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Figure 7.36 Areal root mean square roughness, skewness, kurtosis and texture a pect ratio of 
topography height distribution of adsorption oil as junction brine adhesivity. 
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Figure 7.37 Crude oil adsOlption amount into silicate surface as brine adhesivity. 

7.5.4 Effect of asphaltene 

In this section, two dimensional analyses are conducted to understand the role of asphaltene in 

adsorption of crude oil in the surface. When asphaltene macromolecules are removed from crude oil, 

the root mean square deviation of adsorption profile of asphaltenic crude oil is 0.70) very clo e to the 

value of 0.74 for non-asphaltenic crude oil Figure 7.38. Other amplitude parameters such as 

skewness and kurtosis reveal infonnation into the aggregation type of adsorption and the degree of 

peak sharpness. Rsk of the asphaltenic crude oil adsorption has more dominate peaks (I. I) than the 

non asphaltenic crude oil adsorption (0.87). Similarly for peaks sharpness, Rku of asphaltenic crude 
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oil yield 6.1, which indicates the sharpness of asphaltenic crude oil is more than that of adsorption of 

non-asphaltenic crude oil (4.0). Moreover, Rpc from adsorption of asphaltenic crude oil is higher (2) 

than resulted from adsorption of non-asphaltenic crude oil (I). 

Using 3D topographic analysis, the Sq in asphaltene adsorption is different. Asphaltene tends to 

increase Sq (0.82) compared to deasphaJtened oil (0.72) Figure 7.43. Ssk and Sku show distinctive 

effects in tenns of peaks dominance and peaks sharpness. Ssk is 6.4 when asphaltene is present 

compared with 1.2 for non-asphaltenic crude. The six fold increase in Sq indicates that the adsorption 

of asphaJtenic crude oil is predominating by peaks more than non-asphaltenic crude, which shows 

wider degree of valleys Figure 7.42. However, such a large difference in Ssk is not evident from 2D 

surface profile which shows the uncertainty in trusting only the 2D surface profile. imilarJy the 

asphaltenic crude oil shows more peak spikiness (Sku=59.1) compared to dea phaltene crude oil 

(Sku=4.I ). Furthennore, the degree of texture pattern shows the unifonnity f adsorption of 

asphaltenic crude oil is very high (0.95) whereas it is clearly less in non-asphaltenic crude oil . 

adsorption (0.52). However, LlT of non-asphaltenic crude oil is higher (3102 ng/cm2
) compared to 

crude with asphaltene (91.7 ng/cm
2
) Figure 7.44. 
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Figure 7.38 2D profile analysis of crude oil treated silica sUljaces a a function of asphallene 
content; root mean square, skewness, kurtosis and number of peaks of the crude oil adsOlption. 

Figure 7.39 Interferometry scanning of crude oil adsorption through 0.5 M Nael brine. 
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Figure 7.40 3D view of crude oil adsorption into silicate sUlface through 0.5 M NaCl brine into 
sUljace. 
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Figure 7.41 Interferometry scanning of crude oil without asphaltene adsorption through brine into 
surface. 
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Figure 7.42 3D view of crude oil adsorption without asphaltene into silicate s!.lrface. 
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Figure 7.43 Areal root mean square roughnes , skewness, kurtosis and texture aspect ratio oj 
topography height distribution oj adsOlption oil as Junction oj asphaltene content. 
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Figure 7.44 Oil ad orption amount into silicate sUlface asJunction oj asphaltene content. 

7.5.5 Impact of temperature 

259 

Rq drops from 0.70 to 0.40 as temperature is increased from 20'C to 60'C (Figure 7.45) . Rsk 

increases from ' 1.1 to 1.7 as temperature increased from 20·C to 60·C. Rku increases from 6.1 to 16.5 

as temperature increase from 20·C to 60·C. Rpc resulting from adsorption of crude oi l increased 

dramatically from 2 to 6. 

Regarding the 3D area] characterisation, Sq shows larger di fference compared to 20 surface profi le. 

In particular, Sq drops from 0.82 to 0.44 as temperature increased from 20· to 60·C Figure 7.48. 



260 

Similarly,Ssk shows larger difference between 2.1 at 20·C and 6.4 at 60·C. Sku shows the opposite 

trend compared to 20 in which the Skr drops from 59.1 to 8.1 . The texture pattern tend to be more 

uniform at 20·C (Stt=O.95) compared to 60·C (Str=O.72). 
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Figure 7.45 2D profile analysis of crude oil treated silica Uljaces a a function of temperature; root 
mean square, skewness, kurto is and number of peak of the crude oil adsorption. 
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Figure 7.47 IntelferometlY scanning oj crude oil ad orption into silicate surface at high temperature 
60·C. 
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Figure 7.48 Areal root mean square roughness, skewness, A,rurtosis and texture aspect ratio of 
topography height distribution of adsorption oil into silicate sUrface as function of temperature. 
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Figure 7.49 Oil adsorption amount into ilicate stl1face as function of temperature. 

7.5.6 Effect of oil solvency 

Adsorption profile resulting from changing oil solvency was investigated to understand the effect of 

oil solvency on adsorption characterisation. In Figure 7.50 Rq, Rsk, Rku and Rpc are used to 

understand the effect of oil solvency. Rq the assessed profile is higher (0.25 11m) when crude oi l is 

mixed with poor solvent (heptane). However, when crude oil is mixed with toluene, which is 

considered to be a good solvent, Rq drops significantly to reach 0.013 11m. Rsk indicates the 

adsorption generated by mixing the crude oil with a poor solvent (heptane) resulted into higher peaks 

domination over valley features (2.6) than when mixed with toluene (1.0). Similarly, the sharpness of 

peaks when heptane is mixed with crude oil (20.2) is greater than when toluene is mixed with crude 

oil (5.9). Rpc is relatively higher when crude oil is mixed with good solvent toluene ( \6) compared to 

11 when crude oil is mixed with poor solvent heptane. 

