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solutions. Wettability was again characterised by FESEM and AFM of deposits and
contact angle goniometry of oil drops, to quantify the influence of waterflooding and

the solvent rinsing procedures used to remove bulk oil.

Chapter 6 analyses the residual distribution of crude oil after high and low salinity
flooding of model rocks. Micro-CT experiments were performed on quartz sand packs
without or with their grains lined with kaolinite. The amount and location of residual oil
were correlated to the effect of salinity and kaolinite on the wettability of the grains
using uncoated and kaolinite-coated model substrates, analysed with the techniques

developed in Chapters 3-5.









summarised in Table 2.1.

Table 2.1. Matrix of salt solutions tested, with + indicating solutions for AFM
experiments and ® indicating solutions for ToF-SIMS experiments.

Concentration, M
Salt
0 |0.001 | 0.005 | 0.0075 | 0.01 | 0.05 | 0.1 | 0.15]| 1

Calcite

NaCl o + + + + +

KCl 3 - - °
Li€] + - +

CaCly - + + + + +
MgClz e

LaCls b ¥ + + +
Na,SO4 ° ° + @ + o °
K,SO,4 + -

MgSO, + + )
Dolomite

KCl e 5 =)
CaCl, == +

MgCl, + 4+

NaQSO4 + a8 °
MgSOy - +
AFM

A Multimode NanoScopellla (Veeco, Inc., Santa Barbara, CA) was used to image
cleaved calcite or dolomite surfaces and to measure adhesion forces between silica and
calcite/dolomite in different brines. All experiments were conducted at ambient
temperature (20+2 °C). The ultra-sharp “golden” silicon cantilevers (NT-MPT Co..
Russia) with a low nominal spring constant of 0.1 N/m, and the fluid cell, were both
cleaned with water-vapour plasma to eliminate any organic contamination before each
experiment. Imaging of the calcite was performed for all solution conditions, and there

was no discernible variation in calcite topography. Water was used as a control.
ToF-SIMS

Experiments were performed with a Gallium source at 15kV in vacuum (2.5x10™ Torr).
Surface spectroscopy analysis was carried out at first for positive ions on 6 spots, and
then for negative ions also on 6 spots, with raster size 100x100 um’. Depth profiles

were conducted at 15-25 min. acquisition time, with electron neutralisation applied (5 s



of sputter, 5 s of compensate). Pure calcite was used as a control sample.
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a) b)

Figure 2.1. AFM images of a) calcite and b) dolomite surfaces under water, showing
areas of approximately 1x1 ,um“’.

2.1.3 Results and discussion

AFM images of freshly cleaved calcite and dolomite under water are presented in
Figure 2.1. Figure 2.2 summarises the results of AFM adhesion measurements between
the silica tip and calcite or dolomite surface. Each such point on the graph represents an
average of 50-100 single measurements. These experiments measured the adhesive
force, which is only semi-quantitative and needs to be referenced to an internal
calibration at the time of measurement. In our case we have chosen to normalise each
measurement by the average value recorded in pure water. Unlike other colloid probe
measurements, one therefore does not need to calibrate either the spring constant or the
radius of the silica tip. This allows one to rapidly screen the different solutions for
adhesion, while foregoing some of the finer detail about the forces upon approach of the
two surfaces. In all cases studied, no strong repulsion was noted upon approach and so

this data has not been shown here.
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Figure 2.2. Averaged value of adhesion force between silica and calcite in different

brines. All values have been normalised by the average adhesion recorded for pure

water. D" in the legend denotes the one experiment on dolomite. The black dashed
line corresponds to pure water values and their standard deviation.

The fact that no repulsion was seen at any stage of the experiments implies that calcite
was at its isoelectric point, which is around the pH of the salt solutions studied (14).
This is not unreasonable, given the low surface charging. At no stage in the
concentration series does calcite develop a substantial surface change, nor is the van der
Waals adhesion noticeable. In addition, no short-range repulsion typical of hydration
forces is seen. Only three salts showed any discernible effects at 0.1 M, namely the
sulphates of sodium and potassium, and potassium chloride. At 0.005 M. adhesion
increases slightly as the valency of the cation increases, this is mainly due to the larger
clectrostatic attraction of the multivalent cations. As concentration rises further (0.0075
M), lanthanum reacts with C 032' and chemisorbs onto the calcite surface, forming very
insoluble lanthanite (Lax(COs)3-8H,0), thus compensating the surface charge. On the
other hand, calcium chloride increased adhesion at this concentration by introducing
extra positive charge to the surface. Above 0.01 M, multivalent cations do not have an
effect on adhesion between silica and calcite, mainly due to the electrostatic screening
of the mineral surface. Monovalent cations start to have more pronounced effect. in
particular in combination with a divalent anion like sulphate. For example, at 0.1 M the

highest adhesion value for both calcite and dolomite surfaces occurs in the presence of



sodium sulphate, followed by potassium sulphate and then by potassium chloride. This
ion-specific effect cannot be described by classical DLVO theory (as the valency effect
was tested by the chlorides of Na', K', Ca’ and La'’) (15), nor by hydration forces
(tested by Li', which in the case of hydration forces would show strongest repulsion
(16)). Specific ion effects include preferential adsorption of one type of ion over and
above ions of the same charge, which can lead to increased or decreased charging. It is
possible to imagine that certain ions act to bridge across two surfaces, mediating an
adhesive configuration. Like the hydration forces, specific ion effects are also very short
range. Such an affinity of the sulphate anion towards calcite has been noted in several
studies (8; 17; 18), and it has been shown that at concentrations of sodium sulphate
greater than 0.01 M, the anion starts to incorporate into the calcite surface structure by
replacing CO;™". Interestingly, this specific affinity is only for sulphate with monovalent
cations, and not divalent, as seen in Figure 2.2, where magnesium sulphate did not have

any effect on adhesion between calcite and silica.
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Figure 2.3. ToF-SIMS results: a) Calcium to sulphur ratio versus concentration of salt,
o - ,- - .
b) Sputter depth profile of the thin film of SOy~ deposits on calcite plotted as
normalised counts of sulphur versus concentration of sall.

To compliment AFM measurements and test whether sulphate incorporates into the
calcite surface and to what depth, a surface elemental analysis was performed with ToF-
SIMS. This technique allows one to analyse the concentration of ions as a function of
depth by removing secondary ions from atomic monolayers on the surface. The
experiments estimated the calcium to sulphur ratio of the calcite piece pre-soaked in salt
solution as a function of salt concentration. Calcium and sulphur counts were
normalised with respect to pure calcite and averaged. Figure 2.3a shows the results of
Ca/S ratio versus salt concentration. This ratio decays (sulphur content increases) in
accordance with a power law as the concentration of Na,SOj increases. In particular, a

sharp transition occurs from 0.01 M to 0.1 M, in which the 10-fold increase in
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Figure 2.4. SEM images of Tensleep sandstone: a,d) agglomeration of dolomite (D)
particles at grain contacts, b,c) dolomite particles attached to the quartz ( Q) surface;
e.f) interstitial growth of anhydrite (4); g h) illite (I) with dolomite.
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Figure 2.5. Grey scale attenuation of a slice through Tensleep sandstone at a) full
image size (4 mm diameter) and b) zoomed in on a region of 369x408 ,um". ¢) and d)
show the corresponding three phase segmentation into pore (black), quartz (grey) and
dolomite/anhydrite (white) phases of the image.
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Figure 2.6. Logarithmic relative frequency versus normalised x-ray attenuation
distributions from the dry Tensleep sandstone sample. The black symbols show the
overall histogram. The 3 coloured curves shows the resultant histograms of the three
phases in the legend.

Figure 2.7. a) Slice of the 3D tomographic image (2.4 tm per voxel) of dry Tensleep
sandstone registered to the thin section image from b) BSEM (1.2 um per pixel) and c)
optical microscopy (1.3 pm per pixel). The sample size is 2x1.5 mm’. In a) the pore
space, quartz grains, anhydrite cement (bottom left) and dolomite crystals (pore filling
particles) are aligned well with the respective phases in b) and c).






