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Abstract: Currently, there is a paucity in the exploration and application of carbon-based
nanomaterials for enhanced oil recovery. Carbon quantum dots (CQDs), 0D materials
consisting of a graphitic core covered by an amorphous carbon framework, were produced from
glucose and p-sulfonic acid calix[4]arene (SCX4) via Continuous Hydrothermal Flow
Synthesis (CHFS), an environmentally benign synthetic approach. The S-functionalised carbon
quantum dots (S-CQDs) demonstrated excellent colloidal stability in aqueous and brine
solutions, low retention on sand surface, and impressive enhanced oil recovery (EOR) of 17%
at very low concentrations of 0.01 wt%. The mechanisms proposed for CQDs in increasing oil
sweeping efficiency involves altering the carbonate rocks wettability towards water wet, and
creating temporary log-jamming, where the ultra-small particle size (1.7 £ 0.7 nm) allows S-

CQDs to recover oil trapped in tight reservoirs. The synthesised S-CQDs also demonstrate



photoluminescence, pH stability in the range of 3-11 and have excitation independent

behaviour (300-360) with an emission peak at 433 nm.
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1. Introduction:

The total accumulation of worldwide crude oil production to date is 263.4 billion barrels
(bbl) as reported by OPEC [1]. However, there is an estimated 2,000 billion bbl of conventional
(light) oil remaining in reservoirs worldwide according to the BP Statistic Review of World
Energy 2019 [2]. Although enhanced oil recovery (EOR) methods can offer increase oil
recovery of 10-20% [3] over water or gas injection recovery, there are limitations in terms of
cost and environmental impact. For instance, surfactants mostly used in the chemical EOR field
cases for carbonate reservoirs since 1975, are petroleum sulfonates, alkyl ether sulfate, and
alkyl aryl sodium sulfonate etc., in concentrations of 1 to 4 wt% [4]. Thus, there’s a need to
explore more environmentally sustainable and economically viable methods for EOR.

Despite recent fast-paced development and diversity of new nanomaterials, relatively little
exploration of their potential for EOR has been pursued as an alternative which offer possible
benefits such as, efficient fluid displacement/sweep efficiency (due to small size and large
surface area), low production cost, and a benign environmental impact [5-9]. The use of
nanomaterials such as metal oxides (e.g. TiO2, Al,O3, ZrO; etc.) and silicon dioxide in EOR
have been widely investigated [5,9]. More recent but limited studies of carbon nanotubes,
graphene, and carbon-based fluorescent dots [6—8] have demonstrated that carbon-based
nanomaterials could improve oil sweeping efficiency via a number of different mechanisms:
interfacial tension (IFT) reduction, which enhances oil-water emulsion formation to increase

oil mobility; wettability alteration, changing the reservoir rock surface’s wettability from oil-



wet to water-wet, hence allowing the oil to be readily detached from the rock surface; disjoining
pressure, which enables nanofluid to spread on the rock surface; and log-jamming, temporarily
blocking small porous throats by aggregation of nanoparticles and causing a pressure build up
in adjacent porous throats, thus forcing out the trapped oil [9]. However, insufficient studies of
carbon-based nanomaterials applications in EOR means a limited understanding of the
mechanisms involved. Therefore, it is necessary to carefully study these novel materials, such
as carbon quantum dots (CQDs), in their application for EOR.

CQDs classified as 0D material are on a fine border between molecules and materials, and
have experienced significant interest in recent years [10—12]. CQDs typically consist of a
graphitic core covered by an amorphous carbon framework, and a surface decorated with
multiple functionalities, including polymers [10,13]. Their size, composition [14], and surface
features are consequence of their synthetic process that is directly reflected in their final
properties and characteristics as carbon quantum dots. Overall, CQDs tend to be photo- and
chemically stable, biocompatible, and possess excellent optical properties [14]. In terms of the
surface chemistry of the CQDs, the functional groups vary as the result of the carbon source,
precursors, the pH of the synthetic environment, and the reaction conditions.

CQDs can be generated by the thermal degradation of any raw biomass sourced materials
(e.g. coffee grounds, leaves, bird droppings) [15] but more usefully from biomass constituent
molecules such as for example, glucose [16], fructose [17], cellulose [18], or citric acid [19],
i.e. materials of known elemental provenance, in water and/or other polar solvents. By doping
or functionalising the carbon quantum dots with elements such as nitrogen [20], sulfur [21],
phosphorous [22], or other elements [23], the properties and characteristics of CQDs can be
enhanced and tightly controlled compared to the pure CQDs. For instance, N-doped CQDs
synthesised in our laboratory [19] exhibited excitation independent blue photoluminescence

(PL), with a quantum yield of ca. 15%, and showed both, high selectivity and sensitivity for



chromium(VI) ions as a nano-sensor, in contrast the non-doped synthesised CQDs exhibited
negligible PL. CQDs materials have also found applications in photocatalysis, energy storage,
solar cells, bio-tagging, bio-imaging [24].

