Quantifying Mineral Surface Energy by Scanning Force Microscopy

Bastian Sauerer,' Mikhail Stukan,”* Wael Abdallah,™ Maryam H. Derkani,> Maxim Fedorov,4 Jan
Buiting,® Zhenyu J. Zhang®™* )

'Schlumberger Middle East, S.A., Schlumberger Dhahran Carbonate Research Center, Dhahran Techno Valley, P.O.
Box 39011, Dammam 31942, Saudi Arabia

y

*Schlumberger Moscow Research, Pudovkina 13, Moscow 119285, Russia
’Department of Chemical & Process Engineering, University of Strathclyde, Montrosé Streéi, Glasgow, UK, G1 1X]

*Department of Physics, Scottish Universities Physics Alliance (SUPA), Umversxty of Struthclyde, 107 Rottenrow
East, Glasgow, UK, G4 oNG

*Retired, formerly from Saudi ARAMCO, Reservoir Characterization Departr;tent, Dhahran 3131, Saudi Arabia

"Current address: School of Chemical Engineering, University ofBii‘zTiné:ham, Edgbaston, Birmingham, UK, Bi5 2TT

| V.
a«l
N\

KEYWORDS: calcite, dolofnite; Ysﬂur}"ace energy, wettability, SFM

<

ABSTRACT: Fundamental understanding of the wettability of carbonate formations can potentially be applied to the de-
velopment of oil recovery strategies in a coﬁupiex ‘carbonate reservoir. In the present study, surface energies of representa-
tive carbonate samples were evaluated b}ndlrect quantitative force measurements, using scanning force microscopy (SFM)
at sub-micron scale, to develop a reliable method to predict reservoir wettability. Local adhesion force measurements
were conducted on appropriate ca(mte\and dolomite samples and performed in air as well as in the presence of polar and
nonpolar fluids. This study demonstrated that, by comparing measurements of adhesion forces between samples of the
same mineral in different ﬂuujs/lt is feasible to determine the surface energy of a given mineral as well as its polar and
nonpolar components. Ihe derived values are in agreement with literature. A proof-of-principle protocol has been estab-
lished to quantify surfaceenergy using SFM-based adhesion measurements. This novel methodology complements the
conventional con tact ang@measurement technique, where surface energy can only be examined at large length scale. The
reported methodologyhas great potential for further optimization into a new standard method for fast and accurate sur-
face energy determination, and hence provides a new tool for reservoir rock wettability characterization.
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INTRODUCTION

Understanding characteristics of reservoir rocks, reservoir fluids and the interaction between them is
the basis of reservoir characterization. For example, at the primary production design stage, it is crucial
to understand the relative permeability and capillary pressure to determine the fluid flow patterns that
will be implemented to control il production. When planning a secondary or tertiary production
strategy, it is critical to re-evaluate the same parameters. As such, fluids interfacial tension and reser-
voir rock wettability are two critical parameters for any reservoir characterization to be used for pro-
duction design which includes estimating reserves and recovery factor. £ y

Wettability of reservoir rocks has a strong influence on the amount of recoverable oil becausea w2

ter-wet mineral surface is beneficial when oil is recovered by water flooding." In this case, water imbibi-
tion into pores is supported by the positive capillary pressure, which improves the oil recovery. It is

widely accepted that carbonate rock formations are moderately to strongly oil-wet.” * This isat ibuted
to the adsorption of polar compounds contained in crude oil such as carboxylic acids’and asphaltenes,
onto the carbonate surface, which results in the rock surface changing from hydrophific to hydropho-
bic.* * Consequently, oil relative permeability is lower and displacement effici is poor. To achieve
better oil recovery rates, it is highly desirable to: (i) acquire a fundamental understanding of the actual
carbonate reservoir wettability, (ii) evaluate the role of reservoir fluids wettability, and (iii)
predict reservoir wettability using surface energy measurements. %

