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A B S T R A C T   

The various microscopic processes that take place during enhanced oil-recovery upon injecting low salinity 
brines are quite complex, particularly for carbonate reservoirs. In this study, we characterize the in-situ 
microscopic responses of the organic layers deposited on flat Iceland spar calcite surface to brines of different 
salinity using Atomic force Microscopy (AFM). Organic layers were deposited from crude oil at the end of a two- 
step aging procedure. AFM topography images reveal that the organic layers remain stable in high-salinity brines 
and desorb upon exposure to low-salinity brines. In addition, the organic layers swell in low-salinity brines, and 
the stiffness of the organic layers is found to directly proportional to the brine salinity. These observations are 
explained in terms of ‘salting-out’ effects, where the affinity of organic layers to solvent molecules increases upon 
reducing the brine salinity. The swelling and desorption of organic materials provide access for the brine to 
mineral surface causing dissolution and change in wetting properties of the surface. Our results show the sig-
nificance of de-stabilizing the organic layer on rock surfaces in order to design any successful improved oil re-
covery (IOR) strategy.   

1. Introduction 

Understanding the response of crude oil deposits on mineral surfaces 
when exposed to various brines is one of the key aspects of improved oil 
recovery (IOR) strategy that can ultimately lead to unravelling the 
physics underlying the low-salinity effect (LSE). Here, by LSE, we denote 
salinity dependent responses of the mineral-oil-brine interfaces that will 
lead to increased oil recovery upon injection of low-salinity brines into a 
porous mineral structure. Although indications of improved oil recovery 
by injecting low-salinity brines have existed since the 1960s [1], 
intensive research into LSE started in the 1990s [2–5]. This significant 
research effort has eventually led to a number of proposed mechanisms 
[6] for LSE such as multi-component ion exchange [7], mineral disso-
lution [8], fines migration [5], double layer expansion [9], salting-out 
effects [10], wettability-alteration to water-wet [8] and mixed-wet 
state [11], and changes in oil-brine interfacial properties [12]. But the 
actual physical interactions associated with these mechanisms for a 
given type of reservoir are still highly debated. 

Enhancing oil recovery by LSE involves a hierarchy of processes 

ranging from molecular affinity between oil and the rock [13,14] over 
contact angle variations [15] on the pore scale [16–19] up to reservoir- 
scale two-phase flow phenomena [20]. All together, they determine the 
overall recovery factor. Individual mechanisms and their interplay do 
not transmit across length scales [21]. But often experimental data from 
a particular length scale are extrapolated to draw conclusions at other 
length scales. This may lead to correlations being misinterpreted as 
causal relations. Contradictions also arise from inconsistent definitions 
and notations. For example, across the IOR literature ‘wettability 
alteration’ is used for various physical phenomena such as changes in 
adhesion force between organic molecules and mineral surfaces [22], 
increased/reduced imbibition [23], changes in Amott index [24] and 
contact angle variations [25]. Despite the challenges of relating micro-
scopic interfacial properties to macroscopic recovery, it is reasonably 
well-established from two-phase flow simulations [26] that reducing the 
water contact angle from very high to intermediate values, i.e. from 
strongly ‘oil-wet’ to intermediate-wet or water-wet conditions, does 
improve macroscopic recovery. Hence, searching for microscopic pro-
cesses that reduce the water contact angle forms the basis of LSE-IOR 
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research. 
For sandstone reservoirs, a consensus has emerged that ‘wettability- 

alteration’ is the primary cause of LSE [2,6,27]. While it is clear that the 
mechanisms underlying LSE are different for sandstone and carbonate 
reservoirs [10,28], the latter is quite complex. Firstly, such complexity 
arises from the higher chemical activity of the carbonate surfaces 
coupled with the inherent heterogeneous reservoir conditions [29]. 
Secondly, the reactivity of carbonates is strongly dependent on tem-
perature. And hence any effect of potential determining ions, sulfates, 
calcium, and magnesium on wettability alteration in carbonate reser-
voirs also becomes strongly dependent on temperature [30]. This taken 
together with the geothermal gradients that exist in the reservoirs makes 
it more complicated for carbonates than sandstone reservoirs. 