The synthetic methods for CQDs can be divided in two main categories: top-down (e.g.
arc-discharge [25], laser ablation [26], and continuous laser-microfluidic vortex fluidic device
[27]) where the starting carbon material is chemically or physically cut to achieve 20 nm or
smaller particle size and bottom-up approaches, where raw materials are small molecules that
form particles via inter- or intra-molecular dehydration, thermal decomposition or
carbonization processes. Methods include microwave assisted [28], combustion/thermal routes
[29], hydrothermal/solvothermal carbonization [14][30] and acidic oxidation [31].

Continuous Hydrothermal Flow Synthesis, CHFS, is one of the most promising
hydrothermal methods for the bottom-up production of homogenous-quality inorganic
nanomaterials [32-35] (homo/hetero metal oxide/s [36], metals [37,38], 2D derivatives
[35,39-41], and carbon based [19]). The CHFS process involves mixing supercritical water
with aqueous precursor feeds in rapid reaction times (milliseconds) with lower energy and time
demands compared to traditional batch processes, providing high quality and reproducible
homogenous products, with real-time full control over the reaction parameters. The application
of CHFS to carbon nanomaterials synthesis was first reported for synthesis of reduced graphene
oxide [41] and graphene quantum dots (GQDs) in our laboratory. GQDs were prepared from
GO with tetraphosphonic acid calix[4]arene (PCX4) [42], and p-sulfonic acid calix[4]arene
(SCX4) [43], where the macrocyclic molecules not only acted as stabilizers and/or size
controllers, they also improved the GQD’s optical properties, and significantly for the study
herein, enhanced their solubility/dispersibility in aqueous solutions.

For CQDs synthesis [14,16], CHFS rivals batch-hydrothermal processes delivering

significant advancements in material synthesis not only in independent control over reaction



parameters (e.g. temperature, pressure, and flow rates) and consequent particle properties, but
also in that the process follows closely to Poliakoffs’ 12 Principles of Green Engineering [44].
A life-cycle assessment study demonstrated that CHFS offers a simplified chemical process
with improved efficiency and methodology that would reduce environmental impact for any
potential scale-up for synthesis of carbon-related materials [42]. Applying CHFS to produce
carbon-based materials from biomass constituent sources (e.g. glucose) provides a new
direction in achieving large-scale production of homogenous high-quality nanomaterials,
allowing for high demand production for EOR for crude oil production, for instance.

For the S-CQDs produced herein, glucose was the primary carbon source with p-sulfonic
acid calix[4]arene (SCX4) serving as a functionalizing agent. Calixarenes are macrocyclic
molecules consisting of phenolic units connected via methylene bridges into a cyclic vase-like
structure maintained via intramolecularly hydrogen-bonded -OH groups on the lower rim. The
upper rim of the macrocycle allows for functional groups, sulfonic acid in this instance of
SCX4, which can provide 3D structured cavities, and/or charged/polar sites that can interact
with either polar or nonpolar substrates, ions or molecules [43]. Herein the focus is the CQDs
surfactant properties, in particular their application impact on oil-water interfacial tension
reduction, wettability alteration, and log-jamming for EOR studies, with a clear emphasis on
understanding the mechanisms for these applications. Furthermore, the PL properties of the
CQDs, an indicator of the extent and diversity of functionality on the CQD surface, are also
reported. Core flooding was conducted to investigate whether CQDs could provide high oil
recovery in EOR using low nanomaterial concentrations. The stability of the CQDs in aqueous
solution was studied by conducting experiments of CQDs aggregation in high salinity solutions

and retention on sand surfaces.



2. Experimental Section:

2.1 Chemicals

All materials were purchased from commercial suppliers, unless otherwise stated, and used
without further purification. Deionised water, 15 MQ obtained from an ELGA Purelab system
was used in all experiments. Anhydrous pure D-Glucose was purchased from Fisher Chemicals
(U.K) and used as received. p-Sulfonic acid calix[4]arene (SCX4) was synthesized via
adaptation of previously reported methods [45—47].

The crude oil used was from Expro North Sea Ltd (U.K.). It was diluted with heptane to
have an API (American Petroleum Institute) gravity of 23° (915.9 kg/m?) and dynamic
viscosity of 72 cP (0.072 Pa s) at 25 °C. A 90,000 ppm NaCl solution was used as formation
brine with a density of 1.087 g/mL. Indiana limestone cores with an absolute permeability and
porosity of 214 mD (2.11 x 10"1* m?) and 15% void volume, respectively, were purchased from
Kocurek Industries INC., Hard Rock Division (USA). All cores were cleaned with toluene to
remove crude oil, and acetone to remove NaCl, using a Soxhlet extraction, and were
subsequently dried in an oven at 60 °C for 48 hrs before and after core flooding and centrifuge
studies. Rock substrates for contact angle measurement were prepared from the same Indiana
limestone cores and treated in crude oil, as stated earlier, at room temperature and atmospheric
pressure for 60 days. The sand-pack was prepared with fine sand (grain size 150-210 pm) for
measuring CQDs retention, where the sand-pack had a bulk volume (BV) of 75 mL, and pore

volume (PV) of 24 mL.