Figure 2.8. a), ¢) are slices from the original dry-state tomogram and b), d) are the
corresponding registered slices of the same regions after flooding with LSB. The size of
the images are 369x408 ym’ for a,b) and 819x777 wnt” for c.d). The dissolution and/or
redistribution of dolomite particles and/or anhydrite cement is evident from comparison

of the two image pairs.

19



Figure 2.9. a) 3D visualisation of a region (816x261x228um’) in dry-state Tensleep
sandstone, showing quartz (vellow), dolomite/anhydrite (red) and pore (transparent). b)
shows the dolomite/anhydrite phase in the same volume after digital removal of the
quartz phase. c) shows the volume overlay of the spatial distribution of the
dolomite/anhydrite phase in the same region (816x417x286m’) of the tomogram
before and after LSB flooding. The purple and green phases show respectively the
spatial distribution of dolomite/anhydrite before and after LSB flooding. d) shows a
small inset of ¢) of volume 483x360x17 1 um 4

Mass spectrometry

The concept of dolomite/anhydrite dissolution and the role of sulphate was further
tested by analysing the effluent after flooding with HSB and LSB. The ion analysis of
the LSB flooding effluent indicated a significant presence of sulphate, despite its
absence from the injection salt solution. This indicates that anhydrite dissolution occurs
during the LSB flooding. This analysis of the LSB effluent also showed the presence of
Fe: this element, again absent from the salt solution, is found by XRD to be present in
the dolomite phase. No Fe was detected after flooding with the HSB or after injection of
the LSB with added sulphate. Thus, it was concluded that iron is released from the
dolomite only when the concentration of sulphate falls below a critical value, mostly

likely related to the solubility product of anhydrite.
2.3 Conclusion

A range of measurements at the pore and molecular scales on Tensleep sandstone have
been undertaken to probe more precisely the reasons for the observed improved oil

20
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Figure 2.10. A schematic showing the suggested mechanism for the detachment of the
dolomite particles from the quartz surface in going from HSB (with sulphate-enriched
layer shown in blue) to LSB (with sulphate absent). The dissolution of the sulphate-
enriched surface in LSB (via dissolution of anhydrite and similarly by dissolution of a
sulphate rich film) allows the particle to more readily detach, simultaneously releasing
iron from the dolomite.
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Table 3.2. Matrix of 25 salt solutions at pH 4, natural (pH 5.5-6.1, denoted n) and 9,
and the corresponding statistics of zeta potential of the kaolinite suspension and crude
oil emulsion, receding and advancing crude oil-brine-kaolinite contact angles, and their
difference (hysteresis).

H [NaCll, | [CaCly], | £ kaolinite, £ crude oil, Reced., Advanc., Hysteresis,
P M M mV mV degrees degrees degrees
0 0 237+:03 H66 2 1.6 39+ 4 74+ 9 3513
n 0.01 0 “185£07 S12:£20 3524 72:21 6+ 24
n 0.1 0 -18.1 t 08 -17.1203 37+ 62+ 6 24+ 6
n 1 0 -11.1£19 125214 4416 S35 9+ 1l
n 0 0.001 12009 44308 30+2 87+ 25 §7£23
n 0 0.01 75402 27,512 30+2 90 £+ 5 60 £3
n 0.01 0.01 6.8 +04 -13.9 0.6 32+4 52+5 207
n 0.1 0.01 119:04 -163+ 135 3223 41 10 8§+3
n 1 0.01 210209 129215 35:4 36+ 3 2:4
n 0 0.1 09+3.0 78+3.1 37:4 50+ 5 13+ 10
n 0.01 0.1 2601 76+04 3723 4619 9112
n 0.1 0.1 -34:09 76+02 40 =2 57413 17 £ 15
n 1 0.1 -62+05 96+13 394 40+ 3 1+4
n 0 1 25:08 01«14 36+ 0 47+ 1 11¢1
n 0.01 1 1610 2.1x1.1 35:5 51:4 169
n 0.1 1 15214 1605 2842 30+ ] 242
n | ] 13:035 1.6+ 09 40 = | 49+ 4 9+5
4 0 0 458208 216+ 1.5 33:3 1215 S8+ 3
4 0.01 0 -167 % 1.1 7108 44+ 16 110« 8 66+ 17
4 0.1 0 -145:09 57+05 43: 6 89 i 29 46 + 23
4 1 0 -5.1+02 98+ 1.1 38 = 1 S0+7 138
9 0 0 -546:09 -1270£53 32:4 44+7 1243
9 0.01 0 -47.6 208 789+ 1.0 302 62+ 11 32+8
9 0.1 0 -399+20 244 :05 36 =4 64:6 28 + 8
9 1 0 -15.1+£1.0 -16.0+ 0.6 2342 0:6 T+8
) 5 1
-0 [ - . - "
i 3 s
i-:n i 0 4
s" [ i 0,000 g"'-*' {ocen |
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Figure 3.1. Zeta potential of kaolinite in aqueous suspensions of a) sodium chloride
solutions of the four given molarities at the three suspension pH values of 4, 6 (close to
the natural pH) and 9, and b) solutions of sodium and/or calcium chloride (each at the

Jour given molarities) at their natural suspension pH, in the range 5.5-6.1. The same
suspension of fine kaolinite in water as used to coat the glass slides was diluted to 0.022
wi% using the same stock salt solutions and pH adjustment procedures as for the contact

angle brines, with 2 h. equilibration prior to zeta potential analysis. The zeta potential
statistics are from 3 measurements, each comprising 10-100 runs, with electrophoretic
mobility of the particles converted to zeta potential using the Smoluchowski equation.
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Figure 3.2. Zeta potential of Minnelusa crude oil emulsified in aqueous suspensions of a)
sodium chloride solutions of the four given molarities at the three solution pH values of 4, 6
(close to the natural pH) and 9, and b) solutions of sodium and/or calcium chloride (each at
the four given molarities) at their natural solution pH, in the range 5.5-6.1. In each of these
brines, prepared using the same salt solutions and pH adjustment procedures as for contact

angle, 1 wt% oil was emulsified by sonication for 5 min., then diluted to 0.2 wt% with the

same brine and again sonicated for 5 min., and equilibrated for 2 h. prior to zeta potential
analysis. Zeta potential statistics are from 3 measurements, each comprising 10-100 runs,
with electrophoretic mobility of the particles converted to zeta potential using the
Smoluchowski equation

3.2.3 Microscopy of substrates

FESEM
Kaolinite substrates, lightly sputter coated with platinum (and never reused), were
imaged with a Field Emission Scanning Electron Microscopy (FESEM, Zeiss UltraPlus

Analytical) in secondary electron mode at 1 kV.

AFM

A Nanoscope III (Digital Instruments) with high sensitivity Super A scanner (maximum
scanning area 1.3x1.3 um’) was used in tapping mode at 0.89 Hz. The cantilever
(Tap300AIl, BudgetSensors) had resonant frequency 300 kHz and force constant 40

N/m. AFM images were not processed with any noise reduction filter.

Profilometry

To obtain height maps over much larger areas, a white-light profilometer (Wyko
NT9000, Veeco) was operated with 20x microscope objective, 2.0x zoom and numerical
aperture of 0.4. Substrate picces were mapped over 157x118 pm’® areas, at 0.25
um/pixel resolution, using vertical scanning interferometry, averaging 10 frames to
reconstruct each map. In vertical scanning interferometry (VSI), an internal translator
scans vertically during the measurement as the camera periodically records frames. As
cach point on the surface comes into focus, the modulation on that point reaches a

maximum, and then tapers off as the translator passes through focus. By recording the
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Figure 3.4. High-resolution FESEM images of the kaolinite coat viewed a) from above
and b) tilted 45° downwards from bottom to top edges. Scale bars are 500 nm.
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Figure 3.5. AFM tapping mode images of the kaolinite coat in a) height mode, and b)
phase mode, with scale bar 500 nm in both.
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Figure 3.6. White-light profilometry map of local I’zeighl (in nm) of a kaolinite substrate
overa 157x118 um™ area.
Figure 3.6 provides a representative height map from optical profilometry. Samples
exhibit a random speckling of somewhat higher and lower subregions, corresponding to
locally greater and lesser coat thickness. Overall surface roughness derives from these
longer-range variations and finer-scale features of individual particles and their packing.
Three areas of the dimensions in Figure 3.6 were analysed on each of four slide picces
to extract the arithmetic-mean absolute roughness Ra of all features from pixel size to
the arca size. These 12 values gave an average Ra of 137 nm, with standard deviation of

14 nm.

