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Abstract

Excessive water production is a common challenge the aoitind is faced with. The liting,
treatment and disposal pfoducedwater can cae a financial strairon the profitability of a
hydrocarbon assetr even shorten the productive life tbé assetThese effects are even more
severe in fractured resenmiras they mature. Among the chemical techniques used for
controling excessive wateproduction, nanocomposite ge{NC) are considered as an
effective treatment method. The presenceNahoclay/polyma network in their structure
makes them exhibit stronger freture plugging potential compared to conventiopalymer gl

treatments.

In this contribution, laponite and bentonitdéC gels were prepared in deicgiz and sesater.
Their performance was characterised and describegl.effact ofcations like calcium and
potassium and also the effect o€halk on &ponite dispersions were exaed. The
performance of various low molecular weight glycols like butycal buty diglycol and
Polyethylene glycol (PEG)employed as gelation retarde on laponite dispersions were also
examined. Finally core flooding tests wereatried out to exami# and compare the potential

of NC gels as a fracture plugging agent iralkhto lapnite gels.

The results showed that lapontenerally formed bettr NC gelsthan bentonite Laponite clay
also dispersed to form weak to highly vissoNC gels with polymes in deionized water
depending on its concentration. The presencecaibns helped to screen electrstatic
repulsion between laponite pekis resulting in less aging time and stronger laponite gels.
PEG can retard lapt® gelation reaction, by adsamg on the clay surface (steric repulsion)
resulting in longer aging tento allowthe injection of nanocomposite into target zones before
its transformation to a rigid geBoth NC and laponitegels showed poteistl for plugging

fractures and reducing thepermeability of water in chalk However, NC gels showed bher



resigdance residual factazompared to laponite gelit is proposed thatufther work should be
done to confrm the performance of nanocomposite @l effective fracture pluggig agent

in chalkks and also their superiority to laponite gels.
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Nomenclature

OOIP Original oil in place

EOR Enhanced oil recovery

IFT  Interfacial tension

ET  Total recovery
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Frrw  Residual Resistance factor
NC Nanocomposite gels
NPD Norwegian petrieum directorate
€ Porosity
Kw  Water permeability
Mobility
Frw  Residual resistance of water
U Viscosity

wt%  Percentage by Weight
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Chapter 1 Introduction

1.1 Statement and significance of the problem

Production of excessive water from oilgas wels is a significant problem fdwngetroleum
Industry. It is well known that a major {product related to abundant -pyoduct the
production of oil and gas is wat€veil & Clark, 201); with about three barrels of water being
produced for a single barrel of gBaiey et al., 2000)Each barrel of produced water amounts

to a huge amount ofildeft behind in the reservoir; hence, unwanted water production can
diminish te proftability of an ol and gas asset. Apart from its negative effect on the
proftability on an oil and gas asset, other unwanted water production associated problems such
asrapid corrosion of wellsurface faciltiedines migration, sand productioscale deposition

can shorten the productive lfespan of an ol and gas production asset. Furthermore, poor
treatment and disposal of produced water, which usually contaireniorgnd inorganic

compounds poses severe environmental (Ek&arsani et al., 2014

Water production imil and gas wells represents an economical, operational, and environmental
issue in the petroleum industry, which should be controlled. The presence of naturally induced
reservoir heterogeneities in rocks results in the development of high permeatsiys sthich
include fractures, fractuike features, caveand wormholes which create channels for the
flow of unwanted water into the welbor@gmgam, 2015a Water may also channel from other
sources like leks in casings/pipes, or due to water coning or a risingvadér contact.
Dependig on the origin/type of water production, different techniques are required to tackle
them. It s, therefore, vital that the mechanisms of water production be properlystoratd

before an adequate treatment technique can be applied.

Several techniques uddo control unwanted water production problems incliBeailey et al.,
2000: (1) mechancal solutions involving the use of mechanical packers to seal off troubled
zones, (2) comption solutions whichrequire completion operations such asletracks or
coiled-tubing isolation to isolate troubled zones in more complex caseShésicalsolitions

which involves the injection of gels to plug off wap@oduction in the troubled zoss.

Chemical gel treatments have proven to be a-effesttive and widely used means of
controling water production, especially fordepth fluid divesions (Imgam, 2015a Several

forms of @l tredmens such as micro gels, preformed particle gels, siicate gels,
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nanocomposite gels have been presented over the years. The inteeegicomposite gels for
fracture plugging treatments shaecently grown due to their ability to withstand hanesservar

conditons where the use of chemically crosslinked polymers is limited.

1.2 Motivation and Objectives

Excessivewater productions a common problem imature reservoirgKoohi et al., 2011 As
mentioned earlier produced water can diminish tiaditability of oil and gas producing assets

and in fatal cases lead to early field abandonment. Disposal of this produced water can also
pose risks to the environmeriigure 1.1lbelow shows histaral and forecasted produced water

and discharged water lumnes majorty of which are deposited into the sea on the Norwegian
continental shelf. Therefore, it is beneficial to reduce the production of water and prevent the
use of environmentally hazardosshe mi cal s in the reser vioyir.

of redwcing the use and disposal of toxic chemicals in the environment, the Norwegian
environmental agency provides a list of these chemicals which include lead, ARReans,
Chromium (NEA, 2014.

The major objective of this thesis is to inigate the feasibility of applyingnanocomposite

gels based on polymer and clay fiacture plugging in chalkk Although, few studies have been
conducted to demonstrate the usenafocomposd gels forfracture plugging treatmentg¢Bai

et al., 2018Mohammadi et al., 20)5most of these studies involve the use of Chromium ()
acetate or N, Nomet hyl enebi s aSomegflthesenstudiess area s a
also based on the investigation of mechanical and rheological properties of the¢Aatgeis

& Marjan, 2012 Haraguchi & Té&ehisa, 2002ap This thesis wil further qualitatively
investigate the water plugging capabilty of Nanocomposite hydrogels in fractured chalk
reservoirs. Other secondary objectives of this thesis include:

1. Examine the gel forming potential of differentpés of clay and polymers
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Figure 11. Historical and forecast volumes of discharged produced water on the Norwegian
continental shel{NPD, 201§

Investigate the sensitivity of clay @halk, andcations ke calcium and potassium
3. Examine the sensitivity of glato low molecular weight glycols used as gelation
retarders

4. Comparenanocanposite andaponite gels for water plugging treatments

1.3 Scope of work

This thesis is limited to the laboratory bottle tests and laboratory core flood investigation of the
potental of narocomposite gels for water plugging treatments. The work is split into six
chapters. Following the introductory chapter 1, Chapter 2 powvadackground study into
excessive water production. It discusses in detail, the types, mechanisms, idliagdssveral
treatment solutions with emphasis placed on chemical solutions. Chapter 3 provides a
theoretical review of past researchesnanocorposite gels and factors influencing théccess

of gel treatments in the reservoir. Chapter 4 presents erigties of the experimental

procedures anduaterials that helped achieve the objectives of this thesis. Chapter 5 provides
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the results of the expeents, discussions and considerations for further work. Finally, Chapter

6 provides a concise conclusion tieé expeimental findings.
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Chapter 2 Background

2.1 Oil Recovery Mechanisms

Oil recovery mechanisms are broadly classified into primary, secondary and textameny
mechanisms(Green & Wilhite, 1998)Primary oil recovery involves the prodioet of the

resernvoir throughts nat ur al pressure depletion. A rese
by mechanisms such as water drive, soluton and gas cap drive, gravity drainage or a
combination of some oal these mechanisms. This recovery meisimanaccountsfor a

recovery in the range of 20% of original ol in place (OOIP(Stakup, 198 and it is

obviously insufficient for meeting thwor | d6s hydr ocar bolnmsstidlefmand s

trapped inthe reservoir when the reservoir pressure diminishes.

Secondary recovery processes such as waterflooding and gas injection involve the injection of
water or gas to maintain reservoir ma@® and displace fuids immiscibly towlar the
prodiction wel (Green & Willhite, 1998).This recovery mechanism accounts for an average

ol recovery factor in between 150% OOIP(Green & Wilhite, 1998 Recovery from
reservoirs which have undergone primary and secondary recovery mechanigaly tig in

the range of 3%0% OOIP Green & Wihite, 1998). Seonday recovery processes lke water
flooding, however, may fall short of their potential in fractured reservoirs due to the
channelling of water througfractures or high permeability rebks These channels can cause
water tobypass oirich zones in th regrvoir during flooding and trap large amounts of oil

behind in the reservoir.

Tertiary recovery mechanisms, also known as Enhanced oil recovery (EOR) methods involve
the injection offiuds which are not naturally present the resemir to augment e naural

drive of the reservoir and ultimately increase oil recogyeen & Wilhite, 1998 This
mechanism can be generally classified into thermal, chemical and miscible méWaus
Poollen, 1980 Chemical methods involve the injection of chemicals into the reservoir, e.g.
polymers, surfactants, alkaline to increase oil regoy@reen & Wilhite, 1998 Miscible
methods invole the injection of hydrocarbon gas, inert gas or @@jection under high
pressure. Thermal methods on the other hand involve the use of heat to displace oil towards
the producing well this may bethrough the injection of steam, hot water be tinsitu

combustion of oilin the reservoir. The principle of tertiary recovery mechanisms is based on
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the interaction of the injected fluids with the reservoir rock and fiuils may involve the
reduction of interfacial tension(IFT), mobility ratio reduction, rodification of wettabiity,
reduction of oil viscosity etc. Enhanced oil recovery methods make it possible to increase total
ol recovered either by improving microscopic sweep eficiency which iviego the
mobilization of capilary trapped ohnd usually occurs on a per sca, or byimproving

macroscopic/ volumetric sweep efficiency.