2.2 Equipment
Freeze-drying was performed using a Heto PowderDry PL 3000.
X-Ray Photoelectron Spectroscopy (XPS): XPS measurements were performed using a

Kratos Axis Ultra DLD photoelectron spectrometer utilizing monochromatic Al source



operating at 144 W (10 mA x 14 kV). Samples were mounted using conductive carbon tape
placed on a glass slide to float them from the spectrometer and aid charge neutralisation, which
was achieved using a flux of low energy electrons and a magnetic immersion lens. Survey and
narrow scans were performed at constant pass energies of 160 and 40 eV, respectively and step
sizes of 1 and 0.1 eV the analysis area was approximately 700 x 300 um?. The base pressure

of the system was ca. 1x10” Torr rising to ca. 4x10~ Torr during analysis of these samples.

A High-Resolution Transmission Electron Microscope (HRTEM) JEOL JEM2100
equipped with LaB6 filament was used for particle size analysis. For the investigation, the
acceleration voltage was set to 200 kV and the emission was set to 107 uA. The samples were
prepared by depositing the aqueous solution of S-CQDs onto a holey carbon-coated Cu-grid.

The particle size of CQDs was measured from TEM images using ImageJ software.

Fourier-Transform Infrared Spectroscopy (FT-IR): FT-IR spectra were recorded using a
Nicolet Avatar 370DTGS spectrometer fitted with a Smart Orbit accessory (diamond 4000-200
cm™).

Raman Spectroscopy: The spectrum of the as-synthesised and dried CQDs was measured
with a Renishaw Raman system using the 488 nm line of an Ar* ion laser at a power of ~10
mW.

Atomic Force Microscopy (AFM) imaging: CQDs were immobilised on single-side-
polished p-type Si wafers (average roughness 77 pm). Each solution was diluted with HPLC
grade H,O (Fisher Scientific, UK) to 1% of its ‘as received’ concentration. For each CQDs
type, a single 10 pL droplet was deposited on the Si wafer fragment and dried in an oven at 37
°C for 24 h. Upon visual inspection, a circular residue of solid material remained on the wafer.
Upon AFM analysis, the outermost region of the circular residue was found to contain

unaggregated CQDs at a surface density suitable for image acquisition.



Images of dimensions 2 um % 2 pm were acquired using an Asylum Research MFP-3D
AFM (Oxford Instruments, UK) operating in Intermittent Contact Mode at a temperature of 18
°C and a relative humidity of <40 %. Images were composed of 512 x 512 pixels and the
scanning velocity was 2.5 pm/s. Rectangular pyramidal-tipped Si cantilevers (PPP-NCL,
Windsor Scientific, UK) were employed; their nominal length, width, and tip diameter were
225 um, 38 um and <10 nm respectively. Images were analysed using Scanning Probe Image
Processor software (Image Metrology, Denmark).

Steady-State Optical Characterisation: The material was optically characterized using
absorption (UV-Vis spectrophotometry) and emission/excitation (photoluminescence
spectrophotometry) techniques. The sample concentration (1.5 mg/mL) was determined by
freeze-drying 10 mL of the purified carbon dot sample.

UV-Vis spectrophotometry: Adsorption measurements were conducted using a Shimadzu
UV-1800, in the range of 200-700 nm in a 10 mm quartz cuvette.

Photoluminescence spectroscopy (PL): The fluorescence spectra were recorded with a
Shimadzu RF-6000 Spectrofluorophotometer, in the range of 200-700 nm, using a 10 nm quartz
cuvette.

Quantum Yield (QY) determination: QY value of the synthesized CQDs was calculated
(Equation 1) by measuring the integrated PL intensity in aqueous dispersion of CQDs in
comparison with the integrated PL of quinine sulfate in 0.1 M H>SOj4 (standard) and it was
plotted as integrated PL vs Absorbance (Figure S1) and from where the slopes (the gradient A)

were extracted.

Acops | (nCQDs

2
GCQDS - 95 AS ns ) Equation(l)

Where:
Ocops 1s the quantum yield of CQDs; 6s is the quantum yield of standard (quinine sulfate

54%); Acops 1s the slope of integrated PL of CQDs; 4sis the slope of integrated PL intensity of



the standard; #cops is the refractive index of water (1.33); ns is the refractive index of 0.1 M
H2SO4 (1.33).

Zeta potential of carbon quantum dots was measured using a Particle Metrix Stabino®-
NANOflex® System. The aqueous sample solution was added to a PTFE beaker fixed with an
oscillating piston at the centre of the sample. The particles become immobilised between the
beaker walls and piston and the oscillating piston created a fluid flow of mobile ions cloud
around each particle. A streaming potential was consequently created and measured via in-situ
electrodes. Running time for each sample was 60 seconds.

Images of oil pendant drop, oil bubble, and oil sessile drop were recorded using a
goniometer/tensiometer comprising of a Leica Wild M3Z stereo microscope and a JVC TK-
C1381 colour video camera. The shape of an oil drop/bubble was analysed by First Ten
Angstroms Incorporated Drop Shape Analysis Software Version 2.0 to estimate the surface
tension, interfacial tension (IFT), and contact angle.