The thermodynamic equilibrium established between crude oil 
(CRO), formation brine and minerals over geological time-scales leads to 
a complex configuration with an interfacial layer containing recon-
structed carbonates, ions from the ambient brine, and interfacially 
active components of the CRO such as poly-aromatic hydrocarbons 
(PAH) [31]. This complex interfacial layer is responsible for the higher 
degree of oil-wetness as compared to bare calcite, which is intrinsically 
hydrophilic [31,32]. Several studies using rough rock material as a 
substrate (rather than e.g., flat calcite crystals) have also pointed out 
that such layers can be very heterogeneous leaving parts of the rock 
surface covered by trapped water rather than in direct contact with oil 
[16,17]. In the laboratory, researchers typically emulate this interfacial 
layer by subjecting originally clean surfaces to specific aging protocols. 
Note that not only the specific materials and their topography, but also 
the details of these protocols can have a substantial effect for both the 
absolute wettability and the response of interfacial layer to salinity 
variations of the injection brine [2,33]. Extraction of oil by water-
flooding involves not only movement of the contact line, but also a 
disturbance of the responsive CRO-brine-mineral interfaces that can 
lead to degradation and dissolution of the interfacial layer and the un-
derlying bulk mineral. Arguably, any improved oil recovery in low 
salinity water flooding ultimately originates from the perturbation of 
these interfacial layers. Therefore, understanding the perturbation 
response of the adsorbed organics and the mineral surfaces is important 
for the success of low-salinity IOR. 

The type of organic component that gets adsorbed on to the mineral 
surface depends on the specific aging conditions. Nevertheless, poly-
aromatic hydrocarbons such as asphaltenes and pre-asphaltenes are 
known to be a major class of organic components that gets adsorbed on 
to the mineral surface from crude oil [31,34–36] and form an integral 
part of the interfacial layer. Asphaltenes have been shown to exhibit 
changes in colloidal forces between them under different organic sol-
vents [37,38] and simple salt solutions [39]. This results in changes of 
the morphology and mechanical properties of the asphaltene deposits 
[40]. Characterizing such changes can shed light on how low-salinity 
brines change the interactions among the crude-oil deposits and be-
tween the deposits and the mineral surface. Recently, researchers started 
to characterize the interfacial layer and its response to various brines in 
more detail at the micro- and nano-scale using a variety of techniques 
[16,17,31,32,36,41–43] such as scanning electron microscopy (SEM), 
confocal Raman spectroscopy, electron spectroscopy, mass spectrom-
etry, microcomputed tomography, surface force apparatus, and atomic 
force microscopy (AFM). For example, on a mica substrate, Haagh et al. 
[33] showed that a slight change in the composition of the aging-brine 
during crude-oil aging changed the surface charge density of the crude 
oil deposits and also its macroscopic response to low-salinity brines. 
Chen et al. [41] characterized crude oil-brine-carbonate interactions 
using a variety of dynamic techniques. They found that the patchy 
interfacial ionic-organic layer readily detaches as flakes in low-salinity 
brines exposing the hydrophilic mineral surface. Ayirala et al. [44] re-
ported the results from cryo-broad ion beam-scanning electron micro-
scopy (cryo-BIB-SEM) to show the relatively less contact of crude oil 
with carbonate surface after flooding with low salinity brine. The 

microscopic contact-angles determined from high resolution SEM im-
ages in this study also showed lower water contact angles for low salinity 
brine when compared to the high salinity brine. Fenter et al. [45] 
studied calcite-petroleum interactions using X-ray reflectivity (XR) 
measurements and these results indicated that the presence of interfacial 
layer controls the properties of the interface. The interface is charac-
terized by significant structural distortions with an increased surface 
roughness and is tightly bound to be displaced by aqueous brines. 

Most of the microscopic characterization techniques work only ex- 
situ. Ex-situ measurements, by definition, do not take place in the 
native brine environment and are done only after some drying proced-
ure. Such measurements do not have access to spatio-temporal phe-
nomenon that happens under live environment which are the key 
aspects of microscopic characterization considered in the present study. 
Among the microscopic characterization tools that can be used in-situ, 
AFM is versatile with high lateral resolution which can be used not 
only to map the topography of a surface but can also be used to char-
acterize material (phase imaging), mechanical properties and surface 
properties such as surface charge density. 

In this work, we characterize the in-situ responses of aged calcite 
surfaces upon exposure to brines of variable salinity using various modes 
of Atomic Force Microscopy (AFM). We prepared CRO-brine-mineral 
interfaces by a previously established two-step aging protocol [31] 
involving exposure of freshly cleaved calcite surfaces to CRO- 
equilibrated formation water (FW) and equilibrated crude-oil at 
elevated temperatures for extended periods of time. We find that organic 
deposits (enriched in polyaromatic hydrocarbons) grown during aging 
form a coating that is relatively stable and protects the underlying 
mineral surface at high brine concentration. In low salinity environ-
ment, however, these deposits gradually soften and desorb. This exposes 
the underlying relatively water-wet calcite substrate to low-salinity 
brines leading to mineral dissolution. 