The 3D topographic parameters were used to aid the characterisation of the effect of oil solvency on 

adsorption of oil into surface. Sq is higher at 0.34 when crude oil is mixed with poor solvent 

(heptane)and drops to 0.069 when crude oil is mixed with toluene. Ssk is 5.9 from the mixture of 
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crude oil with good solvent which is higher than when mixed with heptane (3.4). Nevertheless, both 

adsorption modes show peak dominance due to positive Ssk. Similarly, Sku yields 51 when crude oil 

is mixed with toluene compared to 25 when mixed with heptane. This indicate the sharpness degree is 

hjgher in the peaks resulted from .adsorption of oil mixture with toluene. The L1r is significantly 

higher when mixture of crude oil with heptane (1063 ng/cm2
) than with toluene (202 ng/cm2

) Figure 

7.58. 
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Figure 7.50 2D profile analysis of crude oil treated ilica surface as a function of oil solvency; 1'001 

mean square, kewness, kurlosi and number of peaks oflhe crude oil ad orplion. 
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Figure 7.511nterJerometry scanning oj a mixture oj crude oil and heptane adsorption through brille 
into silicate swface. 
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Figure 7.52 3D view oj a mixture oj crude oil and heptane adsorption into silicate sUI/ace. 
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Figure 7.531nter/erometIY scanning oj a mixture oj crude oil and toluene adsorption through brine 
into silicate st{r/ace. 
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Figure 7.54 Interferometry scanning of a bare clean gla surface. 

Figure 7.55 3D view of a mixture of crude oil and toluene adsorption into ilicate sUl fac . 
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Figure 7.56 3D view of clean g la S sUliace. 
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Figure 7.57 Areal root mean square roughness, skewness, kurtosis and texture aspect ratio oj 
topography height distribution oj oil adsorption into silicate surface as Junction oj oil solvency. 
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Figure 7.58 Oil adsorption amount into silicate surJace as Junction of oil solvency. 

7.6 Discussion 

7.6.1 Thickness of adsorption layer 

It is clear that adsorption of oil through brine is affected by salinity. Amarson and Keil (2000) 

summarise six mechanisms for adsorption of organic material into mineral surfaces: (i)ligand 

exchange, (ii) cation bridges, (iii) anion exchange, (iv) cation exchange, (v) hydrophobic effect and 

(vi) DLVO forces. Ligand exchange means the exchange of acidic hydroxyl groups of organic matter 

for hydroxyl groups on surface. Cation bridges are fonned when a cation creates a bridge between 

negative charges of the mineral surface and polar groups of the organic material. Anion exchange 
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occurs when an organic anion is exchanged for an inorganic anion and associates with positively 

charged surface by simple columbic attraction. Cation exchange is the process which an organic 

cation, such as amine, is exchanged for an inorganic cation and associates with a negatively charged 

surface. Hydrophobic effects are those in which polar functional organic matter, which interacts 

unfavourably with water, is expelled from solution onto a surface. The process relaxes the imposed 

water structure around such functional groups and results in a favourable gain in entropy of the 

system. In respect of DL VO forces, van der Waal interactions which is a short range and only 

become significant at high ionic strength or when the system is allowed to dehydrate. According to 

Arnarson and Keil (2000), van der Waals interactions are potentially important in high salinity brine 

because at high ionic strength the double-layer thickness decreases, leading to a reduction in 

electrostatic repulsion forces between negatively charged organic material. such as carboxyl groups, 

in crude oil and the negatively charged silicate mineral surfaces. This allows closer approach of the 

organic material to the surface, and hence, increased van der wall bonding. Based on DL VO theory, 

the stability of colloids can be affected by three major forces: electrostatic, van der walls and structure 

forces. By varying the brine salinity, the double layer, which is controlled by Dubey length, is 

screened by the presence of NaCI electrolytes. Thus, the Dubey length decreases as the brine salinity 

increases, reducing electrostatic repulsive forces. The reduction of electrostatic force and increasing 

of short range forces such as van der Waals promotes deposition of crude oil. This is consistent with 

the dramatic increase in adsorption thickness layer thickness (129 f..lm) at high brine salinity (3 M 

NaCl). 

It is believed that the extience of brine film can slow the adsorption of oil to mineral surfaces 

compared to direct contact of crude oil to mineral surfaces (Collins and Melrose, 1983). In terms of 

mechanisms, silicate surfaces (Si02) become hydroxylated when exposed to aqueous brine solutions, 

and the surface hydroxyl groups, represented here in glass surface by (SOH) can be exchange for acid 

functional groups such as -COOH, by reactions such as like: 

-SOH + HooeR ::;j .. ==~" SOOCR + H20 
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However when pH=6, ligand exchange lowers the adsorption thickness (4.5 !-tm) compared to direct 

adsorption from crude oil in which the adsorption thickness is (4.8 Illn) and is only govern by van der 

Waals' interaction (Buckley et aI., 1998). 

On the other hand, when exposed to an adhesive brine with low pH, the oillbrine interface becomes 

cationic because the basic groups in crude oil become protonated. The cationic oil-brine interface is 

attracted to the anionic brine/solid interface causing the brine to become unstable and rupture. Rupture 

exposes the silica to crude oil allowing three times the adsorption thickness to developcompared to 

brine with neutral pH. However it is not clearly known how the exact scenario of brine rupture occurs. 

In particular, it is uncertain whether the film is ruptured prior to protnated basic groups from the crude 

oil anchoring to the surface or whether a Dalmation wettability developes as crude oil adsorption 

progresses with a residual water trapped as a pocket. 

Asphaltenes and resins are known to be large, polar, poly-nuclear molecules consisting of condensed 

aromatic ring systems and heteroatoms like sulfur, nitrogen, and oxygen (Mullins ct aI., 2007). 