Core flooding setup employed the following: three fluid accumulators which were filled
with crude oil, brine, and CQDs nanofluid, accordingly; a Presearch Limited model 260D
syringe pump with a Teledyne ISCO D-SERIES pump controller; and a Bronkhorst EL-PRESS
pressure meter/digital controller to record the pressure during core flooding experiments. The
oil production from core flooding experiments was measured using a Vinci video separator
system which consists of a Sony FCB-EX980P camera, a 200 ¢cm® burette with 120 cm?
measurable volume, and 18 cm external diameter. The obtained measurements were analysed
by using the Vinci Acquisition software. Each experiment was repeated three times, the mean
value and standard deviation were reported. Prior to the core flooding experiments, the core
sample was firstly fully immerged in 90,000 ppm brine in a beaker and was placed in a vacuum
chamber. The vacuum was applied with a pump until there were no visible air bubbles escaping

from the core sample; the core sample was then considered fully saturated with brine.



For EOR studies, a stock concentration of CQDs nanofluid (1.5 mg/ml) was diluted with
90,000 ppm NaCl solution to prepare a series of solutions with concentrations of 0.001 wt%,
0.005 wt% and 0.01 wt% in accordance to previous studies by Li et al. [48] and Luo et al. [8].

Wettability studies were evaluated via the U.S. Bureau of Mines (USBM) wettability index
of core samples by measuring the water/oil displacement driven by the centrifugal force. This
was determined by capillary pressure analysis during water-displacing oil (imbibition) and oil-
displacing water (drainage) studies via a centrifuge method (VINCI Technologies refrigerated
centrifuge model RC 4500). The capillary pressure was controlled by setting rotation speeds to
increase from 1400 rpm to 3500 rpm according to a pre-test of the system. The selected
parameter of 1400 rpm was the minimal rotation speed to exert pressure to have production,
and 3500 rpm was the maximum rotation speed that avoids damaging the core samples studied.
Data analysis was performed using CYDAREX CYDAR system.

Nanomaterial’s retention on rock surfaces was measured using a KONTES 420830-1510
model Chromaflex glass column with 2.5 cm inner diameter and 15 cm length for sand-pack.
Calibration curve method was employed using abovementioned UV-Vis spectrophotometry to

determine CQDs concentration.

2.3 Continuous Hydrothermal Flow Synthesis (CHFS) of CQDs

Carbon quantum dots were produced using a continuous flow synthesis reactor, as
previously reported [41-43]. The reaction system (Schematic 1), is constructed with 316SS
Swagelok stainless steel fittings and tubing. It consists of a water heater, three Gilson 307
HPLC pumps that deliver the aqueous solution of precursors and supercritical water to the
reaction zone; a post reactor cooler; and a back-pressure regulator (BPR) that maintains a
constant pressure in the system. The flow rates used were 20:5:5 mL/min (P1:P2:P3) for Pump

1 (delivering DI water through heater), Pump 2 (pumping glucose, 70 mg/mL solution) and
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pump 3 (delivering p-sulfonic acid calix[4]arene (SCX4), 5 mg/mL solution), respectively. In
a typical experiment, SCX4 (5 mg/mL) was delivered via Pump 3 to meet a flow of a glucose
(70 mg/mL) solution at a T-junction. The resulting mixture was then combined with
superheated water (450 °C, 24.8 MPa) inside a counter-current mixer, whereupon the product
formation occurred in a continuous mode. This was then followed by a cooling step, where the
reaction mixture was passed through a vertical cooler and collected for further purification.

Two samples of CQDs were prepared, one with (S-CQD) and one without (g-CQD) the

presence of SCX4, all other conditions were kept the same.
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Schematic 1: Illustration of production process of S-carbon quantum dots (S-CQDs) using a
Continuous Hydrothermal Flow Synthesis (CHFS) approach: (a) illustration of the CHFS

synthesis process using glucose and p-sulfonic acid calix[4]arene (SCX4), (b) simplified CHFS

design.
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The purification process of the CHFS synthesized carbon quantum dots was divided into
two steps: a) separation of the large particles according to size, and b) removal of small
molecules by-products or/and precursors, followed by concentrating the materials to a stock
volume. Initially, the larger particles were separated from the main solution via dead-end
filtration through 0.2 pm pore size alumina membrane, followed by size separation via 30 kD
membrane in a tangential filtration unit. The filtrate containing CQDs and other small
molecules by-products and/or reaction precursors undergo further cleaning using a 1 kD
membrane in a tangential filtration unit. The resulting solution is 20% of the initial volume and

ready to be subjected to further experiments and analysis.

3. Results and Discussion:

3.1 Morphological and optical characterisations of carbon quantum dots.

The S-CQDs were analysed using steady-state optical characterisation (UV-Vis and
photoluminescence spectrophotometry) to determine their optical & electronic properties,
Raman and FT-IR spectroscopy to determine their functionalities, X-ray photoelectron
spectroscopy (XPS) to determine the surface chemistry and elemental composition, High
Resolution Transmission Electron Microscopy (HRTEM) and Atomic Force Microscopy

(AFM) to ascertain the dimensions of the particles.