2. Materials and methods 

2.1. Materials 

Iceland spar, obtained from Ward’s Science, was cleaved mechani-
cally to small pieces of a few cm2 in surface area. ‘Dead’ crude oil, ob-
tained from a carbonate reservoir, was used for the aging protocol. The 
SARA (Saturate, Aromatic, Resin and Asphaltene) analysis of the crude 
oil, carried out by a certified laboratory at Saybolt Nederland B.V., and 
summarized in Table S1, shows that the crude oil contains 2.6% of 
asphaltenes by mass. Formation water (FW) and high salinity water 
(HSW) were prepared by dissolving reagent grade salts (Sigma Aldrich) 
in milliQ water (18.2 mΩcm), stirred overnight and filtered using 0.2 µm 
polyether sulfone (PES) membrane. The composition of both FW and 
HSW can be found in Table S2. The composition of high-salinity brine 
(HSW) is similar to that of seawater. The dilutions of HSW (10xdil.HSW 
and 100xdil.HSW) are referred to as low-salinity brines in this study. 
Equilibrated crude oil (eqCRO) and equilibrated formation water 
(eqFW) were obtained by equilibrating equal volumes of FW and crude 
oil at 95 ◦C for 48 h. During this equilibration process, organic material 
of about 31 mg/l of humic acid equivalence (≈0.1 mM) from crude oil is 
transferred to FW [31]. Freshly cleaved calcite pieces were aged initially 
in eqFW for 16 h and subsequently in eqCRO for 7 days at 95 ◦C. The 
aged samples were then briefly washed with toluene to remove the 
excess oil layer. The samples that were aged only in eqFW were rinsed 
with milliQ water for 3–5 s to remove salt crystals and blown dry using 
pressurized nitrogen. A detailed description of the equilibration pro-
cedure and reservoir-pertinent fluids can be found elsewhere [31]. 

Atomic force microscope (AFM) imaging and force spectroscopy 
were done using a Bruker Dimension ICON instrument. The topography 
images were taken in dynamic amplitude-modulation mode whereas 
force spectroscopy was performed in static mode using Force Volume 
data acquisition technique. ScanAsyst-Fluid and OTESPA probes, from 
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Bruker, were used for both imaging and force spectroscopy. These 
probes are made of silicon and have nominal spring constant of about 
0.7 N/m and 42 N/m, and a nominal tip radius of about 20 nm and 7 nm, 
respectively. The stiffness of the AFM cantilever (kc) was calibrated via 
thermal tuning method [46]. Topography images were post-processed 
using Gwyddion software (version 2.55) and the force-distance curves 
from force spectroscopy data were analyzed using a house-built routine 
written in MATLAB. The topography images are of 512 × 512 resolution 
whereas the force volume maps are of either 256 × 256 or 100 × 100 
resolution with 128 data points on each trace and retrace force curve. 

2.2. Methods 

All the imaging and mechanical characterization experiments were 
done at room temperature (22 ◦C) in-situ in the respective fluid envi-
ronment, unless explicitly mentioned otherwise. The aged calcite sam-
ples were glued to a steel puck using Norland optical adhesive 81 
(Norland Products, Inc.) and cured using UV-light. The samples were 
then placed in a petri dish containing the relevant brine (of volume 17 
ml) and put under the AFM scanner. The sample was held in place by 
magnets under the petri dish. For eqCRO-aged samples, the aging pro-
cedure produces a heterogeneous distribution of material on the surface. 
The region with relatively more deposits (which can be seen as darker 
regions under optical microscope) was chosen to be probed using AFM 
(Fig. S1). Once a suitable area was found, its response was tracked 
continuously as function of time and brine composition. Fluid exchange 
of the brines (at least 3 cell volumes) was done using syringe pumps at 
the rate of 2 ml/min. 

The topography images were corrected for imaging artefacts such as 
horizontal scars. Then the minimum point in the height was set to zero. 
To calculate the area covered by the deposits, a grain analysis method 
using a thresholding algorithm, in Gwyddion software, was used where a 
height criterion and a slope criterion (to identify edges of the deposits) 
were set. To obtain the stiffness of the sample from the force-distance 
curves, the sample and the cantilever were modeled as Hookean 
springs in series. As previously mentioned, the stiffness of the AFM 
cantilever is represented by kc. The effective stiffness (keff) of the sample 
and the cantilever was obtained from the slope of a line fitted to 
approach force curve in the constant compliance region. The region of fit 

was chosen to be between 10% and 90% of the peak force in each curve. 
Then the stiffness of the sample (ks) can be obtained as follows [47]: 

ks =

(
1

keff
−

1
kc

)− 1

(1)  