Asphaltene and resin content is clearly playing a major rule in the development of a skeleton of crude 

oil adsorption on the mineral surface. This is evident from increasing thickness of oil adsorption from 

4.5 !-tm when asphaltene is present in crude oil to reach 22.2 !-tm when asphaltene is absent but resins 

exist. The five fold increase in thickness when asphaltene is removed indicates that asphaltene 

suppresses the thickness of adsorption. This suppression of adsorption can be explained by the high 

rigidity asphaltene structures, which results in a close packings of round disks or rod-shaped 

components Figure 7.51. Conversely, when asphaltene is absent, the adsorped layer thickness 

increases due to the high degree of compressibility of resin. This results in a multilayer thickness 

compared to close packed structure in the asphaltene. These experimental results agree quantitatively 

with measurements of surface pressure using Langmuir Blodgett conducted by Ese et a1. (1999). In 

particular, they observed that the de-asphaltene crude oil did not show a sharp increase in surface 

pressure as the deasphaltene oil/air interface was compressed by trough of Langmuir Blodgett. This 

indicates the high degree of compressibility in the deasphaltene crude oil. Conversely, if asphaltene is 
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present at the interface, a sharp increase in the surface pressure is observed, which indicates the high 

rigidity. 

The increasing of adsorption layer as function of temperature can be attributed to a reduction in the 

water film that separates the oil/solid interfaces. Derjaguin (1987) noticed a reduction of water thin 

film thickness on a fused silica surface as temperature was increased. In particular, as temperature 

increased from 20·C to 60·C, the thickness of water film decreased from 5 nm to 2 nm (Figure 7.15). 

The higher thickness of adsorption layer observed for crude oil at high temperature (97 ~m) is 

believed to be a result of more polar components anchoring their functional groups into the mineral 

surface. Similarly when resin is liberated from asphaltene, the thickness of crude oil adsorption 

increased from 22.2 ~m to 120 ~m as temperature is increased from 20·C to 60·C. Increasing the 

thickness of asphaltene and deasphaltene crude oil, as temperature increased, indicates that asphaJtene 

itself does not contribute much in terms of surface activity with temperature. In fact, it is the thinning 

of brine film as function of temperature that contributes to the adsorped layer thickness. 

The impact of crude oil solvency is investigated in terms of adsorption layer thickness. Two different 

solvents have been used to characterise the impact of oil solubility on the build up of adsorption layer 

thickness. The solvents may be characterised according to three intermolecular forces between solvent 

molecules: dispersion, polar and hydrogen bonding. Heptane is an aliphatic hydrocarbon; a class with 

low dispersion forces, no polar forces and no ability for hydrogen bonding. Toluene falls into the 

category of aromatic hydrocarbons. This class of solvents have high dispersion but low polar forces 

and considered to be weak acceptor for hydrogen bonding. As crude oil is mixed with heptane, the 

crude oil adsorption thickness becomes 125 11m Figure 7.16. However, when crude oil is mixed with 

toluene, the adsorption thickness drops sharply to be 7.4 11m. The huge difference in adsorption layer 

thickness can be explained according to a modified Yan model presented by Mullins (20 I 0) in which 

the asphaltenes are concentrated in the centre of an aggregate and are surrounded by resins. There is a 

smooth transition between a moderate sized polycyclic aromatic hydrocarbon (PAH) ring system in 

the centre of the aggregate and the continuous medium, which is more alkane substituent. If heptane 

solvent is added to the solution, the resins are removed from the aggregate and an accelerated 
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asphaltene aggregation takes places. The aggregation reach to a stage that fonn flocs which become 

heavy to be sustain disperse in the heptane solution, a sedimentation of the flocs start on the mineral 

surface. The thick adsorption layer when crude oil is mixed with heptane (125 ~lm) compared to crude 

oil used without additives (4.5 ~m) indicates that a multilayer of aggregated asphaItene is present on 

the mineral surface during the sedimentation step. However, asphaltene aggregation does not occur 

when toluene is mixed with crude oil because toluene has a high dispersion force that prevents any 

large self assembly of asphaltenes; this results in a relatively thin adsorption layer thickness (7.4 ~m). 

The decrease in the adsorption layer thickness when mixed with toluene solution can be attributed to 

the high dielectric constant of the toluene, which is 2.44 at 20·C compared to 1.89 at 20·C when crude 

oil is mixed with heptane (Whim and Johnson, 1996). Moschopedis et a1. (1976) observed a reduction 

of 50% of molecular weight of Alberta asphaltenes when the dielectric constant of the solution is 

increased. Moreover, the tendency of toluene to act as weak acceptors for hydrogen bonds facilitates 

the dissolution of asphaltenes. 

7.6.2 2D and 3D dimensional surface characterisation 

7.6.2.1 Effect of brine salinity 

The increasing of Rq as the brine is diluted reveals the way that oil adsorbs though the brine film and 

explains the pattern of wettability that initiated is by crude oil adsorption. Dalmation wettability can 

explain the COBR interaction. This was first proposed and observed by (Kaminsky et aI., 1996) but 

since then there has been a lack of experimental quantification that supports the Dalmation scenario. 

Freer et a1. (2003) continned the observation of Dalmation wettability by using AFM over a very 

limited area (5 ~m x 5 !-lm). Roughness parameters used in this chapter, Rq and Sq. both describe the 

variation of elevation that is caused by crude oil adsorption in 20 and 3D. Since the crude oil type is 

the same used to generate the adsorption and the only variable was brine salinity, the change of 

elevation of height can only be attributed to water pockets that became trapped during oil adsorption. 

The existence of water pocket seems to be minimised when crude oil adsorption occurs through 3 M 

NaCI brine and it become extreme when oil adsorption occurred through 0 M NaCI brine. The water 

pockets are reduced because of the increased crude oil adsorption through high brine salinity (3 M 
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NaCl) as the electrostatic double layer reduces to a minimum. As brine salinity decreases to 0.5 M 

NaCl, the water pockets establish a resistance to be penetrated at some of its sites, which generates a 

pattern of wettability that is totally different than wettability generated through 3 M NaCl brine. The 

pattern ofwettability is also evident in 3D view in Figure 7.18-7.20 especially at coordinate locations 

of (0.22 !lm, 150 !lm), (0.57 !lm, 100 !lm) and (0.8 ~m, 125 !lm). Further decrease in brine salinity to 

o M increases the resistance of water pockets, which reduces crude oil adsorption to its minimum. The 

existence of water pockets is also supported through the number of peaks. Two peak regimes were 

identified for the adsorption profiles. The first, with 3 M Nael brine in which 4 peaks fonned. 