From gravimetric measurements, the average wet layer thickness is ~40 pum,
corresponding to just over 1 um for the dry coat. FESEM and optical profilometry
images near a coat edge support this estimate. Analogous methods in the literature for
deposition and evaporation of aqueous kaolinite suspensions to cover smooth substrates
produce coats of about 20 um thickness (53; 54: 47). Our approach attains much lower
thickness without sacrificing uniform coverage by combining a high quality suspension
and rapid immobilisation post-application. The repeated size fractionation, plus
sonication and somewhat higher pH to render all kaolinite faces and edges strongly
anionic, yields a very stable, fine suspension. This facilitates metering of a thin wet
layer over the glass, and the comparatively high solids content and unidirectional drying
at clevated temperature serve to quickly lock-in the structure. This minimises non-

uniformities from convective transport towards more rapidly evaporating zones
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pertinently, during retraction, was observed, as evidenced by FESEM images of
identical locations on the coat before and after the contact angle experiment (Figure 3.8,
for the sample with largest hysteresis in Table 3.2). Moreover, as shown in Figure 3.9
the contact angle hysteresis bears no overall correlation to the roughness of the
individual kaolinite piece, determined after the contact angle experiment, but equally
applicable to the “before” state due to the particle immobilisation. Thus, roughness does
not contribute significantly, and hysteresis values directly reflect the intermolecular
adhesion of oil to kaolinite. Owing to the increased difficulty of measuring contact
angles in the presence of two liquids, especially crude oil requiring equilibration at each
step, the number of duplicates for each oil-brine pair was usually only two. The graphs

on the following pages plot average values, with standard deviations as error bars.

(i)

Figure 3.7. Images during contact angle measurement of an oil drop on kaolinite in

NaCl solutions of 1 M at pH 9 (after a) growth, b) retraction) and 0.005 M at pH 4

(after c) growth, d) retraction), giving average angle hysteresis of 7° (non-adhesive)
and 88° (adhesive), respectively.



Figure 3.8. a-b) FESEM micrographs, with scale bar 500 nm, of the same kaolinite
coat area a) before, and b) after, a contact angle experiment in water at pH 4. After the
experiment, the piece was immersed first in decalin, to dissolve non-adsorbed bulk oil,
and then in n-heptane, so only asphaltene-based adsorbate remains. Both stages a-b
were imaged without a conducting coat. ¢) Close-up image, with scale bar 250 nm, of a
subarea after the contact angle experiment, showing at higher magnification the nodule
texture of asphaltene-based adsorbate on kaolinite particles.
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supported by an extra duplicate pair of experiments at 0.005 M NaCl and pH 4, which
gave hysteresis of 87.6+5.0°. These four non-zero concentrations at pH 4 exhibit a
strong negative, linear correlation between hysteresis and logarithm of concentration
(Figure 3.13). Hysteresis apparently reaches a plateau at around 0.005 M, as its value
there is similar to pure water at pH 4 in Figure 3.10b. At natural pH, oil-kaolinite
adhesion, albeit weaker, also increases linearly with decrease in the logarithm of NaCl
concentration from | M (Figure 3.13), but appears to reach its plateau earlier, around
0.01 M. In turn, for pH 9, maximum hysteresis occurs already just below 0.1 M, with

concentration decrease below 0.01 M now resulting in an adhesion reduction.
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Figure 3.10. Effect of NaCl concentration and acidity, for the three cases of pH 4,
natural (n, close to 6), and 9, on oil drop contact angle on kaolinite for a) receding (R)
and advancing (A) angles, and b)their hysteresis A-R.

The angles in Figure 3.10b are replotted in the matrix of Figure 3.11, together with an
annotation as to whether retraction of the oil drop leaves its bulk adhering to the

kaolinite surface due to snap-off (adhesion, A). or results in clean removal (non-

39






----- Glass. A-93 crude oil (Buckley et al. 1997)
ssssenssess Mica A-93 crude oil (Liu et al. 1999)
1

pH9 | N (320) I N (28°) N (7°)

u'ltntivl'.'-l."r‘-’ B .- .-

pH6 | T (36°): T (24°) ! N (9°)

R i e e

pH4 | A (66°) A (46°) T (13°)

MALLEE LYY

001M O01M 1M

Figure 3.11. Adhesion map for Minnelusa crude on kaolinite versus NaCl concentration
and pH, with A denoting adhesion, N non-adhesion, and T transition state. Boundaries,
above and right of which non-adhesion occurs, are compared to literature systems.
The charges of the oil-water and water-kaolinite interfaces in Table 3.2 and Figure 3.2a
and Figure 3.1a explain, within the DLVO framework, most of the adhesion trends in
Figure 3.10b, especially for lower salinity. At pH 4, polar oil components at the water
interface are substantially protonated; Figure 3.2a is consistent with a reported
isoelectric point (IEP) at pH 4.1 for Minnelusa crude (75). The net charge on the oil-
water interface is thus positive (10 M NaCl) or only very weakly negative (>0.01 M
NaCl) with a considerable population of positively charged domains (61). Kaolinite is
net negatively charged; Figure 3.1a is in line with literature IEP values at pH 2-3 (71).
The resulting electrostatic attraction is only slightly screened at low salt, and together
with van der Waals attraction, leads to rupture of the water thin film and oil adhesion to
substrate. Under these conditions Figure 3.8b-¢ directly evidences the alteration of
uppermost kaolinite surfaces towards oil-wetness. On pH increase from 4 to 6, kaolinite
becomes somewhat more negatively charged. and the oil-water interface becomes
substantially more anionic (Table 3.2), switching their DLVO clectrostatics towards
repulsion and lessening adhesion. Further pH rise to 9 increases only the magnitude of
these large negative charges, resulting in a smaller decrease in hysteresis in Figures

3.10band 3.11.

Increasing salinity shrinks the range of electrostatic interaction, i.c. the Debye screening
length, and thus zeta potential magnitudes decrease in Figures 3.1a and 3.2a. At pH 4,
the increased screening of locally positively-charged oil domains from net negatively-
charged kaolinite reduces hysteresis, although further adhesion may occur over much
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longer times. The weaker hysteresis at pH 6 and 9 also exhibits this downward trend in
Figure 3.10b, despite the increasing salinity decreasing the DLVO net repulsion. One
possible explanation is the onset of non-DLVO hydration repulsion (60) above 0.1 M.
Alternatively, it could be speculated that the increasing overlap of electric double layers
at lower salt provides the scope to induce attraction. One such mechanism is protonation
of the oil interface by the H' counterions of the acid-dissociated mineral surface (61;
64). A second mechanism could involve repulsion-induced reorientation of surface oil
groups to expose polyaromatic asphaltene sheets, which may bind Na' ions and attract
the mineral substrate. For kaolinite, the variety of charges on its faces and edges offers a
third mechanism. Despite its low IEP, the amphoteric broken Si-O and Al-O bonds at
edges remain negatively charged up to neutral pH (71), and some evidence points to
alumina faces acting similarly (48). At natural pH, these edges and faces could attract
deprotonated groups at the oil interface, and silica faces could attract the minority of

protonated oil groups, to provide local adhesion.
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Figure 3.12. Effect of NaCl and CaCl; concentrations on hysteresis at natural pH, for
a) the single salts, and b) all solutions tested, including mixtures of these two.