O O ©O 88888888888888¢H

Where, E - Total oil recovery, ma - Macroscopic/Volumetric sweepyuE Microscopic sweep

eficiency. Waterchannelingpr obl ems severely affects an inj
which in turn leads to &s total oil recovery. Both secondary and EOR methods as promising

as they seem are not immune to the negative effedist@fogeneity induced fractures or high
permeability zones (Larkin & Creel, 2008). Just as water during waterflioods, infeQgohay

flow through areas of least resistance through fractures or high permeability zones, bypassing

ol in the wm-swept zones(Song et al,, 200)8This excessive fiud production can lead to low

recovery and generally low economics. It is therefore imporarind ways to miigate this

problem in order to recover more oil.

2.2 Excessive Water Production

Excessive water productios a major, technical, environmental, and economic chalenge in
the oil industry (Imgam, 2015a Globally, about 210 milion barrels of water are produced
along with every75 milion barrels of oil produced each dégaiey et al., 2000)From the

onset of oll produ@n, water rom an underlying aquifenay mix with oil and beproduced

along with oi. Although the watewil ratio at this stage may be tolerated if it remamishin
economic limit and the produced oil is able to cover c@ststs disposal. As the reseir
matures water production may become excessive with the production of intolerable amounts
ofwaterAPr oduced water is a mionmpomne (Dipw,02019, gani c
it requires proper separation and treatment before its dispAlilabugh the cost of water
disposal varies from region to region, it idireated that more than $40 bilion is spent every
year for the tremnent of unwanted watdBaiey et al., 200). Aside from the revenue lost in

the treatment of this water, other indirect losses may arise due to the loss or delay in production
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which is @ued by excessive water production related issues e.g. finestiomgranechanical

related issess, shuins and abandonment, lack of facility capadiil etal., 2013.

2.2.1 Mechanisms dexcessive water production

In order to properly tackle excessive water production problems, it is important to identify the
source andcauses Produced water may be from natural sourees aquifers or formation
water. It may also be from external s@asdinjected water). Produtevater can be classified

into three categories: sweep, good and bad wWBkaley et al., 2000)Sweep water is defined

as water that helps in the sweeping odfto the producers, this type of water is beneficial
because it ds in the production oil. T includes water from an underlying active aquifer in

the reservoir or from water injected which helps to sweep out from the reservoir. Good water
is any waterthat is produced at a rate below the economic limit oé.prodwced along with

this water ca pay for the treatment and disposal of this water. Bad water on the other hand is
any water whose production is above the economic production limit; thisofyywater does

not aid in the production of oil and oil that is prodd with it cannot pay fots treatment and
disposal. There are two main problem areas of excessive water production: at the wel and in
the reservoir (Seright et al, 2001 Each problen area requiresa unique tye of solution.
Therefore, to find optimum solutions to excessive water production problems, the nature and
source of the problem must be accurately identifi€ke scope of this work is only limited to
reducing theproduction of bad water in the reservoir

2.2.2 Causes of Excessive water production

There are many factors which may lead to excess water proddectigam, 2015a Table 2.1
below provides a list of the most common excessive water productiasesaVhie some of
these causes may be easily controlied. casing leaks, others require much more complicated

approach e.g. fractures.
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Table 2.1 Common casesof water conformance problems, table basedmgam, 2015an

Near-Wellbore Problems Resrvoir-related Problems
Casing leaks Coning or cresting
Temporary chemical isolation Fractures, fissures or faults
Lost circulation Channel from injector
Channeling behingbipe High permeability streak
Shut off perforations Completion near water zone
Completioninto waer zone Wateredoutzone

2221 Near-wellbore problems

Near welbore problems can be caused by mechanical problems which may arise as a result of
corrosion, holesor cracks around the welbore or completion problems which mayr @asca
result of a poomwell completion which creaing paths for water to channel to the welbore

(Imgam, 2015a Figure 2.1 shows commorear welbore problems.

Leaks in a casing may piide a conduit for water to migrate from water zones into the welbore
(Jaripatke & Dalrymple, 2030 Water channels behind a casing due to poor welbore
cemening job @n also result in water migrating from isolated watemes into pay zones. Lost
circulation may occur during dnlg or workover operations when the reservoir fracture
pressure is exceed. Scale or bacteria debris around the welbore can aise sslow

diverting agents, diverting the flow @faterinto the wellbore.
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Figure 21: Nearwelbore problemscasing tubing or packer leaks (left), watéranneling
behind a casing (rightjSydansk, 2011)

22.2.2 Reservoir-related problems

Resenvoir related problenae morecommonin mature wells(Imgam, 2015a Water conning

in vertical wells occur in formations with relatively high vertical permeability. Due to pressure
depletion around the welbore, the-wihter contact proflechamges into that of a cone which
draws watetinto the well perforations an iltstion is shown ifigure 2.2.The maximum rate

at which oil can be produced through a cone is caled the critcal conning rate and is usually
uneconomical to maintair{Baiey et al., 2000 In horizontal wells this problem is usually
referred to as water s#g.

Natural fractures in the resevoir canprovide a directconduit during wate floods for water
channellingfrom the injedon well to the produce(Jaripatke & Dalrymple, 20)0Extensive
fractures may cause injected fuid topgss hydrocarbons in the reservoir causing rapigr
breakthrough as shown figure 2.3.
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Figure 22: Reservoir related problemsvater coning in a vertical wefleft), water cresting

in a horizontal wellright) (Bailey et al., 2000)

The poordesignof anhydraulic fracture may cause the hydraulic fractuto interect adeeper

water zone causing an increase in waieproduction ratio(Baiey et al 2000 as shown in

figure 2.4.The presence of high permeability streaks in the reservoir can cause water to flow
through theses paths of least resistance causing early water breakthrough and leawing larg
portions of oil in the reservoir dhind uRswep in the permeability zones. Other common
reservoirrelated water production problems include gravity segregation, water crossfiow.
There are different causes ekcessive water production. Therefore, iddging the right

source of a water pblem is thefirst important step in solving this problem.
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Figure 23: Waterchannellingbetween injector and producer through fractu(Bailey et

al., 2000)
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Figure 24 Fracturing into a waterzone(Baliley et al., 2000)
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2.2.3 Diagnostic evaluation of excessive water production

In-order to effectively tackle water problem, adequate diagnosis of the specific source and type
of water problem should first be correciilertified (Rabei & al., 2009. Unfortunately, rost
producersn the oil and gas industry do not properly diagnose their excessive water production
problems which results in the application of inappropriate solutions to water problems and
consequently and an overadw success rat of water control ptolems. The rasgts from well

diagnosis can be used to:

1 Screening suitable wells for water control
1 Identify specific water problem-iorder to select appropriate control technique

1 Pinpoint the exact water entry locatioar €orrect placement of solution.

A study bySerght et al.,(2001)has extensively examined different water diagnostic methods.
In this study they proposed a straightforward methodology for effective diagnosing excessive
water problem. Their study wasasedon extensive reservoir and coefpn studiesand
analysis of rany field applications. Before any measure can be taken, the well operator must
first determine if there is a water problem. This cae\suatedin three waysfirstly, a sudden
increasein watercut for a certain well asome wells. Ssondly, a well ora group of wellsmay
produe at significantly higher wateoil ratios than other wells. Thirdly, a sudden increase in
wateroil rato may be noticed in plots of fiuid production vs. tim&nother more popular
method among fge oil and ga operators is thase of reservoir simulation. These numerical
systems can help identify possible water problems, evaluate water cut performance, economic
imit rates and even predict maximum wakee rdes and breakthrough timeAfter the
operator hasonfirmed that arexcessive water problem doegst the next steps of action as

described bySeright et al., 20013 summarized in bulet points below

1 Leak or flow behind pipe problem?

If an excesse water problem is confrmed, it sbld then be ansidered if the aurce of this

water problem may be from less complicated sources such as casing leaks or channels behind
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the casing. Some common methods for diagnosing this problem includes leak testagor
integrity tests, temperaturesurveys, noiselogs. cement bondbgs Most of the methods
previously listed are part of the well routine maintenance tests and as a result, data from this
test is readily available. If a leak or flow behind pipe probleroonfrmed the operator can
thenfind suitable treatment solutio depending on the exact problem source.

9 Fracture or Fracture -like Feature problem?

A distinct way of diagnosindracture problemss to consider whether fow around the welbore

is inear a radial. Flow behind the pipdractures andfracturelke featres are usually
associated with linear flowwWhie, flow in the reservoir rock matrix is characterized by radial
flow. Gel treatments in radial or linear water fow problems differ irceyiaet procedures,
volume of gel, ath desired progrties of the gelGel treatments in linear flow problems may

be injected without mechanical isolaton however, gel treatments must be isolated from
hydrocarbon producing zones when dealing with radial fionablems (Serigh, 198§. An

older method proposed method [8eright et al., @(994) (injectivity/productivity tests)
describes the wuse of Darcybs wequat peoThe for
presence of linear flow iglentified by alarger lefthand side of the equation (actual well
injectivity/productivity) i.e. aboufive to six times larger. Consequently, the presence of radial
flow is identified when the lethand side of the eqtien is lower or equal to the rightand

side ofequation 2.2.

Y B ptd iliji 88888888cq

Where,Q s flow rate apis pressure drawdown artolid-up, K is efective rock permeability
his ret pay 1 is vscosity reis the eservoir radiusrwis the welbore radius Other canmon
methods of distinguishing fractures or fracture lke features include core analysis, pulse

presure tests, transient tests, log analysis, -inmtdl tracer tests, and injectivity/productivity
tests.

