reduce shale swelling. The second mechanism is surface hydration, which occurs gradually
and is much slower than the hydraulic pressure diffe¥e mechanism. Surface hydration
is further divided into intecrystalline swelling and intrarystalline swelling, aglustrated
in Fig.8[111]. This comprehensivenderstanding is essential for professionals in the field

of oil and gas exploration antoduction.

Aquatic Potential of Wellbore

Increasing concentration of water cations

% Increasing step step hydration of cations

Fig.8: Types of shale swelling: (a) Crystalline swelling (b) swelling due to difference in

aqueous potential (c) Swelling due to Osmotic Pressiitd] [
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Surface tension measurement of clay surface can indicate shale inhibitor
performance.Capillary forces or increased surface tension indicates a lack of shale
inhibition. Zeta potential is a good stability indication of colloidal dispersion. The shale
surface is negative and will attract the cation from water, resulting in diffused double
electrical layers. If zeta potential is reduced, shale inhibitors perform successfully. Another
method to characterize shale inhibitors is to conduct XRD analysis and measure spacing
before and after using shale inhibition. If we see a decline in d spaaingfale inhibition
is good, as shown iRig.9[111]. Now, to measure the performance of shale inhibitors, we
need to apply testing from the petroleum engineering domain, such as the use of a linear
swell meter, shale dispersion testing, and detdlileds testing for rheology and filtration

at suitable formation conditions (temperature and pressure).

Effect on Shale Inhibition
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Fig. 9: Characteristic mechanism of Shale Inhibitipti 1]
We can perform inhibition by using mechanical or chemical inhibitors] &ighe

mechaical inhibitor's objective is to physically plug the pores of the shales to minimize
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water invasiod for example, nanomaterials or cellulosic materials. The chemical
inhibitors counteract the negative charges on the shale surface. Chemical inhibitors can
perform cations exchange and form hydrogen bonding to neutralize and negate shale
charges. Salts such as KCI, CaGind NHCI are typical shale inhibitors. Polymers and
ionic liquids form hydrogen bonding as a way of shale inhibition. For example, polymers
with imine groups, amine groups, hydroxyl groups, and carboxylic groups can achieve

shale inhibition 111].

Evolution of Shale Inhibitors Shale inhibition Mechanism Limitations

—————— Electrostatic Interaction | —
strength of the for

Hydrogen Bonding and
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Hydrogen Bonding and
| Electrostatic interaction
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Hydrogen Bonding —_— Not any apparent

hmitation

ano- «  very costly
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particle: P plugging ¥
in drilling mud

Fig.10: Evolution of Shale Inhibitors 1[L1]

Mechanical
Inhibitor

Nanomaterials can form compact filter cakes to minimize fluid loss or water
invasion. By minimizing water invasion, Nanomaterials can perform shale inhibitien. Oil
based fluids show improved shale inhibition compared to vieteed fluids. However, for
envronmental reasons, watbased drilling fluids are always preferred. Generally, shale

inhibition is achieved by stabilizing negative shale charges using positive charges from

49



salts or by forming hydrogen bonds with polymer with lone pair atoms such@genitor
oxygen [L12].

According to 113115, there are two mechanisms. The first mechanism is due to
the inhibitors coating the surface of the shales to separate it from water. The second
mechanism is related to the replacement ofnther between the shale clay crystal layers
with inhibitors that will be adsorbed inside the crystal laggsmmon shale inhibitors
could be an inorganic salt, asphalts, polymers, or silicate. However, we can have issues
when using some of these shaleiliitors. For example, silicate can negatively affect the
drilling fluids' properties, and asphalts can be harmful to the environment. Ammonium
based shale inhibitors are prepared by-aaske reaction between secondary tertiary amine
and acid. However, tlyeare not stable at high temperaturesg121].

KCI salt is a promising inhibitor for drilling fluids. The*Kydration energy and
hydration radius are smaller than*Nend C&* within the shale. The Kwill enter the
hexagonal oxygen ringithin the clay crystal layer, replacing Nand C&" and inhibiting
the shale. In some cases, ¢an be strongly connected with the clay water, which might
affect the inhibition performancel22-124]. Therefore, we must consider the optimum
concentrationsf KCI salts used in drilling fluids.

lonic liquids can be used as additives in drilling fluids for shale inhibition. They
interact with the electrostatic forces of clay and neutralize the charges. However, due to
their toxicity and highcost, ionic liquids have limitations, especially when using
imidazoliumbased fluids 125-128. Deep Eutectic solvents can be used instead of ionic
liquids. lonic liquids are a mixture that becomes solid at a temperature lower than the

individual gradiens melting points. The individual gradients (hydrogen bond acceptor and
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hydrogen bond donors) can bond with each other through hydrogen bonding at a specific
temperature. Both ionic liquids and deep eutectic solvents have good thermal stability;
however, DI is easier and cheaper to prepare than ionic liquddsS has been used in
catalysis, separating particular materials, corrosion inhibition, and hydrates inhibition
[129133. Polymers degrade at high temperatures, so ionic liquids and nanomaterial were
studied for shale inhibition to compensate for polymer limitation in -teghperature
environments. However, ionic liquids or nanomaterials are expensive. Nanomaterials are
complex to stabilize and require a sonification process, sometimes making thétablesu
for the industry.

lonic liquids are expensive, ndmodegradable, toxic, and require multistep
preparation, which makes them unsuitable for drilling applications. lonic liquids interact
with shale clay using electrostatic forces of adtion. For Deep Eutectic solvents,
hydrogen bonding with shale is the inhibition mechanism. However, additional work will
be required to understand more deep eutectic solvent inhibition mechanisms and how to
optimize their synthesis using different natwalts [45].Metalorganic framework (MOF)
was utilized as a catalyst for ring opening polycondensation (ROP) of hyperbranched
polyamine inhibitor with a high ratio of amine groups in a-#tep synthesis containing

ethylenediamine, acryloyl chloride, daziridine, Scheme 1.84.
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Scheme 1: Synthesis of the HBPA3{

For shale inhibition, lineachain molecular structure shale inhibitor does not result
in long-term shale inhibition. They are molecules with idensity absorbing groups that
got alsorbed on the surface of the electronegative clay. Downhole conditions can lead to
desorption and loss of inhibition, i.e., loss of ldegn shale inhibition]35-137]. On the
other hand, hyperbranched polymers can introduce considerable absorbingagrihgps
end of the molecular chains by modification and functionalization of end groups. This more
significant number of absorbing groups can increase the adsorption capacity to improve
shale inhibition. The hyperbranched polymer synthesized here hasrypranane,
secondary amine, and amide groups that produce protonated products in highly alkaline

drilling fluids, resulting in high shale inhibition due to strong adsorbabili3g||
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Partially hydrolyzed polyacrylamide (PHPA) combined vKi@lI is used for shale
inhibition. PHPA can coat the shale to minimize filtrate invasion, and KCI can perform
cationic exchange with shale pore water. Another shale inhibition package included KCl,
silicate mud, or KCI and glycol mud. KCI is 2% requiredatitivate these packages for
good shale inhibition. Silicate mud will precipitate on the shale surface and minimize
filtrate invasion 139143. However, there is a concern about ldegn shale inhibition
of silicate fluids. Also, an extremely high pH wbk required for good inhibition and
performance (pH 1:12.5) [L144].

A polymer with both hydrophilic and hydrophobic moieties was used with ZnO
nanoparticles in drilling fluids for shale inhibition, achieving a 97% recovery fabiéf. [
Howeve, these watebased drilling fluids had bentonite, which could induce risks in some
formations. Different linear polyamines with different chain lengths were synthesized by
two-step synthesis followed by hydrolysis or reduction. The study details tHeesigmof
different linear polyamines (LPEI, LPPI, and LPBI) with variable spacing between the
amino groupsJ44§. Field results showed that polymers are unstable at high temperatures
and pressure due to their lack of suitable thermal, mechanical, andcahenoiperties.
Polymers like carboxyl methyl cellulose, and XC are also unsuitable atdngberature
environments and incompatible with anionic additivie$7].

Colloidal silica with 35 nm particle size was used in drilling fluid for shale
inhibition against conventional KCI. A high quantity exceeding ten wt.% was required for
acceptable shale inhibitiod4d. Nano silica with 20 nm in 4% sea salt wabased fluid
showed good tolerance against high temperature and pressure and minimized shale

invason [149. Another study 150 showed that a high quantity of 20 nm nano silica is
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required to formulate watdrased fluid using four wt.%. The study mentioned that it was
effective up to 77 °C only. Up to 29 wt.% was used to effectively seal Texas shaim (3
fractures) 151]. Silica with 5100 nm was investigated with different salts. It showed good
compatibility when using NaCl. However, it solidifies when using sodium hydrok&#. [
Nano silica, in general, was used in wdiased fluids for shale iithition successfully.
However, nano silica does not work in-bésed fluids to minimize filtrate invasion due to
a lack of proper dispersiot$3. Polyethylene glycol PEG was used to coat the rsilica

but only showed good inhibition up to 55 °C. Thele inhibition mechanisms here are
physical plugging due to nano silica and hydrogen bonding from the OH group in the
polyethylene  glycol 154. Nano silica modified with -Aminoethwy
3aminopropyltrimethoxysilate (AEAPTS) showed good inhibition only wbembined

with calcium ions and PAC, Schemelb§.

NH,

Nanosilica
Particle

Nanosilica
Particle
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Scheme 2Depiction of the functionalization of a nasdica particle with a methoxy

silane compound. In this case, the reagent is AEAPISH [

Ethylenediaminanodified graphene was used as alshnhibitor due to physical
plugging and hydrogen bonding with EDASg. A study [L57] mentioned that graphene
nanoplatelet improved performance against different fluids, such as KCIl and PHPA, nano
silica, and multiwalled carbon nanotube and KCI fluiddanaflexible polymer can also
be used as a shale inhibitor by physically plugging the shale &8s Polymers that
work as fluid loss additives can also improve shale inhibition; for example, a terpolymer
of acrylamide2acrylamide2-methyt1-propanesulfonic acidN-vinyl-pyrrolidone (AM-
AMPS-NVP) [159. High thermal stability up to 95 °C, good shale inhibition, and
compatibility in high salinity fluids were achieved using polyacrylangosted
polyethylene glycol/Si@ nanocomposite 16(d. Hydrophobic polymebased silica
nanoparticles composite with a center core showed good shale inhibition by physical
plugging, hydrogen bonding, and water repulsion by styrene ci@ih Physical plugging
by acrylic resin/nan&®iO, (AR/SIO;) composite pvided good shale inhibition in
temperatures up to 250 °C due to good adhesion of the deformable ARIGZD

Titanium Nitride nanoparticles were added to CMC and KCI solutions to inhibit
shale by minimizing filtrate invasionl$3. Laponite nanoparticles improve fluid loss
control by forming compact filter cakes, thus helping in shale inhibitl@4][ Sodium
stabilized nangilica with 10620 um particle size was functionalized with AEAPTS (2
aminoethyl3-aminopropyltrimethoxysilane). Tweryt grams of the nansilica was mixed

with AEAPTS for 1 hour. The inhibition tests were done under 150 °F, and the results
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showed approximately a recovery factor of approximately 94%. The duration of testing
was 24 hours, and the formulation was done us@ayvater. Nano silica in freshwater did

not achieve good inhibition. The addition of seawater indicates that the ions strengthen the
effect of nanesilica. Nano silica is compatible under 150 °F against ions such as
magnesium, calcium, and potassiutby.