3. Results 

3.1. Initial aging 

Fig. 1 shows typical calcite surfaces as used in the subsequent ex-
periments and initial aging procedure that was developed before [31]. 
Freshly cleaved Iceland spar displays characteristic cleavage triangles 
with step heights of a few atomic layers, Fig. 1a. The flat terraces are 
covered by small hillocks (see inset) that arise from the reconstruction 
and roughening of calcite surfaces upon exposure to ambient humidity, 
see e.g. [48]. After 16 h equilibration with eqFW at 95 ◦C, the surfaces 
are covered with an almost uniform distribution of deposits (Fig. 1b). 
These deposits have well-defined shapes and an average diameter of 
about 45 nm (Fig. S4). They consist primarily of calcite with a small 
amount of Mg2+ (roughly 10 mol% MgCO3; see Figs. S5, S6 and [49]) 
and organics such as polyaromatic hydrocarbons (PAHs), as deduced 
previously from Energy-dispersive X-ray spectroscopy (EDX) and Raman 
spectroscopy [31]. This agrees well with the previously reported ob-
servations that the top calcite layer is reconstructed and composed of 
both inorganic and organic components [31,32,36,41]. This layer will 
henceforth be called modified calcite. After subsequent equilibration 
with eqCRO for 7 days at 95 ◦C, the samples become substantially 
rougher and display a heterogeneous distribution of aggregates on the 
surface (Fig. 1c). Despite the heterogeneous distribution, these aggre-
gates show preferential adsorption on to macro-steps of the modified 
calcite (see Fig. 2). High energy surface features such as macro-steps are 
active sites for adsorption of organic aggregates [31,32]. These aggre-
gates vary in shape and size from tens of nanometers to even micro-
meters (Fig. 1c). Our previous work shows that they are enriched in 
PAHs [31]. The Raman intensity for the PAHs (integrated in the range 
between 1230 cm− 1 and 1745 cm− 1) is about 3 times higher for eqCRO- 
aged samples relative to eqFW-aged samples (Fig. S5). This indicates 
that the surface deposition of organic materials from eqCRO is 

Fig. 1. Morphological evolution of calcite upon aging. Top row - Taping mode AFM topography images taken in air. Bottom row – cross-sections along dashed lines 
in images (note the different range of the vertical scales). (a) Freshly cleaved Iceland spar calcite. (b) Calcite surface after aging in eqFW for 16 h at 95 ◦C. (c) Calcite 
surface after subsequent aging in eqCRO for 7 days at 95 ◦C. The rms roughness values are 2.5, 5.5, 126 nm of the topography images in panels (a), (b), and (c) 
respectively. Insets: zoom into topography images. Scale bars in a) also apply to b) and c). 
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substantially higher than from eqFW treatment. It must be noted that the 
organic material deposition on a flat calcite surface, especially the sur-
face coverage of organic materials, can be different from a rough, porous 
reservoir rock [16,17]. 

3.2. In-situ imaging of eqCRO-aged samples 

After these preparation steps, we exposed eqCRO-aged samples to 
pure, 10× and 100× diluted HSW. In pure HSW, eqCRO-aged surfaces 
hardly change within 24 h (Fig. 2a and b) and the observed deposits 
appear stable for the duration of HSW exposure. Exchanging the 
ambient brine to 10× diluted HSW changes the picture. After 24 h, the 
deposit-covered fraction of the surface area decreases to ≈80% of the 
initial coverage, exposing parts of the hydrophilic calcite directly to the 
ambient brine. (see Fig. 2c). The underlying desorption and/or reorga-
nization of the organic deposits is further accelerated upon exposing the 
sample to 100× diluted HSW, Fig. 2d. The average coverage has 
decreased to about 40% in 24 h. Moreover, the images display clear 
signs of etch pits that are characteristic of calcite dissolution as indicated 
by the arrows in Fig. 2d (see also [50,51]). The appearance of dissolu-
tion etch pits of calcite indicates that the brine is in direct contact with 
the original crystalline calcite surface. So, the intermediate modified- 
calcite must also have been removed by the brine. Chen et al. [41] 
proposes a model where the modified (i.e. deposited from eqFW-aging) 
calcite layer, when exposed to diluted brines, detaches readily as flakes 
which then carries the crude oil and the asphaltenic layer away. But our 
results show, upon exposure to diluted brines, the decomposition of the 
PAH-enriched organic layer from eqCRO-aged samples is gradual, at 
least in field of view explored here. This is not surprising since the eqFW- 
aged samples (Chen et al.’s ‘patchy organic-ionic’ layer) and the eqCRO- 

aged samples are different both chemically and topographically. It 
should be noted that the eqCRO-aged samples represent surfaces that are 
present in a real reservoir rock [32,42,43]. 