9 Isthere a crossflow compounded matrix problem?
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At the final line of evaluation, once the possibility of other causes of water production problems
have beemuled out the engineer may then deduce the possibility of a radial flow i.e. flow in
rock matrix problem. Then the next point of action would d@évestigate whether there is a
crossflow in reservoir strata. If flud can crossfow between adjacent strata, then a crossflow
can be said to exist. Various methods can be used to investigate the presence of crossflow
between layers in the reservoir, coom ones include pressure tests between zones, or
analysingreadily available logs including porosity, permeability, fluid saturatma thology

logs.

2231 Water problem plots

Asides, from the method prescribed ®gright et al.(2001) graphical plots arako used in
diagnosing various water problems and their sources. These graphical methods provide a quick
and visual method akcognizing water problems. Some of these plots are described below
(Bailey et al., 200D

1 Recovery Plot

A recovery plot is used to detect the presence of water problems, it is presentsemaog

plot of cumlative oil production versus watail ratio (Baiey et al., 200)) see figure 2.5To
determine the presence of water problems the slope of the plot is extrapolated to the economic
imit, an extrapolated production value that is equal to the expected recoverable reserves of a
resenvoir indicates that the well is functioning optimally ametetis only production of good

water. An extrapolated production value less than the expected recoverable reserve indicates

the production of bad water and hence, water control treatments should be considered.
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Figure 25: A remvery plot showing the logarithm of wateit ratio versus cumulative oil

production(Bailey et al., 2000)

1 Production decline analysis

Production declne analysis provides a graphical methodarfalysing declining prodiction
rates,and forecasting fute reservoir -performance(Agarwal et al., 1998 It also provides a
traditonal means of detecting water production problems. Anincreased decline indicates awell
problem, which may not necessarily be water e.g. damage buid up or severe piesistien.

Figure 2.6 presentstgpical ilustration ofthis plot.

9 Diagnostic plots

Diagnostic plotsare loglog plots of wateroil ratio versus time(Baiey et al, 200D They
provide valuable insight in detecting the presence oftanvgaoblem and when combined with
other information they can help detect specific source of water prolblenee basic signatures
areusedto distinguish betweethe different unwanted water problem mechanis(Baiey et

al., 2000; Chan, 1995An open bw profile is characterized by a sudden sharp increase in
wateroil ratio (WOR) as shown iffigure 2.7 this usually indicates that wea source is from

a fracture, fault or channel behind a casing.
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Figure 26: A production decline analysis pl{Bailey et al., 200D

An Edgewater water problens characterized by a sudden sharp increase in \([BalRy et
al., 2000; however, tlg sharp increase is folowed by a straiym curve asshown infigure
2.8. This curve may have a statep profle depending on the perméigb contrasts in
mulilayer reservoirs. Water problems caused by water conongthe other handare
distinciively characterized by a gentle rise in the WOR qutlis is shown in figre 2.9.
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Figure 27: A diagnostic ot showing the signature pattern of an open flow water problem
(Bailey et al., 2000)
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Figure 28: A diagnostic plot showing the signature pattern of an egdgeer water problem
(Bailey et al., 2000)
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Figure 2.9: A diagnostic plot showing the signature pattern of a water conning problem
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Figure 210: A water diagnostic plot showing the descriptb&haviourof water
conning and watechannelling({Chan, 199%

It was also proposed that derivatives of the WOR vs time can be used for differentiating

whether the excessive water production problem as seen in a well ie diag¢er coning o
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multilayer channelling(Chan, 199% Figure 2.1Qprovides a plot showing @ear distinction in

the shape afwo different water problem sources.

2.2.3.2 Well logs

Several well logs can be usto deect waterentry problems(Jaripatke & Dalrymple, 201D

These logs can provide an easy readiy avaiable method to detect water problems and their
specific type. Common types of these logs include, production logs e.g. Fluid density tool, open
hole logs e.g.calliper, casinglogs e.gcircumferential scanning tool (CAST), pulse echo tool

(PET), cement evaluation logs e.g. ultrasdmnd log, pulsed neutron logs.

2.2.3.3 Numerical simulators

Well-described reservoir models and reservoir simulation can edpide a means of
detecing and een predicting water problems before they happ#aripatke & Dalrymple,

2010. They can also help to forecast breakthrough time, veateperformance and maximum
waterfree production rates. Recently buit advanced reservoir simulators can sdia pa
differential equatios for mutidimensional fluid flow to predict the effect of a watntrol
treatment on reservoir performance and also investigate the efficiency of several placement

techniques

2.2.4 Water treatment placement techniques

When applyig water treatment placemeadequatecare should be taken to select the right
treatment placement technigudaripatke & Dalrymple, 2030 Placement techniques play a
key role in the success of water control treatments, as a result they should be adapted for

individual wel. Common &atment placement techoes are disussed below.

1 Bull heading: Bul headingis the most common and economical placement technique
(Imgam, 2015g It does not regire the solation of the targeted zone. However, there is no

control over where the treatment fluids might go, this sometimes may result in the sealing
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of both water anchydrocarbon producing zoneBigure 2.11shows an ilustration of this

technique.

Figure 211: Bullhead placement technigéaripatke & Dalrymple, 2010

1 Mechanicatpacker placement: To prevent the flow of treatment fluids into oil prodougi
zones, a echanical packers or bridge plugs can be used to isolate target(lrogas,
20159 (seeFigure 2.12).
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Figure 212 Mechanicalpacker placement techniq@#aripatke & Dalrymple, 2010

Dual-injection placement: For abetter control of injected treatment fluids, an operator
may @ply the dualnjection placement techniquégure 2.13 below. This technique
involves the use of a packer for isolating the zones and the simultaneous injection of the

treatment fluid ath a canpatble fiuid down the annulus.

Iso-flow injection placement technique: In Isoflow injection placement, the treatment
flud is directed into target zones, while, a formation compatble-seating flud which
contains a radioactive tag is injectedconairrently in the annulus to protect the
hydrocarborproducing zoes (Jaripatke & Dalrymple, 210). An illustration of this seup

is shownin figure 2.14

Transient placement Transient placement techniques involves the use of crossfow to
help prevent entry intaunwanted intervals(iImgam, 20153)these treatments are injected
into the zones thawil be sealed
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Figure 213 Duakinjection placement techniqéaripatke & Dalrymple, 2010

Figure 214 Isoflow injection placemertiechniqugJaripatke & Dalrymple, 2010
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2.3 Water conformance methods

2.3.1 Water conformance mechanism

Water conformance @chanisms referotall techniques employed in solving excessive water
production problemgSydansk & Romer&eron, 201). It encompasses all near welbore and
resernvoir treatments used in shutting off excessive, edieles water production. The

objectives of water conformanceethods include(Imgam, 2015p

w Reduce wvanted water produon
w Improve poftability by reducing water disposal costs
w Improve oil recovery

w Prolong the productive life of an oil and gas assets

Before any water conformance treatment can be applied, it is crucial to accurately determine

the type ad source of the wat problem.

2.3.2 Types of water conformance control treatments

Several types of water conformance control treatments are available. These treatments range
from simpler and inexpensive mechanical treatments to other compiammetion methds.
Water conformace control eatments can be classified into three maategories(Bailey et

al., 2000) Mechanical solutions, chemical solutions, completion solutions.

w Mechanical solutions

Mechanical solutions arereferred treatments for severalear welbore water mpblems
(Imgam, 2015psuch as channelsehind casing, rising bottom water and casing leaks. This
category of solutions involves the use ohechanial expandable or neexpandable packer

to seal or isolate trouble water zongéndi & Baojun, 2017. Expandable ackers provide
isolation due to their ability to inflate when run into the wellbore and may be retrieved at any
point in the ife of the wel. An eample of this is a swell packer shownfigure 2.15which
provides zonal isolation upon contact with soroéivation fuid in the welbore e.g. water.
Conversely norexpandable packers, although not inflatable andretievable carprovide

effective seling of water trouble zones e.g. cement packers.
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Figure 215: A swell packefXindi & Baojun, 201y

Figure 216: Dual completion solutions for solving a watene problen{Bailey et al.,
2000)

w Completion solutions

Mutiilateral well, sidetracks, coileetubing isolation, perforationand dual completion can
serves as alternative completion methtalsolve more complex water problems such as water
coning, incomfete areal sweep, and gravity segregati@aiey et al, 200D Figure 2.16
shows amethod of using wellecompletion to cgoroduce water ugin dual completion tubes.
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w Chemical solutions

Chemicals solutions canbe used tmot only treat nearwellbore but also reserveielated water
problems (EF-Karsani et al., 204 Thee has been a reported large use of chemicake w
conformance treatments in several fieldsCinna (Bai et al., 2007a The most common types

include, traditioral polymer flooding, foanflooding, polymer gelsandsiicate systems.

23.2.1 Traditional po lymer floods

Secondary oil recovery processik® water flooding are susceptble txcessive water
production problems due to timesenceof water channels which causester to bypass oil

in the reservoir leaving large areas in the reserveswept(Sydansk & Romer&Zeron, 201).