A study looked at using nassilica particles and graphene nanoplatelets to
formulate watetbased fluid for improved shale inhibition. No synthesis occurred here, only
the physical addition of the nanomaterials in the whéesed drilling flids. The
ultrasonication step was used to reduce aggregation in both nanomaterials before utilizing
them as additives. Zeta potential was used to ensure the stability of the nanbfieid.
recommended val ue -alues<3 mAad3EmfLégnof | ui d i s

Nanofluids of CuO and ZnO (size 50 nm)
base fluid enhanced the thermal stability of wd@sed fluids up to 110 °A§4. The
major drawback related to using nanomaterials in drilling fluidess. Before starting any
projects related to synthesis, it is strongly recommended to consider the production process
of nanomaterials, which is generally too expensi&/]. Aluminum oxide NPs in low
concentrations improved the performance of whtesel fluids at high temperatures. It
outperforms the nansilica particles and the base fluids with no nanoparticles. The
conditions stated in the study were 120 °C. Plans included trying different nanoparticles at
higher temperatures, up to 160 °15§.

Nano ZnO particles were added in 0.25, 0.5, and 0.75 wt./volume percentage of
NanaZnO mixture in watebased drilling fluids to minimize filtrate invasion. Stability

tests against seawater showed acceptable results. However, the study waserett don
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elevated temperatures and long distand€§][ A study investigated the effects of zinc
oxide nanoparticleacrylamide composite termed as ZAth composite on rheological
and shale swelling behavior of conventional WBDF. The testing condition &€ &C.
The rheological properties were acceptable, but not the shale inhildi@ign [

Scheme 3 shows the hyperbranched polyglycerol grafting on the surface ef silica
coated nanomaterial. The first product is sHioated nanoparticles termaited with
primary amine groups. The second product is a generation of hyperbranched polyglycerol,
done by the primary amine groups that will work as an initiator with glycidol monomer to
start ringopening polymerization. This study used four differentopanticles: CdS&nS
based quantum dots with red emission, Mn: ZnBaS:d quantum dots with orange

emission, Magnetic E®s nanoparticles, and plasmonic Au nanoparticledl].

57



silane,
heat

NEH

Ny

HM NH,
M., .
]
-
[T N, —
A
N By

.-";{\

heat

@ CdSe-ZnS. Mn-ZnSeS, y-Fe,0,, Au

Ko

o

o o

b}

Hydrop hqbic T — Silica cugted Silica cc:ttcd
nanoparticle nanoparticle nanoparticle
in toluene precipitate in DMF

glyeidol,
imidazole,
heat
W

. Polyvglyveidol

C?limdmf water | Manopanicle | diethyl ether grafied
nsaon-L:]r ];{:icole precipitate nanoparticle

: in DMF

Scheme 3(a) Schematic representation of hyperbranched polyglycerol grafting on

surface of silicecoated nanopatrticles. (b) Steps for transforming hydrophobic

nanoparticles into hyperbranched polyglycegafted Nanoparticles1f 1]

Scheme 4 shows the synthest StHPG. It is ringopening polymerization at the
hydroxyl groups terminal of the silicon nanoparticles at 140 °C and under an argon
environment. Next, the hydroxyl groups terminal of thed8iG are reacted with succinic
anhydride to produce carboxylacid terminated silicon nanoparticles -(8PGCOOH)
with carboxylic acid terminal groups. The last step is to utilizgthy/}3-(3-dimethyl

aminopropyl) carbodiimide hydrochloride (EDC) to produce cyclic RGD peptide
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functionalized silicon nanoparticles I{BPGRGD) [172. It is ring opening
polymerization at the hydroxyl groups terminal of the silicon nano particles at 140 °C and
under argon environment. Next the hydroxyl groups terminal of théP& are reacted

with succinic anhydride to produce carboxylic acid termishaiéicon nanopatrticles (Si
HPGCOOH) with carboxylic acid terminal groups. Last step is to utilie¢h§l3-(3-
dimethylaminopropybcarbodiimide hydrochloride (EDC) to produce cyclic RGD peptide

functionalized silicon nanoparticles {BPG-RGD) [177].
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Scheme 4Synthesis strategy of hyperbranched polyglycerol grafted fluorescent silicon

nanoparticles (SHPG) and further functionalization with cyclic RGD peptidiZZ]
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Hyperbranched polyglycerol was introduced to synthesize mesoporous nanosilica
paricles for drug delivery. A onpot modified solgel method was utilized to dop silica
nanoparticles with polyglycerollf 3. Polyglycerol with amino groups was synthesized
using the detailed methods iIA74175. The aminefunctionalized polyglycerol was
mixed with silicon precursor, which grew nano silica when adding ammonium hydroxide.
The mixture was performed overnight under slight vibration. The silica seeds have a Si
OH group that interacts with the amino group from the arfunctionalized polyglycen
by hydrogen bonding or electrostatic forces. Thisgablhydrolysis condensation reaction
resulted in amorphous nano silica coated with polyglycerol.-éaricer drugs can be
loaded into amorphousano silicaparticles and released in an acidic envinent. Nano
silica can exist in the body through the urinary systerd][ Nanomaterials such as¥a
were coated with a layer of silica (Scheme 5) and then attached to hyperbranched
polyglycerol. The silica expanded the stability of the nanomaterialtrentinal product

attached to the hyperbranched polyglycerol was used for enhanced oil redd\@ry [

Silica Layer o, "D

Fe,0,-Si0,/HPG

Scheme 5Fe304 were coated with a layer of silica and then attached to hyperbranched

polyglycerol, L76
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A study [L77] aimed to improve the watdrased drilling fluid properties using the
TiO2/polyacrylamide (PAM) nanocomposite to control fluid loss and increase viscosity.
Polymerization of acrylamide monomer in the presence of m&doparticles using the

solution polymerization method was conducted, as shown ihIFig.

Nano-TiO2

Ultrasonic

irradiation s water

L

1
|

N2

KPS

Water bath (70°C)

Fig.11: Schematic of the solution polymerization proce$3g,/]

A novel hydrophobic associated polysissed silica nanoparticle composite with
coreshell struture was used to develop an additive for drilling uttezp wells under
ultrachigh temperature, ultrhigh pressure, and salinity. It was prepared with Acrylamide,
2-Acrylamide2methyl propane sulfonic acid, Maleic anhydride, Styrene, and silica

nanopartles via inverse microemulsion polymerization andgalpreparation and was

61



characterized by particle size distribution, SEM, TEM, and ESENj[ MaghniteH* was

used to initiate ringppening glycidol methacrylate (GMA) polymerization. The effect of
solvent, reaction time, and weight ratio of initiator/monomer were investigated. The result
concluded that increasing the initiator leads to faster polymerization but lower polymer
weight. Polymerization in solution gives higher polymer weight compared to bul
polymerization. Using a polar solvent led to slow conversion compared tgatan
solvents. The polar solvent reduced the contact between the initiator surface and the
monomers.Scheme 6 shows the Riogpening polymerization of glycidyl Methacrylate

by MaghniteH", and Scheme 7 shows the proposed mecharigéh [

0] ko
_— - OH
/\ Maghnite-H
0] -
Y/ :

Scheme 6Ring opening polymerization of glycidyl Methacrylate by Maghhite [179
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Scheme 7Mechanism of the ring opening polymerization of Glycidyl Methacrylate

catalyzed byaghniteH", [179

Free radical polymerization was conducted to graft polyglycidel methacrylate onto
silanepretreated nan8iO,. The monomer (glycidyl methacrylate) has an unsaturated
vinyl group and an epoxide functional group that can be openedrbgxgh amino, or
hydroxyl. The double bond in the monomer can be utilized to construct grafted polymers.
Maleic anhydride grafted polypropylene can also be used as a compatibbi@er [

To introduce a double bond, the OH group with nane Si&streated with silane.

This is a requirement to perform fregdical graft polymerization. Silane was added in

excess to the suspension of S1IO300 ml of toluene. A weight ratio of 1/30 of nasitica
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to toluene was used. The suspension solution wasattieally aged for 30 minutes and
refluxed for 10 hours at 110 °C under nitrogen. Filtration and extraction with alcohol for
24 hours was conducted to remove excessive absorbed silane. Then, drying in an oven at
50 °C for 24 was performed. TGA was usedi¢tect the attached silanes[j.

The nanesilica treated with silane was mixed with toluene and sonicated for 30
minutes. Then, the initiator AIBN was added into the reactor under a specific temperature
and N. 5 minutes later, the monomer was edido the reactor, and the reaction lasted for
several hours, Scheme 8. The final grafted polymer was precipitated by pouring a large
amount of methanol. The precipitated products were filtered and washed several times with
methanol to ensure the removéresidual monomer. Acetone separated graftedfilQ
glycidyl methacrylate and the generated homopolymerized poly glycidyl methacrylate. The
SiO-poly glycidyl methacrylate was then dried at 50 °C. TGA was used to estimate the

grafting percentagel BQ.
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Scheme 8Surface grafting of PGMA onto nat®iO;, [18(

Amine-modified silica nanoparticles were synthesized by adding 4.8 grams of
nanasilica in O and performing dilution with 100 ml of ethano®lin a 1:1 ratio,
followed by the slow addition & ml (20 mmol) of aminopropyltriethoxy silane (APTES),
Scheme 9. Silane oligomer was observed by stirring the suspension solution for three days.
Then, the solution was washed with ethanol and centrifuged at 6000 rpra40m2idutes

to remove impuritiesEthanol was used to keep the final proda&tl].
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OH or XO NH,
HO CH RO O-gj
HO OH (APTES) HO 0
—— Si
HO OH EtOH, H,0O RO OH OX
OH OR NH>
g R =(X0)2Si(CH2)3NH2
plain SNP X=HS
amine-modified SNP

Scheme 9Synthesis of aminenodified SNP, 181]

Hybrid polymers can have inorganic nanoscale building blocks, for example,
nanotubes, layered silicates (e.g., montmorillonite, saponaapparticles of metals (e.g.,
Au, Ag), metal oxides (e.g., TEDAI2Os). For years, Silica nanoparticles Siave been
a significant and attractive material for academia and industry. Silica/polymer composite
has also been discussed in many publicatid®]. The polymer component can be
introduced as (i) a precursor such as a monomer or an oligomer, (ii) a linear polymer
solution or emulsion state), or (iii) a physical polymer network such as semicrystalline
linear polymer or chemically, such as theretssor elastomers. Precursors such as TEOS
or (ii) nanoparticles can be introduced as the mineral compob@&8t |

Generally, three methods exist to synthesize polymer/silica nanocomposites
(Fig.12). The first method is blending or mixing silica mwamaterials into the polymer. The
second method is sgel synthesis, which is done during the presence of a polymer or
polymerization of the monomer(s). The third method involves the first dispersion of the
nanasilica in the monomer(s), then polymerizatioccurs. Colloids are considered a

category of nanocompositesd?].
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in situ

- lymerization
siica | Poymenzaton,

nanoparticles

solgel
blending process

sol-gel

poly precursor

Fig.12 The three general approaches to prepare polymer/silica nanocompasi#s, [

Typically, a hybrid term is used when the-gel process forms the inorganic
component insitu. Some publications do not distinguish between hybrid and
nanocompositeslB4]. Silica nanoparticles are typically used with polymers added to the
blending and conducting in situ polymerization synthesis. However, silica precursors are
used differentlyby utilizing the solgel process. Examples of silica precursors are silicon
alkoxides, TEOS and TMOS, PHPS, water glass sodium silicate, and silicic acid.
Sometimes, we used alkoxysilane mixtures with polymers as silica precursorsyai sol
synthesis.