Effect of divalent cations

The presence of divalent ions in the aqueous phase is rarely addressed in the oil-mineral
contact angle literature, as effects are ion- and oil-specific, and equilibration times can
be lengthy (57; 62). However, they are an important reality in most environments. Table
3.2 and Figures 3.1b and 3.2b show the effect of calcium ions on the zeta potential of

the two separate interfaces at natural pH. For both kaolinite and oil, Ca’" reduces the
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Figure 3.13. Contact angle hysteresis versus ionic strength, for all 15 brines tested at
natural pH, and the four NaCl brines at pH 4 (pink diamonds).
The trend to decreasing hysteresis with increasing ionic strength again generally applies
for CaCl; and its mixtures with NaCl. Figure 3.13 re-plots all data in Figure 3.12, and
compares the NaCl-only subset with its counterparts at pH 4. At natural pH, all salt
solutions with ionic strength above 0.1 M give hysteresis less than 17°, while all below
0.1 M give hysteresis greater than 20°. The pH 4 line is much steeper than for natural
pH. reinforcing that H™ is a potential determining ion, especially for the oil-water
interface (Figure 3.2a). The two highest points for natural pH in Figure 3.13 (with
hysteresis ~60°) are the above-mentioned Ca’  pair, also potential determining,
especially for the kaolinite-water interface (Table 3.2). Strong adhesion of oil to
kaolinite in aqueous systems, at least over relatively short times, thus demands weakly
screened electrostatics and a sufficiently high density of oppositely charged, or
chargeable, domains on the two interfaces, and would be qualitatively consistent with

DLVO modelling properly incorporating acid/base charge regulation and ion binding.
3.4 Conclusion

Uniform coats of kaolinite particles on a flat glass substrate were prepared to be
sufficiently smooth and thin to allow reliable measurement of contact angles of captive
crude oil drops in a range of salt solutions, without any particle removal. The contact
angle hysteresis was used to infer the extent of oil adhesion via rupture of the

intervening water film and anchoring of charged groups to kaolinite. For sodium
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chloride solutions, adhesion decreases monotonically with pH and/or salinity, with
strong adhesion only manifested under acidic conditions with salinity at most 0.1 M.
Calcium chloride solutions at pH around 6 switch from strong adhesion in the range
0.001-0.01 M to weak adhesion at higher concentrations. For all mixtures of sodium and
calcium chlorides investigated, a total ionic strength above 0.1 M guarantees a weak
adhesion of oil to kaolinite. Results are qualitatively consistent with theoretical
expectations of electrostatic interactions, with H' and Ca®" being potential-determining

ions for both interfaces.
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is based on asphaltene (owing to the dissolution of bulk maltenes in heptane), some
maltene components, most likely resins, presumably remain strongly associated with
asphaltene. The deposit fractions removed by each solvent and dried could be
completely redissolved in toluene for all but the chloroform/methanol sample, in which
a brown sediment was also present. As asphaltenes are by definition toluene soluble
(46), this azeotrope is uniquely advantaged by its ability to also remove asphaltene-
associated resins. Accordingly, this azeotropic blend was chosen for deposition
extraction from the aqueous/oil-treated kaolinite coats in Chapter 4.2.4 and discussed
below in Chapter 4.3.2.
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Figure 4.1. a) Mass ratio of asphaltene extracted from kaolinite powder using the three
solvents (Tol = toluene, Chl = chloroform) and their azeotropic methanol (Me) blends,
and b) plotted against total (1), dispersion (d), polar (p) and H-bonding (h) solubility
parameter components for each solvent and blend.

4.3.2 Oil deposition on substrates in salt solutions

As observed in Chapter 3, the kaolinite coats all remained intact and without particle
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Figure 4.3. Oil deposit mass per planar area of kaolinite-coated substrate from oil
aging in salt solution, versus its NaCl concentration, and a) pH, with “n" denoting its
natural value (pH 5.7£0.4), or b) concentration of added CaCl; at pH n. ¢) All data
versus total ionic strength of salt solution, with straight line the best fit to pH n and 4,
and dotted line joining pH 9 data.



Figure 4.4. FESEM images of kaolinite-coated substrates with oil deposits after aging,
Jor salt solutions: a) 0.01M NaCl at pH 9, b) 0.1M NaCl at pH n, ¢) IM NaCl at pH 4,
d) 0.IM NaCl + IM CaCl; at pH n, ¢) IM NaCl + 0.01M CaCl- at pH n, and f) 1M
NaCl + IM CaCl, at pH n. Scale bars are 500 nm.
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Figure 4.6. a) AFM height image of substrate with oil deposits after aging, for 0.1M
NaCl at natural pH, with scale bar 500 nm; b) 10 line profiles of deposit height on
kaolinite plates.

4.3.3 Interpretation of interfacial interactions

The results of the zeta potential measurements of kaolinite particles (Cy) or crude oil
emulsion droplets (C,) in the salt solutions in Table 3.2 and Figures 3.1 and 3.2 aid in
shedding light on the intermolecular mechanisms responsible for the behaviours in
Figures 4.3 and 4.4. The oil’s isoelectric point is very close to pH 4, in agreement with
the literature value (75), e.g. L, = +21.6 mV for trace (10°*M) NaCl and -7.1 mV for
0.01M NaCl in Figure 3.2a. Protonated base groups are thus plentiful at the oil-water
interface. Kaolinite is already net negatively charged at pH 4, e.g. {x = -15.8 and -16.7
mV at trace and 0.01M NaCl in Figure 3.1a, respectively, again in agreement with the

literature (71). The prolonged aging allows ample time for protonated oil groups to
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Figure 4.8. Correlation between short-term contact angle hysteresis of crude oil on the
kaolinite-coated substrates (from Chapter 3.3.2) with amount of asphaltenic deposit
extracted from the kaolinite-coated substrates after long-term aging in crude oil (from
Chapter 4.3.2) for the same NaCl and/or CaCl; brines at the three pH values. The
dashed blue and red boxes correspond to brine ionic strengths below and above 0.1 M,
respectively.

4.4 Conclusion

Uniform, smooth coats, of thickness ~1 um, of fine kaolinite on glass were used to
analyse adsorption/deposition of crude oil components in the presence of water, relevant
to oil recovery from rock and contamination remediation. These coats of immobile
kaolinite are well suited to quantification of asphaltene deposit amount by fluorescence
spectroscopy, and facilitate high-resolution microscopy of deposit distribution. Ingress
of oil into kaolinite aggregates, by rupture of water thin films to render particles oil-
wetting and so eject water from inter-particle pores, is the norm for most sodium and
calcium chloride solutions investigated. Increase in concentration of cither salt generally
reduces overall deposition, with high sodium chloride content serving to predominantly
limit deposition to kaolinite edges, while high calcium chloride salinity protects both
faces and edges. The latter scenario can better preserve the water-wettability of the
kaolinite aggregate, even if the outermost particles bear deposit, as it limits the ability of

oil to interlock with the aggregate interior.
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Chapter 5

S Changes in oil deposits and wettability due
to flooding

5.1 Introduction

Mineral surfaces of pores occupied by crude oil and water (brine) in reservoir rocks or
contaminated sub-surface environments typically exhibit wettability heterogeneity at all
scales, which reflects the history of oil-brine-rock contact during formation of this state.
On contact of crude oil with water, its polar molecules (asphaltenes and resins) will
naturally begin to migrate to the oil-water interface. Experiments on model oils suggest
that this migration leads to the build-up of a monolayer of asphaltene-resin aggregates
(95). Langmuir-Blodgett monolayers were shown via AFM to give a rigid close packing
of disks for pure asphaltenes, whereas resins change the film to a more compressible,
open structure (96). Interfacial rheology of oscillating crude oil drops in water
confirmed that the films are primarily elastic, with increasing asphaltene content
increasing both elasticity and aging time required for full development of the network
(90). The development of the oil-water interface occurs concurrently with the drainage
of the originally water-filled pores by the accumulating oil. The capillary pressure (and
thus meniscus curvature) and water-receding contact angle determine the pore wall
subareas over which water is drained to a thin film (38). In these subareas, the
disjoining pressure then dictates whether the thin film ruptures to allow the asphaltenes
and resins to adsorb or deposit there to alter local wettability towards oil-wetness (66;
77; 78; 90). Over time, this deposition proceeds to thus define the developed wettability

state of the reservoir or spill zone, i.e. its “initial” state prior to recovery or remediation.

