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Abstract

Biopolymeric nanofluids have been proposed as an eco-friendly substitute to synthetic polymeric nanofluids to eut cost and
environmental effect. However, previous studies on the use of biopolymeric nanofluids to enhence ofl recovery focused only on
adsorption and fluid injectivity at ambient condition. In this study, the thermal degradation of crystalline starch nanofluid
[CSNF) at reservoir condition was investigated and compared with silica and aluminium oxide polymeric nanofluids, 5i0,FNF
and AlyD4PNF respectively. The thermal degradation ofthe polymeric nanofluids was inmwestigated nsing Brookfield BST
rheometer. Moreover, interfacial tension (IFT) properties and wettability alteration efficiency of the polymeric nanofluids were
determined using Easy Dyne KRIUSS tensiometer and sessile drop technique, respectively. Finally, the oil displacemnent ability
of the polymeric nanofluids at typical reservoir condition was studied using Fars EOR, technologies high-pressure high-
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As a new type of energy storage technology, latent heat energy storage (LHTES) has the
advantages of high energy density and energy efficiency. Compared with inorganic phase
change materials (PCMs) having supercooling (SC) and phase separation, the composite PCMs
of inorganic and organic materials can expand the application range of single PCMs. It is
found that PCH often occurs in the phase transition of composite PCMs. PCH is the
temperature delay between the melting and solidification process, and SC means that
solidification does not start at the nominal solidification temperature and a lower temperature

is needed for the nucleation to start. In this paper, the enthalpy method and the effective heat

ranacity methnd are analvzed Then the madelina annraacrhec and evnerimental chiidiec An
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binary mixed solvents and thermodynamic properties of solution
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Abstract

Abstract

The target of this study was to determine and correlate the solubility of 4,4’-
difluorobenzophenone in various solvents from 293.15 K to 333.15 K by gravimetric method at
0.1 MPa, and at the same time got the thermodynamic parameters. In this work, methanol,
ethanol, n-propanol, isopropanol, n-butanol, isobutanol, ethyl acetate, methyl acetate, acetone,
acetonitrile pure solvents and ethanol + n-propanol mixed solvents were selected as the
experimental solvents. The results showed that the solubility of 4,4’-difluorobenzophenone in
selected solvents increased with increasing temperature within the investigated temperature

range. The effect of solvent properties on 4,4’-difluorobenzophenone solubility behaviors was

v
A';CI"11CCPI’] ]\‘T Cf\]‘TPT\+ T'\f\-l']T"i""T h‘ff:'T‘n{TPﬂ -l'\f\ﬂlq';ﬂﬂ r:ln'nn'r' ']T'\f:| arcantnr ﬂTnY\PT\C{f‘T ']T'\A f‘f\]’\F‘C'i"P

Research article O Abstract only

Surface properties and microemulsion of anionic/nonionic mixtures based on sulfonate
Gemini surfactant in the presence of NaCl

Jing Wu, Ping Mei, Juan Wu, Jun-Wei Fu, ... Lu Lai
Article 113907

¥ Purchase PDF Article preview A

FEEDBACK QD

https://www.sciencedirect.com/journal/journal-of-molecular-liquids/vol/317/suppl/C 3/59


https://www.sciencedirect.com/science/article/pii/S0167732220340587
https://www.sciencedirect.com/science/article/pii/S0167732220340587
https://www.sciencedirect.com/science/article/pii/S0167732220324661
https://www.sciencedirect.com/science/article/pii/S0167732220324661
https://www.sciencedirect.com/journal/journal-of-molecular-liquids
https://www.elsevier.com/about/open-science/open-access
https://www.editorialmanager.com/MOLLIQ/default.aspx

11/14/22, 1:07 PM Journal of Molecular Liquids | Vol 317, 1 November 2020 | ScienceDirect.com by Elsevier

Journal of Molecular Liquids

Supports open access

Q. Search in this journal

= v, = =T
b 1 T " R
<’ orbeatamol T
¢ = 1
!
{ £
P W

!:"—Lb - '.i'-n; F-Q

SGE1E APGIND | . decane S =0 Sl

\ j (t ﬂ ‘ —i-:-q ’:;M:mm_“
_wnter ‘!IE:}-{;A Aé.éu- 'gHgi éua f ;ﬁ;:-:.”i!:-?f

{ e KA
| f s g iz
[T} L5 Ja is (1]
&%

Research article O Abstract only

Steric effect in the formation of hydrogen bonded complexes of isopropylamine with

alicyclic ethers by ultrasonic and DFT approach
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Floor radiant heating embedded phase change materials (PCMs) are a prospective field owing
to its highly efficient energy-saving eftect and comfortable thermal environment. In this work,
using a non-eutectic mixture comprised of NaAc«3H,O (main PCM) and glycine (temperature
regulator) as PCM, and expanded graphite (EG) as supporting material, a novel composite PCM
with high thermal performance used in the heat exchanger for the floor radiant heating was
developed. The composition of the composite PCM was optimized, and its properties were
studied. The results showed that the mixture containing 12% glycine was favorable due to its

suitable phase change temperature (48.62 °C) and high phase change enthalpy (258.5 k] - kg™).
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In this paper we study the complexation of AI** and several transition metals (Cr*, Fe3*, Mn?*,
Ni?*) in the ionic liquid 1-butyl-3-methylimidazolium thiocyanate. New insights into the
structure, single-particle dynamics and electronic properties (optical absorption spectra) of
these bulk mixtures are provided by molecular dynamics and density functional theory
calculations, and our results are successfully compared with available experimental data. Our
theoretical results reveal the existence of'a bridging coordination mode between neighboring
metal-ligand complexes in the polar nanoregions, and a scarce influence of the apolar

nanoregions in the single-particle dynamics of the species in the mixture. Moreover, most part
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The behavior of the ions in the molten NaF-AlF; salts plays a significant role in aluminium
reduction process. Many experimental and modelling works have been carried out to
investigate the ionic composition of the molten cryolite, which are still controversial. In this

study, a recent thermodynamic model was introduced to compare with the Temkin model,
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The momentum and thermal boundary layer flow problem for shear thinning fluid with
modified viscosity model over moving wedge is discussed. The mathematical model of the
problem is developed by using improved Carreau model relates viscosity to shear rate and
using the thermal conductivity model in the similar form of viscosity expression. The
improved Carreau model contains five-parameters: zero viscosity, high shear rate viscosity, flow
behavior index, consistency index and viscosity curvature which cover almost all aspects of the
fluid's rheology. On the governing equations of the problem, boundary layer approximations

are used and then reduced into ordinary differential equations by using similarity
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In recent years, numerous studies have focused on enhancing water permeability and ion
retention by oxidizing pristine graphene membranes. Despite advanced modification and
successful applications, the physical properties involved in the separation processes by
graphene oxide nanochannels, such as the dielectric constant are not fully understood. A series
of molecular dynamics simulations are carried out in this work to investigate the dielectric
properties of aqueous solution in both pristine and oxidized bilayer graphene membranes.
Results show that the dielectric constant decreases with the increase of the oxidation ratio as

the oxidation ratio of the channel is less than 20%. However, the dielectric properties violate
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Infinite dilution activity coefficients and gas-to-liquid partition coefficients are herein reported
for more than 45 organic solutes of varying polarity and hydrogen-bonding character dissolved
within the ether-grafted ionic liquids 1-ethyl-3-(2-methoxyethyl)imidazolium
bis(trifluoromethylsulfonyl)imide and N-(2-methoxyethyl)pyridinium
bis(trifluoromethylsulfonyl)imide. Experimental values were determined in 10 K intervals from
323.15 to 373.15 K using the method of inverse gas chromatography. Measured infinite dilution
activity coefficients were then used to determine the partial molar excess Gibbs free energies,