Hydrolysis of a TEOS diluted solution in ethanol at high pH produces
monodisperse spherical silica particles. This hydrolysis can also be controlled in an inverse
microemulsion. Nano silica is available commercially, either as powder or colloice Ther
are two ways to synthesize the powder form, either by the fuming method or the

precipitation method. The precipitation method requires treating silicates with mineral
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acids and obtaining hydrated silica particles to be precipitated later. This methatd is
expected to produce silica nanocomposite since we have moig §ioups, which makes

the silica easier to agglomerate than the fumed method. The fumed method produces silica
in a large, smooth, nonporous surface area, which leads to more vital pwitenaction.

Fume silica is white and produced by hydrolyzing $i€hk flame of hydrogewoxygen, as

shown below in this reaction. The colloidal silica spheres are commonly used in a solution
with alcohol or water as a dispersing medidr83186.

SiCls+ 2H+0O2 A SiOx+4 HCI

Fig.13 shows a schematic illustration of three types of surfaces of silanol and
aggregate formation between fumed silica particles through hydrogen bonding among the
silanol groups. The interaction shown in E#jleading to aggredga formation can result
from nonstrong interaction between polymer and nailica [187-188. The dispersion of
nanomaterials, such as nano silica, is a requirement for the properties of the synthesized
hybrid system. We may use chemical or physical nmatibn to control interfacial
interaction between the polymer and the nanomaterial to achieve good dispersion. There
are different methods to increase the compatibility between polymers (hydrophobic) and
nano silica(hydrophilic). The most known method tis modify the surface of the nano
silica either by physical or chemical method to increase its dispersion into the polymer
matrix [189-19(. a schematic illustration of three types of surfaces silanol and aggregate
formation between fumed silica particldggough hydrogen bonding among the silanol
groups. The interaction shown ig.14 leading to aggregate formation can be the result

of nonstrong interaction between polymer and nano sil&/{18§. Dispersion of nano
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materials for example nano siliaa requirement for good properties of the synthesized
hybrid system. To achieve good dispersion, we may use chemical modification or physical
modification to control interfacial interaction between the polymer and the nano material.
There are different gthods to increase the compatibility between polymers (hydrophobic)
and nano silica (hydrophilic). The most known method is to modify the surface of the nano
silica either by physical or chemical method to increase its dispersion into the polymer

matrix [189-190.

H H H H H
\ /N |
0 0 0O Q O
| || \/
S Si—Si Si
isolated silanol vicinal silanol geminal silanol

Fig.13: lllustrations of three types surfacesSilanol, [187]

Fig.14: Schematic of aggregate formation between adjacent fumed silica particles

through hydrogen bonding among the Silanol grouf&3[
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Chemical interaction can be usedrnodify nanaesilica surfaces. We can use either
modifier agents or by grafting polymers. Silane coupling is a joint modifier agent. Silane
generally has an organofunctional group and a hydrolyzable group. We can present Silane
as RSiX, where X is the hydyadable end that reacts with the hydroxyl group on the SiO
surface, such as ethoxy, methoxy, or chloro. The R is an alkyl chain that reacts with the
polymer. Tablel shows examples of Silane groups for nailica surface modification

[191-192.

Tablel: Typical Silane Coupling Agents Used for Surface Modification of Silica

Nanoparticles,]91-197
abbreviation name chemical struture
APMDES aminopropyl methydiethoxysilane H;N(CH,)5(CH3)Si(OC;Hs),
APMDMOS (3-acryloxypropyl)methydimethoxysilane CHy=CHCOO(CH,)3(CH3)Si(OCH;),

APTES (APTS,
APTEOS, APrTEOS)

APTMS (APTMOS,
APrTMOS)

APTMS (APTMOS)

APTMS (APTMOS)

TESPT

DDS

GPS (GPTS, GOTMS.
GPTMOS, KH360)
ICPTES

MMS

MPS (MPTMS. MPTS.

MAMSE, MATMS, MSMA,

TPM., MEMO, KH570)
MPTES
MPTS
MTES
PTMS
VTES
VTS

3-aminopropyltriethoxysilane
3-aminopropyltrimethoxysilane

(3-acryloxypropyl)trimethoxysilane
aminophenyltrimethoxysilane
bis(triethoxysilylpropyl)tetrasulfane
dimethyldichlorosilane
3-glycidoxypropyltrimethoxysilane,
3-glycidyloxypropyltrimethoxysilane
3-isocyanatopropyltriethoxysilane
methacryloxymethyltriethoxysilane

methacrylic acid 3-(trimethoxysilyl) propyl ester,

3-(trimethoxysilyl)propyl methacrylate,

3-methacryloxypropyltrimethoxysilane
methacryloxypropyltriethoxysilane
mercaptopropyl triethoxysilane
methyltriethoxysilane
phenyltrimethoxysilane
vinyltriethoxysilane
vinyltrimethoxysilane

H;N(CH,)5S1(0C,Hs)s
H;N(CH,);Si(OCH3)3

CHy=CHCOO(CH,);Si(0CHs)3
H,NPhSi(OCH;s)3
(C3H50)35i(CH;)384(CH,)3Si(0C;Hs)5
(CH3),SiCly
CH,(0)CHCH;0(CH,):Si(OCH3)s

OCN(CH,);Si(0C,Hs)s
CHy=C(CH3)COOCH,Si(OC,Hs)s
CH=C(CH;)COO(CH,):Si(OCH3)s

CH3=(‘f(H‘ lCOO{CHﬂ;Si( OCjHj )3
SH(CH,);Si(0C,Hs)s

CH,SH DC}H; )z

PhSi(OCH3)3

CH,=CHSi(OCHs)s
CH;=CHSi(OCH);
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Epichlorohydrin can also be used to chemical modify the surface of nano silica
[193. To enhance mechanical properties of epoxy resin for molding cordppsilica
particle was added. Typically, the nano silica is added first to the epoxy resin then curing
agent is added. Schemes 10, 11 and T2lsleow potential epoxy resin and their curing
additives. Silica nanocomposite were added into epoxy resin @@%owithout adding
silane modifiers. Nano silica effect was also investigated as a curing agent for the epoxy
resins. Nano silica showed high reactivity toward epoxy resin at mild conditions. Addition

of MgCl. showed counter action effect against therqyagent and reduced its activation

energy [94.

calcination

(600 °C 2hrs,
1000 °C 1hrs)

Epichlorohydrin /_ .
SiOz—0OCH, S-Epoxide
Kl/crown ether
o
APMDES
S SiO, OCHQCchH@ S-NH,
toluene

C

Hsf
TDI, triethyl amin .
SiOz—ONHC S-NCO
toluene ('3"

Scheme 10The surface modification of silical 94
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Q 8]
B OB
diglycidy| ether of bisphanol A or

bisphenal A diglycidyl ether (DGEBA, BADGE)
14

B DA BN

0-R=0

phosphorus-containing epoxy resin

15
A AR 7
WA o ~7
Q (o] Q

tetraglycidyl-4-4'-diaminodiphenylmethane (TGDDM}  hexahydro-4-methylphthalic anhydride (HMPA)

16 17
?
HzN R NH; HzN Q Q NHz
0
4 4" -diaminodiphanylsulione (DDS) 4.4'diaminodiphanylmethane (DDM)
18 19
o

1
CoHsO—P—0C,Hs
H

diethyiphosphite (DEP})
20

Scheme 11Typical epoxy resins and hardeners used for the preparation of epoxy/SiO

nanocomposites1p4
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Table2: Examples of Preparatiaf Epoxy/SiQ Nanocomposites by in Situ

Polymerization, 194

epoxy

resin type hardeners Si0,
DGEBA Z 400 nm, functionalized particles
bisphenol A DDS 9 nm, PAAM-grafted
DGEBA aromatic hardener 15 nm
DGEBA HMPA 100 nm
DGEBA aliphatic polyamine ~330 or ~75 nm
DGEBA piperidine 15—50 nm, surface-modified
DGEBA HMPA 20 nm
DGEBA DDA
DGEBA, P-containing epoxy DDM, DEP dispersed in MIBK, 10—20 nm
DGEBA Si0, dispersed in MIBK, 10—20 nm
TGDDM DDS dispersed in isopropanol, 10—15 nm
DGEBA polyamide—amine

Generally, there are two main approaches either grafting to method that is done by
chemically attaching polymers to surface of nano silica or in situ monomer polymerization
or grafting fron method. Nano silica could be physically modified either by adding
surfactants or polymers. The polar group of surfactants will be adsorbed to the silica surface
by electrostatic interaction. CTAB can be used to improve interaction between silica and
polymer. Stearic acid can also improve dispersion and adhesion between polymer and
nanaosilica [195201]. PVA has hydroxyl groups in the repeating units, which can
potentially form a strong interaction with the silanol group in the +sii@a. A composite
of 30 wt.% nano silica in PVA has produced a matrix with a thireeensional network
[202. Polymers with amide groups, such as PA, PAAM, and PU, are suitable to prepare
hybrid polymers due to the NBO group, which can easily form hydrogen bonding with

the slanol groupsscheme 12403-204].
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PAAD |
C=0""H-0-Si
H~N
N 3
He. _H |
>c=C’ H
“C=0" H-0-Si SC=0" "H-N’
H ‘cH:o i . HNCog
EAAD
(1) (2)

Scheme 12The tentative modes of hydrogen bonding in the monomer (structure 1) and

polymer (structure 2) 203

Some factors can affect the grafting process, for example, contamination from non
grafted polymerthe difficulty separating grafted chains from ngmafted ones, and
prevention of further grafting due to substantial hindrance between grafted polymer chains.
The "graftingfrom" technique is also called surfaicdtiated polymerization.
Polymerization strts from initiators on mineral surfaces, producing "hairy nanoparticles"
or "polymer brushes." Different polymerization was conducted utilizing the "grafting
from" techniques such as free radical polymerization, living anionic polymerization, living
cationic polymerization, ringppening polymerization, and others. The most common one
is controlled radical polymerization, including its three categories: atom transfer radical
polymerization (ATRP), fregadical polymerization, reversible radical addition,

fragmentation, and transfer (RAFT) polymerizatia.
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Inorganic material surfaces can be functionalized with polymer by chemical
modifiers for covalent bonding formation or physically by utilizing sticky segments in the
synthesis, leading toon-covalent bonding. Noerovalent bonding utilizing the physical
method is based on adsorption, which is reversible, which makes it an unfavored method
of synthesis. Covalent grafting synthesis is the recommended method for a stable interfacial
result. Coalent grafting synthesis can be divided into "grafting from" and "graftiig
The graftingto-synthesis is achieved by reacting the macromolecule with the suitable
surface group. However, we can have low grafting densities due to the steric effect of
reactive previously attached polymeB9f|.

The "graftingfrom" synthesis can solve the abovementioned issue for the "grafting
to" method. In the "graftingo,” an initiator is used to modify the particles' surface, and
then polymerization is perforaal. The steric barrier in the "graftifigpm™ synthesis by the
grafted chains will not block further monomers from initiation sites, resulting in higher
grafting density than in the "graftifi@" synthesis. The "graftinffom" synthesis, also
known as sugce initiation polymerization, can be achieved by different polymerization
mechanismsZ07-209.

Many inorganic materials could be used for inorgamiganic hybrid materials.

The most common ones are the sHomdymer hybrid materials due to thevide use and

ease of synthesis. Nano silica has been used to manufacture paints, rubber, plastics, and
other essential products. Coated silica particles are used for stationary chromatography
phases, heterogenous catalysts, sensors, and aerddpa2éd]. In a solvent of alcohol,

water, and ammonia as a catalyst, hydrolysis and condensation of tetraethyl orthosilicate

(TEOS) takes place to produce TEOS monomer, as shown in Scheme 13. Electrostatic
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repulsion from ammonia ions in solution stabilizes thredpced nanailica, Scheme 14

[214217.

