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ABSTRACT: To study the ability to inhibit ion transmission of the Gemini surfactant under
different Ca®* circumstances, three kinds of Gemini surfactants with different alkyl chain
lengths are synthesized (Cn-4-Cn, n = 12, 14, and 16), which are characterized using '"H NMR,
3C NMR, and Fourier transform infrared spectroscopy. To analyze the property of inhibition
of the acid—rock reaction rate, surface tension and contact angle measurements and atomic
force microscopy (AFM) results are obtained with different surfactants and under different
Ca’ concentrations. Inhibition rates with different alkyl chain lengths and an acid-etched
surface morphology are also studied carefully. The result shows that all cationic Gemini
surfactants significantly impact the control of the reaction rate, and the reaction rate decreased
remarkably by 44.4% after adding 12-4-12. The AG and W, indicate that 12-4-12 has the best
adsorption ability on the rock with added Ca** compared with the other two Gemini
surfactants. It is revealed through the AFM that Ca®" can significantly change the adsorption
morphology of the surfactant. The surfactant adsorption area decreased when Ca’* is dispersed
in the solution as well. These two phenomena can lead to the reduced ability to block H* of 14-4-14 and 16-4-16. However, the
presence of Ca*" affects the adsorption area of 12-4-12 slightly. Thus, the reaction rate, including that of 12-4-12, is almost
unchanged. Because 12-4-12 is adsorbed tightly on the rock surface, H can only react with the rock on the unabsorbed dot, resulting
in rock surface nonuniformity after being etched, which is beneficial for maintaining the conductivity of the crack.

Article Recommendations

1. INTRODUCTION

As a new type of surfactant, Gemini surfactants are made up of
two amphiphilic moieties linked by a spacer chain, which have
been the focus of considerable research interest since the
1990s." Gemini surfactants have lots of special physical and
chemical properties, such as a lower critical micelle
concentration (CMC), higher surface/interfacial activities,
and numerous self-assembly morphologies, compared to the
conventional surfactant.”~> This means that these surfactants
have potential applications in many areas, including the
petroleum industry, drug delivery, and corrosion.®™”
Generally, many researchers are interested in the effect of
salt on the solution properties of the Gemini surfactant.'*~"*
However, the research studies that pay attention to the
influence of surfactants under different salt circumstances on
the solid surfaces are relatively rare. Many papers have
reported the surface morphology obtained using atomic force
microscopy (AFM) depending on it to judge the ability of
surfactants to change the property of the rock surface. These
studies disclosed that the surface micelles of hexadecyltrime-
thylammonium chloride or bromide on mica become more
curved as the salt concentration is increased. The reason is that
the surfactant jon competes with the salt to adsorb onto the
negatively charged sites on the rock surface."® Duval has shown
that the aggregate on the rock of the cationic Gemini
surfactant curvature also increases in the presence of salt,
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which is similar to that in conventional single-chain
surfactants.'®

Carbonate rock reservoirs, accounting for half of the world’s
oil and gas resources, are still one of the primary energy
sources. Acid stimulation is commonly used to develop
7~ Hydrochloric acid is considered
the main stimulation fluid with its excellent dissolving power,
low cost, and high solubility of products for acid fracturing.”’
One of the most critical points in carbonate acidizing
treatments is inhibiting the acid—rock reaction rate.
Commonly, three steps are recognized in the acid—rock
reaction process: hydrogen ions are delivered to the rock
surface through mass transfer; hydrogen ions are involved in
the reaction at the surface of the rock; and the products leave
the rock surface and move into the liquid.”"** Some high-
viscosity fluids, such as gelled acids, emulsified acids, and
surfactant-based acids, have been developed to inhibit the
acid—rock reaction rate.”*>° These acid systems for the

.1
carbonate rock reservoirs.
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Figure 1. "H NMR spectra of the Gemini surfactants: (a) 12-4-12, (b) 14-4-14, and (c) 16-4-16, the '*C NMR spectra of the Gemini surfactants:
(d) 12-4-12, (e) 14-4-14, and (f) 16-4-16, and (g) IR spectra.
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mechanism of inhibiting the reaction rate are mainly used in
the first acid—rock reaction process by increasing the viscosity
to reduce the transfer coefficient of H*.*~>*

However, there are a few researchers focusing on controlling
reactions based on the second step of the acid—rock reaction
process.””*" The surfactant has the ability to adsorb on the
surface. Based on the theory of the acid—rock reaction process,
the surfactant should play a special role in inhibiting the acid—
rock reaction.