enthalpies, and entropies associated with the dissolution of these model solutes into these two
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owing to specific properties of the protein network inside T7Js. It has been assumed in this
study that this phenomenon originates from combination of two effects related to this specific
TJ protein (claudin) which segments are partially located inside the T] space. First, their
ionogenic groups create a negative charge distributed inside T7Js, thus inducing a difference

between the Na* and CI~ concentrations inside this spatial region. Second, the effect of these
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The figures illustrate the effect of constant and sinusoidal electric forces on the mean velocity
V(t) of the charged Brownian particle in a bath of other particles. The bath response to the
external force affects neither the memory of the system described by the generalized Langevin
equation nor the Kubo's fluctuation-dissipation theorem. However, V(f) may substantially
depend on whether (red and green lines) or not (blue line) the surroundings feel the external

field.
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Herein, we performed meticulous experimental and computational studies to explore the
stability, activity, and dynamics oflaccase in the presence of various organic and inorganic
solvents. It is well known that laccases are eco-friendly enzymes, which can quickly eliminate
recalcitrant chemicals from contaminated media. We determined the Asp96 (COO~)---Arg43
(N-F2), Asp131 (COO")---Arg197(N-H1), Asp138(COO)---Arg195 (N-F2), Asp140(COO")---
Arg199(N-H2), Asp214(COO")---Arg260(N-H2), Asp224(COO")---Arg423(N-H2), Asp424(COO")--
-Arg243(N-H1), Asp424(COO™)---Arg243(N-H2), Glu288(COO")---Arg176(N-H1) and
Glu288(COO")---Argl76(N-H2) salt bridges as the crucial ones in maintaining the structural
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The thermophysical properties of biodiesel surrogates are of great importance for the
development of the new and clean fuel substitutes or additives. Experimental investigation and
molecular dynamic simulation of the related thermophysical properties such as the liquid
density, kinematic viscosity and surface tension over a sufficient wide temperature range will
facilitate the corresponding researches of selecting the proper fuel surrogates and designing
the spray system of the internal combustion engine. Therefore, the present study investigated
liquid surface tension and kinematic viscosity of the proposed physical biodiesel surrogates of

n-hexadecane with ethyl hexanoate and ethyl heptanoate by the surface light scattering method
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Abstract

Abstract

Hydrogen sulfide is an acidic, corrosive, toxic, and flammable gas, which is found extensively
in the oil and gas industry. For processing of oil and gas and also for the sake of environmental
consideration, the sour gas must be removed. This is usually performed through the
application of the gas-liquid absorption processes. Ionic liquids are comparatively novel
solutions with desirable properties and do not exhibit the disadvantages, which are associated
with common amine-based solutions. Their remarkable properties such as negligible vapor
pressure, high thermal and electrochemical stabilities, high solubility, and non-flammability

make them a good alternative to classical liquid solvents in the field of gas separation and
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Abstract

Abstract

Ionic liquids (ILs) show great potentials for CO, capture. In this research, we perform
molecular dynamics (MD) simulations to explore bulk and interfacial behaviors of [Bmim]|[Ac]
and [Bmim|[BF,] ILs with and without CO,, in terms of transport phenomena and
thermodynamics aspects. Physiochemical properties of pure ILs are calculated; structural
properties such as radial distribution function (RDF) and self-diffusivity of the cations and
anions are determined at various conditions. Great agreement is achieved between the
experimental and calculated properties. Diffusion coefficients obtained for the cations and

anions of the ILs are in the range of 3 x 10712 to 34 x 10712 m?%/s. The cations have a higher

Aifficivity than the aniance Tt ic faiind that the aninn hac an imnartant aeffacrt an CO.
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WZnO-NH,@H3PW1,04¢ (WZnO/HPA) nanocomposite is disclosed for the photocatalytic

degradation of'a range of wastewaters.
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A convenient method to prepare low-energy light activatable nano PDT materials from

lanthanide-titanium oxo-clusters (LnTOCs).
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Abstract

Abstract

A reliable model was used to describe the interfacial tension, composition, and density of the
liquid-liquid interfaces of water-hydrocarbons. The parachor model was combined with the
equality of the chemical potential of components at the interface and the bulk liquid. The
fugacity coefficient was used for computing chemical potentials. To compute the fugacity
coefficients of the components, various types of equations of state (The Valderrama Patel-Teja,
cubic plus association, and the simplified Perturbed-Chain Statistical Association Fluid
Theory) were utilized. These models were applied to the temperature and the pressure range of

(285.65-423) K and (1-3000) bar, respectively. The adjustable parameters of these models were
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Abstract

Abstract

In this work, a developed adsorption model was brought forward based on the sigmoid model.
Under certain conditions, the model is mathematically equivalent to the hyperbolic model, and
it has the ability to predict the adsorption equilibrium time and the adsorption mass of the
adsorbent per unit mass of adsorbent in equilibrium. The proposed model can be deduced to
the empirical model and other forms under certain conditions. The aim of this study is to
obtain a mathematically simplified model, provide a probability to predict related parameters
and offer mathematical sights into the Langmuir kinetics. The proposed model is verified

through experimental study and the results show that it has a prominent agreement with the
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Abstract

Abstract

Natural Chitosan (C) and Chitosan blended with Poly vinyl Alcohol (PVA) C + P film was
prepared by solution casting method for the sorption of Cu(II) from aqueous solution. The
FTIR studies revealed that the amino group of chitosan played key roles in the copper uptake
and FE-SEM and EDAX studies confirmed the formation of Cu-amino complex in 1:1 ratio of’

metal to ligand. The prime objective of present studies is the evaluation of ther FEEDBACK O
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Abstract

Abstract

This paper presents the first integral mixing enthalpies of Mg-Pd liquid alloys obtained with the
use of a drop calorimeter (Setaram MHTC 96 Line Evo). The measurements for this binary system
were carried out at 990K and 1031K, up to a maximum Pd content of approximately xpg=0.25. All
obtained values were negative under the tested conditions and the examined concentration range.
The experimental data of the liquid Mg-Pd solutions were elaborated by the Redlich-Kister

equation.
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Abstract

Abstract

This paper reports development and validation of a thermokinetic model capable of tracking
time-dependent water penetration and the corresponding swelling in polymeric membranes,
polybenzimidazoles as case study here. This attempt is highly important as the effect of water in
separation performance and properties of membrane is a hot topic to understand the separation
mechanism. Specially as humidity in feed gas is common in most of industrial gas separation
processes noting that water penetration can cause swelling which may result in variation in mass
transport and mechanical deformation in form of thickness change. We compared model

calculation to relevant reported data showing robustness of developed thermokinetic model.
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Abstract

Abstract

The solvent phase composed of tetraoctyl diglycolamide (TODGA) in n-dodecane (n-DD)
undergoes the undesirable organic phase splitting during the solvent extraction of trivalent
actinides and lanthanides from nitric acid medium. To overcome this limitation a neutral
extractant namely the N,N-dioctyl hydroxyacetamide (DOHyA), which was half the molecule of
TODGA, has been added to the solvent phase and evaluated for the extraction of Nd(III) from
nitric acid medium. Since the reverse micellar aggregates of the extracted species in the
organic phase was responsible for organic phase splitting, the aggregation behaviour of the

organic phase was probed by dynamic light scattering (DLS) technique. The results have been
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Abstract