Second, with 0.5 M and 0 M NaCl brine when 2 peaks fonned. The presence of peaks in the 

adsorption profile is a manifestation of the size of water pockets trapped between the adsorped oil and 

mineral surface. Small water pockets are fonned in the presence of 3 M brine resulting in an increased 

number of peaks and a more discrete undulose adsorption profile Figure 7.21. The opposite is true 

when exposed to lower salinity brines. The texture pattern indicated from SIr shows the adsorped oil 

does not show a specific directionality to its structure (i.e. Slr>O.5) suggesting perhaps that the water 

pockets trapped beneath the adsorped oil do not accumulate at specific locations. In fact, it appears 

that the brine spreads beneath the adsorped oil with a specific spacing, which makes the texture more 

unifonn. The unifonnity of water pockets increases with brine salinity. This way of quantifying the 

texture pattern is applied for the first time and may also explain the texture pattern obtained from 

AFM scans (e.g. Yang and Hirasaki, 1999; Buckley and Lord, 2003; Freer et aI., 2003). 

Measuring JT enhances our understating of how repulsion forces minimizes adsorption of oil 

aggregates when exposed to low brine salinity. The results of the current study can be compared with 

AT measurements conducted using the highly sensitive quartz crystal microbalance (QeM-D) (e.g. 

Farooq et aI., 2011). In particular, the latter study, monitored the AT over 60 min. Their results 

indicate oil aggregates are not released from the crude in the presence of high brine salinity (4000 

ppm of 3% NaCI brine). However, when diluting the high salinity brine from 4000 ppm of 3% Nael 

brine to 1500 ppm of 3% Nael brine, 2 mg/m2 is released from the crude oil ag!,'Tegation.The results 
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presented above and published by Farooq et aI., (2011) are consistent with the existence of repulsion 

forces that minimise the adhesion of oil aggregates to silica surfaces. 

7.6.2.2 Effect ofbrine contact 

The adsorption of crude oil compenents directly into dry mineral surfaces is clearly suppressing the 

roughness profile compared to adsorption of oil through brine. This is attributcd to the presence of 

water pockets that become trapped when adsorption occurs through brine. Trapped water pockets 

elevate the surface roughness compared to when adsorption occurs directly onto the mineral surface. 

This understanding is also enhanced by the sharp reduction in the mass of adsorption when brine 

resides on the mineral surface; water trapping reduces penetration of crude oil components and their 

subsequent anchoring on the surface. 

7.6.2.3 Effect of adhesion 

The short time interaction of adhesion between crude oil and mineral surfaces does not affect the 

overall surface roughness, which might indicate the adsorption behaviour is the samc. However, the 

story is different when the characterisation of surface profile is investigated by parameters, such as 

Rpc, that characterise the spacing. It indicates the adsorped layer through adhesive brine has four 

times more peaks than that fonned through stable non-adhesive brine. This may indicate that the 

water pockets trapped during oil adsorption are more scattered than those fonned through stable brine. 

Activity at the brine/oil interface would be much higher than at a neutral oil/brine interface due to the 

nature of cationicity adhesive brine. This is reflected in a higher Jr that is 10 fold higher than from 

the non-adhesive brine. An interface with a higher cationicity would generate more adsorption at close 

spacing, which is reflected in the high value of Rpc .. 

7.6.2.4 Effect of asphaltene 

Absence of asphaJtene does not seem to contribute significantly to the surface roughness. A possible 

reason is that the asphaltene packing structure tends to cluster the adsorption elevation on the mineral 

surface. Clustering of adsorped asphaltene adsorption is magnified through small increases in the 

number of peaks compared to the single peak generated when asphaltene is absent. 
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The most striking observation is the 30 fold increase in LJF for a deasphaltened crude compared to 

asphaltenic crude oil. The type of aggregation of deasphaltene a crude oil tends to be a more 

multilayer aggregation compared to asphaltenic crude oil. Although the 3D surface profile of 

deasphaltene crude oil in Figure 7.42 shows lots of areas not covered by aggregate adsorbate, LJF is 

higher. This means the volume of peaks in asphaltenic crude oil excced those of deasphaltened crude, 

which can be explained by the higher degree of multilayer fonnation of adsorption than when 

asphaltenic crude oil is present. The question remains as to what causes multilayer aggregation where 

asphaltene macromolecules are absent. The disruption of aliphatic structures in the asphaltenic crude 

oil is well known to prevent initiation of the staking of polar components. This is due to steric alkane 

repulsion effect which reduces the aggregation degree of the components (Buenrostro-Gonzalez et aI., 

2001). Conversely, the ability in deasphaltene crude oil to cause a disruption by aliphatic structure is 

reduced due to weaker repulsion steric forces. This encourages the polar components, such as 

aromatic rings, to stake through x-bond between polar components. This generates a multilayer 

aggregation on the surface. The result agrees with Labrador et a1. (2007) who showed that the 

asphaltenic crude oil results in double the adsorption compared to free resin crude oil. The 

experimental approach was different in Labrador et aI., (2007) who isolated the resin from the 

adsorption process whereas in our work asphaltene is isolated from the adsorption. Nevertheless it 

highlights the role of resin in generating higher LJF. 