To solve this undesiregproblem high molecularweight polymers can be injected into the
reservoir. The addition of polymers into the injected water increasevisttesity of the
displacing fiuid which creates &vourable mobility ratio between th displacing fiuid and the

oil and consequdlly provides better reservoir sweep. Considerable research has been done
polymer flooding (Koning et al., 1988Puz et al., 1995Wang et al., 2003

The application of bulk polymer flels should not be confused wilhe application of polymer
gels. There is a clear distinction beameconventional polymer floodsé polymer gels, while
polymer floods require the application of large banks of uncrosslinked polymer solutions,
polymer gelsin contrast require a much siea gelant volume and the use of a crosslinking
agent (Seright & Liang, 1994 It also should be noted that shithe intention for polymer
floods is to penetrataeleeply into pooly or previously umrswept zones The intention for
polymer gel treatments is fuug the watereebut high permeability zones, whie minimizing
or totaly avading penetration in lowpermeaility zones. Polymer floods suffers limitation on
its injectivity. The maximum usable viscosity tigoically imited to between three and ten times
that of the injection watefFrampton et al., 2004 addition to this, plgmers may also suffer
degradabn due to shear, salinity, temperature etc. although viscous poflpoels can help
reduce watemproduction. It is not a preferred treatmemethod for most water production

problems
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23.2.2 Polymer gel systems

Polymer gels areegarded as the most widely usebemical water conformance agents,
especially for indepth fiud dversion. Because of their lonost and ease of injectivity they
provide an effective and cost efficient means for water conformance tregiBhdfarsani et

al, 2014 Seright & Liang, 199% The main distinction of gel treatments fromaditional
polymer floods is the addition of crosslinker§Abdulbaki et al., 2014 These crosslnking
agents promotethe formaibn of more rigid netwik between polymer molecules; this enables
the formation of a mo rpermeshiity medyciogageltThe eersatility o n g e |
of their application in both near welbore and deegervoir treatments makes yoér gel
treatments a choice foegeral water conformance problems. Several works have been done on
polymer gels systemgAl-Muntasheri, 2008Al-Muntasheri et al, 203(EFKarsani et al.,
2014 Seright, 1988 Polymer gels may be classified based on their functionality wito t

categories: sealants and relative permeability modifiers.

Sealants are effective in the complete plugging of water producing ZAdaeepatke &
Dalrymple, 2010. This category of gels provides arigid physical barrier when injected without
discriminating between oil and water esnad hence should only be applied in cases where
ol and water zones are completely separated. In many mature wells, water producing zones
stl retain significant volumes of ol and as such it would be beneficial to use relative
permeability modifiers.Relaive permeability modifiers can reduce the effective permeability
of water whie maintaining the effective permeability of oil in this Ideuzones. This
phenomenon is termed Disproportionate permeability reduction (IMBhammadi et al.,
2015. Gels may also be classified basedaere gelation takes plaggngam, 2015a Based

on this, gel treatments may be broadly classified into two categories:-giu lrgels (ii)
preformed gels.

23.2.3 In-situ gels

In-situ gelsarethe conventionalgel system used for water conformance treatm@ntsam &

Bai, 20150. it involves theinjection of a low viscosity gelant into the water troubled zones.

This low viscosity gelant is then triggered by some speciic mechanism e.g. temperaddre or

to form a rigid gel. Bstuvgeldtionpsgstem pravideg dneeficter® 7 0 6 s
means of injecting polymers deep into the reservoir whie minimizing the effect of mechanical

shear degradation and retentiBorling et al., 1994 Several studies have been carried out on
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in-situ gels systemgAvery etal., 1986 Kabir, 2001 Norman et al., 20Q6eright et al., 20Q1
Seright & Liang, 199% Gels formel with this process range from wea$fid gels depending

on composition of the gelant and other environmental factors. Recently, newer forms of gel
treatments like preformed gels are preferred owsitun geltreatments, this is becausedbe
systems helo overcome several problems associatéd in-situ gels treatments like the lack

of gelation time control, gelation uncertainty, chromatograyseparation of the gelant solution
(Chauveteau et al2003 Chauveteau et al., 200Coste et al., 2000

2324 Preformed gels

Preformedgel systems are formed at surface facilitesd injected into thereservoir with no
requirementfor in-situ gelation (Chauveteau et al., 20P3The rew trend of using a preformed
gel can helpin overconng several of the drawbacks associated witisitin gel systemsThe
common types ofpeformed gel systemased in theoil industry are listed with their respective
developes and field applications iTable 22 (Imgam, 2015a The major differences between
all the current commercially preformed gels include particle size, swellirg ragichanism of

activation and swelling time.

Table 22: Common types of preformed gglingam 20153

Bright Water® Chevron, BP and Nalco Sub-Micro (< 1 pm) 60% injectors
Microgel IFF Micro (1-10 pm) 10" prodocers
PetroChina, Millimeter 5,000
PPG

MS&T, and Halliburton (10 pm to millimeters) Imjectors in China

pH Sensitive uT Micro Mot reported

polymer
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2.3.24.1 Preformed particle gels(PPG)

Preformed particle gel§ P P Gabesefficient for plugging water problems caused by water
channels, fractures or high permeabilty zori@bdulbaki et al, 2014 PPGOGs are hi
sweling anl superabsorben polymer gels;they can swell over a hundrditches their original

size in liquids. The success of this type of gel treatment depends primarily on its abiity to
selectively penetratehighly permeable channelsr fractures whie minimizingpenetration into

lower permeablepreviously urswept zonegElsharafi & Bai, 2012. InjectedPPGgel particles

are subjected to high pressure upon injecton which causes them to deform and flow through
porous media. At distances in the reservoir where pressurelass the threshold pressure

polymer gels sell again creatg an effective plug in pore throats increasing residual resistance
ofhghper meabi |l ity channels and diverting pow t
poorly swept(Abdulbaki et al 2014. This charactesit i ¢ of Pthe@ capablmi k e
powing through porous media even when the particles are larger than pore {Baatt al.,

20078 (B. Bali, Liu, Coste, & Li, 2007; Coste et al., 2000; Wu & Bai, 206&ure 2.1&hows

the swelling charactesainies.i cs of PPG6s with d

There are sme reports that PRiIGs ¢ a row dhroligh only porous media with high
permeability or fracture¢Bai et al., 2007pLiu et al., 20064 It is also reported that a major
disadvantage of PPG is thaijectivity, the partle size isrelatively large size which prevents

them from passing through formations with permeability less iBatndlimits their use to

only formations with large pemability contrasts(Abdulbaki et al, 2014)Despite these
labaratory scale findingsthere hae been sever al successful fie
china. (Liu et al., 20@a) disaussel the success of PPG treatment on an injector wel in the
north Xingshugang region in the Daqing oil y
produdion and a decrease in water production.
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Figure 217: Snvelling meclanism of preformed particle gdmgam & Bai, 2015p

2.3.2.4.2 pH-Sensitive polymers

pH-Sensitive polymersare one of the most recent polymer gels systems used #&erw
conformance. It was firsproposed by(Al-Anazi & Sharma, 2002vhen they discovered that

gels formed with ceain polyelectrolytes, such as polyacrylic acid, are very sensitiveH to
conditions These gels sho low viscosity at lowpH but can swell up to 1000 their original
volume in highpH conditions. The cause of this phenomenon is attributed to the shrioking
polymer chains at lowpH, resulting in low viscostty. Contrarily, at the high pH condtions,
polymer chains can uncoil due to the repulsive forces between carboxylic groups resulting in
an increase in viscosity, an illustration ofthis process is shovigure2.18. Swolen polymer

gels serve as effective plugging agent for water conformance control
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Figure 218: Swelling of Polyacrylic acid due to ionization of carboxylic gro(dlsAnazi &
Sharma, 200p

It is observed that th@H-sensitive polymer solutons can propagatehéntin fractured
sandstone reservoirs compared to fractured carbonate reservoirs before (eddtibmokh et
al., 2008. This is because pH increases much faster in carbonates due to the presence more

acid consuming minela

2.3.2.4.3 Bright water

An industry research consortum among BPhe@n, Texaco and Nalcded to the
development of bright watgAbdulbaki et al., 2014 These temperature sensitigels act as
in-depth fluid diverting agents when swelled. Bright water gels are fat@oll with two
crosslinkers: a labile (ustabé crasslinker) and an uliable crosslinker (Abdulbaki et al.,
2014. During application these gel kernels are injected with cold injection vesuges the
solution propagates through the reservoir, it startevdom upto the surrounding reservoir
tempeature until it reaches a prdetermined transition temperature. At this temperature, the
liable crosslinker starts to break dgwpermiting the polyme to absorb water from the
surrounding and expand, subsequently plugging trouble zones. This isethafrequently
compared to the popping of corn kernels into pop¢abdulbaki et al., 2014 An attractive

feature of bright water is their stabjitover a vast range of salinities apH, this is due to its
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highly crosslinked nature which makes less sensitive to harsh reservoir conditions
(Abdulbaki et al., 2014; Frampton et al., 20@)e to the small particle size and low viscosity

of the brigt water kernels exhibit high injectivity armhnpropagate Iog distances deep into

the reservoir before they pop (Abdulbaki et al., 2014)There have been several field
applications of Brightwate{Frampton et al., 2004; Ohms et al., 2010; Pritchettl. e2803)

results from these projects have shown great potential for the use of Bright watextdor w
conformance. Despite this success, studies have shown that the use of Bright water is not

effective in treating fractures.

2.3.2.4.4 Microgel

Microgel as its nam depicts refers to the use of smantrolled soft gels with particle size less
than 1000nm asledive per meabi |l ity modi yreatmsnts(Ghaudetecaw et er s
al., 2003 Chauveteau et al., 20pMicrogels specifically designed for water shutoff (WSO)
treatments are netoxic and fully seffrepulsive. They reduce permeability by adsorbing onto
rock pore surface and form soft monolayawith athickness equal to their size. This softhess
causes high permeability reduction for water without reducing oil permeability. Their size can
be exploitel during productionto cause a permeability reducing effect as deditedjam,
20154. Laboratory tests showed that microgels are machiyn andthermally stable and can

be propagated into porous media without any sign of meehdnic y | {Chaavetéao atal.,
2003. The chemistry of microgels can be chosen to be stable in a wide range of pH and salinity
(Chauveteau et al., 20p&hich makes the suitable for water shiit and water caoformance

applications.