Metal ions can affect the performance of surfactants.
Calcium carbonate is one of the main components of
carbonate rock. Many calcium ions are produced from the
acid rock reaction, which play a role in the inhibition of the
acid—rock reaction rate. It is necessary to pay attention to the
effect of Ca** on the interaction between the rock and
surfactant.

In this study, a series of Gemini surfactants, 12-4-12, 14-4-
14, and 16-4-16, are synthesized. Considering the formation of
Ca’ during the acid—rock reaction, surface tension and
contact angle measurements and AFM with different Ca®*
concentrations are performed. The inhibition rate and surface
morphology of the rock plate are obtained using etching tests.
The results show that Gemini surfactants have good perform-
ance for potential application in acid fracturing.

2. RESULTS AND DISCUSSION

2.1. Characterization of the Synthesized Surfactants.
The chemical structures of the synthesized surfactants 12-4-12,
14-4-14, and 16-4-16 are confirmed using '"H NMR and 3C
NMR spectroscopy results. The '"H NMR and *C NMR
spectra are shown in Figure 1. The numbers on the hydrogen
and carbon spectrum peaks correspond to the numbers of the
functional groups in the structural diagram. For 'H NMR, the
presence of characteristic peaks at (§) values of 0.841—0.875
ppm (12-4-12), 0.845—0.880 ppm (14-4-14), and 0.844—
0.878 ppm (16-4-16) corresponds to the presence of terminal
methyl groups constituting the long chain, that is, number 1.
For ®C NMR, the presence of characteristic peaks at (5)
values of 13.89 ppm (12-4-12), 13.91 ppm (14-4-14), and 13.9
(16-4-16) corresponds to number 1. For 'H NMR, the
presence of peaks at chemical shift (5) values of 1.251—1.294
ppm (12-4-12), 1251—1.298 ppm (14-4-14), and 1.247—
1.297 ppm (16-4-16) is attributed to the existence of 9, 11, and
13 methylene groups adjacent to the terminal methyl groups,
that is, number 2. Also, these methylene groups correspond to
number 3 in the carbon spectrum, for which the values are
22.44-22.65 (12-4-12), 22.44—22.65 (14-4-14), and 22.76
(16-4-16). For *C NMR, the presence of characteristic peaks
at (5) values of 22.44-22.65 (12-4-12), 22.44—22.65 (14-4-
14), and 22.76 (16-4-16) corresponds to the presence of
methylene groups adjacent to the terminal methyl groups
constituting the long chain, that is, number 2. For '"H NMR,
the presence of peaks at chemical shift (§) values of 1.667—
1.674 (12-4-12), 1.677 (14-4-14), and 1.671—1.681 (16-4-16)
corresponds to the methylene group adjacent to the
ammonium group in the long carbon chain and the space
group, that is, number 3. Also, these methylene groups
correspond to number 4 in the carbon spectrum, for which the
values are 61.84—63.58 (12-4-12), 61.82—63.57 (14-4-14), and
61.84—63.59 (16-4-16). For '"H NMR, the presence of peaks at
chemical shift (&) values of 3.031 (12-4-12), 3.016 (14-4-14),
and 3.022 (16-4-16) correspond to the two methyl groups
attached to the ammonium group, that is, number 4. Also,

these methyl groups correspond to number 5 in the carbon
spectrum, for which the values are 51.46 (12-4-12), 51.52 (14-
4-14), and 51.5 (16-4-16). For "H NMR, the presence of peaks
at chemical shift (5) values of 3.245—3.287 (12-4-12), 3.228—
3.312 (14-4-14), 3.232—3.286 (16-4-16) corresponds to the
methylene group of the space group, that is, number 5. Also,
these methylene groups correspond to number 6 in the carbon
spectrum, for which the values are 19.38 (12-4-12), 19.43 (14-
4-14), and 19.43 (16-4-16).

The infrared (IR) spectra of the three surfactants are shown
in Figure 1g. 2915 and 2845 cm™ are the stretching vibration
peaks of C—H in —CHj; and —CH,-, respectively, and 1471
cm™! is the bending vibration peak of C—H in —CH; and
—CH,—. 992 cm™ is the stretching vibration peak of N*—
(CH;), and 722 cm™ is the in-plane vibration absorption
peak of the long methylene chain, indicating the existence of
long-chain alkyl groups.