The studies of model substrates such as quartz and mica, and their extensions in
Chapters 3-4 to kaolinite, give insight into the initial wettability state of asphaltenic
adsorption/deposition within these drained and aged subareas, and its consequences for
contact angles. Even within such subareas, the analyses by AFM and FESEM typically
reveal heterogeneous morphologies (58; 90; 96), i.e. so-called dalmation patterns of

deposits separated by bare substrate. The gaps presumably correspond to aqueous nano-
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Figure 5.1. Experimental protocol for treatment of the substrate with oil, salt solution
and organic solvents. Following steps 1-3 of drainage by oil and aging, one of four
procedures A-D was used for flooding with salt solution and/or rinsing with solvents to
remove the bulk oil and salt solution. Centrifugation was used both in drainage step 3
and in flooding for procedures B-D.

Procedure B employs the extra step of flooding the aged vial with salt solution (Figure
5.1), to simulate oil recovery, prior to the same solvent immersion series as for
procedure A. After aging, the vial was held partly immersed in a water bath at 60 °C,
and a syringe pump was used to inject the salt solution (of the same composition as in
steps 1-3) through a pipette into the bottom of the vial at the fixed rate of 3 cm’/h. Once
the bulk oil had risen above the substrate, the vial was centrifuged at 1000 g for 10 min.
to strip larger drops of bulk oil adhering to the substrate, after which the oil in the upper
phase was removed and replaced with salt solution. The centrifugation and decantation
were then repeated, and any oil remaining at the air interface was removed using lint-
free tissue. The substrate was then taken from its vial to perform the decalin-heptane-
methanol immersion and drying steps as for procedure A. Procedure C is identical to B,
but omits the decalin-heptane immersion, so the substrate after flooding with salt
solution, including centrifugation and oil removal, was transferred directly to methanol

for 10 min., and then dried.

Procedure D also involves salt solution flooding, but omits the solvent immersion and
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Figure 5.2. Percentage area of glass substrate covered by crude oil deposits as a
Jfunction of concentration and pH of the NaCl solution, and for the four post-aging
treatment procedures A (no flooding; decalin-heptane-methanol rinsing), B (flooding;
decalin-heptane-methanol rinsing), C (flooding; methanol rinsing) and D (flooding; no
solvent rinsing). Coverages for A-C are calculated from FESEM images and D from

AFM.

Table 5.1. Averages (with standard deviations) of deposit thickness from AFM images
and particle area from FESEM or AFM images, for the four salt solutions and four
treatment procedures A-D.

pA || RS Thickness, nm Particle area, 10” pm’
M A B C D A B C D
4 0.01 26£14 | 196 | 61£22 | 34£13 | 4.242 | 13£10 | 18%15 18415
4 l 197 | 1448 | 23411 | 69431 | 3.2:2 | 2.8+1 | 1.0+1 [ 180+110
9 0.01 23£12 | 54427 | 53431 | 60+£23 | 6.0+2 | 3.2+]1 | 2.5+I 8070
J l 1156 | 18+9 | 17¢13 | 2348 | 2.641 | 5.043 | 2.2¢2 | 1148

The statistics for thickness and particle area of all 16 samples are presented in Table 5.1.
As it combines results for procedures which remove (A, B) or retain (C, D) bulk oil,
neither particle area or thickness display a universal correlation to coverage in Figure
5.2. However, particle area displays a weak trend (R* = 0.41) of exponential increase

with thickness. For procedures A and C, thickness in Table 5.1 exhibits the same
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Figure 5.4. Schematic of changes in location of liquids and adsorbed/deposited
material, from the oil immersed, aged state of the substrate at the top left, due to the
subsequent procedures A, B, C or D.

Procedures B and C

Figure 5.5 provides FESEM micrographs of some samples after flooding with salt
solution according to procedures B or C. For 0.01 M NaCl at pH 4, Figure 5.5a and b
show the deposits from procedure B at higher and lower magnification, to be contrasted
to the counterpart for A in Figure 5.3a. Figure 5.5a evidences the reduction in coverage
and average thickness associated with the deposits accumulating into larger aggregates
with barer substrate in between, consistent with Figure 5.2 and Table 5.1. Figure 5.5b
displays the much larger and more frequent rings within which the substrate is cleaner.
It appears that during salt solution flooding, the expansion of the residual water pockets
and retraction of the oil causes a significant fraction of the deposits to be removed with
the oil, while the remaining oil blobs become swollen by accepting retracted remnants,
as illustrated in the top row of Figure 5.4. On subsequent decalin-heptane immersion,
the deposits comprise both the oil blob asphaltene mounds and a scattering of
surrounding asphaltene nanoparticles created by the inversion of aqueous and oleic
phases (from oil-in-water to water-in-oil surface structures) and poor solvency of the
asphaltene/resin-rich blobs in these solvents. Thus, coverage for B is overestimated, as
illustrated in the middle column of Figure 5.4, where the extrancous deposit is indicated
by the shorter, thinner line segments surrounding the thicker mounds.
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Figure 5.5¢ and d show an analogous image pair from procedure C for this same salt
solution. Omission of decalin-heptane immersion (the right hand column in Figure 5.4)
avoids the above-mentioned aqueous-oleic phase inversion and creation of extrancous
asphaltene deposits. Accordingly, Figure 5.5¢ is cleaner, with much lower coverage
than Figure 5.5a, and naturally with greater thickness and blob size due to retention of
resins and some bulk oil in their cores, again consistent with Figure 5.2 and Table 5.1.
Some blobs appear hollow, presumably by evaporation of volatile core saturates and
aromatics in the high vacuum of the FESEM chamber. Figure 5.5d shows the foam-like
texture formed by surface oil retracting during salt solution flooding. Figure 5.5¢ and f
for 0.01 and 1 M NaCl, both at pH 9, treated via procedure C, display further reduction
in coverage, thickness and blob size (Figure 5.2 and Table 5.1), as increasing pH and
salinity aids oil-glass repulsion across the salt solution during flooding (as discussed at
the end of Chapter 5.3.1). For C, the metrics in Figure 5.2 and Table 5.1 are related.
Figure 5.6 plots coverage and blob size for all FESEM images, showing a logarithmic
correlation, as increasing repulsion reduces oil retention and accentuates its retraction
from a foam-like form to snapped-off nano-blobs. Increased aging time in oil, observed
to increase coverage by decreasing the frequency of trapped water pockets (90), may
somewhat reduce the reversal of wettability alteration by limiting these initial points of

water access.
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Figure 5.5. FESEM images of glass substrates treated according to a-b) procedure B
for 0.01 M NaCl at pH 4, or procedure C for c-d) 0.01 M NaCl at pH 4, ¢) 0.01 M NaCl
at pH 9, f) I M NaCl at pH 9. Dashed contours on d) are formed from expanded water
droplets.
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Figure 5.6. Correlation between substrate coverage and average planar area of
individual oil blobs using procedure C for all four salt solutions and all FESEM images
for each.

Procedure D

For procedure D, AFM images for the two salt solutions at pH 4, under which the
substrate remained through the steps in Figure 5.1 from flooding to imaging, are given
in Figure 5.7. All such AFM images exhibit artefacts, most noticeably the horizontal
dark streaks, due to the tip interacting with the oil, and substrate movement caused by
O-ring movement. However, the images suffice to confirm that residual oil has the form
of nano-blobs separated by apparently clean substrate, i.c. a sparse dalmatian pattern
qualitatively similar to the FESEM images of C (compare Figures 5.5¢-d and 5.7a-b),
and also similar to literature AFM images on mica (90). This suggests that the methanol
immersion and drying in procedure C do not significantly alter the form or distribution
of residues, and thus C is the best approach for dry preservation of the wettability state
post-flooding for imaging using simpler techniques such as FESEM. From Figure 5.2
and Table 5.1, the coverage, thickness and blob size generally decrease from procedure
D to C. While some decrease in all three measures could be expected from loss of
volatiles within blobs at high vacuum, it is also likely that an insufficient number of
AFM images were acquired to statistically represent the oil residues over the entire
substrate. Without the use of decalin rinsing, each substrate piece exhibits some local
variability in oil retained, in particular with occasional macro-drops. A high-throughput
imaging technique such as FESEM is thus required to provide a representative

topographic sampling.
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a)

c)

Figure 5.7. Wet AFM images of glass substrates treated according to procedure D for
0.01 M NaCl at pH 4, showing a) height and b) amplitude (2x2 rmm’), (’)rﬁ)r I M NaCl
at pH 4, showing c) height and d) amplitude (10x10 pm°).