Abstract

A novel Aspergillus heteromorphus URM 0269 protease (EC 3.4.21) was extracted by aqueous two-
phase systems PEG/citrate (ATPS). Extraction was performed by factorial design 2* for analyzing
the independent variable effects named PEG molar mass (Mpgg), PEG concentration (Cpgg),
sodium citrate concentration (Ccrr) and pH. Afterwards, extracted protease was characterized
in terms of kinetic and thermodynamic parameters. Protease partitioned preferentially for the
PEG rich phase displaying the highest purification factor of 7.83 with a 157.53% yielded.
Despite the enzyme acted optimally at 50 °C and pH 8.0, it was more stable in lower

temperatures (10-40 °C) and pH conditions (5.0-10.0). The kinetic parameters of activation for
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Abstract

Abstract -

Five N-substituted phenothiazines (with different alkyl and aryl groups) were investigated
aiming to rationalize the influence of the substitution in the photooxidation processes and in
the aggregation induced emission (AIE) properties of these compounds. A comprehensive
spectroscopic and photophysical investigation in solution (diluted in solutions of
methylcyclohexane, MCH, tetrahydrofuran, THF, and in THF: water mixtures aiming to
promote aggregation) and in the solid state (powder and films), with the characterization of all
the excited state deactivation routes with the determination of quantum yields (fluorescence,

phosphorescence and singlet oxygen sensitization), lifetimes and rate constants, was
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Fosfomycin phenylethylamine crystalline was characterized by using thermogravimetry and
differential scanning calorimetry and its solubility in ethanol and water was systematically
measured. An integrated approach by van't Hoff plot, enthalpy-entropy compensation analysis
and solution calorimetry was proposed to interpret the non-ideal solubility behavior in both

solvents.
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Abstract

Abstract

In this paper, conductivity and viscosity of 1-alkyl-3-methylimidazolium tricyanomethanide
series ([C,C1im]|[TCM], where n=2, 4, 6, and 8) were measured and analyzed in the broad
temperature range covering supercooled and normal liquid states at ambient pressure. The
density at ambient pressure up to 363.15K was also investigated. From these experimental data,
the Walden plots for the studied ionic liquids were obtained and dependencies for all tested
samples lie below the reference line for fully dissociated 0.01 mol-dm™ KCl. The temperature
dependence of viscosity revealed clear crossover from one Vogel-Fulcher-Tamman behavior to

another at some intermediate temperature that increases with the alkyl chain length of'the
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Two 8-Hydroxyquinoline-based piperazine, 7-((4-(4-chloro phenyl)piperazin-1-yl) methyl)
quinolin-8-0l (CPQ) and 7-((4-methyl piperazin-1-yl) methyl)quinolin-8-ol (MPQ) were
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Thermodynamic properties of liquid Mg—Pt alloys determined by the calorimetric
method
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Abstract

Abstract

Pioneering thermodynamic measurements of Mg—Pt system are presented. The integral
enthalpies of liquid binary alloys were determined using a drop calorimetric method. The
obtained results in three independent series were negative in the entire measured
concentration range at 1031 K. The studied integral molar mixing enthalpies were compared
with the predicted mixing enthalpies based on Miedema's model. The highest difference
between the data obtained experimentally and those predicted by the Miedema's model was
found to be 3 kJ/mol for xp = 0.19. Experimental values of liquid Mg—Pt solutions were also

elaborated with the use of Redlich-Kister polynomial. A very good agreement between
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Microextraction and gas chromatography—flame ionization determination of five
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liquids
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Abstract

Abstract

This study investigated the use of amino acid-based deep eutectic solvents (AADESs) in the
ultrasound assisted reverse-phase emulsification microextraction (UARPEME) of five
antiepileptic drugs (AEDs) from biological samples. The extraction was performed by
dispersing the AADES into the sample solution using ultrasonic irradiation. After completing
extraction, the sample solution was centrifuged. Then, the pre-concentrated AEDs in the
AADES (upper phase) were derivatized by adding phenyltrimethylammonium hydroxide
solution to it. The derivatized analytes were then eluted with n-hexane and it was injected

directly into the gas chromatography—flame ionization detection (GC-FID) system to
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Evaluation ofionic liquids as electrolytes for vanadium redox flow batteries
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Abstract

Abstract

Non-aqueous redox flow batteries (NARFBs) are promising electrochemical energy storage
devices due to their wide electrochemical potential windows, generally >2 V of organic solvents.
This study aims to investigate the suitability of ionic liquids (ILs) as electrolytes for NARFBs
containing a vanadium metal complex. The electrochemistry of a single-component NARFBs
employing vanadium (III) acetylacetonate (V(acac);) was studied in 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, [C4mim]|[NTF,], and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide, [C4mpyr|[NTE,], electrolytes. The

electrochemical kinetics of the anodic and cathodic reactions was measured using cyclic

v
valtammetry The VIV 01 d VIIRIV fAinlec were anacicrevercihle and tacether vielded 2 cell

Research article O Abstract only

Viscosity and isobaric specific heat capacity of alumina nanoparticle enhanced ionic
liquids: An experimental approach

Elena lonela Chereches, Jose I. Prado, Constanta Ibanescu, Maricel Danu, ... Luis Lug@g=p):YXe{/@®s]

https://www.sciencedirect.com/journal/journal-of-molecular-liquids/vol/317/suppl/C 48/59


https://www.sciencedirect.com/science/article/pii/S0167732220336977
https://www.sciencedirect.com/science/article/pii/S0167732220336977
https://www.sciencedirect.com/science/article/pii/S0167732220308473
https://www.sciencedirect.com/journal/journal-of-molecular-liquids
https://www.elsevier.com/about/open-science/open-access
https://www.editorialmanager.com/MOLLIQ/default.aspx

11/14/22, 1:07 PM Journal of Molecular Liquids | Vol 317, 1 November 2020 | ScienceDirect.com by Elsevier

Journal of Molecular Liquids

Supports open access

Q. Search in this journal

Temperature and loading dependences on the rheological behavior and isobaric specific heat
capacity of several suspensions of alumina nanoparticles in a binary mixture of [C;mim]
[CH3SO3] ionic liquid and water were experimentally determined to assess its potential
condition of enhanced heat transfer fluids. Rheological tests show a clear Newtonian behavior
for the base fluid and the NEILs with lower Al,O3 concentrations while higher amounts of
alumina nanoparticles entail non-Newtonian fluids and increase in viscosity up to 78%. The
heating-cooling viscosity tests reveal that no significant viscosity hysteresis occur and VFT

equation adequately describe the temperature dependence. Isobaric specific heat capacities
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Abstract

Abstract

We investigate in this paper, via molecular dynamics simulations, the composition dependent
solution structures in the binary mixtures composed of the ionic liquid (IL), 1-butyl-3methyl-
imidazolium hexafluorophosphate, (BMIM] [PFg]), and three different co-solvents of
comparable sizes but with differing polarities. These cosolvents are acetonitrile (dipolar), 1,4-
dioxane (quadrupolar) and hexane (non-polar). Five different IL mole fractions for the binary
mixtures (Fyp, = 0.90, 0.75, 0.50, 0.25, 0.10) along with the neat solvents have been studied. The
cosolvent polarity and concentration dependencies have been assessed through the

examination of the composition dependent spatial and radial distribution functions,
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Hydrolysis of eutectic compositions in the ZnCl,:KCl:NaCl ternary system and effect of’
adding ZnO
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Abstract

Abstract

Molten salt systems have been considered as proper liquefiers, solvents and transfer media due
to their transport and thermodynamic properties. Employing molten salts to liquify biomass
could be performed to make it pumpable and transfer it more easily through thermochemical
conversion processes to e.g. bio-oil. The first challenge for this application is to find a salt with
relatively low melting point. It needs to be low enough to avoid producing ash or char and at
the same time high enough to liquify biomass. The selected molten salt requires high thermal
stability to avoid salt decomposition at high temperatures and make salt recycling possible.