3.3. In-situ imaging of eqFW-aged samples 

To definitively demonstrate that the responses of eqFW-aged samples 
are distinct from eqCRO-aged samples, we tracked the surface evolution 
of eqFW-aged samples in HSW and its dilutions separately. As shown in 
Fig. 3 the modified-calcite layer is relatively stable in HSW in the time 
span of measurement (Figure S2). However, when exposed to 10xdi-
luted HSW, the modified-calcite layer started dissolving immediately 
(Fig. 3b) and within 2 h, almost 50% of the deposits have dissolved 
(Fig. 3c). After 16 h, we see the characteristic dissolution etch pits of the 
calcite everywhere on the surface. This once again indicates that the 
brine is in direct contact with the calcite and hence the modified calcite 
layer must have been removed in this case as well. However, as ex-
pected, the kinetics of dissolution/desorption is different for the eqFW- 
aged samples and the eqCRO-aged samples under the same brine. For 
example, with eqFW-aged sample, all deposits have been removed after 
16 h in 10xdiluted HSW (Fig. 3d) whereas the deposits still remained for 
the eqCRO-aged sample even after 24 h (Fig. 2c). Such observations also 
indicate that the organic deposits from the eqCRO-aging protect the 
calcite surface for some time, but then gradually decompose, upon 
dilution of the ambient brine. In order to identify the microscopic pro-
cesses related to this gradual decomposition process, we analyzed the 
mechanical properties of the organic deposits from the same area shown 
in Fig. 2. 

Fig. 2. In-situ AFM topography images of eqCRO-aged samples in various dilutions of HSW (a) initial exposure to HSW. (b) 24 h in HSW. (c) 24 h in 10xdiluted HSW 
(d) 24 h in 100xdiluted HSW. Note the removal of most organics and the appearance of characteristic etch pits (white arrows). (e) Projected area of organics 
normalized by the initial area in HSW for various brines. Red squares: panels (a)-(d) (see also Fig. S7). ‘+’, ‘o’ and ‘x’ symbols: Figs. S8–S10, respectively. The error 
bars, for 10% uncertainty in the slope threshold for estimating area, are smaller than the symbols in panel (e) and hence not shown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.4. In-situ mechanical response of crude oil derived organic layers 

Fig. 4a-c show zoomed views of the same region of the sample from 
Fig. 2 (white dashed boxes) after subsequent exposure for 24 h to the 
three different ambient brines as indicated in the figure. First of all, we 
note that the topography hardly changed between the initial state right 
after preparation (data not shown) and after 24 h exposure to HSW. At 
first glance, the morphology after 24 h in 10× diluted HSW appears 
unaltered. Yet a careful analysis show that the protrusions on the surface 
do slightly swell, as revealed by the cross sections in Fig. 4h along the 
same location on the surface (white lines in Fig. 4a, b). Upon exposure to 
100× diluted HSW for 24 h, however, the topography changes 

dramatically and major parts of the organic deposits have desorbed, also 
at this specific location on the surface. To characterize the microscopic 
mechanical response, we recorded force distance curves at every loca-
tion within these images. Each individual force distance curve consists of 
an approach curve and a retract curve, as represented schematically in 
Fig. 4d as a function of the displacement of the piezo. In principle, DLVO 
forces and the adhesion between tip and sample that is measurable upon 
retraction can be of great interest. However, throughout all our present 
measurements, the DLVO forces and adhesion turned out to be 
extremely weak and was therefore not amenable to a detailed analysis 
(see Fig. 4e-g). However, the linear repulsive part of the force at nega-
tive values of the piezo displacement revealed interesting information. If 

Fig. 3. In-situ AFM topography image of eqFW-aged sample in various dilutions of HSW (Top row – topography; bottom row – cross sections). (a) 3 h in HSW. (b) 0 h 
in 10xdiluted HSW (c) 2 h in 10xdiluted HSW (d) 16 h in 10xdiluted HSW. 