2.3.245 Silicate Gels

Siicate Gelsare one of the earliest forms of chemical methods usedefoessive water
treatments(Stadand et al., 201)1 Sodium siicate (Si@NaO) is anakaline liquid containing
nancsized paitles with pH in the range of 1-113 (Staviand et al., 2031Jpon reaction with
an activator, the solution reacts to form a gélctv cansene as a plugging/#depth fluid
diverting agent. The gelation kinetics of this eystis controlled by the concentration of

siicate, concentration of activator as wel as temperature and salinity of the makeup water
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(Skrettingland et al., 20)2Upon injection and reacto of siicate solution, plugging and
permeability reduction ability of this system is &dthed either by formation of an-situ sol
or indepth fitration of aggregates of size comparable to pore Bigare 2.19 below shows

the sequential steps of lpmerization of monomer into large particles

When pH is reduced, siicate systems canyp@rize to form ge(Staviand et al., 20310n

the other hand, at a highH, the system wil remain as solutiobecausehe dimer siicate
species vili dominde the system. There have been several reported laboratory investigations
and feld application of siicate gel systems in the No8ka (Rolsvag etal, 1996
Skrettingland et al., 20)4esults from these studies have shown great potential for siicate

systems adn-depth water treatment agents
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Figure 219: lllustration of polymerization of silic@ler, 1979
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Chapter 3 Theory

3.1 Chemistry of Nanocanposite Hydrogels

Nanocomposite hydrogelalsoare polymeric hydrogelsapableof eliminating the unattractive
characteristics of the conventional polymer gel syst€higaraguchi & Takehisa, 200Ra
Nanocompositehydrogels allow the synergistic combination &@vourable properties of both
polymer ad clay. It involves the use oéncclays to improve polymer gel properties such as
high heat resistance, pressure resistance, deformafdlibhammadi et al., 2015 Thesenanc

clays reenforce polymer gel network by exfoliating through its matrix and acting as a
multifunctional crosslinker whictctauses the foration of agel with high resistance against
syneresis(Zolfaghari et al., 2006

Figure 31: Interactions between polymer chains and he@hbouringclay sheetgHaraguchi &Takehisa,
20023.

Nanacompositegels arealso reported taexhibit higher equilbrium sweling ratio compal to
conventional hydrogels without clay@\alaie & Marjan, 2012) Mohammadi et al.{(2015

demonstrated with core flooding experiments thaesdreated witthanocompsite gels sbw
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high residual resistance factor and exhiigproportionate permeabjl reduction treatments,
which makesnanocompositehydrogels suitable fofracture plugging and water conformance

treatments

3.2 Previous researche®n nanocompositehydrogels

Polymer gés have been used for water conformance treatments for many($baidbaki et

al., 2014. Conventional gels used for water conformance are usualy polymer and chemical
crosslinker based. Polyacrylamide is akebwn water soluble andommercially available
polymer used extensively in preparing polymer gels. Thisviied mainly due to its chemical
robustness, immunity to biological attack, availability and relatively cheaper cost. Crosslinkers
used in these fdormulations can be @rganic such @ chromium (Cr3+)Sydansk, 1990

organic such as polyethyleneimine (P&lgrdy et al., 199Por natural such as chitosan (Reddy

et al., 2003). Several researchers have examined and e@édbhese conveanal gels in detail
(Al-Muntasheri et al.,, 200« hauveteau et al., 199Hoff et al., 2007 Seright, 1999Wilhite

& Pancake, 2008Although these gels have enjoyed extensivenidte in water confanance
treatmets through the years. A major challenge has beein fusceptibility to degradation

when exposed to harsh reservoir conditions. This is owned due to their chemically crosslinked
structure which prevents the independenintiml of the crossiking densiy6 v6é ( number
crosslinked chains per unit volumend intefc r o s sl i nking molecul ar we

of chains between crosslinking points).

Haraguchi et al., (2002@roposed a novel gel formulation called Nanoposite Hydrogels

base on polymerclay interactions without the presence of any chemcrosslinker. From
experimental investigations he found that the use of hydrophilic inorgaesio clays in
polymer gel formulations can help resolve the independentratcof the crosslking density

and intercrosslinking molecular weight; resulting gels that show high mechanical strength,
heat resistance, and ulinigh sweling capabiities compared to the conventional gels. In this
novel gel formulation, the iat-crosslinking distace (Dic) is guivalent to theneighbouring
clay-clay interpartite distance and can be deduced from the clay concentration as long as the
clay is exfoliated, and its sheets are fixed uniformly dispersed locations and when combined
with polymer conformatios, the intercrosslinking distance can be converted to the -inter
crosslinking molecular weight. Consequently, the polymer and intiator concentrations at a
fixed clay content can be used to determine the dinbssg density of the ¢. The function
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of nano clays useth these gel formulations is to act as a multitiowwal crosslinker resulting
in polymer gels with high resistance against syner@dshammadi et al.,, 2015; Zolfaghari et
al., 2006).

Haraguchi et al., (2002a)vesticqated the effect of ay content orthe physical and mechanical
properties ormmanocompsite gels. The performance of different types of clay: hectorite,
laponite  XLG, Namontmorillonite onnanocomposite gelsvas also reporte@zhang et al.,
2009. The performance afanocomposite geleras compared toonventional ge for water
conformance wasxamined (Mohammadi et al., 20)%lhough the gelant solutoncomposed

of chromium triacetate as a metallic crossr, he reported great sussewith the gel
treatment due to their high sweling ratio and low salt sensitivitye use of low molecular
weight norionic polymer/nanoparticle dispersed gel for water plugging in fractures was
investigated byBai et al., 2018 The gednt solution contained a lemolecular weight non
ionic polymer, achemical crosslinker (N-Methylene bisacrylamide)nanclaponite clay and

an accelerating agent. Results from his experimental investigation shows pronatamgiap

of the use of thisgel in plugging water fractures. Although the previously mentioned gel
formulations involve the use of an additonal chemical crosslinkes, strongly argud that

the use of chemical crosslinkers in addiion to inorgafay resulted in gels similar to

conventional gels rather thamnocomposite hydrogelgLiang et al., 200D

3.3 Mobility R atio

Mobilty ratio is a dmensionless quantity relating the relationship between the displacing fluid
and the displaced fluid during a flooding process. For a water flood operation, in an oll

reservoir, it can be written as shown iruatipn 3.1 (Green & Wilhite, 1998

b = Uoa A, 88888888888 31

Where, M ismobility ratio, wis water mobility, ois ol mobiity, Krwis relative water

permeabllity, kois relative oil permeability, Wis water viscosity, 4¢lis Oil viscostty.
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Mobiity ratio is an important parart& which indicates the condition of a displacement
process. It affects both areal and vertical sweep, with sweep decreasing as M increases for a
gven volume of fluid injectedGreen & Wilhite, 1998 Mobility ratio is also an indicator of

the stability of a displacememirocess. Anobility ratio greater than 1 (M > 1) can indicate the
presence of viscous fingers which can cause water to bypass oil in -@ivédeding process.
Conversely, a mobility ratio less than 1 (M < 1) is considdaedurable because it indicase a

stable displacemerftont. The presence of high permeability streaks and lower water viscosity
can cause a mobility ratio greater than 1 leading to watennelling and excessive water
production (Sydansk & Romer&eron, 201) Water conformance methods aim primarily to

shut off water or reduce tative pemeability of water in these trouble zone.

3.4 Resistance Factor

Resistance factor is defined as the ratio of mobility of brine to the mobility of polymer/gel in a
porous medigGreen & Wilhite, 1998 The parameter is important in gel/polymer treatment
as it helps ta@haracterize gelpatger behaviour during injection by the magnitude of pressure
observed dumg injection. Resistance Factor can be described in terms of mobiltgsasbed
below:

o)

0 = A—Z 8888888888 of

o >

It can also be described in terms of pressure as the ratio of pressure thgppgdumjection

to pressure drop during brine injection
- M
O >u/r‘]88888&&3888808;

Where, wis water/brine mobility, gis gelpolymer mobilty, k is water/brine permeability,
Kgis gel/polymer permeability, Wwis water/brine viscosity, gispo!|l ymer / ge |l gisvi sc 0S|

pressure drop duringegl I nj e & pressune dropabping brine injection.

3.5 Residual Resistance Factor

Residual resistance factor is defined as the ratio of water or ol mobiity before

polymer/gel injetion to the ratio of water mobility after polymgel injection. Ths parameter
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describes the magnitude of permeability reduction caused by the injected polymer/gel. It can

be written as:

0O — 888888888838 38

Because water/oll viscosity mains the same, this parameter can be elminated usdoeq2.6

can be simplified as written below in wdion 2.7.

Q
O TQ—8888888888885®

At any gven injection rate’O can also be expressed as the pressure drop during water/oil
injection.

¥
O S/nn 8888888888038 8®

Where,"O - Residual resistance factar, -water permeability before polymer/gel treatment
0 is water permeability after polymer/gel treatmedf) is pressure drop during water
injection before polymer/gel treatmenyry is pressure drop during water injection after
polymer/gel treatment. Equations 3.4, 3.5 and 3.6 can be written in terms of oi. A good in

depth relative permeability modifier @lid have a higlwater residual resistance factor, while

maintainng a low oil residual resistance factor.

3.6 Gel Strength

The elastic strength of a gel indicates the resistance of the formed gel to physical deformation
that the gel will encounter whie extiag through a constriction in its fow pafBydansk,

1990. After the preparation of Nanocomposite hydrogels atthe surface, they would be injected
into the formation. It is required th&rmed gel should be able to withstand the -uighssure
gradiet at the near wellbore vicinity which gets lower at distancethelr from the wellbore.

After the injection of gel, the well wil be shut for a period time to allow sael transition

A sol is a low viscosity colloidal solution, whie a gel is a highcosity colloidal solution.