Another key question relates to how the asphaltenic crude oil increases oil-wetness despite generating 

a lower mass of absorbed mass than the deasphaltened crude oil. It is possible that the chemical 

structure of the adsorped components from the asphaltenic crude oil causes the surface to become 

more hydrophobic to water. In other words, the amount of material deposited by a crude oil may not 

be a good indicator of the extent of wetting alteration if crude oil composition is manipulated. This 

observation can explain why there is a lack of correlation between IAH indicators of organic deposition 

obtained by SEM (e.g. Wolcott et aI., 1993). It also explains discrpency between contact angle 

measurements and organic aggregation coverage obtained by AFM described by Buckley and Lord 

(2003). 
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7.6.2.5 Effect of temperature 

Thinning of the brine film with increasing temperature (e.g. DeIjaguin, 1987) can cause the water 

pockets, trapped between the mineral surface and the bulk crude oil, to be minimized. If the size of 

water pockets is reduced, the elevation of the adsorbed layer is likely to reduce as temperature is 

increased. Indeed, Rq was threefold lower at 60·C compared to 20·C. Furthennore, the spacing 

between peaks on the adsorbed oil profile is reduced by 3 orders as temperature increases to 60·C, 

which is reflected by the high number of peaks count at 60·C. 3D analysis shows that the peak 

adsorption elevation become less spiky at 60·C compared to 20·C. So if bulk oil is trapped during 

displacement at 60·C, it would be trapped between the cavities located between peaks more than 

cavities at the tips of each peak. 

There is a little difference in L1r as a function of temperature (i.e. 91.7 ng/cm2 at 20·C compared to 

53.8 ng/cm2 at 60·C). Although the thin water film is diminished as temperature increases, which 

means water pockets between crude oil adsorption and mineral surface decrease in size, L1r does not 

change much. In fact, L1r tends to decrease at 60·C. The 3D view in Figure 7.46 reveals that the 

integrity of the adsorbed layer at 60·C tends to be less than that at 20·C. This is indicated from the 

wider valleys that appeared with high peaks, which dominate the speckled oil adsorption especially at 

coordinate location (400 J,lm, 250 J,lm), (500 J,lm, 150 J,lm) and (50 J,lm, 100 J,lm). Conversely, at 20·C, 

the 3D view (Figure 7.40) shows no evidence of wide valleys features, which explains the higher L1r. 

7.6.2.6 Effect of oil solvency 

Mixing heptane with crude oil increases the solubility of alkyl chains., AsphaJtene starts to 

agglomerate and subsequently adsorb to the surface when alkyl chains are not present. The adsorption 

in 3D view Figure 7.51 tends to be amorphous with dendritic branches. This is totally different when 

toluene is mixed with crude oil, which shows almost the bare mineral surface with only a few patches 

with oil aggregation (e.g location coordinates (0.5, 150) J,lm, (0.7, 250) 11m, (0.7, 50) J,lm and (0.9, 

250) J.lm in (Figure 7.55-7.56). The reduced number of patches of aggregates is that toluene cannot 

remove the alkyl chains from the crude oil due to its aromatic degree. This reflected in very poor 
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staking of asphaltene in crude oil, which limits the subsequent adsorption of crude oil components. 

The varible staking of asphaltene and subsequent adsorption type can explain the very high roughness 

0.25 Jlm of created from the heptane: crude oil mixture compared the 0.013 Jlm from thecrude oil: 

toluene mixture. The variable staking of asphaltene also explains why L1T of crude oil: heptane is five 

times the adsorption of crude oil:toluene. This finding agrees with previous work of Alboudwarej et 

al. (2005) who found increasing heptane to toluene ratios doubled adsorption compared to toluene 

only. 

7.7 Conclusion 

Several novel results have been presented in this chapter and are summarized below: 

• White light interferometry (VSI) provides a promising non-contact tool that can be used to 

detennine parameters such as the thickness and roughness of the adsorbed layer as well as the 

adsorption mass per planar area. VSI is superior to other surface analysis techniques, such as 

AFM and SFA in detennining the surface texture of minerals resulting from COBR 

interaction. 

• 

• 

Surface roughness shows a direct relationship with brine salinity in which Rq and Sq increase 

as brine is diluted. The Dalmation wettability model for mixed wet systems has been 

confinned quantitatively through 2D and 3D surface analysis. 

For the first time, 3D parameters, established by the International Organization for 

Standardization (ISO), have been used to describe the adsorption features resulting from 

interaction between a mineral surface and crude oil. The new insight, at nanoscale resolution, 

enables direct visualisation of role of asphaItene in controlling the wettability of mineral 

surfaces. Absence of asphaltene is evident by an adsorption morphology that has distinctive 

features compared to that produced when asphaltene is present in the crude. 

• Changes in brine salinity have a severe effect in the thickness of oil components adsorb to the 

mineral surface. As salinity is diluted, there is a sharp decreasing in adsorped layer thickness. 

This provides a direct confirmation of the benefit of diluting brine to enhance oil recovery. 
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• Two main texture patterns are observed when oil solubility is changed. If oil solubility 

changes where asphaltene start to precipitate, a dendritic oil adsorption pattern is fonned on 

the rock surface. However, this dendritic oil adsorption pattern is not apparend when 

asphaltene is dissolved. 



278 



279 

Chapter 8 
Conclusions and Recommendations 

8.1 Introduction 

This thesis has presented work from an extensive experimental program conducted to assess 

the impact of wettability on petroleum recovery. More specifically, the role of brine and 

temperature in wettability alteration has been investigated by four main approaches. Chapter 

4 investigated the basic understanding of wettability alteration of homogenous mineral 

surfaces. Contact angle measurements were utilised as a direct indication of wettability. 

Chapter 5 increased the complexity by including the role of capillary forces in 2D glass 

micromodels. Combining pressure measurements and visualisation of fluid interfaces 

provided very informative results. Extrapolating previous results would be highly u~certain 

without considering the real rock surface. Chapter 6 used rock samples from outcrops and an 

Omani reservoir. This third approach studied the displacement behaviour as a function of 

brine salinity and temperature. Chapter 7 investigated the morphology resulting from the 

reaction of crude oil and a mineral surface. Nanoscale resolution of wettability alteration is 

extensively investigated using a novel scanning interferometry technique. In the following, 

further discussions and conclusions of the previous chapters are presented. 