Several techniques are available for reservoir wettability measurements; these include imbibition and
centrifuge capillary pressure, which are done on reservoir core SAndustry standard techniques,
e.g. the Amott-Harvey imbibition test and the U. S. Bureau of Mi thod, suffer from sample alter-
ation and fluid loss during the coring operation and lrans@e laboratory and therefore do not

necessarily provide an accurate reservoir wettability. er téchnique to determine wettability is the
contact angle measurement, which is based on moni e contact angle between (at least) three
different liquids (with known surface tension co s) and the sample surface. This approach re-
quires a smooth, flat and nonporous rock surf; ich a droplet of test liquid is placed. However,
all reservoir rocks are porous, so contact an surements can only provide qualitative results,

Therefore, currently there is no suitable reliable technique for measuring a quantitatively accurate
wettability.

Despite the extensive theoretical an rimental work performed in the past few decades, surface
energy of solids is still a matter going debate. The approach proposed by van Oss and coworkers,”
* known as the van-Oss-Chaudhu! od theory (VOCG), has been used widely in the oil industry. Ac-
cording to this theory, su interactions are split into two components: Lifshitz-van der Waals (LW)
forces (that include Lo dispersion forces, Debye induction, and Keesom orientation forces where

s

dispersion forces are n component) and another group of forces that originate from electron
donor-acceptor (Léwis agid-base, AB) interactions. By resolving the equations developed from the van
Oss model, th energy of a solid surface can be calculated as well as its polar and nonpolar
componentszA great advantage of this approach is accessing information about the acid-base proper-
ties of a gﬁvz?ﬂ'ace by measuring its contact angle with various test liquids. Although this method
bei i plied as documented in the literature, numerous drawbacks of this approach have been
N% (i) there is a lack of a broad spectrum of test liquids that are well characterized; although
thel dequate choices for basic liquids, there are only limited choices for predominantly acidic
ids; (i) inconsistent surface energy components are obtained when using different sets of liquid
ts; (iii) surface energy measured by contact angle measurements depends strongly on surface and
nvironmental conditions.

In a previous study” the vOCG approach was used to interpret the surface energy components of cal-
cite and dolomite based on contact angle measurements. The results showed that the surface energy
components are dependent on the selected polar probe liquid and the surface characteristics, e.g.
roughness and cleanliness. The dispersive surface energy component can be calculated with a high
confidence level whereas the polar component calculation was less consistent. Using a probe fluid tri-
plet of i-bromonaphthalene/water/formamide (B/W/F), the total surface energy of calcite and dolo-
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mite were estimated as 58.2 +1.5 mN/m and 58.1 £0.8 mN/m respectively. At the same time, according
to measurements performed using a 1-bromonaphthalene/water/ethylene glycol (B/W/E) fluid triplet,
dolomite has slightly higher total surface energy, 59.4 +1.4 mN/m, compared to the previous system,
whereas that of calcite decreased to 44.2 +0.2 mN/m. These results, summarized in Table 1, are within
the range of published values.""

One of the major benefits in measuring solid surface energy directly is that it provides the true sur-
face tension in the presence of liquid and facilitates accurate prediction of rock wettability. However,
since inconsistent values of surface energy components were reported in the literature, it is crucial‘to
examine whether the roots of inconsistency are related to the fluids used, the surface condmons or the
technique being used. )

When exposed to organic solvents, surface dissolution is no longer an issue for calcite; however the
volatility and viscosity of the solvents pose additional technical challenges to contact angle experi-
ments. An alternative approach is using scanning force microscopy (SFM), a direct qﬁai‘ntitaf‘ive meas-
urement, to determine surface energy. By quantifying the force needed to detach two surfaces in con-
tact, the surface energy can be calculated based on the contact geometry.

Table 1. Calculated surface energy by components based on contact angle measurements/for calcite and dolo-
mite using the van Oss method® " and compared to reported data in the llterature All values are in mN/m.

Mineral | y's Ys ys’“’ ys"w ysm'r Ref.
32 393 223 358 582 B/W/F® & ‘\-,\
06 279 83 358 442 B/W/E? Y

Calcite 0.8 58.8 141 422 56.3

0.1 20.0 28 438 467 X \

13 54.4 16.8 402 57.0 [\
13 57.9 172 40.9 58. B/WZF?