Si(OR); + H,0——= (OR);Si(OH) + ROIH  Equation I

(OR);8i(OH)  + H,0 — Si0; + 3ROH Equation 2

Scheme 13Synthesis of silica particle214]

O'NHz*
HO OH
. NH;, H,O
Si(OCH,CHy), 32 22 %
CH;CH,OH .
TEOS HO ONH
OCH5CHs3

Scheme 14Stabilization of the silica particle219

Due to the hydroxy groups on the surface of the silica particles, we can attach
organic compounds tact as initiators for required polymerization synthesis. An azo
initiator was grafted onto a particle on a flat silica surface to initiate radical chain
polymerization of styrene, Scheme A.8219. Table 5 shows previously investigated

monomers, commoecoupling agents, or chemical modifieB2p-223
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e Q N Me
OOH +  CI—Si—CH;CH;CH;yOC~CHy CHC-N=N-C—Me
Me Me CN
lbasc
'fe Q N Me
OO—?i—(‘l15(‘113-(‘113-0-(‘—(‘1l:-(‘llj(‘-N=N-(l‘—Mc (A)
Me Me CN
lolucnc‘sl)renc
AT.-N,
e 9 i
Oro—]si—(‘lIjCH:rCII:-O-C—('H:-CH:—C (B)
Me I\I/Ic
n

Scheme 15An azo initiator was grafted onto a particle on flat silica surface to initiate

radical chain polymerization of styren€1g-219

Table 5: Previous investigated monomers and common couplireptagr chemical

modifiers, 20-223

Coupling reagent Polymer
e o} ?CH;; PS, PMAA, PS-co-PBuA,
2 V\O/CHz—CHZ-CHz—?i—OCH;,
CHs OCH3;
3-Methacryloxypropyl trimethoxysilane (MPS)
e o) 0C,Hs PS
. O/CHz—?i—OCZHs
CHy OCyHs
Methacryloxy methyltriethoxysilane (MMS)
H3C(H,C)7 (CH,);COOH PS
H H

Oleic acid
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The immobilization of polyglycidol onto solid substrates and the subsequent
production of polymer coatings has received only a small amount of scientific attention,
even though polyglycidol, in both its linear abidhnching architectural forms, possesses
unique qualities. Graftingp and graftingfrom are the two primary methods that are
utilized for attaching polyglycidol with flat surfaces or nanopatrticles, respectivelsL8rig.

Both approaches result in the fwation of covalent bonds between the polymer and the
support, which is necessary for the formation of a stable layer. In preparing surfaces with
linear or branched polyglycidol, the graftig procedure was given the majority of the
attention p24-22§.

In this method, a polymer that has already been synthesized and contains a
functional group somewhere along the polymer chain reacts with complementary
functional groups placed on the substrate. The reactive function, such as triethoxysilyl,
amine,or thiol, was inserted at the chand of the polymer in the instance of linear
polyglycidol. The interaction of the outer hydroxyl groups of hyperbranched or dendritic
polyglycidols with a molecule that introduced a reactive function, such as thiok,aonin
triethoxysilyl, was often the method that was used to modify the polyglycidols. When using
a polymer that has low molar mass dispersity, the grattrapproach produces polymer
layers that are generally homogeneous. Because the polymer chaidg attaehed to the
support can screesut some of the reactive sites on the support, achieving a high grafting
density can be challenging. In most cases, one can obtain fragile 23@rs [

In addition to this name, the graftifigom approach is kmwn as surfacénitiated
polymerization (SIP). Initiation of polymerization occurs as a result of the initiator being

connected to the substrate in this process. In most cases, radical polymerizations are
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utilized to modify grafteefrom polymers; cationi@and anionic polymerizations may also

be utilized. When using this procedure, you will end up with a surface made of functional
polymer brushes that have a greater thickness and a higher density than those produced by
the graftingto method However, this rathod is complex to implement technically, and

the resulting polymer brushes are often highly heterogeneous in composition. In
polyglycidotbased surfaces, the graftifrgm technique was utilized in the works that
involved the immobilization of linear aryperbranched polyglycidol on twdimensional

materials £29.

A §

grafting-to

polymer

layer/coating polymer

surface

: support/substrate

Fig.15: The plan for the formation of covalent bonds between a polymer and a solid

support by means of the (A) graftibg and (B) graftingfrom approacheg$229]
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CHAPTER 3

RESEARCH OBJECTIVES
3.1 Problem Statement
Oil-based drilling fluids can be used because they show good performance at high
temperatures, excellent inhibition for wasansitive shales, and a high rate of penetration.
However, oitbased drilling fluids are known to bexic to the environment, and there is
always a high cost associated with them and required disposal techniques. In addition, oil

based fluids can damage the elastomeric parts of downhole drilling tools.

3.2 ThesisObjectives
The objective of this dissertati can be summarized as follows:

1 To synthesis different hyperbranched polymers and hyperbranched hybrid
polymers with suitable functionalities faraterbasedlrilling fluids to replacevil-
basedluids

1 To formulate watebased drilling fluids using synthiezed hyperbranched
polymers and hyperbranched hybrid polymers

1 Conduct performance testing for viscosity at 300 °F (149 &ad optimize
formulations as needed

1 Conduct performance testing for shale inhibition and optimize formulations as

needed
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3.3 Thesis Milestones

TaskSynt hesis of Various Modified Hyperbranche
| will synthesize a range of modified branched PEI for trial testing in wteed drilling

fluid formulations. The performance (rheology and viscosity) and stabilityhef

formulated drilling fluids, incorporating the synthesized modified branched PEI, will guide

our decisioamaking process in selecting the most suitable conditions (initiator/monomer

ratio, acidic vs. basic media). The proposed general molecular sésiofusranched PEI,

depicted in Figsl6-17.

Fi g6Pol ygl yci dol substituted PEI
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Here, we propose inorganinanoparticles and polymeric ligands (multifunctional

polymeric ligands or hyperbranched polymers) based hybrid nanocomposites to act as

inaghaef i | | er so

t o-cragka inerockislmle surfacec at the same time

minimizing the contact of water witshale surface by adjusting the hydrophobic moieties

in the corona. We will synthesize nanoparticles with different compositions, morphologies,

and dimensions.The nanoparticles will be functionalized using targeted polymeric

ligands, Fig. 8. These inaganicorganic hybrid nanocomposites will be employed to

enhance their ability to reduce water/shale surface interaction anderaics gating by

adjusting the ratio of hydrophobic chains and surface anchoring groups.

The inorganic core will play dual role: (i) will offer a high surface area to help

increase the high density of surface ligands, and (ii) being inorganic will enhance the

mechanical properties of naisbale fillers. The polymeric ligand on the surface of
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nanoparticles will offer auitable functional group to selectively bind to the shale surface

and enhance hydrophobicity to minimize the direct contact of water with the shale surface.

Multifunctional polymeric ligand Hyperbranched polymeric ligand
ge] B “ A Ty
S B B A
— A A
B A
Inorganic A B
nanoparticles with A
different size, shape
and dimensions i B A B
Anchor ] A
Functional Functional B
molecule-1 molecule-2
Fi &St hematic representation of different b
nanopar tmudltesf,un(cB)i onal pol ymeric I|-igands and
based surface | igands.
TaskCBaracterization

We will use NMR mainly and other analytical methods to characterize the synthesized

branched PEI and other additives to relate the branching degree to the performance in

waterbased drilling fluids. Analytical methods will also characterize the synthesized

inorganic nanomaterials and polymeric ligands.

TaskFrdesh Water Based Dri

I'1Ting FIl ui

ds Per for ma

We will conduct standard and API tests that are accepted by the industry to prepare and

characterize drilling fluids. The tests that are covérexd are fluids preparation, density

and rheology measurements, APl and HT/HP filtration and thermal stability tests.
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TaskCé&dntaminati on and Salts Compatibility Test
We will investigate the stability and tolerance of the synthesized branchgchgrel

against contamination and different types of salts at different concentrations.
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CHAPTER 4

SYNTHESIS OF VARIOUS MODIFIED HYPERBRACHED

PEI POLYMERS

We have conducted a meticulous synthesis of various modified branched PEI, which are
now ready to be trialested in watebased drilling fluid formulations. The performance
(rheology and viscosity) and stability of the formulated drilling fluids, meticulously
designed around the synthesized modified branched PEI, will provide robusttsiapp

our decision on selecting suitable conditions (initiator/monomer ratio, acidic vs. primary
media). Table 1 presents the polymer synthesized in terms of initiator and glycidol details,
a testament to the precision and thoroughness of our res@arabbjective was to identify

the optimum initiatosto-monomer ratio, a task we approached with utmost care and

attention.
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Table3: Polyme synthesized in terms of initiator and glyciold details

Poly 60K PEI agGlycagoMon|PEI : Gl yc
# i nitiator gr ams Rati o
1 4 20 1:5
2 10 20 1: 2
3 4 60 1:15
4 6 0 15 4: 1
5 15 15 1:1
Materials

Additional synthesis was performed using different chemicals. This section details the
polymers based on their code (AY).

Polymer AY1001A

300 ml NMethylpyrrolidone (NMP) solvent

- 10 grams of 800 g/mole PEI

- 6.8 grams maleic anhydride (MA)

- 80 ml of Triethylamine (TEA)

- 100 ml of DI water

We first measured 10 grams of 800 gram/mole PEI and solubilized it in 150 ml

NMP solvent. We then added 80 ml of TEA. TEA is a strong base, and it can completely
deprotonate carboxylic acids. We then measured 6.8 grams of MA solubilized 100 ml NMP
solventand slowly added it to the PEI and TEA reaction mixture. Some precipitation was

observed, so we added DI water to the reaction. MA was getting attacked by amines so fast
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that it generated a hydrophobic salt. The addition of the DI water acceleratedgthe rin
opening of MA. An orange color and excess heat indicated the ring opening of MA. The
reaction was done at 50 °C for five days. We are adding 10 ml of DI every day to ensure
the completion of the MA ring opening. The reaction was completed due to theeazbse
increase in solution viscosity. We have taken 2/3 of the solution and performed dialysis.
Potassium hydroxide was added to the dialysis step. The polymer was transferred later for
drying.

Polymer AY1001B

300 ml NMethylpyrrolidone (NMP) solvent
- 10 grans of 800 g/mole PEI

- 6.8 grams maleic anhydride (MA)

- 80 ml of Triethylamine (TEA)

- 100 ml of DI water

- 30 ml glycidol

We have taken 1/3 of the polymer AY1001A

S (

We want to see if the Poliymietri sAtydiOOfL &r abgbs g c wi

opening and observe any added benefit in dri
was added to the dialysis step. The pol ymer
Polymer AY1002

Monomer Design
- 10.5 ml Diethanol Amine
- 10.5 gams Maleic anhydride
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- 200 ml NMP solvent
- 20mlI TEA
In this step of the reaction, we designed and synthesized our monomer using NMP
solvent and TEA. We conducted the reaction at 50 °C over night.
Initiator Design
- 30 grams of 60K PEI
- 50 ml of DI water
- 50 mINMP solvent
We added the mixed initiator solution to the monomer solution at 50 °C and let the
reaction occur until it became slightly viscous. A potassium hydroxide solution was added
to the dialysis step. The polymer was transferred later for drying.