8.2 Further Discussion and conclusion 

8.2.1 Effective wettability of mineral surfaces 

Contact angle measurements provide a universal indication of the wettability of mineral 

surfaces. Advancing and receding contact angle measurements were used to describe the 

movement of oil and brine interface inside the reservoirs . The main conclusion that emerge 

from Chapter 4 are: 
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Asphaltene content: 

AsphaJtene presence and solubility both play an important role in wettability alteration. 

Removing asphaltene from crude oil results in less oil-wet silicate surfaces but the oil-wetness 

still dominates the glass surface. However, mixing the crude oil with a good asphaltene 

solvent (toluene) results in more water-wet glass surface whereas mixing crude oil with an 

asphaltene precipitant (heptane) results in extremely oil-wet silicate surfaces. Therefore, 

understanding the conditions that result in asphaJtene precipitation in crude oil is critical to 

predicting wettability alteration. 

Impact of brine composition: 

The composition of the brine film which covers mineral surfaces has a strong impact on 

wettability alteration. This role was investigated extensively through short-time (adhesion 

test) and long time (depositioll test) interaction tests. Diluting brine in the presence of crude 

oil renders silicate surfaces more water-wet. Furthermore, the degree of hysteresis between 

advancing and receding contact angle is increased significantly when exposed to adhesive 

brine compared to stable brine film. 

Impact of temperature: 

Increasing the temperature increased the contact angles of silicate surface (Le. made them 

more oil-wet). The lack of wettability reversal as a function of temperature, when asphaltene 

is absent from crude oil, indicates the presence of asphaltene in crude oil is a critical factor. In 

extracting the water-soluble components from crude oil, temperature does not have any effect 

on wettability alteration of silicate surface. 

Oillbrine interface: 

The wettability alteration of rock surfaces is affected by the interfacial activity between the 

oil and brine. Thus, it is important to study the behaviour of 1FT with brine composition. The 
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interfacial tension behaviour is classified into two main categories based on brine pH and 

brine salinity: 

Brine pH: 

There is a strong interplay between the acid and base number crude oil of the crude oil and 

the pH of brine in controlling wettability alteration. Crude oils with the highest acid number 

experienced greater reduction in 1FT when exposed to alkaline brine. Conversely, crude oil 

with a high base number shows a sharp reduction in 1FT when in contact with more acidic 

brine. This indicates the wettability altering acids and bases that exist in the crude oil control 

the interfacial activity especially if the pH of reservoir brine is changed. 

Brine salinity: 

1FT passes through a minimum at a specific ionic strength. The alteration of interfacial 

activity as a function of brine salinity was only observed when polar components are present 

in the crude oil. The sensitivity of interfacial tension to acid and base number as well as brine 

pH and salinity has a major implication for the estimation of recoverable oil where the 

interfacial tension is a critical parameter in defining the capillary pressure. Dealing with 

interfacial tension as a constant parameter through the entire reservoir, without considering 

the change of brine pH during CO2 injection or the change of brine salinity during low salinity 

waterflooding, should be revisited. 

8.2.2 Micromodel investigation of wettability alteration 

Micromodels have been significant in providing an indepth understanding of immiscible 

displacement flow inside rock crevices. A 2D structures were etched in glass to mimic the 

pore structure of reservoir rock in terms of pore throats and pore bodies. In this study 

micromodels have been utilised toidentify how changing brine salinity, temperature and flow 

rate affect mutiphase flow processes. This is instructive when examining the rationale for 

some of the screening programmes in EOR methods (Taber et aI., 1997). Understanding flow 
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mechnisms at the pore-scale provides the reservoir engineer with a fundamental knowledge of 

physical chemistry of enhanced oil recovery. 

The main conclusions that emerge from Chapter 5 are: 

• A specific salinity-dependent flow regime in multiphase flow in petroleum reservoir 

has been identified for the first time. The three flow mechanisms identified were 

pinch off, frontal advance and stripping flow regimes. Residual oil saturation, SO" is a 

maximum in the case of pinch off flow whereas it minimised in the case of stripping 

off oil flow behaviour. 

• Temperature plays a major role in controlling pore-scale flow regimes. Increasing 

temperature in situ prior to water invasion results in dendritic flow controlling the 

multiphase displacement. This flow regime occurs as a result of oil blocking the 

streaming water through pore throats, which creates an early sharp water front. If the 

temperature increased prior to invading into oil reservoir, sub-singlet water flow 

behaviour controls the multiphase displacement. 

• The wettability of the medium was found to control flow mechanisms and the 

distribution of the fluid phases. Flow behaviour during imbibition can be classified 

into two main flow regimes depending on the injection rate and contact angles: 

o Grain jump describes the situation where water peels oil from b'Tain surface 

and subsequently water jumps from grain to grain until the water 

breakthrough. Water clearly occupies the smaller pores and occurs as a thin 

film on the solid surface. This flow behaviour is limited to a very low rates 

(0.04 cc/min). 

o Frontal advance: describes flow when oil is mainly swept from pore bodies. 

This flow behaviour dominated at 0.1 cc/min and I cc/min rate. 

• Flow behaviour is not sensitive to rate when contact angle is increased to 60· and 

170· using crude oil and silane agent respectively. 
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8.2.3 Core scale investigation of wettability alteration 

EOR requires careful engineering design. Screening criteria for EOR are designed based on 

laboratory investigations (AI-Mjeni et aI., 2011). Cores extracted from reservoir were utilised 

to define the screening criteria for EOR implementations. Thus, the purpose of Chapter 6 is 

to investigate the core scale response as brine salinity and temperature are altered. For the 

first time, wettability measurement based on spontaneous imbibition and nuclear magnetic 

resonance (NMR) were conducted on the same cores. The main conclusions are: 

• Reducing the salinity of brine with monovalent cations increases oil recovery in 

sandstones. The presence of clay is not a necessary condition to observe the increased 

recovery. Increased oil recovery occurs by shifting the wettability of mineral surfaces 

towards a more water-wet state. 