1.4 59.0 18.4 409 59.4 B/W/E%

Dolomite >
19 333 159 435 594 ¢

0.2 305 4.9

The major objective of this work is'to develop a new methodology, based on SFM, to quantify the to-
tal surface energy and the | ‘espective contributing polar and nonpolar components for typical reservoir
minerals. The adheswtf forces measured by SFM can be used to calculate surface energy components.
The advantages of SFMver the conventional methods, are that it not only provides surface topogra-
phy with a moleeﬁtlar” sc\]e resolution, but also measures adhesion forces acting at the tip-sample inter-
face. Various operatlonal principles are described and reviewed extensively in the literature.”** SFM
adhesion fofce measurements in the oil industry are limited due to the challenges posed by variations
caused by heterogeneity of the sample and characteristics of the tip.” It was also reported that surface
roughness could result in uncertainties in determining surface adhesion force.**

Measurements of colloidal interactions between particles and the surface were described in the liter-
ature, e.g. interactions of drug molecules with the surface material of their canisters in pharmaceutical
\research** or forces between bacterial cells and solid substrates for biomaterial development. > Alt-
hough commercially available cantilevers or particle-attached probes have been widely used to com-
pare the difference in adhesion for various materials, no SFM force measurement has been done with a
calcite or dolomite particle attached directly to an SFM cantilever. This is because an undefined geom-
etry of a natural calcite or dolomite particle will result in unrepeatable measurements. To overcome
this challenge, a new fabrication methodology for calcite and dolomite particles was employed to facil-
itate the measurement of the adhesion force between the same carbonate formation materials, hence
providing a more accurate value of surface energy.




THEORETICAL BACKGROUND

Adhesion force (F,4n) between the tip (micro-particle attached to an SFM cantilever) and the sub-
strate, also known as pull-off force (Fyui.off), is not directly linked to the value of the work of adhesion
per unit area (W,q,). With the assumption of a spherical probe contacting a flat surface this link can be
established” using the contact mechanics theory developed in 1971 by Johnson, Kendall and Roberts
(JKR)*":

Faan = 1.5TRW,an (1)
for compliant materials with high surface energy, and large micro particles (radius R in the pm range).
The contacting bodies are assumed to be in adhesional contact, and are considered to be elastxc, ViSCO-
elasticity is not taken into account. & J

The work of adhesion W,q, per unit area between surfaces of two flat and identical sohds (1) can be
expressed in terms of surface tension, y; when interacting in air: -

Wi = 2v; @

For two dissimilar surfaces (i, j) in air, the work of adhesion per unit area is defined as'

Wi =vi+vYi—vj : 16)

or {‘_

Wik = Yik + Yjk — Vij \ o &)
if the surfaces are interacting in a medium k. <

A commonly used approach to treat solid surface tension is to express it as the sum of components

associated with dispersion forces (y*) and acid-base interactions (y"?)*®, as was suggested by van Oss
etal.’ i A
y =YW 4 yaB Ve s

For Lifshitz-van der Waals interactions between two media i and j j the Good-Girifalco-Fowkes com-
bining rule* is applicable: \

(- ©

Unlike v, the Lifshitz-van der Waals component, the acid-base component y** comprises two non-

additive parameters (y", v): < y &
Y

VA8 =2 /y* oy ¢ @

These acid-base mteracnonsam complementary in nature, and are the electron-acceptor surface ten-
sion parameter and the electron-donor surface tension parameter. The acid-base component of the in-
terfacial tension between two solid surfaces i and j is written then as®

Yij "2(\/? J‘\; \/W \/7]‘) ®

The tota.l inteifacial tension between two phases is then formulated as

Yij rv,, +v4B (\/YTW—\[Y,L_W) +2 \/W—JYT" (W -v%) (9)

Appllcatlon to carbonate surfaces. To determine surface energy components of carbonate for-
'mations accurately from SFM measurements, a fabricated carbonate crystal was mounted at the canti-
lever tip and adhesion force measurements were performed between two carbonate surfaces in differ-
ent media. Using Eq. (1) corresponding surface energies per unit area were calculated for each system
considered.