The salt dependence observed for all four procedures is in line with literature studies on
crude oil-silicate systems (38; 64; 44; 62; 87; 58; 59; 86; 65; 98). As discussed in
Chapters 3-4, the lower pH is close to the isoelectric point of the Minnelusa crude-salt
solution interface. Although its zeta potential values in Figure 3.2a are slightly net
negative (-7.1 and -9.8 mV for 0.01 and 1 M NaCl, both at pH 4), the substantial
population of protonated base polar groups adsorbed at this interface attract and transfer
to bond to the negatively charged glass-salt solution interface, yielding relatively strong
oil-glass adhesion. At pH 9, the oil interface is dominated by deprotonated acid groups
(zeta potential is -78.9 and -16.0 mV for 0.01 and 1 M NaCl in Figure 3.2a), hence the
water film separating the two negatively charged interfaces is more stable and adhesion
is weaker. These effects are naturally strongest at the lower salinity in which the
electrostatic interactions are less screened and thus longer ranged. Note though that in
the case of pH 4 for procedure A in Figure 5.2, the coverage is slightly greater at higher

salinity, as was also observed for the same oil on similarly prepared silicate substrates
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oil-wet, but to varying extent. Advancing, and also receding, angles in Figure 5.8b
generally decrease with increase in salinity or pH or with flooding (i.c. from A to B), in
qualitative agreement with coverage in Figure 5.2. The one exception is the surprisingly
low angles for 0.01 M NaCl at pH 4 with procedure A. On averaging over all samples,
the reduction in advancing angle is 17° for increasing salinity, 12° for increasing pH,
and 7° for flooding, although these values would be much greater on omission of this

exceptional point.
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Figure 5.8. Receding and advancing angles of a) crude oil on clean glass in the four
NaCl solutions of various concentration and pH, and b) decane in water on glass
bearing oil deposits from treatment via procedure A (no flooding; decalin-heptane-
methanol rinsing) or B (flooding; decalin-heptane-methanol rinsing) using the crude oil
and the four salt solutions. Error bars give standard deviations.
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angles display a stronger correlation to coverage than to deposit thickness or particle

size in Table 5.1.
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Figure 5.9. Deposit coverage versus decane/water advancing angle for the eight glass
substrates pre-treated with crude oil and the four salt solutions according to procedures
A and B.

Although no experiments were performed on the more realistically preserved substrates
for procedure C, Figure 5.9 suggests that the substantially lower coverages in Figure 5.2
would yield oil/water advancing angles extending well below 90 into the water-wet
regime. Combined with the results of Figure 5.8a, it appears that an initially oil-wet or
mixed-wet reservoir would switch towards water-wet on advance of the flood, and
remain so if pH is relatively high. Lower pH would both somewhat reduce the
magnitude of this shift and increase temporal fluctuations in local wettability, as
upstream oil slowly entering a flooded pore could reinstate oil-wetness prior to its

displacement and re-shift towards water-wetness.
5.3.3 Oil deposits on rock

Drainage by oil and subsequent flooding by water naturally give rise to more complex
interfacial configurations in rock pores than on a glass slide. On immersion of the
originally salt-solution-saturated rock in oil and centrifugal drainage to establish high
initial oil saturation, oil displaces bulk water from all but the tightest confines in pores,
where concave menisci remain stable. The exposed pore walls are altered towards oil-
wetness by adsorption/deposition of asphaltene and resin during aging. On salt solution

flooding by immersion and centrifugation, the water menisci expand and advance over
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Figure 5.10. FESEM images of sandstone rock treated in crude oil and 0.01 M NaCl at
pH 4 according to procedure B.

Figure 5.11. FESEM images of sandstone rock treated in crude oil and 0.01 M NaCl at
pH 4 according to procedure C.
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underestimated the reversal by adding to the true deposition. The procedure (C)
omitting these two solvents best preserved the wettability in the flooded state and
demonstrated that reversal is substantial, even for salt solutions conducive to deposition
(e.g. at low salinity and low pH). Deposit coverage from FESEM was reasonably well
correlated to both receding and advancing contact angles on these treated glass

substrates, and to FESEM images of deposition on sandstone rock.
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Figure 6.1. FESEM images of a) a sand grain coated with kaolinite (scale bar 100 pm),
b) a close-up within a grain subarea well coated by kaolinite (scale bar 1 um), and c-f)
Jour representative images at intermediate magnification (scale bars 5 um).

6.2.3 3D micro—CT scanning

Tomograms were obtained and analysed using the ANU micro-CT facility (29). After
cach of the steps in Chapter 6.2.2, the sealed flow cell was mounted in the micro-CT
rotatable stage. The x-ray source was set to 80 kV and 100 mA, with filtered
Bremsstrahlung used to acquire 2880 projections of 2048 pixels over 20 h. The
projection set covered a 10.4 mm cube surrounding the centre of the sample, thus
scanning its middle half to minimise the influence of any end effects. The projections
were reconstructed to a 3D raw tomogram; with voxel size 5.5 um. Tomograms were
processed with Mango software, including anisotropic diffusion filtering, cropping of
external walls, alignment and segmentation of the mineral, aqueous and oil phases (31;
32; 116).
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Figure 6.2. Fluorescence emission spectra of solutions in azeotropic
chloroform/methanol excited at 340 nm, for: a) calibration solutions of asphaltenes
from Tensleep crude oil, of the wit% concentrations in the legend, showing their broad
peak at 496 nm (dotted line), and with b) plotting the resulting calibration relation
between these concentrations and their intensity peaks; ¢) asphaltenic deposits
extracted from the kaolinite-coated glass samples after drainage of the four salt
solutions in the legend by the crude oil and aging, followed by decalin-methanol
rinsing; d) asphaltenic deposits extracted from the kaolinite-coated sand pack samples
after flooding with 0.75 M Csl/NaCl (spk H-H) or 0.075 M Csl (spk H-L), followed by
removal of the bulk crude oil and methanol rinsing. The intensities at 496 nm in ¢) and
d) are converted to asphaltene concentrations using b), and by normalising by the

masses of solvent and sample, yield the deposit amounts in the final two columns of
Table 6.1.

6.3 Results and discussion
6.3.1 3D micro-CT characterisation of pore space and drained state

The micro-CT sample matrix comprised two sand packs without kaolinite (denoted sp)
and two with kaolinite coating (denoted spk), each of which was initially saturated with
high salinity solution (0.75 M CsI/NaCl, denoted /), drained by oil and aged, and then

flooded with this same solution or its low salinity counterpart (0.075 M Csl, denoted L).
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Samples are thus referred to as sp H-H, sp H-L, spk H-H and spk H-L. The tomograms
distinguished the 3D locations of grains (the most strongly attenuating phase, appearing
very light grey), and aqueous (intermediate, hence darker grey) and oil (weakest, hence
darkest) phases occupying the pore space, readily facilitating their segmentation. The
0.2 mm annulus closest to the holder wall was excluded from analysis. The pore space
was topologically partitioned into pore bodies and throats (113). The following analysis

pertains to the four tomograms after aging (prior to flooding).

For all samples, the grain packs appeared homogeneous and similar. Statistics of the
inscribed radii of all pores and their body/throat aspect ratio are presented in Figure 6.3.
Porosity and pore size vary only slightly between samples in Figure 6.3a, with the
dominant contribution to volume coming from inter-grain pore radii tightly distributed
between 50 and 150 um, with median in the range 89-106 um. The direct effect of the
thin kaolinite lining (Figure 6.1) on structural properties and absolute permeability of
the coarse sand packs is expected to be minimal, thus the tendency for coated grains to
give slightly larger porosity and pore size may be due to greater friction during
compaction. Aspect ratio in Figure 6.3b also varies little between samples, with median
from 3.0 to 3.5. The pore spaces are thus structurally very similar, highly permeable and

well connected.
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Figure 6.3. Volume-weighted distributions of pore a) inscribed radius and b) aspect
ratio, from the segmented tomograms of the four samples after aging, with overall
porosity in the legend.