Polymer AY1003

33 grams 10 K PEI

- 400 mil DI

- 3.0 grams Maleic anhydride

- 40 mlTriethanolamine

- 20 ml glycidol

MA was added stepvise over 2 hours. Triethanol amine helps in the solubility of

MA in solution. Triethanol amine was added twice in 20imrvals. The reaction was
kept for days at 50 °C until a viscosity increase was observed. A potassium hydroxide

solution was added to the dialysis step. The polymer was transferred later for drying.
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Polymer AY1004 & AY1005

33 grams 10 K PEI

400 ml DI

6.0 grams Maleic anhydride

160 ml Triethanol amine
MA was added stepise over 4 hours. Triethanol amine helps in the solubility of
MA in solution. Triethanol amine was added in two intervals. The first interval was 20 ml
in the middle of the MA addictior.he second interval was 140 ml at the end. The reaction
was kept for days at 50 °C until a viscosity increase was observed. 10 ml DI of water was
added daily to the reaction mixture. A potassium hydroxide solution was added to the
dialysis step. We addd€iOH to ensure that the carboxylic acid of MA is in salt form in
the final polymer. The polymer was transferred later for drying. In polymer AY1005, the
same procedure was repeated, but we added triethanol amine in steps as we added MA in
steps to comparéé performance and validate the synthesis.
Polymer AY1006

- 10 ml ARC Control

- 300 ml DI

- 30 ml glycidol

The ARC control is a mixture of polyamines that are manufactured locally. We

wanted to use it as an initiator for glycidol ring opening. We kept the reaction for seven

days at 50 C. We added KOH, which was unnecessary since we have no carboxylic acid
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and he polyamine is a base. KOH was added only at the dialysis stage. The polymer was
transferred for drying.
Polymer AY1007

- 10 ml ARC Control

- 300 ml NMP solvent

- 30 ml glycidol

Il n polymer AY1007, we have repeated AY1006

type from DI water to NMP solvent.
Polymer AY1008&AY1009

- 10 ml ARC Control

- 300 ml DI water or 300 ml NMP solvent

- 30 ml Cl12C14alkylglycidyl ether (oxirange, mono[(C1P4-Alkyloxy)methyl]

derivatives
I n pol ymer AY1008, we wanted to see if w
ARC control as our initiator ffTbe dhéferegcep

bet ween AY1008 and AY1009 was the type of sol\
Polymer AY1010

- 10 grams of 10K PEI
- 300 ml DI water
- 30 ml C12C14alkylglycidyl ether (oxirange, mono[(C1P4-Alkyloxy)methyl]

derivatives
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Il n polymer AY1010, we wanted to see if

we

(

our initiator for té&eNoi KQHowani i addeod hdre egpto X

stage. The polymer was transferred for drying

Polymer AY1011

10 grams of 60K PEI

200 ml DI water

0.25 Dopamine

- 11.3 ml glycidol

This is a reference polymer to compare
di fferent nanomaterial s. We wanted to see
temperature drilling fluids testing.
Polymer AY1012

Monomer Design

5 ml Diethanol Amine

6.6 grams Maleic anhydride

50 ml NMP solvent

10.836 ml TEA

The reaction was kept for three days at 30 °C. Then, 50% of the monomer solution
was mixed with 50 ml DI water and purged with Argon for more than 1 hour to remove the

oxygen content from the solution. 0.0911 grams of potassium persulfate (K2S208Y initiato

was added under an argon environment, and the free radical polymerization was conducted
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at 55 °C. The initiator was dissolved, and the reaction was kept for 2 days. KOH was added
only at the dialysis stage. The polymer was transferred for drying.
Polymer AY1013

Monomer Design

5 ml Diethanol Amine

6.6 grams Maleic anhydride

50 ml NMP solvent

10.836 ml TEA

The reaction was kept for three days. The-fil@y reaction was kept at 40°C, then
the temperature was raised to 80°C for two days. Then, 50% wicthemer solution was
mixed with 50 ml NMP solvent and purged with argon for more than 1 hour to remove
oxygen content from the solution. 0.0911 grams of potassium persuli&©gKinitiator
was added under an argon environment, and the free radicalgragtion was conducted
at 100 °C. The initiator was dissolved, and the reaction was kept for two ld@y$.was

added only at the dialysis stage. The polymer was transferred for drying.

Polymer AY1014

Monomer Design

5 ml Diethanol Amine

6.6 gramdVialeic anhydride

50 ml NMP solvent

10.836 ml TEA
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The reaction was kept for three days. The-fil@y reaction was kept at 40°C, then
the temperature was raised to 80°C for two days. Then, 50% of the monomer solution was
mixed with 50 ml DMSO solvent andumed with argon for more than 1 hour to remove
oxygen content from the solution. 0.02762 grams of Azobisisobutyronitrile (AIBN)
initiator was added under an argon environment, and the free radical polymerization was
conducted at 100 °C. The initiator wdssolved, and the reaction was kept for two
days. KOH was added only at the dialysis stage. The polymer was transferred for drying.
Polymer AY1015

- 10 grams of 10K PEI
- 300 ml DI water
- 2 grams or 2.247 ml of CiQ14alkylglycidyl ether (oxirange, mono[(Ci%4-
Alkyloxy)methyl] derivatives
Polymer AY1017
- 10 grams of 10K PEI
- 300 ml DI water
- 0.2 grams or 0.22 ml of CiQ14alkylglycidyl ether (oxirange, mono[(C1®4-
Alkyloxy)methyl] derivatives
Polymer AY1018
- 10 grams of 10K PEI
- 300 ml DI water
- 025 ml of Ci12Cl4alkylglycidyl ether (oxirange, mono[(Ci4-
Alkyloxy)methyl] derivatives
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Polymer AY1019
- 10 grams of 10K PEI

- 300 ml DI water

- 0.025 ml of Ci12C1l4alkylglycidyl ether (oxirange, mono[(C1P4-

Alkyloxy)methyl] derivatives

I n the above polymers, we wanted to see if
as our initiator for the ring openihnd owfert he
concentrations of the epoxy resin. No KOH was
is basic. However, we have divided the final
HCI acid in one part to compéaee. poBetnpeer f or ma
solutions, acidic and basic, were transferred
Polymer AY1020

- 1 grams of 600 PEI
- 50 ml DI water
- 50 ml glycidol
I n the above polymers, we wanted to confir
DI water sopvenhbnwhemaeasthkhe ter mi nanilon amec han

tiny amount of | ow polymer weight initiated t

Polymer AY1021
- 2 grams of 600 PEI
- 50 ml NMP solvent
- 50 ml glycidol
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A smal l amount of | owaspodrny memi twied tgcrt fwaars t
monomer ring opening. The difference between
solvent type. We want to compare the differen:t
NMP as solvents.

Polymer AY1022

- 2 grams of 60K PEI
- 100ml NMP solvent
- 100 ml glycidol
Polymer AY1023

- 2 grams of 60K PEI
- 100 ml NMP solvent
- 100 ml glycidol

To initiate the gl ycol monomer ring openin
weights of 60 K PEI and 10 K PBEFfwashnamsed.anWe
yield of a higher polymer weight of 60 K gram
grams./, mol e
Polymer AY1024

350 ml DI water

0.30 gram of XC polymefXanthan Gum)

50 ml glycidol

0.1 gram KOH
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A small amount of XCwatoéry.meThevasoladdieldi tty oOf 1
was not complete, which was evident in the cl
this synthesis was to modify the XC polymer b
opening of theThey&XCdopl!l momeroméras OH, which cc
initiator but would require high temperature,
XC polymer. Another more suitable approach we
group in the XC iptodlylmerf dro miarkegi ng wmuen the ¢

was kept for days at 50 AC.

Polymer AY1025
- 350 ml DI water
- 0.30 gram of XC polymefXanthan Gum)
- 0.1 gram KOH
- 1 gram of maleic anhydride polymer dissolved in 50 ml DMF solvent (Dimethyl
formamide)
- 0.5 gam of KOH
A small amount of XC polymer was added to
pol ymer was not complete, which was evident i
after heating it at 80 AC for two days. Next,
DMFs ol vent by sonication for 5 minutes. The N

reaction mixture of XC polymer. The solution

after adding the MA polymer solution for one

96



i ndiecsa t he ring opening of MA by the deprotona
of 0.5 grams of KOH was added to raise the pt

80 AC for one day to ensure a complete ring op

to synthesize the XC modification by using it
anhydride mixture solution, which was apparer
compl ete solubility. Temperatur e fwars a efdauw ed t

days. KOH was used to deprotonate the OH grou
for ring opening the MA pol ymer. The solutio
compl ete ring opening of the MA pméymeas The r
transferred for drying.

Polymer AY1026

350 ml DI water

- 0.30 gram of XC polymefXanthan Gum)

- 0.6gramKOH

- 1 gram of maleic anhydride polymer dissolved in 50 ml DMF solvent (Dimethyl

formamide)

- 50 ml glycidol

A smal | amount of XC polymer was added to
to be 7. After adding 0.6 grams of KOH, the pl
1 gram of MA polymer in 50 ml DMF solvent by s
wasdded sl owly into the reaction mixture of XC

bl ue. The reaction was run at 80 C for two da
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gl ycidol was added at intervals odt-110. ml per
The objective of this sy-MAhpgsli gmawasas oanmsient hi
glycidol ring opening. The solution became ye
of the MA polymer. The react inosnf ewarse ds tfooprp eddr,y iz
Polymer AY1027

350 ml DI water

0.30 gram of XC polymefXanthan Gum)

0.6 gram KOH

50 ml glycidol

1 gram of maleic anhydride polymer dissolved in 50 ml DMF solvent (Dimethyl

formamide)

A smal | amount of XCwapbérymeanavashadplddwa®
to be 7. After adding 0.6 grams of KOH, the p!
ml glycidol at 50 C and ran the reaction for ¢

di ssolved 1 gram of MAepoODl gmesonnc &0i onh DMF S

MA solution was added slowly into the reactior
became | ight blue. The reaction was run at 50
be 9, Dbut the sorl.utWeont hweans icnlceraera siend ctohleo t e mp «

kept the reaction for three moregldagyisdolThe o
mi xture to initiate the ring opening of the M/
i ndi cated t henicnogmpofetteher iMAg poopley mer. The react

pol ymer was transferred for drying.
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CHAPTER 5

SYNTHESIS OF HYBRID HYPERBRACHED

POLYMERS WITH SUITABLE FUNCTIONALITIES

Materials
Many hybrid polymers were synthesized using different chemicalsratdrials. This
section will detail hybrid polymers based on their code (AYN). PEI 10 K and 60 K were

used to synthesize the hybrid polymers. Figsand20 show their DSETGA.
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Fi2ODSOGA of 60 K PEI
Hybrid polymer AYN1001

300 ml DI water

5 ml post functionalized nano silica (Levasil CS2XP)
5 ml glycidol

30 grams of 60K PEI

10 ml glycidol
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There was a severe separation of the sl out of the polymer solution, so the
polymerization reaction was stogd. The reaction was done at 50 °C.
Hybrid polymer AYN1002
- 10 ml post functionalized nano silica (Levasil CS2)
- 200 ml of NMP (NMethyl-2-pyrrolidone 99%) solvent
- 10 ml of glycidol
We heated the aqueous nasilica in the NMP for 3 hours at 100 °C to remove all
the water within the nansilica solution. Then, we added the glycidol and kept the reaction
overnight at 100 °C. The nanomaterials separated severely. Thaiieaalid notact as

an initiator for the ring opening of the glycidol. F&{L shows the DS GA.
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Fig.21: DSGTGA of AYN-1002

Hybrid polymer AYN1003

- 10 ml post functionalized nano silica (Levasil CS2)

- 200 ml of NMP (NMethyl-2-pyrrolidone 99%) solvent

- 1.0gram of sodium methoxide

- 10 ml of glycidol

Despite our careful execution of the experimental procedure, we encountered an

unexpected outcome. After heating the aqueous-siica in the NMP for 3 hours at
100 °C to remove all the water within the nasilica solution, we introduced a strong base

of sodium methoxide and allowed it to mix for 15 minutes. We then added the glycidol and
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left the reaction to proceed overnight at 100 °C. However, we were confronted with a
severe phase separation of the nrafica materials. It was evident that the addition of the
strong base did not facilitate the formation of the hybrid polymer and ring opening of the
glycidol, as we had anticipated.
Hybrid polymer AYN1004