Figure 1: Morphological properties of S-CQD. (a-b) HR-TEM images of S-CQE) ;t different

scales and inset - particle size distribution histogram (c) AFM image.
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Transmission Electron Microscopy (TEM) analysis showed round shaped morphology

characteristic for CQDs with a mean particle size of 1.7 £ 0.7 nm, with a particle size range

between 1.0 nm and 2.5 nm (Figure la-b), with sample homogeneity observed from the

particle size distribution histogram to be predominantly between 1.5 nm and 2.0 nm.

The atomic force microscopy (AFM) image (Figure 1c) reveals the topography of the as-

synthesised S-CQD with nanoparticles exhibiting mean diameter of 1.5 = 1.1 nm (and

maximum diameter 4.9 nm) and is complimentary with values determined from TEM. A

minimum of 150 particles were analysed.
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Figure 2: XPS survey scans of S-CQDs: (a) survey spectrum showing C(1s), S(2s) and O(1s)

core levels, (b) fitted high-resolution spectra of C(1s), (c) O(1s) and (d) S(2p) regions.
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X-ray photoelectron spectroscopy (XPS) studies (Figure 2) reveal the presence of the
carbon, oxygen and sulfur atoms on the surface of the S-CQDs. In the expanded XPS spectra,
the Cls peaks at 284.6 eV, 286 eV, 287.4 eV, 288.8 eV, and 291 eV can be assigned to C—C
(sp?), C-O/C-S (sp?), C=0 (sp?), O-C=0 (sp?), and n-n* satellite respectively. The O(1s) peak
has a maximum at 532.6 eV with an apparent asymmetry to lower binding energy. Due to the
range of oxygen environments as inferred by the S(2p) and C(1s) core-level spectra, many of
which will have similar binding energies, we have not attempted to fit this region and an
S(2p3r2) peak at 168.5 eV for C-SO3H. The atomic ratio C/O is 2.27, and the CHFS as produced

S-CQDs contain 30 at% oxygen, 1 at% sulfur and 69 at% carbon.

Raman spectroscopy confirms the presence of sp? carbon (graphitic core) in the S-CQDs
sample as shown in Figure 3a, two broad peaks at 1385.8 and 1598 ¢cm™! correspond to the D
and G bands, respectively. It is well known that the G band is attributed to an Ez; mode of
graphite associated with the vibration of sp? bonded carbon atoms, indicating the aromatic

character of the carbon dot’s core; D band corresponds to sp® molecular defects [19].
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Figure 3: (a) Raman spectrum of S-CQDs, and (b) overlaid FTIR spectra of S-CQDs and

SCX4.
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The ratio of peak intensities of D and G bands, Ip/Ig for S-CQDs, which is indicative of
disordered and aromatic domains, was determined as 0.7, revealing the graphitic core as the
major component in the carbon dot’s particle. The smaller D band peak is as a consequence of
the oxygen content (30 at%) and presence of sp® carbon atoms, the results are in agreement

with XPS data (see Figure 2).

The FT-IR spectroscopy (Figure 3b) lends further supports to the XPS and Raman
analysis, indicating that S-CQDs exhibit a variety of oxygen functionalities (carbonyl, carboxyl
or hydroxyl) on their surface. Also, this cocktail of oxygen functionalities lends excellent
solubility in water of the S-carbon quantum dots. A broad peak (3500-2820 cm™') can be
ascribed to the vibration of O-H (R-OH, -COOH), and C-H stretching vibrations (2931 cm™)
for sp? hybridized carbon atoms. The carbonyl vibrations (for carboxyl, COO") could also be

assigned for stretches at 1708 cm™!, and C-O and C-O-C vibrations may be assigned to the

stretch at 1045 ¢cm™!, respectively. The IR vibrations characteristic for S=O stretch (R-SOsH)

[43] for SCX4 are located at 1164 cm™ and 1047 cm™!; it’s expected that these stretches would
be significantly overlapped by carbon-oxygen functionalities of S-CQDs that absorb in the
same domain given the low concentration of SCX4 used in synthesis (and is in agreement with

XPS elemental analysis for S on the S-CQDs surface).

The UV-Vis spectrum (Figure 4b) displays two absorption bands centred at 225 nm and
278 nm with a tail extending in the visible region. The Adaps =225 nm band is generally assigned
to the m—m* transitions of the aromatic C=C sp? domains typically found in the carbon dots
graphitic core, whereas the Adaps =278 nm is due to the n—r* transitions of the functional groups

located on the CQDs surface [49].Whilst irradiated by UV light, it was observed that the
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transparent brown S-CQD solutions gave a light green luminescence, which was in contrast to
the light blue for glucose CQDs (g-CQDs) previously reported [50].

The excitation independence (300 — 360 nm) observed can be assigned to surface state
defects of the S-CQDs, a phenomenon previously reported for carbon based quantum dots (e.g.
graphene oxide, doped carbon quantum dots) [19]. However, on excitation at longer
wavelengths (380 nm to 440 nm) the emissions changed to excitation dependence, similar to
the g-CQDs and also reported for lower energy excitation of the NCQDs [19], with emission
maximum shifting from blue to green (503 nm to 530 nm), a feature that may be attributed to

excitation for the n—m* transitions (for isolated sp? clusters) within the graphitic core.
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Figure 4: (a) Photoluminescence spectra at the different excitation wavelengths (b) UV-Vis
spectrum with inset showing green PL when irradiated with UV-light at 365 nm (c) pH

influence over the emission intensity (d) histogram of pH effect on the emission spectrum.