Fig. 4. Topographical and mechanical response of eqCRO-aged sample to various brines. (a)-(c): topography images; (e)-(g): representative force-distance curves 
taken at the ‘x’ marks shown in topography maps; (i)-(k): stiffness maps (resolution 256 × 256) corresponding to topography (a) to (c). (d) – A schematic of a typical 
force-distance curve showing the various force contributions and the slope of constant compliance region for soft and hard materials. (h) – Cross-sections of 
topography along the line shown in (a) and (b). (l) – Histogram of the stiffness of organic deposits shown in (i)-(k). 
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the tip is in contact with a perfectly rigid substrate, this part of the curve 
should have a slope of -kc. For an elastic substrate, the slope is less steep, 
as expressed in Eq. (1). Fig. 4e-g show force-distance curves at selected 
locations, labelled as numbers 1–6 in Fig. 4a-c. The numbering is chosen 
such that the odd numbers (red curves) show the response of the organic 
deposits whereas the even numbers (black curves) show the underlying 
substrate. Clearly, the stiffness of the organic deposit is close to the one 
of the substrates in ambient HSW (Fig. 4e), slightly softer in 10× diluted 
HSW (Fig. 4f), and substantially softer in 100× diluted HSW (Fig. 4g). 
Fig. 4i-k show two-dimensional maps of the same type of data, converted 
into the local sample stiffness. It should be pointed out that we delib-
erately refrain from converting the stiffness into an elastic modulus 
because such a conversion depends strongly on both the exact value of 
the tip radius and the local thickness of the organic layer. Also, we note 
here that the stiffness measured is an intrinsic property of the organic 
material in a given brine and it does not depend on the material or ge-
ometry of the AFM tip. The maps reveal that the underlying substrate is 
indeed very hard with a stiffness exceeding 40 N/m or higher. The 
substrate stiffness does not change in three different explored ambient 
brines. Overall, the organic deposits are softer. Only, in ambient HSW, 
substantial parts of the substrate also reach values beyond 40 N/m 
(yellow in Fig. 4i). These regions become substantially softer with 
typical stiffness values in the range of 10 N/m in 10× diluted HSW and 
even softer with typical values below 5 N/m in 100× diluted HSW. 
Histograms show the evolution of stiffness of eqCRO-derived organic 
deposits for the various conditions, Fig. 4l. It should also be pointed out, 
that ex situ type experiments may not capture these effects. 

The observations discussed so far raise the question whether this 
softening is a signature of the ongoing gradual dissolution process or 
whether it is an ‘intrinsic’ equilibrium property of the deposited organic 
layer. In the latter case, it should be possible to reverse the softening by 

increasing the salt concentration of ambient brine. In order to check the 
salinity-dependence of the mechanical response, we measured the 
stiffness of the eqCRO-aged samples when initially exposed to a 
100xdiluted HSW followed by HSW. Fig. 5a, c, f shows the response of 
the eqCRO-aged sample exposed to 100× diluted HSW and Fig. 5b, d, g 
the same area when subsequently exposed to undiluted HSW. The figure 
panels should be read in the same manner as Fig. 4. The histogram of the 
stiffness maps (Fig. 5h) shows that process is reversible, and the organic 
deposits indeed become stiffer again upon exposure to HSW. Consis-
tently, cross-sections across the same location (Fig. 5e) on the sample 
show that organic deposits also shrink by several tens of nanometers 
when exposed to HSW. These observations suggest that the mechanical 
response of the organic deposits can indeed be interpreted as a salinity- 
dependent material property. Note that although the quantitative value 
of the stiffness of the organic deposits in a given brine showed variation 
across experiments, the qualitative trends were consistent (Figs. 4l, 5h 
and Figure S11). 

4. Discussion 

The above observations can be summarized as follows: firstly, the 
organic materials from eqCRO aging form a protective layer on the 
calcite surface. Secondly, the stability of this protective layer depends on 
the salinity of the ambient brine. It is a well-known fact that this layer of 
organic materials adsorbed on to mineral surface from crude oil is 
responsible for the oil-wet character of reservoirs [31]. An often- 
overlooked character is the protective function of these organic mate-
rials against mineral dissolution and/or precipitation. Ricci et al. [52] 
observed even one or two monolayers of steric acid adsorbed onto 
calcite surfaces slows down the restructuring dynamics of calcite sur-
faces. In analogous to the solid–liquid electrolyte interphases (SLEI) 

Fig. 5. Reversibility of the mechanical response of the eqCRO-aged sample to brines of variable salinity. (a)-(b): topography images; (c)-(d): representative force- 
distance curves taken at the ‘x’ marks shown in topography maps; (f)-(g): stiffness maps (resolution 100 × 100) corresponding to topography (a) and (b); (e) – Cross- 
sections of topography along the dashed white lines shown in (a) and (b). (h) – Histogram of the stiffness maps shown in (f) and (g). 
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encountered in semi-solid flow batteries [53,54], we can think of this 
layer as a ‘barrier’ for brine to access the mineral surface. But unlike 
SLEI, the stability of the organic deposits here can be disturbed by 
changing the salinity of the ambient brine. 