Nonpolar surface energy. According to Eq. (4), surface energy per unit area between two carbonate
surfaces interacting in a nonpolar fluid (fi) can be formulated as

Wek1c=2Ycer1 (10)




where ¢ and fi represent carbonate and nonpolar fluid 1, respectively. Taking into account Eq. (9),
work of adhesion per unit area is written as

Werse = 207481 +vAE) =2 ([ysw Y -2 /yzw.yavv] 2 y:.y;) W)

where (vf; = yf; = 0) since the fluid is nonpolar.

Likewise for a nonpolar fluid 2 (f2), work of adhesion per unit area of carbonate probe/carbonate sur-
face is written as:

Wepze = 2([y'5""+vazW ~2 fv%w-v%zw] +2 vé-vc‘) (1) -

where (v, = yp, = 0) oA R
Subtracting Eq. (12) from Eq. (11) will result in

%(chlc - ch2c) = (V%l - Vf;N) 24 Yc [ ’YHN Ytl“zw] (13)

From Eq. (13), YV can be deduced with the following expression: y &

2 & .
LW _ (Vﬁ _VLW)M & A \ )

Polar surface energy To calculate polar components:of. Carbonate surface energy, both polar and
nonpolar fluids should be used to extract yf and Y, froin adhesion data collected by SFM.

In the case of two carbonate surfaces in a polar ﬂﬁ@(t}) work of adhesion per unit area is written as:
Wese = 2 (v%f%” +2\vé vz = 2JvEvi — 2 Vel + 2 {v?g-vf‘a) (15)

To calculate acid-polar and base-polar surface energy components for carbonates, we solve a system
of llnear equations with two unknpwns by’ substitution method. Subtracting Eq. (15) from Eq. (11) we

VYEve + ’Yc Vi = » (16)

where ®

=o0. 25( er1e chac - 2vely +2ves + 44/vf3 vfg) (17)

Eq. () cans be wntten as
Werie—2v:
iy Gl p (18)
Rglslacing VY¢ from Eq. (18) into Eq. (16) results in
S :
vg» \/(}\/‘Yc = C) =D (19)
Z B Yt?3
andD = ——
vz ¥ JY_E_
Since all surface tension components for liquids are supposed to be known, and Lifshitz-van der
Waals components y4Y and Y- are obtained using Eqs. (14) and (6), Eq. (19) can be resolved with re-
spect to yg, whereas y¢ can be then calculated using Eq. (18).
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'V
\ whereC=
Y

Once 7 and y¢ are known, Y2B can be calculated as

Ve =2V e (2o




To calculate surface wettability, the Young-Dupré equation

Yef1=Yef2 (21)
Yfif2

can be used, where the surface wettability is represented by contact angle 6.

cosf =

Overall workflow. Figure 1 presents the proposed scheme to calculate reservoir rock surface energy
and wettability for any given solid (s) using different fluids (f).

‘Adhesion force measurements fovJ

Adnesion force measurements for
solid/solid in non-polar fluid (f1) solid/solid in non-polar fluid (1)

Adnesion force measurements for Adnesion force measurements for
solid/solid in non-polar fluid (12) sclid/solid in polar fluid (f3)
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Figure 1. Flow chart describing the required measurements and%&lculatlons for determination of solid surface
energy and wettability. h

EXPERIMENTAL SECTION L N
Materials. Ethylene glycol (99.8% purity), 1 —bromonaphthalene (97% purity), and heptane (99% puri-
ty), used as polar and nonpolar test f]u1ds~respect1vely, were purchased from Sigma-Aldrich (Dorset,
UK) and used as received. p \. y

Fabrication of cantilever. Cust rﬁ/ zed pamcle probes were manufactured by Novascan Technologies
Inc. (Ames, IA, USA). The RCEIQéd ‘cantilevers were made from silicon nitride with mineral particle
attached to the end (average\nomlnal spring constant of 0.35 N/m). Calcite (46 E 1436, Iceland Spar,
Creel, Chihuahua, Mefi N'L',') and dolomite (46 E 2718, Butte, Montana, USA) were purchased from
Ward’s Natural Sc1ence and used as cleaved crystals for the samples and for probe manufacturing.