The pH-dependent behaviour of the S-CQDs can play an important role in their application
in various systems; by varying the pH range between 1 and 13, the very nature of the S-CQDs
surface structure can be modified as reflected by their emission performance, as explored in
Figure 4c¢ - d. The S-CQDs fluorescence demonstrated stability over a broad pH range (pH 3-
11), although curiously optimal emissions were achieved at pH 4 and pH 10, but only ~ 80%
of optimal emission intensity was achieved between pH 4 and pH 9. The lowest and highest
pH values saw significant reduction (> 40 %) in emission intensity. The change in intensity is
due to protonation and deprotonation of the various functionalities of the 0D structures surface
(carboxylate, alcohol, sulfonate groups), thus disrupting the surface charge and its emissivity.
The interesting behaviour observed between pH 3 and 11 may be attributed in part to the
influence of SCX4 within the surface structure and the impact of intramolecular hydrogen
bonding between its four phenolic protons (pKi = 3.26, pK, = 12.3, pK3 = 12.9, pK4 = 13.6)
[51] and stabilisation between its varying anionic states. The quantum yield value of S-CQDs
was measured to be 0.25% (calibrated against quinine sulfate in 0.1 M H>SOj4 as standard),

comparable to many literature reports for glucose derived CQDs [49].

3.2 EOR related characterisations.

In applying CQDs in enhanced oil recovery (EOR), their particle colloidal stability would
be a very important factor to investigate, as any sedimentation or aggregation of the CQDs
would be detrimental to their performance in EOR. To evaluate particle stability in solution,
analysis of the materials zeta potential was undertaken; absolute zeta potential values for the
particles greater than 30 mV would indicate they are typically stable [52]. The zeta potential of
the S-CQDs was recorded as -42.3 mV for a particle concentration of 0.5 mg/ml. The zeta
potential of the control sample CQDs (g-CQD) [50] was -25.8 mV for a concentration of 0.6

mg/ml, reflecting a lower stability compared to the S-CQDs. Solution of both CQDs sample
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types (S-CQD and g-CQD) were prepared at concentrations of 0.01 wt% to determine their

colloidal stability in both purely aqueous and high salinity systems (formation brine at 90,000

ppm).
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Figure 5: UV-Vis measurements, absorbance vs. time for stability study of (a) S-CQDs and (b)

g-CQDs.

The solutions for each CQDs were stored at atmospheric pressure and 25 °C for 30 days and
monitored by UV spectrophotometry to evaluate their degree of aggregation and deposition of
the CQDs. UV-vis spectrum analysis for the water and brine dilutions of the CQDs nanofluids
(Figures 5) displayed good colloidal water stability for both CQDs sample types. However,
the g-CQDs brine sample, Figure 5b, revealed a significant reduction in UV absorbance
reflecting aggregation/deposition of the particles from the solution. In contrast, the S-CQDs

sample (Figure 5a) demonstrated excellent colloidal stability in brine.

Interfacial tension (IFT) between oil and water plays a very important role in oil recovery
as water is the most common and convenient displacing medium [53] in the industry. The
surface tension of S-CQDs nanofluid in air, and IFT of crude oil drop in S-CQDs brine
nanofluid, were measured using pendant drop/raising bubble photographical method. The

surface tension and IFT of g-CQDs sample and p-sulfonic acid calix[4]arene (SCX4) aqueous
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solution were also measured for comparison. The concentration for all three samples were

prepared at 0.01 wt%. The analysis of the results (Figure 6) showed no significant change for
either the surface tension or IFT.

% (S
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IR
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w
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Figure 6: Pendant drops of nanofluid in air for (a) S-CQDs, (b) SCX4 aqueous solution, (c) g-

CQDs. Oil bubbles in 90,000 ppm brine (d) S-CQDs, (e) SCX4, (f) g-CQDs.

In EOR, wettability plays a very important role, as water-wet rocks help improve water
displacement of oil. The capillary driving force for water into a core’s pores is stronger in a
water-wet system. In this study, the wettability alteration was evaluated by contact angle
measurement with oil sessile drop on a limestone substrate submerged in CQDs nanofluid (0.01

wt%).

From Figure 7, it can be observed that S-CQDs increased the contact angle of an oil drop
on a limestone surface from 32.79° (in brine) to 49.78°, hence strongly indicating the limestone
surface has been modified to be more water-wet, and that the oil is more detached from the
limestone surface. The g-CQDs also significantly increased the oil drop contact angle (42.63°)

on the limestone surface but to a lesser extent to that of the S-CQDs.
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Figure 7: Crude oil sessile drop on limestone surface in surrounding liquid of (a) 90,000 ppm

brine, (b) S-CQDs, and (c¢) g-CQDs.