Aifter this shutin time, the formed gel should be strong enough to withstand injection pressure

of when subsequent flow is resumed.
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3.7 Gel Syneresis

Syneresis refs to the process by which polymer gels after some time tecohtract thereby
expeling the solvent phaséhang et al., 200)5This process has an important impact on the
overall effectiveness of a gel treatment. However, in this study we investigateise of
nanocomposite hydrogels which have been reportd@ém® high resistance against syneresis

(Zolfaghari et al., 200@aherefore, the effect is not considered in #isdy
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Chapter 4 Experimental Procedures and Materials

Experimental procedes and materials used in this thesis are presented in this chapter. This

chapter is divided into six sections, and an outine of various sections is gven below:

1.
2.

Firstly, the differenttypes of polymers and clays used in this research are presented
Secondl, an experimental procedure for tube testing of the various polymer and clay
solution is presented as well as the equipment used

Subsequently the most promising candidate selecteoh fpvevious step is the
qualitatively analysedfor its chemical interattns with catonsandgelation retarders

In the next section, a core flooding -sgt is presented, type of core, properties, brine
and oil properties are presented

Core flooding procede is presented, gelant injection, skuttime and temperature,

and facure plugging abiity is examined

Figure 4.1presents a schematic diagram of éxperimental steps followed in this syud
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4.1 Chemicals

4.1.1 Polymers

Table 4.1below presns the polymers used in the experimental work conducted in this thesis

Table 4.1: polymer description

Polymer Mole cular Weight Supplier
HPAM (Flopam 3630) 18,000,000 SNF S.A.S
HPAM (DP/ERD 2161) 500,000 SNF S.A.S
Polyethylene glycol (PEG) 300,000 Sigma Aldrich
Gellan gum 500,000 Alfa Aesar

Hydrolysed polyacrylamide (HPAM)as selected fanvestigation in this research because of
its popular use in polymer ge{Sydansk & Romer&eron, 201). Two types of HPAM was
used in this study; one withhigh-molecular weightof 18,000,000 Daltonsind the other with
low-molecular weightof 500,000 Daltorys The need to maximize the injectivity of the gelant
and achieve a low viscougelant before injection led to the swit¢h a polymer with lower
molecula weight. PEG is a watersoluble polymerwith applications inndustriesin which
polymer paticle formation technology is very important, such as the pharmaceuticals,
cosmetics, anébod industries (Yoo et al., 2019 However, there has been sostadieson its
use in water aaformance treatmesf hence it was selected for investigation in this research
Gelan gum is an anian polysaccharide produced by the bacteria Sphingpomonas dkdea
et al., 2013


https://www-sciencedirect-com.ezproxy.uis.no/topics/chemistry/industry
https://www-sciencedirect-com.ezproxy.uis.no/topics/chemistry/food

41.2 Clay

Table 4.2 presents the polymers used in the experimental work conducted in this thesis

Table 4 2: Description of Clays

Clay Particle Size Supplier
Laponite RD 25 nm Alfa Aesar
Bentonite 2porless Ecca Holdings PTY

Laponite RD Na'o.7[(Sis Mgs.s Lio.3) O20(0H)4]07is a syntheticlayered silicateclay with an
average lamellar structure diameter of 25nm, an average lamellar thickness @idigmet
al., 2009. Bentonite in sodium bentonite forim a colloidal forming claysed as auspending

agentin oil and gas applid@ns.

4.1.3 Gelation Retarder

Various Low molecular weight glycddased chemicals were added to lapodigpersionsto
investigate their potential for delaying gel formation. These chemicals are presented in table
4.3

Table 4.3: Gelation retarding che micals

Chemical Supplier
Polyethylene glycol (PEG) SNF S.A.S
Butyl glycol VWR international

Butyl diglycol VWR international




4.2 Equipment/Materials

Experimental procedure and materials used are listed below:

1. Magnetic stirrer: Heidlph MR hetstandard stirrer was used for mixing solutions

2. Vortex Shakerfor mixing test tube gel solutions and evaluate gel strength

3. Rheometer: Thénton PaaMCR 301 rheometewas used for viscosity measureme nts

4. Oven: For heating gelant solutis at ®°c

5. Weighting balance: A Mettler Toledo PB303 balance was used to measure all chemicals
and solutions

6. Test tube/conicafiask: For storing NC gels

4.3 Chemical Screening andCharacterisation

Chemical screening involves tlewaluation of the potential ¢ various polymers and clays in
preparing nanocomposite gelkiterature review on nanocomposite gelovites differe nt

methods ofmaking nanocomposite gels, the preparatory hoet used for this studwas that
reported byMohammadi et al., 20)5the slight difference in bothpproachess the use of a

crosslinker whichwas excluded in this studyhis studyis split into three parts.

1. Clay-polymer interactions in d®nized waterare examined. This was done by
examining laponitgpolymer interactions and bentonitgpolymer interactions. The
results from both tests are theampared andthe most promising gel composition is
selected.

2. Clay-polymer interactions irseawaterare examined. This was done by examining
laponite polymer interactions and bentonitgpolymer interactions. The results from
both tests are then compayredd the most promising compositon was selected.

3. In this last part, the best gel composttion for bothiashzed water andeawaterare

then compared, and the best gel composioselected

4.3.1 Chemical screening anccharacterisationin deionized water

This sub-section presents the examination of giyymer gelation property in deionized
water. Deionized water used in this experimgrasproduced in the laboratory. Firdaponite



polymer interactions in deionized watereevaluated then bentonitgpolymer interactionsare

also examined. Results from both tests are then compared.

4311 Examination of Laponite-polymer gelation property

This section presents the examination of laponite clay interaction with the various polymers

examined in this studyThe exgrimental procedure is described below.
w Polymer solutions:

Bulk polymer solutions were prepared and then diuted to desired concentrations. Bulk polymer
solutions 0f0.06 wt%and0.6 wt% were prepared by adding powdered polymer to deionized
water. Foexanple, when preparinghe lower concentratiorf0.06 wt%) 0.06g of polymer was
added to 99.94g of deionized water while mixing with a magnetic stirrer for 2hours. Conversely
for the higher concentration Odbof polymer was added to 99.4g of deionized wathile

mixing with a magnetic stirrer for 2hours.
w Laponite dispersions

Various concentrations of laponitdispersionswere investigated. However, the method of
preparation remained the same, method of preparation is described as folows: (a) desired
amount ofclay was measured,(b) clay was added into already measured amount of deionized
water while mixing with magnetic stirrer, (Blspersion was mixed until a clear homogenous
dispersionwas obtainedlt is important to mention that due to the aging pblate dispersions,

the dispersions are prepared a few minutes before their use
w Nanocomposite gel preparation:

The steps followed for preparinganocomposite gels are described as follows: (a) desired
guantity of polymer was measured and placed into a tbst {b) desired quantity of clay
solution was then measured and added to poly

then mixed witha vortex mixer at speed 7 for about 1min.
w Gel characterisation

Screening andtharacterisationof prepared nanocgrosite gels were carried out by simple
inversion or/and shakingfthe tubes with a vortex mixer at speed 1 for 30secs and then visually

inspecting gel status. Gels are then characterized based on the gel code desc¢abled5id.



43.1.2 Examination of Bentonite-polymer gelation property

This section presents the examination of Bentonite clay interaction with the various polymers
examined in this stly. The experimental procedufer preparing and characterising the

bentonttebased gels are same as that destribr lapontebased gels.

4.3.2 Chemical screening anccharacterisationin seawater

This presents the examination waérious clay-polymer nanocompositegek in synthetic
seawater. First laponigolymer interactions inseawaterwas examined, then bentonite
polymer interactions were also examined. Results from both tests are then examined and
compared.

4321 Seawater

Table 4.4below presents the composttion ®fnthetic seawater used in the preliminary testing
of polymer and clay gelation interactionSeawater wit compositon above was prepared by
adding the salts in their respective amount into llitre of deionized water and aienagimer

was used to mix the solution for 24hours.

Table 4.4: Composition of pre pare dseawater

Salt Chemical Concentration of salt in Supplier
Formula SSW (g/l)

Sodium Chloride NacCl 23.38 Merck Chemicals
Sodium Sulfate Na,SO, 3.41 Merck Chemicals
Sodium Carbonate NaHCO, 0.17 Merck Chemicals
Potassium Chloride KCI 0.75 Merck Chemicals

MagnesiumChloride MgCF2H,0 9.05 SigmaAldrich

hexahydrate

Calcium Chloride CaC}*2H,0 1.91 VWR international




43.2.2 Examination of Laponite-polymer gelation property

This section presents the examination of laponite interaction with the various polymers
seawater.The experimental procedure ithe same as thadescribed forlaponite polymer
interaction indeionized vater except that deionized water was substituted for seawater.

43.2.3 Examination of Bentonite-polymer gelation property

This section presents the examination berfitonite interaction with the various polymems
seawater The experimental procedure is the sansethat described for bentonpmlymer
interaction in deionized water except that deionized water was substituted for seawater.

Figure 42: Mixing of polymeiclay solution with a vortex mixer



4.4 Investigation of clay sensitivity toCations and Chalk

In-order to investigate the selected clay systemcations Calcium chloride, potassium
chloride, tap water, and chalk of differeoncentrions were added to pigrepared clay
solutions.

1 Preparation of salt solutions:

Various concentrations of sadtnd chalk were tested. Bulk saland chalk solutions were

prepared and then diuted to desired concentrations. To prepare salnsplute fiowing

procedures were folowed: (a) measured desired quantity of deionized water in a beaker, (b)
measure desired quantity of sadd, ahd) amidx t o0

with a magnetic stirrer for 24hour to ensure a ha@nogs solion.