Hemlsphencal structures of 4 pm diameter were fabricated on calcite and dolomite particles fixed at
the end of the SFM ‘Cantilever using focused ion beam (FIB) machining. The experiment was carried
out on a FEI Q\lanta 3D FEG dual beam system equipped with a field emission scanning electron mi-
croscope (SEM) and a liquid gallium (Ga®) ion source.

FIB experlmental procedures are illustrated in Figure 2. After the top surface was polished with a giv-
en curfent, a divergence compensation method” was applied. After 103 scanning passes for dolomite

{ and752 passes for calcite, hemispheres with 4 pm diameter were obtained. The ion beam was then re-
dlrected to the edge of the particle to remove any residual material around the hemisphere.




lon beam

(d)

Figure 2. Schematic diagrams showing the FIB machining process: (a) custgrqizeﬁ i;;rticle probe before fabrica-
tion, (b) hemispherical geometry fabrication, (c) removal of residual n{atenalg, (d) SFM cantilever after fabrica-
tion. 4

Force measurements. A molecular force probe (MFP—3Iji§}§sm\%’lgi‘m Research) equipped with a liquid
cell was employed for force measurements. The experlmen were carried out by submerging the fabri-
cated calcite or dolomite cantilever in the selected hqu At room temperature. The spring constant of
each SFM cantilever was calibrated in the same sol ation prior to any force measurements using the
built-in thermal fluctuation method.** The appit “, \peed of the cantilever was 1 pm/s and the pulling
distance was 1 um with no dwell time allowed. ied force was kept at 2 nN throughout the meas-
urements. Force measurements were repeated three times for each combination of solid and liquid
from which over 500 force curves werevé)ll d.

In general, SFM force measurem n s tan provide a range of important surface properties, including
attractive and repulsive forces a «tg 4 terface Furthermore, the contact area between tip and sample,
as well as sample plasticity a,nﬁ t\'shc modulus can be obtained. Different contact mechanics theories,
discussed in literature, cari’ s_ed to describe the contact area. To choose the most suitable one, the
chemical and mechan}ca prop\é?tles of the tip and the sample need to be assessed.

v,

Approachi ng surface

6——7

Force / nN

‘ Pull-Off Forces

is

Separation / nm

Figure 3. A representative force curve acquired between the calcite tip and the calcite sample in 1-
bromonaphthalene. The solid curve represents the approaching part and the dotted curve represents the retrac-
tion part. Arrows indicate the chronological sequence of one measurement cycle.

A representative force curve collected by a calcite tip on a calcite sample is shown in Figure 3. At the
beginning of a typical force measurement cycle, the SFM cantilever is kept away from the sample, and
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the cantilever remains in a non-interacting equilibrium state (point 1); hence, no surface interaction is
involved. Separation (in the z direction) decreases as the tip is brought closer to the sample at a con-
stant speed. Once the tip is close enough to the sample surface, attractive surface forces overcome the
stiffness of the cantilever, causing the tip to jump into contact with the sample surface (point 2). The
cantilever continues to move towards the sample, resulting in a gradual bending of the cantilever
(point 3) until such movement is stopped (point 4). These points comprise the approach part (solid
curve in Figure 3). As the cantilever starts to move away from the sample, the retraction part (dotted
curve in Figure 3) is recorded (points 4-5). Due to the adhesion formed, the tip remains in contact Wlth
the sample surface until the adhesion forces are overcome, leading to a sharp transition to the noncon-
tact position (points 5-6). After that, tip-sample separation increases again without lnﬂuence on the
deflection (points 6-7). With the calibrated spring constant and deflection sensitivity for eaqh cantile-
ver, these force measurements allow a direct reading of the adhesion force from the retractlon\part of
the curve. :