• Increasing temperature from 20·C to 60·C in sandstones causes a large decrease 

(50%) of recovery factor IAH and INMR and suggests that the wettability is shifted 

towards a more oil-wet state. 

• Increasing temperature in carbonates increases recovery factor by less than 4%. IAIf 

and INMR indicate the wettability is shifted by less degree towards water-wet. 

• The viscous force produces two patterns of injectivity to sweep the residual oil as 

brine salinity changes. The first is sweeping the oil with high injectivity, which 

occurs between 0.5 M and 0.1 M NaCI brine. The second is sweeping the oil with loss 

of water injectivity between 0.1 M and 0.01 M NaCI brine. The potential reason of 

losing injectivity is attributed to detachment of clay that coats the grains leading to a 

blockage of pore throats. 

8.2.4 Adsorption Morphology of wettability alteration 

Advancement of surface engineering technology takes the studies of wettability to a new era, 

which includes the nanoscale observation of wettability alteration. Previous studies on the 



284 

impact of wettability on petroleum recovery infer the reservoir wettability from either indirect 

measurements (IAH) or macroscopic measurements (contact angle). Chapter 7 assesses 

wettability of petroleum reservoir at nanoscale resolution. Vertical scanning interferometry is 

used to probe the morphology of the layer of material adsorbed from crude oil without 

damaging weak material as happens when using AFM (Bowen and Hilal, 2009). Several 

novel conclusions emerge: 

• Brine salinity variations have a major effect on the thickness of the adsorbed oil layer 

on mineral surfaces. There is a sharp decreasing of oil adsorption thickness as brine 

salinity is reduced. Reduction of the thickness of adsorbed oil provides direct 

evidence of enhancing oil recovery. 

• Mineral surfaces have a microscopic texture that varies depending on the brine 

salinity used during equilibraton with crude oil. The texture of the adsorbed layer is 

consistent with the Dalmation wettability model. It is consistent with the model in 

which water accumulates as pockets on the mineral surface during interaction with 

crude oil. Some pockets of water remain trapped underneath the adsorbed oil layer. 

This Dalmation wettability scenario is supported by quantitative parameters, such as 

surface roughness profile, which shows a continuous increase as brine salinity 

diluted. 

• For the first time, 3D parameters, established by International Organization for 

Standardization (ISO), are used to describe the features resulting from adsorption of 

crude oil. The new insight, at nanoscale resolution, highlights the role of asphaltene 

in altering the wettability of mineral surfaces. The texture of the absorbed layer is 

different when created by reaction with asphaltene-rich and asphaltene-free crude oil. 

• Two main texture patterns were observed when aspheltene solubility in oil is 

changed. A dendritic oil adsorption pattern is fonned on the mineral surface if 

asphaltene starts to precipitate. However, a unifonn layer is produced when 

asphaJtene is dissolved in the crude. 
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8.3 Practical significance 

The experimental studies carried out in this thesis have significant implications for the 

interpretation of core floods and also for data input parameters in grid block characterisation 

for numerical models, at both core plug and field scale. 

Most of experimental work perfonned in the literature to measure the interfacial tension 

between brine and oil assumes equilibrium status is achieved after short time (minutes) of 

contact (Jasper et aI., 1970; Janczuk, 1993). Chapter 4 indicates equilibration time between 

immiscible phases requires at least one hour of contact. In assessment of oil reserves, 

underestimation of interfacial tension between oil and brine will impact the detennination of 

oil saturations above the free water level in the underground reservoirs. The consequence of 

uncertainty in estimation of oil columns could lead to mistakes during drilling and well 

completion. Furthennore, changing of interfacial tension with brine salinity requires a careful 

consideration of such variables when a salinity gradient exists in a reservoir. For example, 

surfactant EOR uses a salinity gradient design, in which the salinity of brine reservoir is 

controlled, to keep as much surfactant as possible in the active region and to minimize 

surfactant retention on the mineral surface (Hirasaki et aI., 1983). This salinity gradient 

scheme will impact the interfacial tension and consequently requires an update feeding to 

dynamic reservoir model which forecast the behaviour of surfactant injection. 

In field development plans, the use of relative penneability derived from laboratory 

measurement should always be coupled with a rate function. Fluids exhibit high flow rate in 

vicinity of injection wells and low rates in the bulk reservoir (Heaviside et aI., 1987). These 

two extreme situations should be i~corporated in numerical simulation with separate relative 

penneability curves. Failure to incorporate representative relative penneability data into 

numerical models will give a totally erroneous interpretation of the flood process, and hence 

an incorrect prediction of EOR. This study shows visually, in Chapter 5, the role of flow 

rate on microscale displacement behaviour in water-wet, mixed-wet and oil-wet rocks. 
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The combination of macroscopic and microscopic studies is complementary and necessary. 

This appears during Chapter 6 when results on experiments on rocks draw important 

conclusions from the micromodel work in Chapter 5. The assessment of oil reservoir 

mineralogy, the presence of clay in the rock surface is not a necessary condition to select the 

reservoir candidate to EOR by low salinity brine. Furthermore, the way that heat is introduced 

to a reservoir may affect wettability. For example, wettability may vary depending upon 

whether heating occurs via cyclic steam injection or continuous steam flooding. 