The capillary pressure during water-displacing oil (imbibition) and oil- displacing water
(drainage) processes was measured via the centrifuge method [54]. The wettability of the
limestone core was measured before and after introducing S-CQDs into brine and three

concentrations of the S-CQDs nanofluid (0.001 wt%, 0.005 wt%, and 0.01 wt%) were used.

6 6
(a) Drainage with S-CQDs (b) ——— Drainage with S-CQDs
= Drainage with brine Drainage with brine
4 = = Imbibition with brine 44 = = Imbibition with brine
= = Imbibition with S-CQDs = = Imbibition with S-CQDs
= =
£ £
P ®
= g
g g
g0 === . T g 0 — T T T T
a oo 02 = t-i: <. 0.6 0.8 10 s 0o 02 S Da~ - 0.6 0.8 1o
z SN e St s
é 2 N s N é 2 S ~ s ~
=3 S ~ ~
= AN &
19} NN o] N N
+ \ \ =41 N N
\ \
\ \
54 Water saturation (fraction) \ \ < Water saturation (fraction)
6
(c) Drainage with S-CQDs
Drainage with brine
44 — — Imbibition with brine
= = Imbibition with S-CQDs
=
2%
@
-
H
g0 T ~—_ u T
2 0o 0.2 i~ T 0.6 0.8 110
= ST .
= 22 RS
.E- N ~
< N N
© N N
-4 \ N
‘Water saturation (fraction)
-6

Figure 8: Drainage and imbibition curves with different concentration of S-CQDs (a) 0.001

Wt%, (b) 0.005 wt%, and (c) 0.01 wt%.
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The drainage and imbibition curves of the capillary pressure versus brine saturation were
plotted (Figure 8) to calculate the U.S. Bureau of Mines (USBM) wettability index estimate
[54]. The duration for one imbibition and drainage process was 14 days and thus considering
the instability of g-CQD in brine, this test explores the properties of S-CQDs only which

showed excellent colloidal stability in brine (Figure 5).

The USBM wettability index was determined from the ratio of log of the area under
drainage curve and log of the area under imbibition curve. For the water wet system, the USBM
index is greater than zero; but for an oil wet system, it is less than zero. The USBM index trend
for increasing S-CQDs nanofluid concentration (Figure 9) shows that the wettability shifted

from oil-wet to more water-wet with increasing concentration of S-CQDs.

0.0
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Figure 9: USBM index vs. S-CQDs concentration.

As it is mentioned before, the disjoining pressure enables nanofluid to spread on the rock
surface. Wasan and Nikolov [55] stated that nanofluids tend to form thin wedges, and the
wedges are driven by disjoining pressure. The disjoining pressure force associated with one
single nanoparticle is small. However, a large amount of nanoparticles present can result
in much larger disjoining pressure force, which is enough to drive the thin wedge film of

nanofluids in the contact region of the oil sessile drop and rock surface. As a result, the oil
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sessile drop is easier to be detached from the surface of rock. This reflects to a wettability

alteration towards water-wet.

The core flooding test was used to measure incremental oil production driven by S-CQDs
nanofluid. It is a process that simulates oil recovery from a reservoir. Typically, many of the
dominant mechanisms such as wettability alteration and log-jamming are combined in this
process, to recover oil from tight limestone under certain level of confining pressure (110 bar,
10 bar above oil injection pressure during drainage). Pressure drop versus oil production was

recorded to determine the log-jamming mechanism.

In Schematic 2, three vertical cylinders (accumulators) were filled with S-CQDs
nanofluid, brine, and crude oil, accordingly; the pump connected to the accumulators injected
the fluids into the pre-saturated core sample. The core was placed in the core holder (110 bar,
25°C) and connected to the accumulators, the crude oil was injected at a rate of 1 ml/min
through the core sample, using core flooding system for drainage process to create initial oil
saturation [56]. Then, brine was injected (1 ml/min) for secondary oil recovery, followed by S-
CQDs nanofluid at concentrations of (a) 0.001 wt%, (b) 0.005 wt%, and (c) 0.01 wt% for
injection for EOR (1 ml/min). Low flow rate of 1 ml/min was chosen to optimise the length of
core flooding experiments and to avoid high backpressure, front distortion and fingering. The
production fluids were collected in a U-shape burette system for separation and volume
measurement. The changing of oil-water interface was recorded for every minute, and the oil
production was calculated from recorded images. From each test exercised there was an
obvious pressure drop during S-CQDs nanofluid flooding, and a significant amount of oil was

produced by the injection of S-CQDs nanofluid after the pressure drop occurred (Figure 10).