RESULTS AND DISCUSSION

Cantilever fabrication. Initially, the calcite and dolomite particles glued tof the SFM cantilevers did
not have a defined shape; hence, the FIB technique was employed so that a desired geometry could be
fabricated. To ensure a consistent contact area, a key factor gualanteemg repeatability, hemispherical
geometry was chosen. Figure 4 presents SEM images acquired duringthe FIprrocedure in which a cal-
cite particle of irregular shape was processed. As described in the expenmental section, the top surface
was polished before the desired structure could be generated. T{\e ﬁmshed geometry was a hemisphere
of 4 pm diameter which is confirmed by the SEM images shown Figures 4 and 5.

A

Figure 4. SEM 1mages of (a) calcite particle fixed on an SFM cantilever, (b) top surface after polishing, (c) hemi-
sphen;:al geometry fabricated in the calcite particle, (d) calcite probe in the final shape.

Us[mg the FIB method, a number of calcite and dolomite tips were processed to generate hemispheric
structures of 4 pm diameter. Representative SEM images of those tips are shown in Figure 5. A great
\level of consistency was maintained across different probes even though they had irregular shape and
thickness initially. The determined tip radius (2 pm) was used in the contact mechanics calculation
and surface energy estimation.

auini

ALV




y 3
Figure 5. Representative SEM images of hemispherical calcite (a) and dolomite (b-d). pro‘;)es produced by the
FIB procedure. V o '

)
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Adhesion measurements in ambient conditions. To avoid crossﬁontﬁ":ﬁ!ination from one test flu-
id to another, each tip was assigned to a specific liquid. The advantage of such rigorous protocol is to
prevent any potential tip surface alteration during washing steps. However, to compare data collected
by different probes, it is vitally important to implement mea: nents in ambient conditions as con-
trol experiments. The additional advantage of this step is té‘séljgninate any potential inconsistency be-

4

tween different SFM cantilevers because the size of thg:gg\tgact area between probe and mineral sub-

strate is the key parameter to link adhesion force and work of adhesion.

All of the calcite and dolomite tips were tested i vight conditions against the corresponding min-
eral sample before they were exposed to specific's ts. Figure 6 shows a representative histogram of
adhesion force between a dolomite tip and a do%ﬁiite sample obtained in ambient conditions. The dis-
tribution of adhesion force, represented "bi'{tbe number of events, is within the range of 5 to 15 nN. The
relatively wide distribution of adhesion fp};g:’e, also shown in Figures 7 and 8, is attributed to the high

degree of heterogeneity on the 'n;e;al surface.

y
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Y =2} @ i=]

= o o o

n I I I
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0- y S T
) 5 10 15 20 25
'( » Adhesion force / nN
"é'gure 6. Representative histogram of adhesion force between dolomite tip and dolomite surface in ambient
conditions.

Adhesion measurements in liquid. Once a tip was tested in ambient conditions and its surface
adhesion fell in the expected range, the tip was used to measure surface adhesion in a selected fluid.
Three solvents, ethylene glycol, 1-bromonaphthalene, and heptane were chosen to represent polar and
nonpolar liquids. For each pair of experimental carbonate models, calcite-calcite or dolomite-dolomite,
adhesion measurements were performed in all three solvents respectively. Representative force curves
collected forall systems investigated are presented in the Supporting Material. Figure 7 presents statis-
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tical histograms of adhesion force between dolomite tips and dolomite samples. The result shows that
all three solvents facilitate a reduction in surface adhesion forces, compared to those acquired in ambi-
ent conditions, which is consistent with theory. The averaged adhesion forces for each solvent are
summarized in Table 2. Adhesion between dolomite and dolomite is very close in heptane and 1-
bromonaphthalene, but becomes slightly greater in ethylene glycol.