Another challenge is minimising the hydrolysis rate of the molten salt in contact with water
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Hydrophobic interactions are an inherent property of associative polymers which results in the
formation of molecular aggregates. The loss of hydrophobic interactions under reservoir
conditions have been reported, and this results in increased fluid — rock interaction effect such
as adsorption. However, existing adsorption studies only reports the interaction of individual

molecules with rock surface without taking into account mechanically retained molecular

aggregates in narrow pores. The implication of this is a reduction in associative SRV -
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with aqueous solutions containing LiCl or HCI. After mixing, the organic phase was separated
from the aqueous phase and analysed using NMR and acid-base titration. The different proton
species HCl, H,O and H30* present in the aqueous phase are normally not distinguishable
using NMR due to fast exchange conditions (on the NMR time scale) and therefore they give
rise to mainly one single peak in the proton spectrum. The chemical shift of this single
‘composite’ peak is affected by the relative distribution of the various proton species present in

the aqueous solution and is made use of in this work. For instance, ratio of molecular
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Biopolymeric nanofluids have been proposed as an eco-friendly substitute to synthetic polymeric nanofluids to
cut cost and environmental effect. However, previous studies on the use of biopolymeric nanofluids to enhance
oil recovery focused only on adsorption and fluid injectivity at ambient condition. In this study, the thermal deg-
radation of crystalline starch nanofluid (CSNF) at reservoir condition was investigated and compared with silica
and aluminium oxide polymeric nanofluids, SiO,PNF and Al,0sPNF respectively. The thermal degradation of the
polymeric nanofluids was investigated using Brookfield RST rheometer. Moreover, interfacial tension (IFT) prop-
erties and wettability alteration efficiency of the polymeric nanofluids were determined using Easy Dyne KRUSS
tensiometer and sessile drop technique, respectively. Finally, the oil displacement ability of the polymeric
Starch nanoparticles nanofluids at typical reservoir condition was studied using Fars EOR technologies high-pressure high-
Thermal degradation temperature apparatus. Experimental result shows that the viscosities of SiO,PNF and Al,0sPNF decreased
EOR with increase in temperature, whereas the viscosity of CSNF increased with temperature. Besides, CSNF exhibited
a significant decrease in IFT at all conditions investigated while IFT results of SiO,PNF and Al,OsPNF showed a
non-monotonic trend with increase in temperature. Moreover, CSNF showed better potential to alter wettability
at all conditions. The microscopic image of the emulsion generated shows stability of the emulsion over a long
period and confirmed the ability of CSNF to withstand high temperature degradation compared to SiO,PNF
and Al,OsPNF. Finally, it was observed that the mobility ratio of water flooding approaches unity faster than
that of SiO,PNF, Al,03PNF and CSNF, respectively. It can be concluded from this study that 13-23% incremental
oil recovery can be achieved with the use of polymeric nanofluids.

Keywords:
Biopolymer
Polymeric nanofluids

© 2020 Published by Elsevier B.V.

1. Introduction Over the years numerous EOR methods such as gas, thermal and

chemical (alkali, surfactants, and polymers) have been used to over-

The low production from existing reservoirs and less discoveries of
new fields has posed a real problem to the oil and gas industries.
About 50-70% original oil in place (OOIP) are still trapped in the reser-
voir after initial recovery and water flooding [1]. Enhanced oil recovery
(EOR) methods are one of the viable options that can reduce the gap be-
tween demand and supply. EOR processes are used to improve the pro-
ductivity of the fields which aims to recover the oil left in the reservoirs.

* Corresponding authors at: Department of Petroleum Engineering, School of Chemical
and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia, 81310
Johor Bahru, Malaysia.

E-mail addresses: r-radzuan@utm.my (R. Junin), mzaidi@utm.my (M.Z. Jaafar).

https://doi.org/10.1016/j.molliq.2020.113947
0167-7322/© 2020 Published by Elsevier B.V.

come the low oil sweep efficiency [2]. Chemical EOR (CEOR) technique
is deemed highly favourable due to its better proficiency, reasonable
capital cost, practical and financial possibilities. EOR chemicals such as
alkali and surfactants can reduce interfacial tension (IFT) by altering
rock/fluid interface in the reservoir. They can also alter wettability be-
tween oil-water (O/W) interface [3]. Polymer flooding is the widely ap-
plied CEOR technique to increase viscosity and control mobility. Field
results have shown that it can recover up to 5-30% OOIP [4].
Hydrolysed polyacrylamide (HPAM) is a widely used polymer in
flooding, because of inexpensive handling cost, relatively resistant to
bacterial attack, high solubility in water and high ability to reduce per-
meability of water [5,6]. However, with variation in crude oil properties
and harsh environmental conditions of the reservoir, current chemical
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flooding materials have limitations such as degradation and precipita-
tion. Therefore, various studies are being carried out to improve the lim-
itations of polymers such as HPAM against high temperature and high
salinity reservoir conditions. More recently, researchers have reported
the use of nanofluid in CEOR process. Nanofluid which is the synergy
of base fluid with nanoparticles has the advantages of being more toler-
ant to high salinity, high temperature, longer stability, less plugging and
retention in highly permeable reservoir [7].

The recent trend in nanotechnology has focused on incorporating
polymers with nanoparticles to produce fluids with distinct characteris-
tics from the polymers and nanoparticles [8]. Various studies have re-
ported the use of silica (SiO;) [9-11]; titanium dioxide (TiO;) [12];
graphene oxide (GO) [13]; and aluminium oxide (Al,O3) [5] nanoparti-
cles to improve the viscosity, degradation, salinity, and viscoelastic
properties of HPAM. They reported that the presence of nanoparticles
significantly improved the properties of HPAM against environmental
factors. Despite the extensive investigation from previous research for
EOR application, there are still some challenges on its field application
owing to cost, transport and retention in reservoir might pose huge en-
vironmental problems [14,15]. Nanoparticles from renewable materials
have been sought after to replace inorganic and metallic nanoparticles.
The large-scale availability of starches, cellulose and fibres that are
known to have long chain polysaccharides to withstand harsh reservoir
conditions and their broad applicability has attracted researchers.
Starch nanoparticles have found success in pharmaceutical, confection-
ary, cosmetics, food industry and more importantly EOR.

Wei et al. [15] and Molnes et al. [16] have reported the use of cellu-
lose nanoparticles and crystalline cellulose nanoparticles respectively as
displacement fluids in EOR. The cellulose nanofluid were stable and well
dispersed in 2.0 wt% of electrolyte and the oil displacement in a
micromodel showed that the cellulose nanofluid enhanced the sweep
efficiency and decreased residual oil saturation [15]. The flooding exper-
iments show that the cellulose nanocrystals have good injectivity and
the rheological properties show stable and long propagation through
the core [16]. However, in the study by Molnes et al. [16], sandstone
cores were used whereas Wei et al. [15] reported the use of sand-pack
and a micromodel in their study. Sand-packs and micromodels are
only representative of reservoir cores, as they cannot provide the real
heterogeneity of a reservoir. Furthermore, while the procedure for pre-
paring micromodel, glass beads and sand-packs is proper, it does not
consider the likelihood of fluid propagation through the sidewalls.
Fines movement and fluid channelling through sidewalls occur in a
sand-pack/micromodel flooding test and are not considered, despite
having significant influence on the flooding result. Overall, both studies
failed to consider the effect of temperature in the flooding process, the
thermal degradation of the biopolymeric nanofluids in porous media
and the mechanisms of EOR.

For us to come to a logical conclusion in the search for a high perfor-
mance EOR chemical, there is need to compare the efficiency of
biopolymeric nanofluids with their inorganic and metallic polymeric
nanofluid counterparts at the same conditions. Therefore, in this study
the thermal degradation of crystalline starch nanofluid (CSNF) was
compared with SiO, polymeric nanofluid (SiO,PNF) and Al,03 poly-
meric nanofluid (Al,OsPNF). The IFT properties of CSNF at oil-water in-
terface and wettability alteration efficiency of CSNF were compared
with SiO,PNF and Al,O5;PNF at the same conditions. The oil recovery
performance of the polymeric nanofluids was compared at typical res-
ervoir conditions (temperature of 120 °C, pressure of 3000 psi and salin-
ity of 22,000 ppm).