1 Preparation of chalk solutions:

To prepare chalk solutions that would be used in monitoring the reaction of clay with chalk.
The following procedure were followed: @piece of chak wasrushedinto powder (b) chalk
powder was thenveight in desied quantity and added to desired amount of deionized water
(c) solution was then stirred with a magnetic stimed placed in the oven at 50°c for 1 day to
enable dissolign of chalk particles (e) solution was then mixed with the magnetierstigain

to ensure an homogendysdispersedsolution.

1 Preparing clay-salt/ clay-chalk/ clay-Tap water solutions:

To investigate clay sensitivity to Salalk solutions, the followng procedures were folowed:

(@) measure desired quantity of cldpesion in atest tube (b) add desired quantity of
previously preparedalt/chalk (c) mix soluton with a vortex mixer for 1min at speed 7 (d)
tubes were then placed in the oven at 5&id monitored over time. The procedure for
preparing claytap water solidn is slghtly different This time, the desired quantity of
powdered clay was measured and added in tap water taken straight from the lab whie mixing
with a magnetic stirrer tensure uniform dispersion of the clay



9 Gel Characterisation:

Screening andharacteriston of gels were carried out by simple inversion or/and shaking the
tubes with a vortex mixer at speed 1 for 30secs and then visually inspecting gel status. Gels are

then characterized based on the gel code described in table 5.1.

4.5 Effect of geldion retarders on Nanocomposite gels

Nanocomposite gels undergo a transitioninigh time from a low viscositysolution to a rigid
geli.e. aging The time required for the gelasblution to metamorphosize is known as the gel
time. Nanocomposite gels arensideredfor usein-depth thereservoirandit is crucial to have
proper understanding and contadlthe gelation process to ensure that gelation occurs in target
areas at theght time and prevent injectivity problems. To achieve this, various lowaunddr

wepght glycotbased chemicals are investigated for their potential to retard gelation process.
w Preparing clay-retarder solutions:

Various types and ratios of clagtarder solutions were prepared and investigated however the
method of preparation m&ined thesame and is described as folows: (a) measure desired
quantity of deionized water (b)add desired quantity of retarder anditstia magnetic stirrer

for 5mins at 700rpm (c)add desired qu@ntity
ensureuniform dispersion of the clay (d) monitor gelant transition at room temperature and
oven at 50°c. What is important to menti here is that only clay interaction with retarding

agent is considered here because the aging characteristic ocbmposte gs is a property

of clay, hence it was not necessary to consider polymer.

w Gel screening andcharacterisation

Gel wasscreerd by monitoring the viscosity increase with time for all the systems, viscosity
of the systems containing retardersrevalso capared with system without retarder. The
retarder with the lowest viscosity evolution with tinweas then selected for core fiong

experiment.



4.6 Fracture plugging potential of Nanocompositegels

This section presents the investigation of frecture plugging/ permeability reduction
potential of nanocompositegels. A schematic setup of the core flooding experiment is
presented inif 4.3 below. Three flooding experiments were carried out and are described in

subsections below.

4.6.2 Preparation of Nanocanposite Gd system

The injectednanocomposite(NC) gelnt systemwaspreparedn the laboratory. It composed
of 2.5wt% laponite, 2.5%olyethylene glyco(PEG, and 900pprof the low molecular weight
hydrolysed polymer acrylamide HPAM). The preparatory #ps ofthe gehnt solution is

described as follows: (aheasure desired quiytof deionized water in a flask (b) add desired
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Figure 43: Schematicetup of experimental flooding process



quantity of PEG and stir with a igaetic stirer for 5mins at 700rpm (@dd desired quantity
offponite into the solution in O6bdé (d) stir
in another flaskmeasured desired quantity of deionized (e) add desired quantitl? AW and

mixed with amagnetic stirrer (f) measured desired quantityHBfAM solution and add into
prepr epar ed s andunxiwithna magnetic ostirréiThe prepared NC gelant was
injected for experiment 1 and Blowever, experiment 3 involvd the injection o laponite gel

system. Its preparatory steperethe same as that described above except for that no polymer
solution was added.

4.6.3 Experiment 1

Fracture model was made from a chalk core sanffideire 44 presents the fracture model
used in this ex@riment The coresample has a diameter of 38.05mm and a length of 68.37mm.
The fracture size is 68.37mm in length, fracture thickneas 1.25mm, and fracture breadth
was31.85mm. NC gel was injected, and the core flooding procesaeecarried out at ron

tempeature is described as follows:

w Core samplewas mounted on a core holder and vacuumed off with a pump to ensure
the removal of excess air before the core was then saturated with deionized water to
calculate its pore volume and porosity. The porengel iscalculated by subtracting
the wet weight of the core from the dry weight aoire and the porostty is simply

calculated using equation 4.1

4.1

w Core was then injected with deionized water at roanpé&ature using the fow rates
at 0.1,0.2,and0.3mlmin until the differential pressure was stable. The corresponding
pressure at each flowate was then recorded. The absolute water permeability of core
was calculated by the slope of the pressure gnadie ver sus the rat e,

eqguation.



w To create a fracture in the cotbe core was demounted, sliced into two halves and
packed with d.25mm thick plastic cable ties and wrappederfion to create a fracture
model.

w The ore wasre-mounted and injected with deionized water to measure permeability
after fractuing

w Preparedyelant wasthen injected into the core at a flow rate of 0.3iml/ngelant was
injected until gelant was produced.

w After the injection of the gelant, the cdmelder was disconnected from the set up and
placed into the oven at 30%or 3days (gel time from tube test = 1day, three days was
selected to allow more timeorf gelant to react with chalk to activate gel formation) .

w Finally, the core holder was subsenfiie reconnected and deionized water was then

re-injected atdifferent rates until pressure differential was stable. The values were
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Figure 44: Fracture model description for core flooding experiment 1

recorded, and permeabilitpf the coreto waterwas calculated by the slope of the pressure

gradientversus the rate, usinar cyo6s equation.



4.6.4 Experiment 2

Fracture modelised in tis experiment was alsoade from achak core samplan ilustration

of this model igpresented ifigure 45. The fracture was packed with glass beadtls the size
range (8-52pum). This fracture model was selected to create a more stable fractureesadtp
fracture collapse. The core sample has a diameter of 88rD&nd a length d@#8.91mm. The
fracture size is 68.3m in length, fracture diameter isrdm. Preparednanocomposite gel
was injected into the core and the core flooding procedasthe same as that for Experime nt
1. The only major difference was the use d enm thick slice of Bentheimer core with a
permeabllity of around 2008d as a fier on the outlet of the core to prevent the production

of the glass bead
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Figure 45: Fracture model description for core flooding experiment 2

4.6.5 Experiment 3

For this experiment, pure laponite gelant solution with the same composition in selected NC

gel was injected. The core type and fracture model remained the samexaariment 2. The



fracture model is presented figure 46. The fracture was packed with glass beads with the
size range (432 pum). This fracture model was selected to create a more stable fracture and
prevent fracture collapse. The core sample hdiaraeter of 38.05nm and a length of 68.91
mm. The fracture s is 68.37mm in length, fracture diameter is Mm. The <®lected
Nanocomposite gel was injected into the core and the core fooding prodiedueesame as

that for Experiment 1. The only majdifference was the use of arBm thick slce of
Bentheimer cre with a permeabllity of around 2008d as a fiter on the outlet of the core to

prevent the production of the glass beads.
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Figure 46: Fracture model descrippn for core flooding experiment 3



Chapter 5 Results and Discussion

This chapter presents the results acquired during experiments. This chajpteled in four
section. Resulisobservations and discussiofts eachexperimentis presented in each section.

In order to properly monitor the gelation mechanism and describe the characteristics of the gels
formed. A gel code based @Bkrettingland et al., 2012 provided below irtable 5.1

Table 5.1 Gel classification andcharacterisation

Gel Code Gelant status upon ge ntle shakes/inversion of tubes
1 Seems to have original viscosity (no gel)
2 some increase in viscosity (freely flowing gel)
3 Highly viscous and deformable flowing fluid
4 Deformable upper part with high flow resistance
5 Rigid gel(no flow a deformation)

5.1 Chemical Screening andcharacterisation

Clay suspensions have a wide range of uses from cosmetics, agriculture, and even oil field
applications. Thdehaviourof clay-polymer solutions can vary from that of either pure clay or
pure polymer Clay-polymer solutions contain special polyr@ay nework in which polymer

chains link clay particles and cause the formation of a gel structure.

This section presents the results of interastibetween the various polymers and clay tested.
First the results of laponite basedanocomposite gels prepared deionized water are
presented, thereafter the results Bentonitebasednanocomposite gels prepared in deionized

water are presented. Thirdlyve compare the behaviour of both gels in deionizedewa



5.1.1 Characterisationof laponite gels in Deionized water

Upon the preparation of gelant solutions with the selected types of clay and polymers at
different concentrations, different types lmfhaviours are observed. Table 5.2 presents the
results for thevarious laponite and clay gel combinations investigatadgd their respective

concentrations

Table 52: Preliminary inve stigation of Laponite -polymer interaction in deionized wate, heated
at 50°C for 1 day

Clay Concentration Polymer Concentration Gel code
(Wt.%) (Wt.%)
Laponite RD 0.2 Gellan gum 0.03 1
Laponite RD 0.2 HPAM 0.03 1
Laponite RD 0.2 PEG 0.03 1
Laponite RD 1.0 Gellan gum 0.15 1
Laponite RD 1.0 HPAM 0.15 1
Laponite RD 1.0 PEG 0.15 5
Laponite RD 1.0 Gellan gim 0.3 2
Laponite RD 1.0 HPAM 0.3 3
Laponite RD 15 Gellan gum 0.3 4
Laponite RD 15 HPAM 0.3 5