It was also noticed that the adhesion forces measured in all cases (polar and nonpolar solvents) were
reduced to a great extent to less than 1 nN. This could either be due to an excessive masking of the sur-
face forces by the solvents, or to an overestimation of the values measured in ambient condmons
which can be intensified by water layers on the dolomite. Corresponding adhesion force for each® com-
bination of dolomite tip and dolomite sample, acquired in ambient conditions, is presented as’ lnset in
Figure 7. Similar to the data in Figure 6, distribution of adhesion force in ambient conditions spreads
over a wide range, up to 40 nN, which is consistent with a recent work in which adhesmn force between
microparticle and solid substrate was quantified by SFM.*

(2) ]

y

05 1.0 15 2.0 <
Adhesion force / nN b

0.2 0.4 06
Adhesion force / nN

o
@

Number of counts
N IS
S o

0.2 0.4 0.6
Adhesion force / nN
\‘Flgure 7. Histograms of adhesion force between a dolomite tip and a dolomite sample in three different solvents
(va) ethylene glycol, (b) 1-bromonaphthalene, and (c) heptane, based on multiple SFM measurements. Adhesion
data acquired in ambient conditions for the corresponding cantilevers are presented as insets.

The same protocol was performed with a new pair of calcite tip and calcite sample for each of the
three solvents, following the respective force measurements in ambient conditions. Histograms of ad-
hesion force for the calcite-calcite contact are presented in Figure 8. Similar to that for the dolomite
probes, the adhesion force in solvents is significantly lower than that in ambient conditions. This is not
surprising since the adhesion acquired on calcite is less than 500 pN when a standard SFM cantilever
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was used in a previous study.>* Even though there are a significant number of step edges, imperfections,
and impurities on natural calcite, the discrepancy between adhesion forces acquired in ambient condi-
tions is reduced substantially in all three liquids. The adhesion force between calcite surfaces is found
to be greater than that between dolomite surfaces, for all three solvents. For the calcite system, the
minimum adhesion force was obtained in heptane, the maximum one in 1-bromonaphthalene.

It is worth noting that the adhesion force acquired between calcite and calcite in ambient conditions
is generally greater than that between dolomite and dolomite. Although it is widely accepted that a lay-
er of water of a few angstroms thick adsorbs on mineral surfaces,” calcite appears to have a particulatly
strong affinity for water, as a 1.7 nm water layer was observed on calcite surfaces with relatively Iow

humidity.® Ve
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~Figure 8. Histograms of adhesion force between calcite tip and calcite sample in three different solvents (a) eth-
‘,y&g’ﬁ“’e*‘glycol, (b) 1-bromonaphthalene, and (c) heptane, based on multiple SFM measurements. Adhesion data
%Cquired in ambient conditions for the corresponding cantilevers are presented in the insets.

Surface energy calculation. Using the average values for the measured adhesion forces for the sys-
tems of calcite and dolomite in the respective fluids (Table 2), we were able to calculate polar and non-
polar components, as well as the total surface energy of these minerals applying the theory and the de-
rived formulas described in the Theoretical Background section. The measured force was converted to
work of adhesion using a radius of 2 pm and the JKR model applying Eq. (1).
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Table 2. Averaged adhesion force and calculated work of adhesion per unit area measured on the carbonate
formation minerals in respective solvents.

. . Fadh Wadh
Mineral Fluid [nN] [N/l
Ethylene glycol 1.21 0.129
Calcit - 2.2 0.240
aI¢lt€ | bromonaphthalene 27 24 &
Heptane 0.567 | 0.060 N
Ethylene glycol 5 084 0.089
Dolo- =
mite bromonaphthalene 0155 0.016
Heptane 0.138 0.015

Using the literature values related to the test fluids (summarized in Table 3), we were able to derive
the nonpolar contribution using Eq. (14), the polar contribution frorﬁ{Eqsf (8), (19) and (20), and the
total surface energy according to Eq. (s) for both tested minerals (Table:g).