2. Materials and methods
2.1. Materials

HPAM with degree of hydrolysis 25 mol%, mol/wt of 20 x 10° Da was
acquired from SNF Floerger, Paris. SiO, (inorganic nanoparticles) with a

purity of 99.5%, 15-20 nm size and mol/wt 60.8 g/mol was obtained
from US Research nanomaterial Inc. USA. Al,O3 (metallic nanoparticles)
with a purity of 99%, 20 nm size and mol/wt 101.96 g/mol was obtained
from Sky Springs Nanomaterials Inc., Houston, TX, USA. CSNP
(biopolymeric nanoparticles) with purity >99%, size of 6.97-163 nm
was produced from native cassava starch with amylopectin (75 wt%)
and amylose (25 wt%) as described by Agi et al. [17,18]. Sodium chloride
(NaCl) with 99% purity and mol/wt 58.44 g/mol was obtained from
Merck group. An intermediate crude oil from an oilfield in Sarawak,
Malaysia (density of 0.8283 g/mL @25 °C, API gravity 37.7 and viscosity
of 10 mPa.s @25 °C) was used for the experiments. Three mid-
permeability sandstone cores from the same outcrop were utilized for
the contact angle and core flooding tests. The physical properties of
the sandstone cores are shown in Table 1. The X-ray diffraction (XRD)
of the core (Fig. 1) reveals that the samples are mainly quartz (98.9%)
and illite (1.1%).

2.2. Methods

2.2.1. Polymeric nanofluids preparation

SiO,PNF and Al,OsPNF were made by a two-stage technique. A
0.1 wt% each of SiO, and Al,03 were dispersed in deionized water
(DIW) and sonicated for 35 min to form a homogenous dispersion.
HPAM (0.1 wt%) was added to the nanofluids dispersion and agitated
for 23 h on a stirrer. On the other hand, 0.2 wt% of CSNP was dissolved
in DIW, stirred for 6 h and ultrasonicated for 1 h. To investigate the ef-
fect of salinity on the polymeric nanofluids, NaCl with different concen-
trations (0.9-2.2 wt%) was added to the polymeric nanofluid
suspension and stirred for 24 h. The salinity range depicts a typical
Malay Basin salinity [19].

2.2.2. Characterization of polymeric nanofluids

To determine the microstructures and morphology of the nanoparti-
cles, a transmission electron microscopy (TEM) HITACHI (HT 7700)
image analyser was used. Samples were captured at electrical energy
of 120 kV. An inbuilt HITACHI EMIP-SP electron microscope image inte-
gration software automatically measured the particles sizes and en-
hanced the images. Shimadzu IR Tracer-100 Fourier transform infrared
(FTIR) was utilized to determine the functional groups of CSNP and in-
teraction between SiO,PNF and Al,OsPNF within a scanning range of
500 to 4000 cm ™. A light scattering instrument (Anton Paar Litesizer™
500) was used to determine stability and surface charge of the poly-
meric nanofluids. The polymeric nanofluids (0.1 wt%) were dissolved
in distilled water (DW) and transferred to omega cuvette for analysis.
The analysis was carried out at a back-scattering angle of 170° at
25 °C. The refractive index of water was 1.3303 and the viscosity of
water was 0.8903 mPa.s.

2.2.3. Rheological analysis

The rheology of SiO,PNF, Al,03PNF and CSNF were determined
using Brookfield RST rheometer. The rheometer is composed of
temperature control connected to water bath for high temperature
conditions. All the measurements were carried out at 1-1000 s~ !
(shear rate) at a temperature range of 26-80 °C. For repeatability,
the experiments were conducted in triplicate and the average
reported.

Table 1

Properties of sandstone core.
Diameter  Length  Bulk Volume  Pore Volume  Porosity  Permeability
(cm) (cm)  (cm’) (cm?) (%) (mD)
3.7 9.8 100.37 17.00 16.9 201
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Fig. 1. XRD pattern of sandstone core.

2.2.4. IFT determination

The IFT between SiO,PNF, Al,OsPNF, CSNF and oil were determined
with Easy Dyne tensiometer (K20) by Kruss GmbH, Germany. It was
connected to a water-bath to control temperature of the tensiometer.
IFT of polymeric nanofluids at different concentration (0.05-0.2 wt%)
as a function of NaCl concentrations (0.9-2.2 wt%) and temperature
(26-80 °C) were determined.

2.2.5. Core samples preparation and wettability determination

Core samples of 1 cm thick and 5 cm in diameter with a flat surface
were used for the contact angle determination. The cores were washed
with DW and toluene to get rid of impurities, and dried for 24 h. The

Thermometer s

Oil Drop -

Digital Camera

‘Il

samples were placed in a beaker and rendered oil-wet by pipetting oil
samples on the surface until it was completely immersed in crude oil.
The beaker was sealed to prevent evaporation and contamination, and
placed in the oven for 78 h at 90 °C. To evaluate the wettability alteration
efficiency of SiO, PNF, Al;0s PNF and CSNF under static condition, the
cores were treated with 0.2 wt% of the polymeric nanofluids for 78 h
and dried for 24 h. Wettability alteration before and after treatment
with polymeric nanofluids were estimated by determining the contact
angles. It was achieved by using a curved needle to place a drop of oil
on a horizontally held core as shown in Fig. 2. The images of the drops
(26-80 °C) were captured with a digital camera and analysed with
image analyser software (Image ] 1.48 s) to determine the contact angles.
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Fig. 2. Experimental setup used for wettability test.
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2.2.6. Core flooding test

Fig. 3. Schematic representation of core-flood equipment.

four accumulators for injecting fluid and a compartment for holding the

The core flooding was investigated using a high-pressure high- core. It has a temperature limit of 150 °C and pressure capacity of
temperature (HPHT) apparatus manufactured by Fars EOR technologies 6000 psi. Three identical mid-permeability core samples from the
(Fig. 3). The equipment consists of a furnace for temperature regulation, same outcrop as that utilized for the contact angle test were utilized

Fig. 4. TEM image of (a) SiO, nanoparticles, (b) Al,05 nanoparticles, and (c) CSNP.
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Fig. 5. FTIR spectra of SiO,PNF.

for oil displacement test (Table 1). Core samples were washed with tol-
uene in a Soxhlet distillation extractor column before and after each use,
the cores were subsequently dried for 24 h at 95 °C in an oven. Oil dis-
placement tests were executed to determine the oil recovery efficiency
of SiO, PNF, Al,03 PNF and CPNF. To simulate the reservoir condition of
a typical Sarawak oilfield, the equipment was pressured to 3000 psi,
supported with a back pressure (100 psi) and oven temperature raised
to 120 °C. After vacuuming, the system was saturated with 2.2 wt% of
synthetic brine and flooded with oil until connate water was achieved.
ISCO pump was utilized in pumping injectants from accumulators to
the equipment. Crude oil was introduced into the core at 0.5 mL/min
and aged for 24 h to achieve equilibrium. Consequently, water was
injected at a constant flow rate until breakthrough occurred. Then, 0.5
PV consisting of 0.2 wt% of different polymeric nanofluids were injected
to recover the bypassed oil. Chase water (0.5 PV) was later injected to
recover any remaining oil. All the experiments were conducted in dupli-
cate and the average reported.