The salinity-dependent stability of the organic deposits can be 
rationalized in the following way: with multiple surface active mole-
cules in crude oil [55–57], the basic unit of PAH-enriched organic de-
posits is likely a supramolecular assembly of different types of 
hydrocarbons, with different types of interactions, such as van der 
Waals, electrostatics, hydration forces, hydrogen bonding, hydrophobic 
interactions, metal coordination complexes, acid-base interactions, π-π 
interaction acting between them [58]. These asphaltenes form visco-
elastic films at the water–oil interface with that are known to change 
with time and with the composition of the ambient fluid [59]. The 
salinity dependence and the gradual response of the stiffness of the 
crude oil derived organic layers shown in Figure 4, 5 and S11 are 
reminiscent of such a behavior. The changes in the visco-elastic prop-
erties of the crude-oil derived organic layers are attributed to the rear-
rangement of molecules at the organic-brine interface due to change in 
interaction forces [60]. Among the interaction forces, with increasing 
dilution, van der Waals and hydrophobic interactions are attractive 
whereas electrostatic interaction, hydration forces can be repulsive, too. 
Since the organics swell by several tens of nanometers (Fig. 4h), we 
conclude that the changes in the stiffness of the organic layers arise from 
the change in the magnitude of interaction forces within the organic 
layer as well and not just at the interface. Swelling of asphaltene ag-
gregates in organic solvents and aqueous solutions has been reported 
before [39,40,61]. Particularly in aqueous solutions, Abraham et al. 
[39] showed that the interaction between a silica probe and an 
asphaltene coated flat silica surface deviated from DLVO behavior and 

exhibited higher repulsive forces up to 20 nm from the surface in high 
pH, low (a few mM) KCl concentrations. They attributed this extra 
repulsive force to steric repulsion between swollen or stretched surface 
asphaltenes and the silica probe. Here, a similar mechanism can be at 
play where the affinity of organic deposits for solvent molecules (i.e., 
water) increases upon brine dilution. This increased affinity changes the 
balance of forces between asphaltene molecules within the organic layer 
and possibly with underlying substrate thereby leading to swelling, 
softening and desorption. The increased affinity of PAH molecules to 
diluted salt solutions (compared to high-saline brines) could be due to 
the ‘salting-out’ effect that was first introduced by Hoffmeister in the 
context salt-dependent protein solubility [62,63]. The effect describes 
the decrease in solubility of a non-electrolyte with increasing the salinity 
of the ambient aqueous solvent [64]. ‘Salting-out’ is also well- 
documented for petroleum asphaltenes [65–67]. There are many 
competing theories for the exact mechanism behind the salting-out ef-
fect [64]. In simple terms, it can be explained as follows: At high salt 
concentration, the ions in the brine remain strongly hydrated/solvated 
and the interactions between solvent molecules and the organic mole-
cules are weak. This increases the interaction among organic molecules 
which leads to aggregation. Upon decreasing the salt concentration, the 
competition between salt ions and organic molecules for water mole-
cules decreases. Therefore, more water molecules solvate the organic 
molecules and increase its solubility (Fig. 6). Since increased oil recov-
ery is always observed below a certain critical salinity, salting-out effect 
has been proposed to be one of the mechanisms behind LSE for sand-
stone reservoirs [10]. Austad et al. [68] tested this hypothesis by 
studying adsorption of model organic molecules onto kaolinite particles. 
Salting-out effects was found to contribute to LSE especially if the 
organic material that makes the mineral oil-wet contains carboxylates/ 

Fig. 6. A schematic of the proposed mechanism, where PAH-enriched organic layer swells in diluted brine and the ions in the diluted brine change the interaction 
between organic molecules and between the organic molecules and the mineral surface. This causes the organic materials to desorb and exposes the calcite substrate 
to the diluted brine leading to mineral dissolution. 
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carboxylic acids. However, for carbonate reservoirs, it was argued that 
the salting-out effect cannot contribute to LSE owing to strong adsorp-
tion of carboxylic materials on to the calcite surface. But this argument 
overlooks two important factors. Firstly, there is multi-layer adsorption 
of organic materials on to the calcite surface [31,32]. So, the intermo-
lecular interactions between the organic molecules are as important as 
the interactions between the calcite surface and the organic molecules. 
Desorption of organic molecules can be brought about by changing the 
interactions between organic molecules. Secondly, the organic materials 
from eqCRO adsorb on to the newly reconstructed modified calcite layer 
and not the pristine calcite surface. The first point is evident from the 
swelling and softening of organic deposits upon exposure to diluted 
brines (Fig. 4). Moreover, the fact that the vast majority of organic de-
posits is removed from the surfaces in our experiments in diluted brines 
clearly shows that, at least, not all organic deposits are strongly adsor-
bed to the modified calcite surface. One could argue that the removal of 
organic deposits from the calcite surface is due to mineral dissolution 
rather than salting-out effects. 

While our data do indeed show mineral dissolution in diluted brines, 
it is clear that swelling and desorption of organic deposits take place 
before the first indications of mineral dissolution (Fig. 2b). Salting-out 
effects thus precede mineral dissolution. Hence, the removal of 
organic deposits is triggered by the increased water affinity in diluted 
brines and subsequently possibly enhanced by mineral dissolution. 