R <

Table 3. Surface tension values of the utilized test liquids in mN/?L

W + - A

Fluid [mN/m [nZN/m [rgN/m \ V.
] ] ] €. \
Ethylene glycol 29.0 192 47’51_1% \
- N
bromonaphthalen 44.4 o #MAVo »
e < )
Heptane 20.1 é{,"‘g'v» /("\2 o

A
4 <

p
o ¥ [mN/m] v*® [mN/m] ¥ [mN/m]
Calcite . 30.9 11 32.0
Dolomi\f’e g 311 118 323

Rers\ults,'i‘rom experimental measurements using the JKR contact mechanics model for calculation of
(surface energy values, are shown in Table 4. Although the calculated values of surface energy for dolo-
"‘mit‘é and calcite based on SFM are close to each other, they are lower than those measured previously

in the framework of the van Oss decomposition theory and the cited literature (see Table 1). However,
surface energy values for carbonate materials reported in the literature show a very broad variation and
also depend on the amount of adsorbed water molecules.*”? The data confirm that the dispersion en-
ergy (%) is the major contribution to the total surface energy, compared to the polar acid-base com-
ponents (y2%). Most of the discrepancy in total surface energy for these minerals is due to variation in
the polar energy components, more precisely, all those surfaces are monopolar (more y;~ than y;"). Var-
iation of surface energy of the polar component to the dispersion part indicates that surface roughness
and heterogeneity has a significant influence on the acid-base interaction. Therefore, it would be chal-
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lenging to have good repeatability if similar surface conditions cannot be reproduced. This issue could
also have implications for the measured surface forces for the nonpolar solvents. The influence of sur-
face roughness and heterogeneity on the force measurement result was also reported previously>* *
Furthermore, humidity is another factor contributing to decreased surface energy components of min-
erals because water molecules can adsorb or hydrate the mineral surface and potentially form one or
more water layers on the surface.”* Recent computer simulation results suggest that water molecules
could strongly bind to calcite surfaces, and dissociation is generally energetically unfavorable.* There-
fore, this could be one of the reasons why we have a broad distribution of measured adhesion forcesin
the present study.

The methodology developed in the present study, using carbonate crystals mounted on an SFM can-
tilever and carbonate surfaces as a substrate, enables direct quantification of adhesion forces, wli’ich are
dependent on the polarity of the liquid medium. These measurements are sensitive to the environmen-
tal conditions and require a large amount of data to ensure good repeatability. The inherent heteroge-
neity of carbonate samples, despite the use of calcite and dolomite models, is anotherfactor influenc-
ing the statistics. Nevertheless, derived total surface energies and the polar and‘nonpolar components
of the tested samples are within the range of values reported in the literature ($ee Table 4 and Table 1).

CONCLUSION

Instead of contact angle measurements that are widely employed, this study demonstrated that, by
direct measurement of adhesion forces between mineral surfaceand probe of the same mineral, it is
possible to acquire complete information about its surface energy décomposition, hence, obtaining
polar and nonpolar components. Unlike conventional force.measurements where readily available
spherical colloids are used exclusively, nanofabrication approach was introduced to consistently pro-
duce hemispherical geometry on carbonate formation ¢f m‘egular shape, which facilitated direct quan-
tification of the interaction between mineral surfaces. The advance in colloidal probe preparation can
be employed in a broad spectrum of colloidal sysfems where interfacial interactions will be measured
directly.

This study concludes a proof of principle for¢he general applicability of the approach based on
measurements of adhesion forces by SFM The novel and unique methodology can be used as an alter-
native to traditional contact angle measulerhents in examining surface energy with nanometre spatial
resolution. This protocol has great potentlal for further optimization into a new industrial standard
method for fast and accurate surface/energy determination, hence providing a new tool for a wide
range of applications mcludmg reservoir rock characterization and on-line cleaning for chemical pro-
cessing. ) N \

It is important to coft rol surface conditions for the future development of a more robust approach.
Similar to contact angle measurements, this SFM method relies strongly on the utilized test liquids.
These solvents need to.be carefully chosen with regard to the tested solid material of interest to make
sure that the maskmg of force components takes place in the right intensity for further analysis and
calculation? As a consequence of the heterogeneous surface composition of natural carbonate for-
mation, adheswn force acquired could have a wide distribution, which can be resolved by increasing
number of measurements.
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