3. Results and discussion
3.1. Polymeric nanofluids characterization

TEM images of SiO,, Al,03 and CSNP are shown in Fig. 4. It shows
that SiO, nanoparticles has a semi-crystalline structure with spherical
shape, with sizes ranges from 15 to 20 nm (Fig. 4a). Fig. 4b shows that
Al,03 nanoparticles has irregular, spiral shape with size of about
20 nm. On the other hand, CSNP shows spherical crystalline particles
of size range 10.1-19.1 nm. The grains formed platy and pear-like
shapes (Fig. 4c) of around 163 nm from which smaller particles
emerged.

FTIR analysis of the polymeric nanofluids is presented as Figs. 5, 6
and 7. The result of SiO,PNF in comparison with pure SiO, nanoparticles
and HPAM are shown in Fig. 5. SiO,PNF showed two peaks at 1098 cm ™!
and 792 cm ™! representing the vibration of Si-O-Si unit. The crest at
962 cm~! shows the vibration of Si-OH, which was created by the
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Fig. 6. FTIR spectra of Al,OsPNF.
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Fig. 7. FTIR spectra of CSNP.

-OH unit on the surface of SiO,. The OH groups reacted with -COOH,
-CHO and -NH, on the HPAM to form SiO - H---NH or SiO - H---O -
CNHj or SiO...HNH - CO - C (strong hydrogen bridges and hydrolysable
covalent crosslinks). Whereas the bands at 1350, 1500, and 1650 cm ™"
correspond to Si—O, Si-NH,, and -NH,, respectively. Broad peak at
3100-3750 cm ™! indicates N—H, -OH, and Si-OH vibration, this in-
teraction between HPAM and SiO, nanoparticles resulted to a hybrid
SiO,PNF [11].

Fig. 6 displays the FTIR spectra of Al,O3PNF in comparison with
Al;03 nanoparticles and HPAM. The peaks at 718 and 1122 cm~ ! cor-
respond to tetrahedral shape Al—O and the vibration of Al-O-H
which was necessitated by -OH band on the alumina surface. The vi-
bration of the carboxyl unit of HPAM appeared at 1652 cm™". Also,
Al—O - H...N - Hor Al—0 - H...0 - CHNH,; shows a strong hydrogen
link among the -OH unit on Al,03 and oxygen/nitrogen of the amide
group present in the HPAM. The hydrogen units in the HPAM and the
oxygen unit in the Al,03 formed Al-O...HNH - CO - C hydrogen
bonds. This led to a strong hydrolysable crosslink in the Al,O3PNF [5].

CSNP showed a broad peak between 3500 and 3200 cm ™' which
represent the stretching vibration of OH group of the cellulose present
(Fig. 7). The peak at 2930 cm™! is characteristic of C—H vibration,
whereas the crest at 1650 cm™ ! represents 6(OH) and 6(CH) adsorption
of water. Peak at 1650 cm ™' corresponds to the C=0 band of the car-
boxyl and carbonyl groups. The stretching vibration C-O-C was ob-
served at 1158 cm™ . The D-glycopyran group, C—O and attached OH
was observed between 1080 and 709 cm ™.

Colloidal stability of polymeric nanofluids dispersion can be envis-
aged by the magnitude of the zeta potential. To determine the stability
of the polymeric nanofluids, the zeta potential with time was deter-
mined. The results (Fig. 8) show negligible variation in the values of
the zeta potential with time and the error bar shows that the uncer-
tainty is minimal which confirms the repeatability of the experiments.
Moreover, the polymeric nanofluid was still stable as no rapid coagula-
tion or flocculation was observed. This could be because of the repulsive
interaction or electrostatic forces between the suspended particles that
impeded the aggregation and agglomeration of the particles thereby
rendering it stable [20]. The slight shift in the zeta potential result is
due to the difference in the location of the slipping plane of the poly-
meric nanofluids and the presence of disassociated carboxylic groups
[21-23]. The negative value of the Al,03PNF confirms the success of

the surface coating with HPAM. CSNF showed higher surface charge
compared to SiO,PNF and Al,OsPNF. This could be attributed to
microfluidization of the CSNP, which led to the higher zeta potential
[18]. It might also be due to the replacement of the hydroxyl group by
the sulfate ester group (-0SOs3") during synthesis of CSNP that produced
an electrostatic repulsion. Therefore, it can be concluded that the pres-
ence of these randomly distributed negative charge surface ester groups
on the surface of CSNP and the disassociation of the remaining valences
contributed to the high zeta potential which contributed to its stability.

3.2. Comparison of the rheology of polymeric nanofluids

The flow performance of SiO,PNF, Al,OsPNF and CSNF at the same
concentration (0.2 wt%) were compared. All the polymeric nanofluids
exhibited pseudoplastic and shear thinning at high and low shear
rates (Fig. 9). This might be due to strong electrostatic hydrogen linkage
between silanol group and the HPAM, and the covalent linkages of the
aluminol functional group and HPAM amino group [5,6]. However, the
viscosity of CSNF was greater than SiO,PNF and Al,O5 at the same con-
centration. It might be because of the electroviscous negative charge on
the surface of the CSNP and the formation of a stronger particle-particle
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Fig. 8. Zeta potential of polymeric nanofluids.
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hydrogen bonds compared to that formed by silanol and aluminol group
on HPAM. The result is coherent with previous work of Shafiei-Sabet
et al. [24]. They reported that the rheological properties of cellulose
nanocrystals vary due to their surface charge and ionic strength.

3.3. Impact of salinity on viscosity of polymeric nanofluids

Reservoir brine poses a serious problem on flow behaviour of
injected EOR fluids. Therefore, a comparative study on the salinity resis-
tance of SiO,PNF, Al,OsPNF and CSNF were investigated. The results
(Fig. 10) show that the viscosity of the polymeric nanofluids reduced
as concentration of NaCl increased. Which might be because of screen-
ing effect of Na™ which reduced the repulsive energy of the polymeric
nanofluids and the hydrodynamic volumes of the polymeric nanofluid
subsequently reducing viscosity [18,25]. All the polymeric nanofluids
still retained their pseudoplastic and shear-thinning behaviour as salin-
ity increases. This behaviour can be likened to the uniformity of the
polymeric nanofluids as shear rate increases, as initially agglomerated
nanoparticles begins to separate [26]. But the effect of salinity was
mild for CSNF compared to SiO, and Al,Os. This is because of the electric
double layer (EDL) and reduction in Debye's length of CSNF compared
to SiO,PNF and Al,O3PNF. EDL force are repulsive in nature therefore,
they decreased the agglomeration of the CSNP and hence the stability
of the CSNF [20]. This was necessitated by the higher collision among
the CSNP which affected the presence of the salt [27].
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Fig. 10. Effect of salinity on the apparent viscosity of polymeric nanofluids.