Representative images of spk H-H and spk H-L after aging are given in Figure 6.4, As
expected, the salt solution has been drained to remain only in the tighter confines, filling
smaller pores or occupying the comers of larger pores, often in the form of rings
collaring grain contacts. These pendular rings are more apparent in the visualisations of

Figure 6.4c-d using Drishti software. Some rings are connected to neighbors, while
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others appear isolated and/or incomplete, however hydraulic connectivity may persist in
grain roughness and lining kaolinite, below micro-CT resolution. All samples appear
qualitatively as in Figure 6.4. Moreover, their irreducible water saturation, S,,;, resolved
in the pore space of the segmented tomograms for this initial state is very similar (9.9,
11.2, 10.1 and 8.6% for sp H-H, sp H-L, spk H-H and spk H-L). These values tally with
the gravimetric estimate at the conclusion of air drainage (in Chapter 6.2.2), and are in
line with other studies of granular packs (104; 117). The kaolinite linings do not lead to
bulk water drainage from small pores, as was inferred from a micro-CT study of water-

wet Berea sandstone (114).
6.3.2 3D micro-CT pore-scale characterisation of residual oil

Owing to the small sample size required for micro-CT, oil production was not
monitored volumetrically during flooding. Instead, the residual oil saturation, S,,, after
the 25 PV flood was determined from the segmented tomograms. Figure 6.5 plots the
percentage of pore space occupied by oil voxels post-flooding relative to the initial-state
percentage (100-S,,;) of original oil in place (OOIP), for the four once-flooded samples
and the one subsequent low-salinity flooding (spk H-H-L) in “tertiary” mode. The most
striking feature is the detrimental effect of the small amount of kaolinite (comprising
only 0.28 wt% of the sand pack), which on average more than doubles S,. The
kaolinite-free sand pack flooded at high salinity (sp H-H) gave the most complete
recovery, with its low salinity counterpart sp H-L leaving 5% OOIP more residual.
Kaolinite reverses this trend, with low salinity flooding (spk H-L) producing more oil
than high salinity (spk H-H). The disadvantageous effect of kaolinite is thus most
pronounced for high salinity flooding. Subsequent low salinity flooding (spk H-H-L)

reduced the residual to a level comparable to “secondary” recovery (spk H-L).
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Figure 6.4. Micro-CT images of kaolinite-coated sand packs after oil drainage of salt
solution and aging: a) 2D horizontal slice of the 8 mm diameter of spk H-H, b) subarea
(2.0x2.7 mm’) of this slice, ¢) 3D visualisation of a subvolume (1.7x1.3x1.3 mn’) of spk

H-L showing crude oil (black) and salt solution (blue) without grains, and d) showing

only the solution.
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Figure 6.5. Residual oil fractions resolved from micro-CT of sand packs without (sp) or
with (spk) kaolinite linings, after flooding at high (-H) or low (-L) salinity, or both
sequentially (-H-L) for the final sample.
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Figure 6.6. 2D horizontal slices of the segmented tomograms for the 8 mm diameter
sand packs without or with kaolinite after high or low salinity flooding. Grains are
white, salt solution is light purple and oil is darkest purple.
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Understanding of the mechanisms responsible entails investigation of oil residuals at
pore-scale (in the remainder of Chapter 6.3.2) and down to molecular scales (Chapter
6.3.3). Typical slices within the segmented tomograms of the four packs after secondary
recovery (single flooding) are compared in Figure 6.6. Although sp /-H has lowest S,,,
the residual oil blobs appear to span many pores (even in the 2D slice which under-
represents 3D connections), tending to snake along somewhat tighter macro-pores.
Although sp H-L has more residual, it appears less connected in Figure 6.6, and often
occupies somewhat larger pores. Sample spk H-H has greatest residual, in the form of
highly connected clusters often filling somewhat larger pores, while the lower residual

for spk H-L exhibits less pore spanning.
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Drained and aged : :
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Figure 6.7. A corresponding vertical slice (after flow in the upwards direction) of the
registered segmented tomograms of spk H-H-L in its three imaged states, showing a
subarea (7.4x7.6 mm", above) and a close-up (3.7x3.3 mm~, below) near its center.

Tomograms after aging and after flooding(s) were aligned and superposed using a
registration algorithm (32). Comparison of these registered images showed no

significant grain movement during flooding. The differences in recovery are thus due to
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kaolinite and the flood salinity. Figures 6.7 and 6.8 show registered 2D slices and 3D
visualisations of the coated grain pack after aging and the H-flood (spk H-H) and
following L-flood (spk H-H-L). From the drained and aged state in Figure 6.7, the
flooding aqueous phase largely maintains its initial occupation of tighter pore confines
(as seen in other studies (115)), while advancing to displace oil, leaving residuals
ranging from isolated blobs in single pores (singlets) to connected clusters spanning
many pores. From the secondary recovered state, the pore-scale changes in residual on
tertiary recovery in Figures 6.7 and 6.8 are identifiable as resulting from further advance
of aqueous phase causing further oil retraction. Smaller blobs isolated after secondary
recovery typically remain unperturbed. Oil in larger clusters recedes, leading to
complete displacement from some pores, thinning in other pores, and frequent
incidences of snap-off in tighter pores and throats, together serving to reduce the
residual and its blob connectivity. As all floods were performed at the same low
capillary number (5x107) and Bond number (~3x107), the extra recovery cannot be due

to blob mobilisation (106).

a) b) c)

Figure 6.8. Visualisation of a subvolume (1.7x1.4x2.0 mm’) of the registered
tomograms of spk H-H-L after a, b) high salinity secondary recovery, showing residual
oil (black) and grains (brown, only in a)) without salt solution, and after ¢) low salinity

tertiary recovery, showing only oil (green).
The observations of the pore-scale residual distributions in Figures 6.6 - 6.8 were made
quantitative by summing the oil-segmented voxels within each pore to obtain their
volume per pore volume and thus the pore’s oil saturation (115; 118). The oil
occupancy statistics are presented in Figures 6.9 - 6.11. The first, least discerning
measure is the volume-weighted histogram of residual oil in Figure 6.9. The plotted
range of pore volumes corresponds to equivalent sphere radii from 13 to 620 um. (This
radius definition is to be distinguished from that in Figure 6.3a, which refers to the
radius of the largest inscribed sphere, and is lower by a factor of 1.7-2.) The sub-range

significantly contributing to residual volume in Figure 6.9 equates to radii from ~110 to
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330 um. The distributions for all flooded samples appear similar, with median pore
radius within 220-240 um. Among the slight differences, the residual for sp H-H is in
smaller pores than sp H-L, and that for spk H-H is in larger pores than spk H-L.
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Figure 6.9. Normalised cumulative distribution of total volume of residual oil versus
volume of pores in which it is trapped, from the segmented tomograms of the five
flooded samples.

Figure 6.10 again summarises the pore occupancies versus their volume over this same
range, but now in the more sensitive form of number-weighted statistics. As most pores
are completely water saturated, the scatter plots in Figure 6.10a-¢ include only those
containing at least 1% oil. Moving averages of oil saturation are given over all pores
(brown curve) and the subsets with at least 1% (red) or 50% (blue) oil occupancy. To
put the plots into perspective, the number-weighted histograms of all pores are given by
the unfilled pink symbols, normalised to 100%, compared to the frequency of pores less
than 1% oil-occupied (i.e. those not included in the scatter plot), given by filled pink

symbols. The latter are similarly normalised by the total number of all pores.
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Figure 6.10. Scatter plots of oil saturation in each pore having > 1% oil occupancy
versus its pore volume, from the segmented tomograms of the flooded samples: a) sp H-
H. b) sp H-L, ¢) spk H-H, d) spk H-L, e) spk H-H-L. Moving averages are in brown (all

pores), red (pores > 1% occupied) and blue (>50% occupied); the curves for > 1%

occupation are compared in f). The pink curves in a)-e) are cumulative frequency

distributions of all pores (unfilled symbols) and pores with <1% occupancy (filled
symbols).
Prior to interpreting Figure 6.10, it serves to further quantify the residual oil in terms of
its connectivity. Oil in cach pore was checked for connections to oil in neighboring
pores to identify the continuous blobs and characterise their size via the number of
pores cach spans (115: 118). The histograms of blob size, weighted by the volume of oil
in cach, are given in Figure 6.11 for the five flooded packs. As in Figure 6.10, a lower
cut-off for oil occupancy must be imposed. The dependence of the distributions on this