- 200 ml of NMP (NMethyl-2-pyrrolidone 99%) solvent

- 50 ml post functionalized nano silica (Levasil CS2)

- 50 ml of glycidol

We heated the aqueous nasilica in the NMP for 3 hours at 110 °C to remove all

the water within the nansilica solution. We then lowered it to 100 °C to add the glycidol
in intervals over four days (20, 10, 10, and 10 ml). We kept the reaction running over five
days at 100 °C. Unfortunately, there was a severe phase separation of thedliceano
materials, as depicted in FA3 This finding is significant as it indicates a pdteh
limitation in the use of nansilica. The nanssilica did not act as an initiator for the ring
opening of the glycidol, which further adds to the importance of our resear@ shgws

the DSGTGA of AYN-1004.
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Fig.23: There was a sev@hase separation of the nano silica materials AYN1004
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Fig.24: DSGTGA of AYN1004

Hybrid polymer AYN1005

- 4.8 grams or 10 ml of post functionalized nano silica (Levasil €24)

- 100 ml of ethanol

- 5 ml of (3Aminopropyl)triethoxysilane (APTES)

- 200 ml of NMP (NMethyl-2-pyrrolidone 99%) solvent

- 10 ml of glycidol

Following a systematic approach, 4.8 grams of nano silica or 10 ml of the post

functionalized nano silica solution was diluted in 100 ml of ethanol. In abstspep

manner, 5 ml of ta APTES was droise added to the silica suspension solution. The
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mixture gradually evolved to a suspension of silane oligomers. After a carefully timed three
days of stirring, we added 200 ml of NMP solvent and heated it to 110 C to evaporate
ethanol andvater for 24 hours. Then, add the glycidol. The outcome was coated nano silica
particles after complete drying, as illustrated in ZagFig.26 presents the DSTGA of

AYN-1005.

Fig.25: AYN1005 before and after complete drying
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Fig.26: DSGTGA of AYN-1005

Hybrid polymer AYN1006

10 grams of 10K PEI
- 200 ml DI water
- 1 gram of Dopamine
- 11.35 ml glycidol

- 10 ml of post functionalized nano silica (Levasil CS#2)
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For AYN 1006, we have utilized Dopamine(@aminoethyl) benzeng,2-diol) as
a chemtcal modifier for the hybrid polymer, a significant advancement in materials science
and polymer chemistry. The PEI was first appropriately dissolved in DI water at 50 °C, and
then 1 gram of Dopamine was added. The reaction was kept overnight at 50 °C. Next
glycidol was added slowly to the reaction mixture, and the reaction was kept for two days
at 50 °C. Next, 10 ml of aqueous nano silica (Levasil GZX) was added slowly at a
high mixing speed, and the reaction was kept for an additional day at 5&téCthat, we
conducted dialysis using 14,000 dialysis bags in mildly acidic water for 4 hours before
taking the polymer solution for drying. We have kept a minimum of 10% liquid volume in
the final hybrid polymer, Fig:2 Taking the hybrid polymer to corgte drying will result

in a composite that was not soluble in water, as shown in8-ig.2
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Fig.27: AYN1006 hybrid polymer not completely dried

Fig.28: Complete drying of hybrid polymer leads to composite that has little solubility in

water
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Hybrid polymer AYN1007

10 grams of 10K PEI

- 200 ml DI water

- 0.25 gram of Dopamine
- 11.35 ml glycidol

- 10 ml of post functionalized nano silica (Levasil CS#R2)

For AYN 1007, the procedure was followed for AYN 1006, except the amount of
Dopamine was reduced frofngram to 0.25 gram to see if we would have an excellent

hybrid polymer for our intended application. Figshows the DSEXGA of AYN-1007.
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Fig.2: DSGTGA of AYN-1007
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Hybrid polymer AYN1008

10 grams of 60K PEI

- 200 ml DI water

- 0.25 gram of Dopamine
- 1135 ml glycidol

- 10 ml of post functionalized nano silica (Levasil CS#R2)

For AYN 1008, the procedure was followed as before for the hybrid polymer. This
time, we have used a higher polymer weight of PEI 60K instead of 10K to assess the
performance othale inhibition compared to 10K PEI. Fig.27 shows the D8@ of

AYN-1008.
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Fig.30: DSGTGA of AYN-1008

Hybrid polymer AYN1009

10 grams of 60K PEI
200 ml DI water

0.25 gram of Dopamine
11.35 ml glycidol

2.5 ml of Titanium (IV) Isopropoxide
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For AYN 1009, the procedure was followed as before for the hybrid polymer. This
time, we have used a higher polymer weight of PEI 60K and a new nanomaterial. The
nanomaterial is Titanium dioxide from titanium (iv) isopropoxide. Bigshows the DSE
TGA of Titanium (IV) Isopropoxide, a crucial step in our research. 2.5 ml of titanium (iv)
isopropoxide was added slowly at higbeed mixing. A silvewhite aggregate was
observed during addition. The reaction was kept overnight at 50 @r #fat, we
conducted dialysis using 14,000 dialysis bags in mildly acidic water for 4 hours before

taking the polymer solution for drying, a process that led to significant results.
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Hybrid polymer AYN1011

10 grams of 60K PEI

- 200 ml DI water

- 0.25 gram of Dopamine
- 11.35 ml glycidol

- 1.00 ml of Titanium (IV) Isopropoxide

Hybrid polymer AYN1012

10 grams of 10K PEI

- 200 ml DI water

- 0.25 gram of Dopamine
- 11.35 ml glycidol

- 1.0 ml of Titanium (IV) Isopropoxide

AYN 1011 is similar to AYN 1009 but with a minor nanomaterial concentration.
AYN 1012 is similar to AYN 1010 but with a minor nanomaterial concentration. To see
the effect on shale inhibition, we used 1.0 ml of titanium (IV) isopropoxide instead of 2.5

ml. Fig. 3 shows DSETGA of AYN-1011, and Fig. 3shows DSETGA of AYN-1012.
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Fig. 33: DSGTGA of AYN-1012
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Hybrid polymer AYN1013

10 grams of 10K PEI
200 ml DI water

0.25 gram of Dopamine
11.35 ml glycidol

10 ml of post functionalized nano silica (Levasto F50P)

Hybrid polymer AYN1014

10 grams oflOK PEI
200 ml DI water

0.25 gram of Dopamine
11.35 ml glycidol

10 ml of post functionalized nano silica (Levasil CC301)

Hybrid polymer AYN1015

10 grams of 10K PEI
200 ml DI water

0.25 gram of Dopamine
11.35 ml glycidol

10 ml of post functionalized narsdica (Levasil CC401)
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AYN 1013, AYN 1014, and AYN 1015 hybrid polymers were synthesized with
different postfunctionalized nano silica solutions. Tallecompares the four different
types of aqueous nano silica solutions. Figs38 shows the SEM of each type of nano
silica. They were all coated with an organic layer, which explains its good suspension in
liquid forms. Figs. 8-42 shows the DS GA for the different postunctionalized nano
silica types used in this synthesis. Fig8:47 show DSCTGA of synthesized hybrid

polymers AYN1013 to AYN1015 under different acidic and basic dialysis conditions.

Table4: Comparisons among the 4 different types of aqueous nano silica solutions

post functionalized nano silica solutio pH Viscosity, cp @ 20 °C SiO2, %
nano silica (Levasil CS4022) 9.7 18.7 40.3
nano silica (Levasto F50P) 10 30 15.1
nano silica (Levasil CC301) 6.9 44 28.1
nano silica (Levasil CC401) 6.3 5 36.5
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Fig. 35: SEM of post functionalized nano silica (Levasto F50P)
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Fig. 36: SEM of post functionalized nano silica (Levasil CC301)
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Fig. 37: SEM of post functionalized nano silica (Levasil CC401)
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Fig. 3: DSGTGA of post functionalized nano silica (Levasto F50P)
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Fig. 40. DSGTGA of post functionalized nano silica (Levasil CC301)
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Fig. 41 DSGTGA of post functionalized nano silica (Levasil CC401)
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Fig. 44: DSGTGA of AYN-1014 A
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Fig 46: DSGTGA of AYN-1015 A
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Fig. 47: DSGTGA of AYN-1015 B

Hybrid polymer AYN1015

10 grams of 10K PEI

- 200 ml DI water

- 0.25gram of Dopamine
- 11.35 ml glycidol

- 10 ml of post functionalized TiO
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The postfunctionalized TiQ was obtained by slowly adding 5 ml of titanium (1V)
isopropoxide dropwise in a mixture of 100 ml DI water and 10 ml acetic acid at 23 °C. The
acetic acid will stabilize the surface of the nanomaterial to prevent it from overgrowth. |
kept the solution mixg for three days and then for a week until it became whitish.
Performed sonication for 30 minutes and then performed dialysis in slightly acidic water
for 1 hour. The primary objective was to synthesize a hybrid polymer utilizing post
functionalizedTiO2 and compare it against thesitu TiO; hybrid polymers. The previous
hybrid polymers utilizing Titanium (IV) Isopropoxide led to thesitu TiO hybrid
polymers. Fig. 8 shows the DS GA of postfunctionalized TiQ, and Fig. @ shows the
DSGTGA of the synthesized hybrid polymer, providing a clear comparison between the

two.
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Fig. 48: DSGTGA of post functionalized Ti®
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Fig. 49: DSGTGA of AYN-1015

Hybrid polymer AYN1016

10 grams of 10K PEI
200 ml DI water
0.25 gram of Dopamine

11.35 ml glycidol

25 ml of post functionalized Ti©

Hybrid polymer AYN1017

10 grams of 10K PEI
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- 200 ml DI water
- 0.25 gram of Dopamine
- 11.35 ml glycidol

- 35 ml of post functionalized TiD

Hybrid polymer AYN1018

10 grams of 10K PEI

- 200 ml DI water

- 0.25gram of Dopamine
- 11.35 ml glycidol

- 50 ml of post functionalized TiD

We have synthesized hybrid polymers utilizing different concentrations of the post
functionalized TiQ to assess the effect of the nanomaterial's dispersion and performance
on shale ihibition.

Hybrid polymer AYN1019

2 grams of 60K PEI

- 200 ml DI water

- 0.25 gram of Dopamine
- 15 ml glycidol

- 1 mlofinsitu TiO:
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The synthesis of the previous hybrid polymers was based on terminal
polymerization with approximately a 1:2 initiatto-monomerratio. The branching peak
should be shown around 80 ppm. Using a 1:15 initimanonomer ratio showed branched
peaks around 80 ppm (Fig. 50). So, for AYN1019, we have successfully synthesized a
branched hybrid polymer with a 1:15 initiattarmonomer rdo utilizing in-situ TiO2
nanomaterial. This successful synthesis process allows us to compare the effect of
branching on the suspension of the nanomaterials and the effect of shale inhibition, with

confidence in the results.
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Fig. 50:1°C NMR of synthesized polymer 3 (ratio1:15 PEI to Glycidol)

Hybrid polymer AYN1020
- 2 grams of 60K PEI

- 200 ml DI water
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- 0.25 gram of Dopamine
- 15 ml glycidol
- 35 ml of post functionalized TiO
We used postunctionalized TiQ on the branched polymer to produce hybrid
AYN1020.