3.4. Thermal degradation of polymeric nanofluids

The thermal degradation of a material is very important when deter-
mining the energy needed to overpower the activation energy of flow as
material moves from one equilibrium to another. Fig. 11 shows the ef-
fect of temperature (26-80 °C) on the viscosity of the polymeric
nanofluids at the same concentration (0.2 wt%). The results show that
the viscosities of the polymeric nanofluids are dependent on tempera-
ture. The viscosities of SiO,PNF and Al,OsPNF declined as temperature
increased [28]. This is because decrease in adsorption of HPAM on
SiO, and Al,03 nanoparticles. As temperature increases, there is
dihydroxylation of hydrogen bond on the silanol and aluminol group
that weakened the structure of the SiO,PNF and Al,OsPNF which
might have induced a hydrophobic nature and resulted in the decrease
in viscosity [4]. The viscosity of Al,03PNF was higher compared to
SiO,PNF. This is because of the formation of COO™ group during hydro-
lysis of HPAM at high temperature, which necessitated the continuous
adsorption of HPAM on Al,03 due to the electrostatic interaction of
AP and COO ™. Whereas there was no interaction between the nega-
tively charged SiO,. The CSNF showed a reversed trend in comparison
with SiO,PNF and Al,0sPNF, as the temperature increases the viscosity
increased. This could be because of increase in tensile strength due to
binding of the CSNF which might have initiated a strong cohesive
bond between the CSNP [29]. It might also be due to the formation of
a three-dimensional (micelle type) network of flocs after the synthesis
of CSNP that resulted in the increase of viscosity. Furthermore, heating
induces the melting CSNP crystal into their composing molecules
which might have resulted to increase in viscosity [30,31]. Also, heating
might have caused expansion and disruption of inter and intra molecu-
lar hydrogen bond in the CSNP and increased the starch-water hydro-
gen bond. Consequently, the increase in temperature of the CSNF
facilitated swelling of the CSNP [27]. Owing to the fact that during the
acidolysis process only the non-crystalline area of the starch was
destroyed, the crystalline area was preserved, which basically keeps
the same crystal structure as that of the native starch. This is consistent
with earlier work of Xiao et al. [32] where they reported that the inter
and intra molecular hydrogen bond of native starch breaks with in-
crease in temperature and the crystal structure disappears resulting in
a sharp rise in viscosity. The result shows that even at high temperature
the interaction between the CSNP still exist which demonstrated the
thermal stability of CSNP when it is propagated through oil field reser-
voirs. The uncertainty of the experimental results (Figs. 10 and 11) is
shown by the error bar which indicates that the uncertainty is rather
small, and the difference is not significant.
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Fig. 11. Effect of temperature on polymeric nanofluids.
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3.5. Impact of polymeric nanofluids on IFT

IFT between trapped oil and displacing fluid plays a significant role
in oil recovery. Reducing IFT decreases severity at the interface and al-
lows deformation of the O/W interface, which leads to improved oil re-
covery. Nanofluids have been reported to reduce IFT. The interfacial
properties strongly hinges on the quality of surface-active agent which
moves to the interface of O/W. Besides, the movement of this surface-
active agent from bulk to the interface depends on the medium temper-
ature. Therefore, the influence of temperature (26-80 °C) on adsorption
of surface-active agents formed from SiO,PNF, Al,OsPNF and CSNF at
the interface of oil and brine (2.2 wt%) were studied. Fig. 12 shows the
IFT of SiO,PNF, Al,OsPNF and CSNF compared to brine as a function of
temperature, with standard error bar almost the same. This signifies
certainty that the mean computed value estimated the true mean
value of the experimental results. The results show that there is a

significant decrease in IFT in the presence of polymeric nanofluids com-
pared to brine alone. It could be credited to the electrostatic interaction
of the polymeric nanofluids and brine in the bulk, which increases the
dispersion of the polymeric nanofluids to the interface of O/W [33].
The interaction between the polymeric nanofluids in the presence of
brine was found to be lower than that of brine alone (Fig. 12). This sin-
gularly confirms the formation surface-active agent from electrostatic
attraction between polymeric nanofluids and brine which could have
significantly reduce O/W IFT compared to brine alone. Therefore, it
can be concluded that impact of electrostatic attraction is foremost
over the effect of electrostatic repulsion in decreasing IFT.

As the temperature of the polymeric nanofluid increases, the liquid
molecules had higher kinetic energy, there was a rapid migration of
polymeric nanofluid from the bulk to the O/W interface. This can be at-
tributed to thermophoresis phenomenon of the nanofluids which mi-
grated the particles from a region of high temperature (hot zone) to a
region with lower temperature (cold zone) [20,34]. This led to a signif-
icant adsorption of the polymeric nanofluid at the interface resulting in
a charged EDL which decreased the coating at the interface. The ar-
rangement of the polymeric nanofluids at the interface will increase
the number of impurities, but in brine the impurities are salted off
[35]. This weakens the cohesive energy and expands the intermolecular
energies at the interface thereby reducing IFT of the polymeric
nanofluids.

However, IFT of SiO,PNF and Al,OsPNF at the interface of O/W
showed a non-monotonic tendency as temperature increased. It was
observed that IFT of SiO,PNF and Al,O3;PNF decreased to 8.4 + 0.25
mN/m and 7.5 4 0.22 mN/m respectively as the temperature was in-
creased to 70 °C. A further increase in temperature (80 °C) of the system
increased the IFT. This is because as the temperature increases, it pro-
motes the detachment of the HPAM from the nanoparticles and pro-
motes only the migration/adsorption of the nanoparticles at the
interface (Fig. 13). As temperature increases SiO,PNF and Al,O3PNF
begin to desorb from the interface because of thermal instabilities.
This indicates that at higher temperature, there were increased chances
of aggregation and consequently a decreased activity at the interface
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Fig. 13. Mechanism of IFT reduction in the presence of SiO,PNF and Al,OsPNF.
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Fig. 14. Mechanism of IFT reduction in the presence of CSNF.

[36]. This is coherent with prior work of Gbadamosi et al. [6]. They also
observed a sudden increase in IFT, which implies that the surface-active
agent at the interface has diminished due to desorption.

The IFT of CSNF continued to decrease even at higher temperature of
80 °C and it showed the lowest IFT at all temperatures (Fig. 12). This
might be due to the breakage of larger droplet to smaller ones as tem-
perature increases (cavitation) and the increase in hydrophobicity of
the CSNF [25,37]. Temperature increased the free energy per unit sur-
face area at the interface for CSNF compared to SiO,PNF and Al,03PNF
[33]. The result is consistent with rheology result (Fig. 11) as increase
in temperature created a three-dimensional network that increased
the viscosity. The long chain CSNP arranged themselves at the interface
(Fig. 14) hindering the development of anisotropic phase in the CSNF
and induced the creation of EDL which reduced the layer of interface
and IFT.

3.6. Impact of polymeric nanofluids on wettability alteration

Wettability controls displacement of wetting and non-wetting
phase of fluid at pore-scale. As such a change in the wettability from
oil-wet to water-wet can enhance fluid flow. However, reservoir salinity
can affect the stability of injected fluid and temperature can affect the
wetting of solid surface. It is, therefore, important to investigate the im-
pact of salinity and temperature on different polymeric nano-modified
sandstone surfaces. To achieve this, the influence of SiO,PNF, Al,O3PNF
and CSNF (0.2 wt%) on the wettability alteration of oil-wet sandstone at
reservoir salinity (2.2 wt%) and different temperatures (26-80 °C) were
investigated. The results show the reference angles of the sandstone
core to be 114 and 144 degrees (Fig. 15).

The wettability of oil wet cores was altered to water-wet when
treated with polymeric nanofluids (Fig. 15). This might be because of
polymeric nanofluid adsorption on sandstone surface that altered wet-
tability. This is because of the disassociation of the two atoms of Na
and Cl to form Na* and CI~ ions. The quartz in the sandstone core
(Fig. 1) attracts Na™ to form a layer on sandstone core, the high concen-
tration of NaCl (2.2 wt%) means excess of positive Na™ ions on the sand-
stone surface to attract the negative parts of polar components present
in crude oil. However, the monovalent ions of Na* covering the sand-
stone core prevented contact between crude oil and sandstone core.
As a result of this interaction, the film present on the sandstone core

surface was not disrupted by bases or acids in the crude oil. Therefore,
this might be the main reason which might have altered the wettability.