Table 5.2showsthat atthe lowest of concentration 0.2t.% laponite and).03wt.% polymer,
laponite based geldid not show any increasia viscosity regrdless of the type of polymer
used HPAM, gelan gum and P&). This behaviour is believed to be as a result of the low

concentrations testeavhich prevergd the inttiation of interactionbetweenthe nanc laponite



clay sheetsaand any oftie polymers.Upontesting a slightly higher concentration laponite (1
wt.%) and polymer {.15wt. %), there was no significant improvement in viscositythefgels
formed for bothlaponiteHPAM and laponitegellan gumsolution

However, arexcting behavour was noticed wh laponitePEG gel upon adding P& solution

to laponite dispersionand mixing withthe vortex mixer, thdow viscosity laponite PEG gelant
transforms intoa deformable gel with high fiow resistance i.e. This means thagelant
exhibits shear thickemjy behaviour which enables its transitioffom a low viscosity sol to a
strong gel This observationshares similaritiesvith the experimental findings &fdl & Bonn

(2012) where theyrepored shear thickeningbehaviour of laponite PEG suspensions They
describe this process as a complex process involving the competing interactions between clay
clay particles as wel as clpolymer particles. When laponitdag is dispersed in water, the
nancsized clay particles become hydrated and electrostatic aitrdmtitween thaegative ly
chargedfaces angositively chargededges of the clay discs causesdheatono f a O house
car ds o st rrasuts inthe dormatidtni af & gel structurfigure 5.1).Since laponite
particles when dissolved in watdorm aggregates due to the electrostatic attraction between
the negatively charged clay surface and its positvely charged edges, andanger of
aggregatesmplies lower clay volume available for interaction with polymer chains which then
prevents the fomation ofagel. However, the introduction of shear breaks up these large clay
aggregates resulting in larger volumes of clay that can be bound by polyases obsulting

in the formation of @olyethylene glycelaponite network(Fall & Bonn, 2012 which initiates

the formation of a gel structure



(a) (b)

Figure 51: (a) single laponite clay sheet, (bpuse of cards structur@ai et al., 2013

A further increase in polymer concesbbn at0.3wt.% and laponite concentration awt.%
producesa slight increase in original viscosity for laposgellan gumsolution and a highly
viscous and flowing gel for the laporkdPAM solution At the highest ancentration of
laponite tested1(5 wt.%), the laponitegellan gum solutionproducesa flow resstant gel with
a deformable upper part whiae laponte HPAM solution producesarigid gel that is resistant

to flow upon inversion and shaking with the esrimixer.

5111 Discussion on Laponitebased Nanocomposite gels in Deionized
water

Figure 52 providesthe comparison between the various lapemiéymer NC gek at various
concentratioa No further test was carried out for higher concentrations of lapela®: based
gels because of problemsith its applicéion in this researchSince the goal fahis research
was to form a gelant soluton which should be easiy injectable before it transitons into a rigid
gel in the reservairthe shear induced gelation pesty of laponitePES solutions will restrict

their application for this purpose.

The presence of a significant gel structure was observed for higher concentrations of faponite
HPAM and laponitegellan gumsolutions (> 1wt% laponite, (8 wt.% polymer). Tl strength

of the gels formed alksappeared to increase with increasingncentrationof the laponite



LaponiteHPAM solutions were also observed to form stronger gels when compared to
Laponitegellan gumsolution The intercalation of the polymer chainsncaclay particles to
form a rigid gel structure confrm the advantageous effect thie nano-clay and polymer
network present in NC gel§Yuan et al., 2014Zolfaghari et al., 2006 Yuan et al.,(2014)in

their study, repded a tremendous increase in tinsstrength of the gels formed when adding

laponite into cellulosesolutions

Comparision of laponite based nanocomposite gels in DI
water, heated at 50C for 1 day

. HHN B

0.2 wt%laponite, 0.03 wt%lwt %laponite ,0.15 wt% 1wt %laponite ,0.3 wt% 1.5 wt%laponite, 0.3 wt %
polymer polymer polymer polymer

® Gellan gum ® PEG ™ Hpam

Figure 52: Comparison of laponite based Nanocomposite gels in DI water

5.1.2 Chemical Screening andcharacterisation of Bentonite gels in

Deionized water

Table 5.3presents the results for the varidosntonite and polymer combinations investigated,

and their respective concentrations.



Table 53: Preliminary investigation of bentonite-polymer interaction in deionized
water, heated at 50°C for 1 day

Clay Concentration Polymer Concentration Gel code
(Wt.% ) (Wt.%)
Bentonite 0.2 Gellan gum 0.03 1
Bentonite 0.2 HPAM 0.03 1
Bentonite 0.2 PEG 0.03 1
Bentonite 1.0 Gellan gum 0.15 1
Bentonite 1.0 HPAM 0.15 1
Bentonite 1.0 PEG 0.15 1
Bentonite 1.0 Gellan gum 0.3 1
Bentonite 1.0 HPAM 0.3 1
Bentonite 1.0 PEG 0.3 1
Bentonite 15 Gellan gum 0.3 1
Bentonite 15 HPAM 0.3 1
Bentonite 1.5 PEG 0.3 1

It is seen from the table above that regasllef the concentratiortested bentorite solutions

did notinteractpolymers tested to forrgd. Bentonite basesolutions resulted in the formation
of a turbid solution which did nagxhibit any viscosity increase when compared tonisal
solution. Figure 5.3showsa comparative ptoof the variousbentonitepolymer gels tested at
various concentratian Although, bentonite exhibits high sweling when it comes in contact

with water the kentonite clay particles could not be homogenously dispersethanwaterand



seemed teette at the bottom of the tubeThe cause of this is suspected to be theresge of

the kentonite particles compared to laponitevhich prevented its interaction with the polymers.

Comparision of bentonite based nanocomposite gels in DI

e water, heated at 50C for 1 day

1
0

0.2 wt% Bentonite, 0.031 wt% Bentonite ,0.15wt% wt% Bentonite ,0.3 wt% 1.5 wt% Bentonite ,0.3
wit% polymer polymer polymer wt% polymer

E Gellan gum mPEG = HPAM

Figure 53: Comparison of Bentonite based Nanacposte gels in DI water

5.1.3 Comparison Between Laponite And Bentonite Based Nanocomptasi
Gels prepared in Deionized water

Figure 5.4presentsthe differences in performance betwdaponite andoentonitebased NC
gels prepeed in deionized water. For thewestconcentration at 0.2t.% Clay and0.03wt.%
polymer, laponite based NC gedlpresented on the left) behavsimilarly to bentonitebased
NC gels (presented on the right). They both have the gel code 1 which meahstidal not

show any increasen ioliginal viscosity, hence there was no formation of a gel structure.



Laponite and Bentonite based Nanocomposite gels prepared in De-ionized water

Laponite based Nanocomposite Bentonite based Nanocomposite gels
gels in DI water in DI water
o Gellan gum poly (ethylene oxide) Hpam m Gellan gum poly (ethylens oxide) Hpam
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Figure 5.4: Laponite and Bentonite basednocomposite gels prepareddeionized water

At 1 wt.% clay and0.15wt.% polymer, gellan gum and RAM basedsolutions have the gel
code 1 in both laponite afmkntonite. HoweverlaponitePEG NC gel has the gel code 5, while
bentonite PEG NC gel has the gel code 1. This means that Lap&ie NC gels outperforms

bentonitePEG solutions by a factor of 5The sane tend is seen for all other higher

concentrations wheraponite based NC gels are seen to perform betterbiatonitebased

NC gelswhen prepared in deionized watBased on this observation laponite was selected fo

further analysis.

5.1.4 Characterisationof Laponite gels inSeawater

Upon the preparation of NC gels with the selected types of clay and polymers at different

concentrations, theharacteristicsobserved are presentgd Table 54



Table 54: Preliminary investigation of Laponite-polymer interaction in seawaterheated
at 50°C for 1 day

Clay Concentration Polymer Concentration Gel code
(Wt.%) (Wt.%)
Laponite RD 0.2 Gelan gum 0.03 1
Laponite RD 0.2 HPAM 0.03 1
Laponite RD 0.2 PEG 0.03 1
Laponite RD 1.0 Gellan gm 0.15 1
Laponite RD 1.0 HPAM 0.15 1
Laponite RD 1.0 PEG 0.15 1
Laponite RD 1.0 Gelan gum 0.3 1
Laponite RD 1.0 HPAM 0.3 1
Laponite RD 1.0 PEG 0.3 1
Laponite RD 15 Gellan gum 0.3 1
Laponite RD 15 HPAM 0.3 1
Laponte RD 15 PEG 0.3 1

Regardlessof the concentratiortested no gel structure was observed for all the concentratio ns
of laponite and polymesolutions prepared inseawater(see figure ). In fact, upon mixing
powdered laponite withseawater flocculation and sedimentation of the pelds occurred
forming a white cloudy sediment at the bottom of the taeilustration of this is shown in

figure 5.6 This observation shows slight similarities with ghgerimentalfindings ofan older



study where they report similar flocculatin of laponite in the presence dfigh NaCl
concentrations (Mourchid et al., 1998 The flocaulation of laponite inseawaters suspected to
be as a result of the presencehigh amount otationsin the seawatepre-mix, (BYK, 2016).
Although there &vebeen some studies in which lapotiiiesed gel was prepared wikawater
(Bai et al,, 2018 the method of preparation involved addpgwderedlaporite clay into a
soluion of crosslinler and polymer prepred in seawater whie in this study, powdered

laponite was added directly to seawater.

Comparision of Laponite:-based:Nanocompasite gels in
Seawater
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Figure 55: Comparism of laponite based nanocomposite gels in seawater



Figure 56: Flocculationof laporte when prepared in seawater

5.1.5 Chemical Screening andcharacterisation of Bentonite gels in
Seawater

Table 5.5presents the results for the varidosntonite and polymer combinations investea.t

and their respectiveoncentrations























































