Hybrid polymer AYN1021

30 grams of 60K PEI

200 ml DI water

15 ml glycidol

0.25 gram of Dopamine

1 ml of in-situ TiO

Hybrid polymer AYN1024

30 grams of 60K PEI

- 200 ml DI water

- 15 ml glycidol

- 0.25 gram of Dopamine

- 35 ml of post functionalized O

Here, we first did polymerization and then attached thsitin nanomaterial to

observe the effect of the nanomaterial settling and shale inhibition performance. A terminal
polymer was synthesized using a 1:1 ratio of initiator to monomer ratio, Eigl'te
nanomaterial was #situ TiO; in hybrid polymer AYN1021 and po$tinctionalized TiQ

in hybrid polymer AYN1024.
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Fig. 51:13C NMR of synthesized polymer (ratio of 1:1 PEI to Glycidol)

Hybrid polymer AYN1022

30 grams of 10K PEI

- 400 ml DI water

- 0.25 gram of Dopamine

- 3 grams of maleic anhydride

- 1 mlofinsitu TiO

Hybrid polymer AYN1023
- 30 grams of 10K PEI
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- 400 ml DI water
- 0.25 gram of Dopamine
- 3 grams of maleic anhydride

- 10 ml of post functionalized nano silica (Levasil CS#2)

Hybrid polymerAYN1026

30 grams of 10K PEI

- 400 ml DI water

- 0.25 gram of Dopamine

- 3 grams of maleic anhydride

- 35 ml of post functionalized TiD

Here, we have synthesized a hybrid polymer using maleic anhydride monomer
instead of glycidol. We used pefsinctionalized nao silica in AYN1023, post
functionalized TiQ in AYN1026, and irsitu TiOz in AYN1022.

Hybrid polymer AYN1025

30 grams of 10K PEI

400 ml DI water

0.25 gram of Dopamine

35 ml of post functionalized TiO

Hybrid polymer AYN1027

- 30 grams of 10K PEI
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- 400 ml Dlwater
- 0.25 gram of Dopamine
- 1 mlofinsitu TiG,
We have synthesized a hybrid polymer without using monomers (glycidol or maleic
anhydride). The nanomaterial was pasictionalized TiQ in hybrid AYN1025 and in
situ TiGy in hybrid polymer AYN1027. We wanted to see the nanomaterial's behavior and
the result of shale inhibition.

Hybrid polymer AYN1028

10 grams of 10K PEI

200 ml DI water

0.25 gram of Dopamine

11.35 ml glycidol

1 ml of in-situ nano silica (using tetraethoxgsie, TEOS)

Hybrid polymer AYN1029

10 grams of 10K PEI

200 ml DI water

0.25 gram of Dopamine

11.35 ml glycidol

10 ml of insitu nano silica (using tetraethoxysilane, TEOS)
Hybrid polymer AYN1031
- 10 grams of 10K PEI

- 200 ml DI water
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- 0.25 gram of Dopamine
- 11.35 ml glycidol
- 20 ml of insitu nano silica (using tetraethoxysilane, TEOS)
In AYN1028, AYN1029, and AYN1031 hybrid polymers, we synthesizeslitun
nano silica using different concentrations of TEOS (1 ml, 10 ml, and 20 ml) to see their
effect on shiz inhibition.

Hybrid polymer AYN1030

10 grams of 10K PEI

- 200 ml DI water

- 1 gram of Dopamine

- 11.35 ml glycidol

- 10 ml of post functionalized nano silica (Levasil CS#2)
- Surfactant (CTAB)

In hybrid AYN1030, we have added a surfactant to the synthesyted polymer

to observe its effect on the nanomaterial suspension.
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CHAPTER 6

PERFORMANC TESTING

This chapter summarizes the performance testing for seamed drilling fluid
formulations at 300°F (149 °C), which includes viscosity and shale inhibition. The
industry accepts standard and API tests B2)jto prepare and characterize drilling fluids.

The tests covered here are fluid preparation, density and rheology measurements, APl and

HT/HP filtration,and thermal stability tests.

Drilling Fluids Preparation

In this study, the duration of mixing of each additive will be 20 minutes. A Hamilton mixer
will be used to prepare the samples. Drilling fluids will be mixed using the Multimixer
Model 9B with 99X impellers. The average speeds of the impellers were 11300 rpm.
Metal containers used for mixing slurries were according to the descriptions furnished in
the API RP. Density measurement and rheological properties follow APl RP13 standards
[230. The rhelogy of the fluid is characterized by two key paramepdastic viscosity

(PV) and yield point (YP). The YP and PV are parameters from the Bingham Plastic
rheology (BP) model, which play a significant role in understanding the fluid's behavior.
The YP isdetermined by extrapolating the BP model teesshearate; it represents the

stress required to move the fluid. The YP indicates the cuttings carrying capacity of the
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fluid through the annulus. The PV represents the viscosity of a fluid exteapolated to
an infinite shear rate, expressed in units of centipoise (cP). The PV indicates the type and

concentration of the solids in the drilling fluid; a low PV is preferred.

API and HT/HP Filtration
Pressure can be applied with either gas oridigln the HT/HP filtration test, 4:6m

diameter filter paper will be used at 300 °F and 600233

Fig. 52: Thermal Stability (Aging Test)
Many drilling fluid components degrade at high temperatures. An aging at high
temperature test can evaluate drilling fluids due to such drilling operations. The drilling

fluid sample is placed in an aging cell constructed from suitable metals to expose it
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elevated temperatures. Dynamic aging should be performed in rolling or rotating ovens

capable of achieving and safely maintaining temperatures for at least 1628€rs |
Contamination and Salts Compatibility Testing
We will investigate the stabilitand tolerance of the synthesized branched polymers

against contamination and different types of salts at different concentrations

Long Term Shale Inhibition Testing

Petroleum engineering has established a standard method to test the inhibition performance

of drilling fluids, such as the dispersion and swelling tests. This test is acceptable when

drilling at full circulation conditions. However, a new process needs to be developed to

simulate the inhibition of shale when drilling with total los<z31].

Due to the presence of severe losses, there is a need to use an inhibitive drilling
fluid that lasts long enough till we complete drilling the severe loss circulation zone. Once
we hit the complete loss circulation zone and cannot estaiicshationwe need to switch
to water as our drilling fluid to save costs on chemicals. We must ensure that the upper
previously drilled entire circulation zone maintains its inhibition. Otherwise, that shale
section will react with water, resulting in stuck pipesvellbore instability.

A study 232 introduced a procedure for testing letegym shale inhibition. Since
we are switching to water once we hit losses and continue drilling, exposure of inhibited
shales to water must be tested in the lab. The procesddetailed as follow below:

The testing procedur&ig. 53 is composed of the following three stages:
1. The first stage is the conventional dispersion test used to assess the shale inhibition
potential of different drilling fluid systems.

It consists of the following steps.
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a. Prepare 350 ml inhibitive mud for each of the selected mud systems using standard
test equipment and procedure.

b. Prepare 2 mm shale cuttings using shale cores or outcrop shales.

c. Add 20 g of shale cuttings and 350 cc inhibitive drilling fluid into the hot roll cell.
Screw the cap tightly and then place the cell on the roller of the hot roll oven and roll for
16 hours.

d. After 16 hours, remove the cell from the hot ralew and then pour the cell
content into a 50@nicron sieve.

e. Wash the content of the sieve with mildly running water to remove all shale pieces
smaller than 500 microns.

2. The second stage is to dry the cuttings in an oven at 105 2@ fawurs. Weigh the
dried shale and record the dry weight.

3. The third stage of the test is the inhibition durability assessment test, which evaluates
the longevity or durability of inhibition by conducting a variable timalispersion test
usingthe already inhibited shale cuttings recovered from the previous stages. In this stage,
water is used as a representative of the most aggressive reactive fluid to assess the
durability of shalecutting inhibition. Water was also used to represent frese@mwater
that is usually used to drill a severe loss zone below a reactive shale formation.

a. Pour 350 cc fresh water into the hot roll cell again to represent a highly reactive
fluid environment.

b. Place 5 gm dried shale cuttirtgat were recovered after the first stage dispersion
test into the freshwater of the hot roll cell.

c. Place the cell in the rolling oven and roll for different periods.
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d. After rolling for the predetermined period (2 hr., four hsix hr., etc.), pour the
contents into a 50fnicron sieve and wash using mildly running water to remove all
particles below 500 microns.

e. Measure the weight after drying at 105 °C for 24 hours and then plot the mass

recovered as a functiori mlling time.

Water based drilling
mud (350 cc)

Mesh # 35

g Shale
cuttings

68.5°C for 16h

105°C for 24h

% Dispersion
recovery

Fig.53: Testing apparatus for shale inhibitioB3H]
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CHAPTER 7

RESULTS AND DISCUSSION

Our pursuit to replace ebased drilling fluids with more efficient alternatives has led us

to focus on three crucial objectives. The first is to develop polymers that can withstand
high-temperature environments, the second is to minimize environmematipand the

third is to ensure acceptable shale inhibition. We have successfully synthesized families of
hyperbranched and hybrid polymers that not only meet these objectives but also synergize
with conventional polymers, significantly enhancing tempegatstability and shale
inhibition.

Our research involved three major experimental phases, each contributing to the
development of watdpased drilling fluids as a viable alternative tolmlsed ones. The

first phase focused on polymer synthesis andatharization, utilizing a solution ring
opening polymerization seip. The second phase involved formulation and performance
testing, specifically at a temperature of 360 The third and final phase was dedicated to
shale inhibition performance testingdaformulation optimization, as required.

In our synthesis process, we chose branched PEI as our macroinitiator for several
reasons. Its interaction with conventional polymers used in drilling operations, such as XC
polymer and HPAM, through acitlase ractions leads to electrostatic solid interaction and
ionic bond formation. Additionally, it can interact with PEI via a transamidation

mechanism, resulting in cretisking and enhanced viscosity. This interaction also leads
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to elevated hydrogen bondinggracial factor for water solubility and shale inhibition. The
use of branched PEI allows us to grow a higher number of functional groups, including
degradable ones like glycidol and Maleic anhydride, enhancing the versatility of our

synthesized polymer&ig.54

Starch Polyethyleneimine (PEI) Xanthan Gum (XC Polymer)

NH, M N
~
- . ~
oSS NS SN ~
H H
-—— H
L OH 1 NH \‘
Q el |
Hol .. t--- |
\

Partially Hydrolyde Polyacrylamide (HPAM)

Len _WHCH _C\H

Fig.54: Interaction of PEI with conventional polymers

Our choice of PEI as the maeiratiator is a testament to our innovative approach.
The mechanism we employ is a form of Hogening multibranching polymerization
(ROMP), with the cyclic monomer being Glycidol. We are pushing the boundaries of
polymer modfication by introducing an additional layer of ntoxic polymer to the PEI.
This modification not only enhances the polymer's density of functional groups but also
facilitates crossinking with ease.

Fig. 55 provides a visual representation bktsequential steps involved in the
synthesis of modified branched polymers. We initiate the process by dissolving PEI in
water, followed by the gradual addition of Glycidol into the mixture. The reaction is

allowed to proceed at a temperature of 50 Cstren days. Subsequently, we introduce
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HCI acid to a portion of the polymer and subject it to filtration using 14,000 dialysis bags
for seven days, effectively removing unreacted monomers and low molecular weight
polymers. The final step involves dlrying the sample to eliminate excess water from the

polymer. For the basic condition, we repeat the previous steps, omitting the addition of

HCI acid before dialysis.