22



Pressure drop

) °
&—o0—o
X X X Camera
Interface
-ttt
ICQDY el oil
Pump I
>

Schematic 2: Schematic of core flooding set-up

(a) 30 Pressure (b) 304 Pressure
Cumulative oil production Cumulative oil production
g e
254 < 254 S
c c
2 2
= 20 E = 204 -_— §
] g ] 3
~ = ~ =
2 154 = 2 15 =
@ O —— @ 5 @
& 104 2z £ 104 £
3 =
E g
51 3 54 S
Q Q
0 T T T T T 0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 15 2.0 2.5
Pore volume (fraction) Pore volume (fraction)
(c) 304 Pressure
Cumulative oil production

&

25 4 — &

c

&)

~ 204 b

] 2

= g

2 15 =

2 E

£ 104 z

= =

El

5- g

Q

0 T T T T T
0.0 0.5 1.0 1.5 2.0 25

Pore volume (fraction)

Figure 10: Cumulative oil production and pressure drop with different S-CQDs

concentrations of (a) 0.001 wt%, (b) 0.005 wt%, and (c) 0.01 wt%.
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The mechanism of this oil production can be explained by temporary /og-jamming. Small
sized particles tend to aggregate at the pores throats and block pathways, however, with
continuous injection, the pressure on surrounding pores will build up due to this blockage, thus
improving the sweeping efficiency. As more trapped oil is removed, the surrounding pressure
decreases and the particle aggregates disassociate and disperse into the flooding fluid [57]. This
can be associated to the observed pressure drop phenomenon in Fig.10. It can be seen in Fig.10
(c), the pressure was first increased followed by a sharp decrease. The increasing of pressure
can be explained by temporary blockage of pores throats by the S-CQDs aggregation. The
higher the concentration of S-CQDs nanofluid, the quicker and easier it is to have the log-
jamming to occur, thereby increasing the additional oil recovery factor incrementally by
7+0.1%, 13+0.2% and 174+0.2% respectively for S-CQDs nanofluid concentrations of 0.001
wt%, 0.005 wt% and 0.01 wt%. For comparison, core flooding with 0.01 wt% (optimum
concentration) g-CQDs was also conducted. This gave an additional oil recovery of 15+0.5 %,
whilst lower than that recorded for 0.01 wt% S-CQDs (possibly due to the lower colloidal
stability and wettability alteration of the g-CQDs), the core flooding recovery obtained by
using either material was higher than using conventional non-nano chemical surfactants or

carbon derived NPs, as previously reported (Table 1) [58—60].

Table 1 Recovery factors using nanomaterials compared to that obtained using a surfactant.

Flooding Additional Ref.
Previously reported flooding material material oil recovery
concentration factor
Cationic surfactant of Firozjaii et al. [58]
4 wt% 19%
dodecyltrimethylammonium bromide
Graphene-based nanosheets 0.01 wt% 15.2% Luo et al. [59]
Sulfonated graphene 0.5 wt% 16% Radnia et al. [60]
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It can also be seen in Table 1 that dodecyltrimethylammonium bromide achieved a higher
oil recovery of 19%, but at a significantly higher surfactant concentration of 4 wt%, a four
hundred fold difference in additive used. Both S-CQDs and g-CQDs proved to be more

efficient and potentially, more economical.

The adsorption of the CQDs on to the rocks surface is a very important factor in EOR because
it can alter the wettability and cause temporary log-jamming, however, if an overabundance of
CQDs is adsorbed, it may reduce the oil recovery factor due to material loss and potential
formation damage caused by blockage. S-CQDs had the best ability of enhancing oil recovery;
therefore, the S-CQDs retention was measured to evaluate its adsorption on to the rock surface
by the mass loss of S-CQDs from solution. A quarter of pore volume (PV) of a series of S-
CQDs nanofluid dilutions (0.001 wt%, 0.005 wt% and 0.01 wt%) was injected into a sand-

pack, and the S-CQDs concentration in the effluent was assessed by UV-Vis

spectrophotometry.
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Figure 11: Retention rate vs. pore volume with different S-CQDs concentrations (wt%)
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The S-CQDs retention rate was determined from the mass ratio of the recovered S-CQDs in
the effluent to that of the total injected S-CQDs. The retention rate of S-CQDs was estimated

to be ~ 20% with no significant change with increasing S-CQDs concentration (Figure 11).

4. Conclusions

In conclusion, a continuous hydrothermal flow synthesis route was developed for the
production of carbon quantum dots starting from glucose as a biomass precursor and p-sulfonic
acid calix[4]arenes as functionalising molecule. The photoluminescence studies for the S-
CQDs exhibited an excitation independent behaviour (300-360 nm) with a maximum of
emission peak at 433 nm and pH stability in the range 3-11. The CHFS produced S-CQDs and
g-CQDs demonstrated excellent proficiency in providing high oil recovery of 17+0.2% and
15+0.5%, respectively using ultra-low concentrations of 0.01 wt%, which are more efficient
and potentially economically beneficial than using other abovementioned nanoparticles. This
can be attributed to their colloidal stability with the S-CQDs demonstrating greater stability
over g-CQDs at high salinity conditions. The mechanisms proposed for S-CQDs in increasing
oil sweeping efficiency involves altering rock wettability towards more water wet thus
lowering retention on rock’s surface, and creating temporary log-jamming, where the ultra-
small particle size allows S-CQDs to recover oil trapped in tight reservoirs. There is scope to
further explore S-CQDs potential in EOR, by increasing SCX4 doping levels for example, as
well as exploiting their PL properties potential in various applications such as solar cells,

sensing, photocatalysis, optoelectronics, biomedical and bio-tagging.
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