One might attribute the swelling of organic deposits in low-salinity 
brines to the repulsive interaction between the asphaltenes due to 
their electric double layer in aqueous solution. However, the calculated 
Debye length for 10xdil. HSW is less than 1 nm. At such short distances, 
steric effects due to finite ion sizes, short-range hydration forces, van der 
Waals forces and electric double layer forces are all intertwined and 
classical Poisson-Boltzmann theory generally fails [69]. A description of 
the swelling of organic deposits (Fig. 4h) in 10xdil. HSW in terms of 
double layer forces following DLVO theory is therefore not justified. 
Only in 100xdil. HSW with a Debye length of ≈2.89 nm classical elec-
trical double layer forces can be expected to emerge as a clear separate 
contribution in the overall molecular forces and thereby provide an 
independent contribution to the swelling of asphaltenes. It should be 
pointed out, however, that 100xdil. HSW is much less saline than any 
common injection water. 

In carbonate reservoirs, whose wettability ranges from mixed-wet to 
oil-wet, the ultimate recovery by low-salinity IOR depends on a multi-
tude of physical mechanisms that take place over several length scales at 
both mineral-brine and oil-brine interfaces. For any mechanism such as 
dissolution and multi-component ion exchange to occur at the mineral 
surface, the ions and solvent molecules from the brine have to cross the 
barrier of adsorbed organic layers. Hence de-stabilizing the organic 
layer either by desorption or swelling becomes a prerequisite for any 
IOR mechanisms at the mineral-brine interface. This suggests that 
salting-out effects mostly likely contribute either directly or indirectly to 
the desorption of organic layers from the carbonate surfaces. Note, 
however, that these layers are not purely organic but contain a complex 
mixture of ‘modified calcite’ (see Fig. 6) involving both adsorbed or-
ganics and co-adsorbed/precipitated carbonate mineral [31]. The 
desorption of this layer upon exposure to brines of reduced salinity thus 
suggests a combined effect of organic and mineral dissolution, which 
should be unique to carbonate reservoirs. We stress, however, that the 
salting-out effect in itself is not specific to carbonate surfaces. For 
example, Haagh et al. [33] observed similar softening of (carbonate- 
free) crude-oil deposits on mica surfaces upon exposure to low-salinity 
brines. 

It has also been argued that the roughness of surfaces could play an 
important role for the oil release. Compared to actual porous rocks, our 
cleaved calcite surfaces are much flatter. Roughness probably affects the 
adhesion of the precipitated organic and modified calcite layers on the 
substrate. Very flat substrates may lead to reduced adhesion and thereby 
promote the detachment of larger pieces, as reported by Chen et al. [41], 

which would be less likely to occur in a random porous medium. The 
softening and salt-outing effect described in this work, however, takes 
place on the molecular scale. Therefore, we expect that it should be 
equally relevant in a more complex porous medium as on our flat 
substrates. 

Finally, we would like to concede that we are unable to estimate the 
quantitative relevance of our observations for enhanced oil recovery. 
The overall recovery factor involves processes on multiple length scales 
and there are currently no reliable tools available to bridge these scales 
to obtain reliable quantitative predictions. Nevertheless, the softening 
and enhanced dissolution of organic layers should take place in actual 
oil reservoirs – albeit perhaps in a somewhat modified manner due to the 
elevated temperatures and pressures. Hence, we definitely expect that 
these processes will contribute to rendering oil-wet and mixed-wet 
reservoirs more water-wet and should thereby contribute to an 
enhanced recovery [28,70]. 

5. Conclusion 

Our results highlight the various intermediate processes that take 
place during the modification of oil-wet/mixed-wet calcite surfaces to 
water-wet upon exposure to low-salinity brines. The adsorbed organic 
layer from crude oil responsible for the oil-wetness of the reservoir rocks 
also act as a barrier for the ions to access the mineral surface. Most low- 
salinity IOR strategies for carbonate reservoirs target the mineral-brine 
interface by optimizing the composition of potential-determining ions. 
But our results show that the mineral surface is essentially inaccessible 
by any such ions unless the barrier by organic materials is overcome. The 
stability of the organic layer is found to be disturbed by lowering the 
salinity of ambient brines. This phenomenon can be explained in terms 
of ‘salting-out’ effects. The existence and the salinity-dependent stability 
of this organic layer has major implications for any IOR strategy that 
targets the brine-mineral interface or the brine-oil interface. 

In summary, our results show a new pathway to increase the water- 
wetness of calcite mineral surfaces by targeting the protective organic 
layer via ‘salting-out’ effect. Future experiments involving ions from the 
Hoffmeister series in the low salinity brines might help to prove this 
strategy even more strongly. 
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