Fig.55: Synthesis of hyperbranched polymers

My first scheme of reaction utilizes branched PEI as a macroinitatdr,
glycidol as thecyclic monomer, Schemes 1I&. Different ratios were used to find the
optimum PEI: glycidol weight ratio (Table). The polymerization mechanism is anionic

ring-openirg polymerization.
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Schemel7: Anionic ring opening polymerization mechanism

Table 5: Synthesis of hyperbranched polym@gl: Glycidol weight ratio)

Pol ymel] 60K PEI as Gl ycido PEI : GI Yy
i nitiator|f Monomer, Wei ght H
1 4 20 1:5
2 10 20 1: 2
3 4 60 1:15
4 6 0 15 4: 1
5 15 15 1:1

We obtained aH-NMR spectrum of Glycidol in BD; the significant peaks show
the glycidol, Figs6. *H-NMR of Glycidol in DO showed oneeak, Figh7. Fig58 shows
the spectra for one of the synthesized polymers. Region 1 corresponds to the methylene

protons {CH2-) of PEI, and region 2 represents the methylene and methine pretons (

CH(OH)) of the glycidol unit.

148



Glycidol in D20-1
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Fig.56: 'H NMR analysisof glycidol
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Fig.57: *H NMR analysis of PEI
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Fig.58: "NMR analysis of the synthesized hyperbranched polymer

We have also conductétC NMR on selected synthesized polymers to confirm the
presence of branching subunits in the polyglycerol layer in the synthesized polymers. Fig.
59 shows that the region of PEI is betweenS86 and the peaks above 60 are due to the
glycidol unit. However, there are no dendritic branching subunits since no peak is presented
around 80 ppm. So, we have glycidol on the surface of the PEI, but maimgasand
terminal subunits. Another indication is the high viscosity we have seen with this
polymer. 3C NMR for same polymer but undéasicconditions similar type of linear
poly glycidol coating the PEI, Fig0. We have noticed here that we havghler peak
shifts as the ratio of PEI/glycidol decrease from 4 to 1 @ip.At the 1:15 PEI: Glycidol
weight ratio, we have seen a branching peak around 80 ppmGZ8g63), which confirms

the presence of dendritic branching. This ratio was chosend basgrevious studies and
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our preliminary experiments. The low viscosity measurement of this synthesized polymer
also confirms the dendritic branching. The observed branching peak was too small to
calculate the synthesized polymer's branching degree. Whencreased the amount of
the Glycidol monomer in the synthesis at the 1:30 PEI: Glycidol weight ratio, we calculated
the degree of branching to be 32%, as shown in thé4~ichis indicates that we could
successfully synthesize branched glycidol on tivdase of a branched PEI at this higher
ratio.

Linear PEI was also used as an initiator to demonstrate the importance of branched
PEI in the synthesis. No branching was observed, and the yield was too low to utilize for
waterbased formulationand testing (Fig5). This underscores the complexity and
intricacy of the research. Looking at tHéNMR, we had about 1 unit of glycidol per PEI
unit due to steric hindrance (F&§). The implications of this steric hindrance on the

synthesis processeasignificant and warrant further investigation.
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Fig.59: *C NMR of synthesized polymer 4 A (Ratio of 4:1 PEI to Glycidol)
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Fig.60: 13C NMR of synthesized polymer 4 B (ratio of 4:1 PEI to Glycidol)

02372-5B F0.0010
C:/Users/Pulsar/Documents/JEOL NMR files/AYami_2022/02372-5B_single_pulse_dec_25[dC]_D20-1-1.jdf03/28
0.0009
= 0.0008
<
©
-0.0007
-0.0006
=+ 0.0005
@
] 3
o
@ 3 10.0004
0
<+
|
i
2 E -0.0003
g4 | 58
I Y
[ 0.0002
o I
83 slole 8
<= ~ { ~
3@ | A 10.0001
| |
W -0.0000
T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

Fig.61: **C NMR of synthesized polymer 5 (ratio bfl. PEI to Glycidol)
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Fig.62: **C NMR of synthesized polymer 3 (ratio1:15 PEI to Glycidol)

02330-3A

CifUsers/Pulsar/! JEOL NMR _2022/02330-3A_dept_25[dC]_D2O-1-13d03/286 [-0.0030
Fo.0025

5

OH 5
/_[‘ I 0.0020

o OH

’[O\/OI:/OH e

0.0015

0.0010

799

t-0.0008

~7756

g

0.0000

(-0.0005

f-0.0010

(-0.0015

-0.0020

f-0.0025

94 92 90 88 86 B84 82 B0 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46

153




Fig.63: 2*C NMR of synthesized polymer 3 (ratio1:15 PEI to Glycidol)
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Fig.64: 1*C NMR of synthesized polymer 3 (ratio1:30 PEI to Glycidol)
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Standard and API tests were conducted to prepare and characterize drilling fluids,
which were accepted by the industry. The tests covered here are fluids preparation, density,
rheology measurements, APl and HT/HP filtration, and thermal stability t€atse 6
shows the formulation we used in this study, where we used the synthesized polymer as an
additive. Noamodified PEI with a molecular weight of 10,000 g/mol was used as an
additive in the formulation, but it did not work due to solids settling adelseparation
after exposing the fluids to 300 F for 16 hours, Big.PEI with 60,000 g/mol. We have
seen an increase in viscosity when using a higher molecular weight of PEI (60,000 g/mol).
Adding HPAM to the formulation with the 60,000 g/mol PEI h® aesulted in higher
viscosity. So, we decided to use 60,000 g/mol as our miaitiator for the synthesis work,

Fig.68.

Table 6: Formulation utilizing hyperbranched polymer and HPAM
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Fig.67: Characterization afrilling fluids
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Fig.68. Non-modified PEI after aging at 300 °F

Fig. 69 shows synthesized polymer 1 with a ratio of 1:5 PEI to Glycidol BHR and
AHR at 300°F. The dashed lines show the typical values used in drilling operations.
Plastic viscosity is th property that allows us to suspend cutting in static conditions. The
yield point is the property that allows us to carry the cutting under dynamic mode while
drilling. Too low a Gel strength value means we will have settling. Too high gel strength
meansve need high pumping pressure to pump the drilling fluid. For any fluid to work, it
has to meet all the requirements for these measurements. So, the modified polymer with a
ratio of 1.5 PEI to glycidol did not meet the requirements.

Fig. 70 shows synthesized polymer 2 with a Ratio of 1:2 PEI to Glycidol BHR and
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AHR at 300°F. For this polymer, we can see better performance for 2B. The yield point
exceeds the recommended values after aging at 300 °F/Fgihows the synthesized
polymer 3 wih a Ratio of 1:15 PEI to Glycidol BHR and AHR at 300 °F. Here, this is the
smallest PEI ratio to Glycidol. After aging at 300 °F, no good results were observed for gel
strength or yield point.

Fig. 72 shows synthesized polymer 4 with a Ratio of 4:1 BE3tycidol BHR and
AHR at 300 °F. Like polymer 2, the polymers modified under primary conditions showed
higher viscosity than acidic ones. Fi@g shows synthesized polymer 5 with a Ratio of 1:1
PEI to Glycidol BHR and AHR at 300 °F. Comparing polymer & polymer 4, where we
have fixed the glycidol amount and varied the PEI, showed us that the optimum ratio of

PEI to Glycidol is 1.
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Fig.69: Synthesized polymer 1 with ratio of 1:5 PEI to glycidol BHR and AHR at’B0O

159



5

5

BHRPVY AHRPV BHRYP AHRYP BHRGel AHRGel
Strength Strength
B Polymer2A M Polymer2B

Fig.70: Synthesized polymer 2 with ratio of 1:2 PEI to glycidol BHR and AHR at°B00
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Fig.71 Synthesized polymer 3 with ratio of 1:15 PEI to glycidol BHR and AHR at 300

F
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Fig.72 Synthesized polymer 4 with Ratio of 4:1 PEI to glycidol BHR and AHR atB00
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Fig.73: Synthesized polymer 5 with ratio of 1:1 PEI to glycidol BHR and AHR at’B00
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Fig.74: Ratio of PEI to glycidol Vs. performance (basic conditions)
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Fig.75: Ratio of PEI to glycidol Vs. performance (acidic conditions)
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Table7: Branched polymers tolerance against salts
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A RN L\
Made in Gerr— Ay

Fig.76: Hyperbranched polymers in high salt formulations show phase separation after

aging at300 °F

Fig.77: Hyperbranched polymers utilizing M@4in high salt formulations show no

phase separation after aging at 300 °F
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Fig.78: Hyperbranched polymers utilizing Barite in high Caféfrmulations show no

phase separation after aging at 300 °F

» .PVi=23cP
* Gel Strength = 5 1b./100ft?

*  YP =34 1b./100ft?

Good Properties

Fig.79: Hyperbranched polymers utilizing Barite in high KCI formulations show no

phase separation after aging at 300 °F
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Fig.80: Hyperbranched polymers utilizing Barite in high Carmulations show no

phase separation after aging at 300 °F

We are now moving to the second family of polymers utilizing Maleic Anhydride
Scheme 18There are three mechanism steps here. The first is the ring opening of Malick
anhydride, the second step is Micheal addition, and the third and final step is the
polymeization by anion ring opening of glycidol monom&ghemel9. TheH NMR
(Fig. 8]) provides a clear view of the glycidol and PEI region, as previously indicated in
the synthesis. Additionally, a small peak at 5.9 ppm is observed, indicating the successful

reaction of the majority of the double bond due to Micheal's reaction.
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Scheme 18Maleic Anhydride Cross Linking Scheme
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Scheme 19Maleic anhydridecrosslinking reaction mechanisms
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Fig. 81 Maleic anhydride crosslinked hyperbranched PEI

Our studys findings have direct implications for the industry. We have designed
and tested over 60 different formulations and iterations, using synthesized branched and
hyperbranched polymers. These polymers have been successfully used to formulate water
basel drilling fluids, a promising alternative to diased fluids. The development of
optimum concentrations using these innovative polymers has shown excellent resistance
in highrtemperature environments. Our findings emphasize the practical need forcspecifi

polymers and concentrations for achieving acceptable viscosity measurdanggril
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Fig. 82 Performance testing dflaleic anhydride crosslinked hyperbranched iREI

waterbased drilling fluids

Shale Dispersion

Our successful development ofhagh-performance polymer watdérased drilling fluid,
capable of withstanding higiemperature conditions and being environmentally friendly,

brings us to the final requirement for replacing-lmked drilling fluidsgood shale

inhibition. To understand thirequirement, we conducted a shale characterization study. A

recovery factor above 90% is considered acceptable for drilling applications. We have

collected representative shales from typical formations that are drilled witrased

fluids. The first shle is from the Qusaiba Formation, and the second is from the Sudair

Formation, Fg. 83 The Qusaiba Shale format

on

al

is a significant part of our study. It was formed in the Paleozoic about 440 mya in shallow

marineenvironments under anoxic water conditions. It serves as one of the primary source

171

SO

kK r



rocks of Paleozoic hydrocarbons [238jg. 84 describes the clay type in the Qusaiba shale
specimens obtained usingray diffraction (a typical diffractogram from a sal@pat 35 m

deep). The predominant clay types in the Qusaiba formation are highly variable and include
kaolinite of between 6 to 80%, muscovite of 1 to 37%, and antigorite (serpentine group) of
0 to 56%.Fig. 85 describes the clay type in the Sudair shpkcgnens obtained using X

ray diffraction (seen in a typical diffractogram from a sample at 13.1 m deep). It also
displays core pictures (compressed vertical sbhie gaps show nephotographed
intervals) and concentrations of different minerals withtltapite, muscovite, quartz, and
dolomite. The predominant clay types in the Sudair formation are highly variable and

include 0.5 to 83% illite and muscovite of approximately 5 to 86%.

Fig. 83: Selectedshaledor performance testing
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Fig. 84: Qusaiba formation composition

Fig. 8: Sudair formation composition
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