The reduction of contact angle as temperature increases confirms
stability of nanofluids when it is propagation in porous medium. Tem-
perature reduces the number of active sites on the sandstone core
which might have influenced the spreading behaviour of the polymeric
nanofluids [25]. The dispersion of the polymeric nanofluids front in-
creases as temperature increased, temperature break-down the bonds
and water molecules desolvated the polymeric nanofluids, this might
have increased the attraction of the sandstone surface to the polymeric
nanofluids [38]. Furthermore, the heat and mass transfer of the nano-
particles might have been enhanced due to the micro-conventional
and mechanical agitation induced by Brownian motion of the polymeric
nanofluids [20,34]. Also, temperature decreases asphaltenes precipita-
tion which is washed out from the sandstone surface by the adsorbing
polymeric nanofluids. The nanoparticles could make asphaltene
suspended in the oil and rapidly adsorb them thereby inhibiting them
from being precipitated [39]. This is coherent with earlier findings of
Akbarzadeh et al. [40] and Escrochi et al. [41]. They stated that above
the bubble point pressure, more asphaltene is in liquid phase therefore
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Fig. 15. Oil contact angles and microscopic image of oil drops at different temperatures.
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for a saturated and single-phase reservoir, increases in temperature will
increases asphaltene solubility so its precipitation decreases, and the
reservoir become water wet. CSNF showed better potential to alter wet-
tability compared to SiO,PNF and Al,O3PNF at all conditions. This could
be attributed to a better electrostatic attraction and high affinity of CSNF
to adsorb on sandstone surface. It might also be due to steric force which
led to adsorption of the organic molecules on the sandstone surface
[20]. It can therefore be concluded from this study that SiO,PNF and
Al,O5PNF had a lower adsorption on sandstone surface which resulted
to a low reduction in contact angle. The standard error of the contact
angle and temperature were determined for three tests. The error bars
were used to determine the positive and negative standard error from
the mean of the contact angle and temperature. It was observed from
the error bar (Fig. 15) that the results show good parallelism, indicating
that the experimental results are reliable.

3.7. Oil displacement results

To determine the efficiency, effective treatment methods and the
potentials of the polymeric nanofluids for EOR, series of core flooding
experiments were performed to mimic water flooding and polymeric
nanofluid flooding of a Sarawak oil field. The difference in cumulative
oil recovery in the secondary and tertiary recovery modes are presented
in Fig. 16. Water flooding recovered 48% OOIP, which signifies that suf-
ficient quantity of oil was bypassed. Tertiary recovery was initiated, and
oil recovery increased by 13%, 17% and 23% with SiO,PNF, AI203PNF and
CSNF, respectively. This is because the polymeric nanofluid blocked the
permeable channels created by water flooding and recovered additional
oil from small pores [42]. The reduction in IFT between the O/W facili-
tated the mobilization of the initially bypassed oil. The results are
consistent with IFT and wettability result, which decreased as tempera-
ture increased. It therefore shows that the polymeric nanofluid were
still stable at high salinity (2.2 wt%) and HPHT (3000 psi, 120 °C) reser-
voir conditions.

The pressure drop profile shows a good relationship with recovery
result (Fig. 17). When waterflood commenced, there was a rise in pres-
sure drops, followed by a decline until it became constant. The reason
for the declining trend is due to the high mobility of water compared
to oil, which was evident as breakthrough time saw the pressure drop
remain constant. A favourable type of displacement will occur if
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Fig. 16. Cumulative oil recovery of polymeric nanofluids.
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Fig. 17. Pressure drop of polymeric nanofluids.

whereas, M is mobility ratio, L, is viscosity of oil (mPa.s), L, is viscosity
of water (mPa.s), k;, and k;,, are end point relative permeabilities of oil
and water respectively (mD). Mobility ratio was determined using the
method of Bamidele et al. [43] and it was observed that the mobility ra-
tio of water flooding approaches unity faster than that of SiO,PNF,
Al,03PNF and CSNF (Fig. 18). This might have resulted in by-passing
of oil and consequently early breakthrough in the water flooding, which
is consistent with pressure drop profile (Fig. 17). The delay in ap-
proaching unity for SiO,PNF, Al,O3PNF and CSNF signifies that the oil
viscosity variation is less than their viscosity variation resulting in a
favourable mobility. EOR also saw an increase in the profile, the rise dur-
ing tertiary recovery is due to their improved viscosity compared to wa-
ter [42].

Increase in pressure drop as polymeric nanofluid were introduced
also demonstrated that the polymeric nanofluids lowered the capillary
forces holding the oil in pore spaces [44,45]. The pressure drops
remained very high even at elevated temperature which confirms that
the polymeric nanofluids were still stable and oil displacement effi-
ciency was still very active at 120 °C, which resulted to increased oil re-
covery. As the nanofluids imbibe into the sandstone core to expel
trapped oil, the pressure profile began to build leading to the formation
of O/W emulsion (Fig. 19). This agrees with earlier work of Pei et al. [46]
who stated that O/W emulsion enhanced the sweep efficiency by
blocking the channel created by water and lowered the oil mobility.

The emulsion generated was examined with an Amscope micro-
scope (Fig. 20). Emulsions generated by SiO,PNF and Al,OsPNF
(Fig. 20a and b respectively) showed large drops sizes with high-level
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Fig. 18. Mobility ratio of polymeric nanofluids.
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Fig. 19. Emulsion generated during (a) polymeric nanofluid flooding (b) water flooding.

of coalescence compared to CSNF emulsion (Fig. 20c) which has small
diameter droplets which signifies stability of the emulsion over a long
period, which is consistent with the zeta potential result with time
(Fig. 8). This agrees with the recovery results as this singular phenome-
non might be one of the reasons for the higher recovery of CSNF com-
pared to SiO,PNF and Al,O3PNF. The result also confirmed the ability
of CSNF to withstand high temperature degradation compared to
SiO,PNF and Al,OsPNF, which is consistent with the thermal degrada-
tion results (Fig. 11). This agrees with prior work by Hatscher [47]
who stated that at a temperature of 135 °C, the viscosity of biopolymer
schizophyllan was still stable and the stability lasted for 300 days under
anaerobic conditions. The biopolymer also exhibited superb laboratory
and field pilot test results in comparison with xanthan and sulfonated
polyacrylamide.

4. Conclusions

The present study is focused on comparing the EOR mechanisms and
oil displacement behaviour of inorganic, metallic, and bio-polymeric
nanofluids which are promising for EOR applications. The morphology
of the nanoparticles was determined using TEM, whereas FTIR was
used to determine the functional group and interaction between the
polymeric nanofluids. Also, the stability of the polymeric nanofluids
with time was determined by zeta potential. The thermal degradation

and EOR mechanisms of the polymeric nanofluids were compared and
related to the oil displacement ability of the polymeric nanofluids.
Based on the experimental results the following conclusions were
reached.

1. The surface chemistry of polymeric nanofluids shows possible inter-
action with other EOR materials and zeta potential results show sta-
bility of the polymeric nanofluids.

2. The results show that the viscosities of the polymeric nanofluids are
dependent on temperature. The viscosities of SiO,PNF and Al,0sPNF
decreased with increase in temperature whereas the viscosity of
CSNF increased with increase in temperature.

3. The polymeric nanofluids show good potential in decreasing IFT.
Meanwhile, the IFT of SiO,PNF and Al,0sPNF showed a non-
monotonic trend with increases in temperature.

4, CSNF showed better potential to alter wettability compared to
SiO,PNF and Al,0sPNF at all conditions.

5. Arange of 13-23% incremental oil recovery was achieved with the
use of polymeric nanofluid. The microscopic image of the emulsion
generated shows stability of the emulsion over a long period and
confirmed the ability of CSNF to withstand high temperature degra-
dation compared to SiO,PNF and Al,OsPNF. The study suggests that
the CSNF could be used as an appropriate substitute to conventional
CEOR materials.
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Fig. 20. Microscopic image of emulsion generated during (a) SiO,PNF flooding, (b) Al,0sPNF flooding, and (c) CSNF flooding.
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