Surface engineering technology undoubtedly will advance the understanding of the EOR 

process to new levels. The results that emerge from utilising vertical scanning interferometry 

enrich our understanding of various EOR techniques. Hydrocarbon co-injection to oil 

reservoir has implemented for 30 years (Stalkup, 1983). The ultimate goal is to achieve 

misciblity between an injected solvent and the oil in the reservoir. This involves dramatically 

reducing interfacial tension so that economic sweep is achieved. The results of Chapter 7 

indicate the type of solvent mixed with oil have a dramatic impact in the thickness of layer of 

oil adsorped to the mineral surface. Increasing the thickness of oil adsorption as a result of 

heptane injection to oil reservoir is anticipated to be 15 times the oil adsorption thickness if 

toluene is injected into the oil reservoir. Such results have a practical significance in planning 

miscible displacements. In particular, they suggest that it is important to establish screening 

criteria solvent used in miscible displacements. The optimal solvent to achieve a miscible 

displacement is one that would reduce the interfacial tension without encouraging the oil 

retention on rock surface. Thus, successful integration between surface analytical techniques 

such as VSI and special core analysis will reduce the uncertainty of EOR implementation 

programme. 

There is a practical significance regarding the understanding of the distribution of 

hydrocarbons in subsurface formations. In the past, the normal presumption was that the 

hydrocarbon is present in the subsurface formation as a homogenous fluid (Hoier and 

Whitson, 2001). Recently, the advancement of fluid sampling technique indicates that the 
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hydrocarbons are frequently highly graded compositionally in the subsurface. The new view 

is that "hydrocarbons in the formation are considered compositionally graded unless 

otherwise proven" (Mullins et aI., 2005). Chapter 4 and Chapter 7 address this issue through 

investigation of the role of asphaltenes components in crude oil, which shows a dramatic 

difference in the adsorption morphology when asphaltene is absent from crude oil. The 

distinctive difference of wettability (more water-wet) when asphaltene is absent has a 

practical significance in the flow behaviour via the type aggregation that occurs on the pore 

surface. 

8.4 Recommendations 

There are still many questions remaining regarding the process of wettability alteration and 

how wettability impacts petroleum recovery. The motivation of researchers should be carried 

out to find solutions to persistent technical challenges in EOR. Here recommendations are 

summarised for future researches: 

New frontier for crude oil impact in wettability 

A standard way of treating crude oils is divide their components within the SARA 

classification (saturates, aromatics, resin and asphaltenes). These designations are focused on 

operational procedures associated with solubility and adhesion in column chromatography. 

However, clear chemical designation for crude oil components in tenns of elements and 

functional groups is not captured in details by the SARA test. Petroleomics, the 

establishment of structure-function relations for asphaltenes and crude oils, is being 

implemented (Rodgers and Marshall, 2007). The development of Fourier-transfonn - ion­

cyclotron-resonance - mass spectroscopy (FT-ICR-MS) has pushed the resolution and mass 

accuracy of mass spectroscopy beyond the SARA test. The new mass spectral and other 

analytical technique are of sufficient resolution that generation of the full details of crude oil 

is in sight. Thus, FT -ICR-MS enables petroleomic molecular structure of crude oil 

components and especially of their mysterious constituents asphaltenes must be understood as 



288 

the root source of wettability effect in petroleum recovery. Simply stated, petroleum 

companies sell molecules and consequently, an oils composition determines its economic 

value. Therefore, compositional knowledge equals power: to produce oil reserves more 

efficiently. In wettability research, petroleomic science may be used to investigate 

correlations between chemical function, structure and contact angle. If there is a definite 

correlation, the wettability of the oil reservoir can be challenged from crude oil sampling. 

This will enhance the results of other wettability measurements such as JAil, USBM index and 

JNMR. 

Another output from researching the wettability by applying petroleomics science is defining 

the chemical mechanism of EOR specific techniques. For example, the role of brine salinity 

in desorption the oil components from silicate surface. If the ability of revealing each crude 

oil components is available by FT-ICR-MS, then analysis of effluent crude oil produce from 

the outlet of flow experiments may be very infonnative. The analysis of dynamic desorption 

of crude oil after different brine salinity will explain which parts of crude oil are desorbed. 

Effect of brine salinity in Carbonate reservoir 

In this thesis, the effect of brine salinity was studied in outcrop and reservoir sandstone. More 

than 50% of known petroleum reserves are trapped in carbonate reservoirs, which can be 

divided into limestone, chalk and dolomite (Austad, 2012). Until recently, there are no studies 

of the effect of brine salinity on carbonate reservoir except (Yousef et aI., 20 11). It is 

recommended to study the role of brine salinity in carbonate reservoir rocks as these are still 

the most common reservoir rock and are likely to contain large amounts of oil remaining after 

primary and secondary recovery. 

Phase behaviour of asphaltene on mineral surfaces 

Vertical scanning interferometry offer fascinating results that shows distinctive wettability 

pattem as the solvent mixed with crude oil is switched from heptane to toluene (Figure 7.52 

& 7.55). The two extreme adsorption morphologies indicate the crude oil might undergo 
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different steps in phase behaviour. The kinetic process of phase behaviour of crude oil with 

respected to asphaltene precipitation deserve more in-depth study before the final adsorption 

occurs. Ideally, it is a great advantage for a reservoir engineer to detect the precursor of 

asphaltene flocculation, which is the formation of microscopic particles. This is important 

when reservoir pressure decreases towards the bubble point of the oil, the solubility of 

asphaltenes in the crude oil decreases and they may precipitate and adsorb on the rock 

(Buckley, 1995). Early warning of such flocculation will avoid a major economic lost in 

production. These particles are generally believed to originate from asphaltene molecular self­

association. Unfortunately, the knowledge that we have about asphaltenes is limited, and the 

mechanisms of nucleation and deposition are not completely understood. Thus, the asphaltene 

self-association is an important a phenomenon to investigate and understand. Yen (1988) 

proposed a hypothetical model that explicitly describes the evolution of the particle size from 

nano size aggregates to macroscopic particles observed in precipitates. Yen model is based on 

length scale and elemental particles, as Yen named then, are nanoscale aggregates arising 

from molecular self-association. This aggregation step forms the nano size precursors that 

flocculate later and then coat the surface of minerals. The self-association of asphaltenes in 

well characterised solvents can be studied using glass micromodels. Such experiments otTer a 

direct measure of particle size as asphaltene aggregates with time. This will enhance the 

understanding to asphaJtene self-association before adsorption. 
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