definition is shown in Figure 6.1 1a for spk H-L. The 50% cut-off was chosen here as the
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Figure 6.11. a) Normalised incremental and cumulative volume distributions of
residual oil blobs in spk H-L versus blob size, defined as the number of pores each
spans, using the occupancy criteria of the blob filling > 10, 25, 50, 75 or 90% of a given
pore’s volume. b) Cumulative volume distribution of blobs for all flooded samples,
using the 50% occupancy cut-off. ¢) As for b) but with the vertical axis not normalised
1o 100%, and thus the curves increase to the total volume of residual oil in each

fomogram.
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during the 30 min. While kaolinite remains largely water-wet, the advancing angle
increases slightly with NaCl salinity, and decreases with CsI/NaCl, i.e. the opposite of

the trends on glass in Figure 6.12.
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Figure 6.12. Average and standard deviation (error bar) of receding (rec) and
advancing (adv) angles of crude oil drops (3 replicates) on glass and kaolinite-coated
glass (kao) in the Csl/NaCl or pure NaCl solutions at the two concentrations.

The wettability alteration of the model substrates after drainage of each of the solutions
by crude oil and aging was assessed by the extent of asphaltenic deposition. This
procedure is not identical to that for the sand packs, in which the initial solution was
0.75 M CsI/NaCl and salinity of the flood was varied, however it provides insight into
the salt dependence of longer-term adhesion. Figures 6.13 and 6.14 show representative
FESEM images of the deposits on glass and kaolinite substrates, respectively. On glass
the deposits are a scattering of nanoparticle aggregates separated by relatively clean
subareas. The area coverage of glass by deposit was quantified by image analysis (as in
Chapter 5.3.1), giving the coverage statistics in Table 6.1 from all micrographs. The
coverage values are quite low compared to Minnelusa oil; for example, compare Figure
6.13 to Figure 5.3a and ¢, and Table 6.1 to Figure 5.2 for procedure A. However, these
coverage values for Tensleep oil are strongly correlated ( R* = 0.95) to the advancing
angles on glass in Figure 6.12, further evidencing that wettability alteration is

established early and proceeds little, or intact, thereafter.

For kaolinite-coated glass in Figure 6.14, the platelets remain almost completely free
from nanoscopic deposits; the occasional larger agglomerate is due to sedimentation of

asphaltene flocs preexisting in Tensleep oil (88). For example, compare the relatively
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clean platelets in Figure 6.14 to the platelets with heavy deposits after Minnelusa oil
aging in Figure 4.4b. The asphaltenics were extracted in chloroform/methanol for
spectroscopy of their natural fluorescence (see Figure 6.2a-c), yielding the inferred
deposit mass per planar area of kaolinite-coated slide in Table 6.1. As expected, these
values are all extremely low (compared to around 20 mg/m? typical for Minnelusa oil in
Figure 4.3a), despite the extraneous contribution from the preexisting flocs. Thus, the
water-wetness of kaolinite in Figure 6.12 is maintained throughout the long-term aging

in Tensleep oil.

() —

Figure 6.13. Representative FESEM images of asphaltenic deposits on glass after
drainage of a) 0.75 M Csl/NaCl, b) 0.075 M Csl, ¢) 0.75 M NaCl, or d) 0.075 M NaCl
solution by crude oil and aging, followed by decalin-methanol rinsing. Scale bars are

0.5 pum. The very fine texture visible within subareas of glass between asphaltenic

deposits in all images is the conductive platinum coat.

These observations are consistent with those of the kaolinite-coated grains after
flooding and disassembly of the pack to remove bulk oil. Representative FESEM
images for spk H-L are shown in Figure 6.15; spk H-H is qualitatively comparable.
Open grain surfaces bear an incompletely covering texture of nanoscopic aggregated
asphaltenics, similar to glass (Figure 6.13), plus occasional submicron oil droplets (seen
at the right of Figure 6.15b). Kaolinite remains relatively deposit-free, as for the model
coats (Figure 6.14). The asphaltenic mass extracted from the kaolinite-coated grains and
assayed spectroscopically as above (see Figure 6.2d) is listed in Table 6.1. Both values
are expectedly low, with spk H-H being the slightly smaller.
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Table 6.1. Average and standard deviation of measured surface properties of oil and
mineral phases in the four salt solutions of given Csl and NaCl concentrations. Zeta
potential (£)of oil, quartz and kaolinite; Number of oil drops stabilised by kaolinite,

Area coverage of glass slides by asphaltenic deposit after aging; Mass (mg) of

asphaltenic deposit on kaolinite-coated glass per slide area (m°) after aging; Mass (mg)
p g ‘
of asphaltenic deposit remaining on kaolinite-coated sand per sand mass (g) after
flooding by the Csl/NaCl solutions.

[CsI],|{[NaCl],| oil, |( quartz, | kaolinite,| Emulsion | Glass | Kaolinite| spk

M M mV mV mV oil drops, | deposit, | deposit, | deposit,
no. coverage | mg/m’ mg/g
%

0.125| 0.625 |-15.8£2.5|-11.1=1.7| 4.2+ 0.6 79+3 6.38+0.85 0.70 0.027

0.075 0 -27.3+£1.4(-29.1£1.6| 7.8:£04 133+14 | 6.20£1.08 1591 0.030
0 0.75 | -4.2+1.1 |-14.7£09| -6.4+0.7 74+12 4.65+0.67 1.21 -
0 0.075 | -1.242.5 |-36.6+0.6| -15.1+ 0.5 64436 5.88+1.44 1.17 -

e
el

Figure 6.15. FESEM close-ups of kaolinite-coated sand from spk H-L after drainage,
aging and flooding with 0.075 M Csl solution, followed by methanol rinsing. Scale bars
are 0.5 um.

The S, of around 15% typical for capillarity-driven recovery from homogeneous,
water-wet bead packs (104; 106) is thus consistent with the lower value for sp H-H and
similar value for sp H-L in Figure 6.5. It is possible that the water-wet shift for sp H-L is
compounded by the osmotic pressure acting to dilute and thicken the high salinity
connate film intermingled between the sparse asphaltenic deposits, which anchor oil to
grains. As the concentration trends in Figure 6.12 and Table 6.1 are reversed if
CsI/NaCl is switched to NaCl, low salinity flooding may give more complete recovery

for the NaCl solutions of greater relevance to real reservoir brines.
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Figure 6.16. Correlation between residual oil in the sand packs without (sp) or with
(spk) kaolinite after flooding and the advancing angle of a crude oil drop on glass
without or with kaolinite coating, respectively, in the corresponding flooding solution.
Crosses indicate the contact angles predicted by eq. 6.1 for kaolinite-coated sand.
The partial coverage of grains by kaolinite particles, which retain surface water,
strongly increases residual oil. An effective contact angle can be estimated for kaolinite-

coated grains via Cassie’s law (119):
cos@ = f cosb, + f,cosb, (6.1)

Here @. is the contact angle on the composite surface comprising materials i =1 and 2 of
arca fraction f; within which the corresponding angles are €. From analysis of 60
FESEM images, each 60x40 pum’, of untreated coated grains (c.g. see Figure 6.1¢-f), the
projected area fraction covered by kaolinite averages 26% with standard deviation 16%.
The composite advancing angle from eq. 6.1 for this fraction and the advancing values
on glass and kaolinite-coated glass in Figure 6.12 gives the two points marked by
crosses in Figure 6.16. The correlation for the composite is poorer than for kaolinite
alone, suggesting that kaolinite plays a greater role than merely contributing to
wettability via eq. 6.1. This is further evidenced by the fact that the S, in Figure 6.5 for
all three coated packs significantly exceed the 15% expected in the strongly water-wet

extreme (104; 106).

One possible explanation for the largest residual and cluster size in Figure 6.11b-¢ for
spk H-H is that the grains are sufficiently water-wet, and thickly sheathed by water

films in the roughness and pores of the kaolinite lining, that the pack becomes prone to
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