2.2. Surface Activities. The surface tension values of the
surfactant solution as a function of the concentration are
present in Figure 2. The CMC and ¥, values are summarized
in Table 1. For the pure Gemini surfactant solution, the length
of the carbon chain increases and the CMC of the surfactant
gradually decreases, which is in good agreement with the
available literature.’’

In the Gemini surfactant/salt solutions, the addition of
CaBr, can significantly reduce the CMC. The CMCs of the
three kinds of Gemini surfactants reduced by more than 1
order of magnitude. The result is that the electrostatic
repulsion between the intermolecular head groups is reduced
by the counter ions, which leads to the promoted ability to
form micelles.”

The change trend of the surface tension value of the Gemini
surfactant is similar to that of their CMCs. Inorganic salts can
reduce the surface tension of the solution slightly. In general,
Ca** has less effect on surface tension.

2.3. Effect of Ca?* on the Adsorption Morphology of
the Gemini Surfactant. Figure 3 shows the structure of
Gemini surfactant aggregates on the rock surface at different
CaBr, concentrations and a constant Gemini surfactant
concentration of 0.5 cmc. The left and middle pictures show
the adsorption topography, and the right side shows the
thickness of the adsorption layer corresponding to the red line.
It is indicated from the topographic images that the Gemini
surfactant on the rock surface changes significantly with the
Ca’" concentration increase.

For a pure Gemini surfactant solution, there are more and
more aggregates of the surfactant on the rock surface as the
length of the carbon chain increases (Figure 3a—c). The
structure of 12-4-12 is dominated by a single layer of
adsorption, which is interspersed with fine needle-shaped
micelles. The structure of 14-4-14 is similar to that of 12-4-12,
but the coverage area is less than that of 12-4-12. 16-4-16 is
mainly composed of columnar micelles and mountain-shaped
micelles. Compared with those in the previous work,™ the
density and area of the Gemini surfactant adsorption are
greater than that of traditional surfactants.

With the increase in the concentration of Ca?', the
aggregated structures of the three surfactants on the surface
of the rock are evident, and the morphology of surfactants
changed significantly. For 12-4-12 with 100 ppm Ca*,
compared with the corresponding only Gemini surfactant,
the volume of a single micelle is more extensive, and the
aggregation is prominent (Figure 3a;). Almost no monolayers
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Figure 2. Surface tension vs Gemini surfactants with different CaBr,
concentrations: (a) 12-4-12, (b) 14-4-14, and (c) 16-4-16.

can be observed clearly on the rock surface. The length of a
single surfactant is about 2 nm.”* The height of most micelles
is the length of two—three surfactant molecules. When the

concentration of Ca®" is 300 ppm, the aggregate morphology
changes from a single aggregate to a massive structure, and the
area of the adsorption region is further reduced (Figure 3a,).
Under the same substrate, some areas have a large number of
molecules and some areas have less molecules, showing
extreme heterogeneity.

For 14-4-14, at the same concentration of Ca** as that of 12-
4-12, the surfactant is more likely to form blocky aggregation in
the solution (Figure 3b;,b,). In addition, 14-4-14 has a smaller
adsorption area than 12-4-12 at the same Ca*" concentration.
For 16-4-16, it is indicated that the area of adsorption is
significantly reduced, while the volume of a single cylinder
micelle increases with the addition of Ca**(Figure 3cy,c,).
Therefore, considering the relation between the morphology
and adsorption area and the ability to block H, 12-4-12 shows
the best inhibiting ability.

According to the above discussion, we propose the possible
cartoon models of the adsorbed Gemini surfactant aggregates
on the rock surface with different Ca®* concentrations.

When CaBr, is added to the solution, Ca®* and surfactant
molecules both try to adsorb on the rock surface, resulting in a
decrease in the area and density of the rock adsorbed by the
surfactant, as shown in Figure 4."> Moreover, Ca** and Gemini
surfactant head groups are positively charged, which leads to
the inability to continue to adsorb surfactants in this area
because of electrostatic repulsion power.

When the surfactant occupies the region, the neighboring
regions favor adsorbing the surfactant molecular because of the
hydrophobic effect. Furthermore, Br™ promotes the surfactant
aggregation by shielding the repulsive electrostatic interactions
between the surfactant’s head groups. Meanwhile, with the
increase in the concentration of inorganic salts, Ca®" will
occupy more surface of the rock and take the adsorption sites
of the surfactant, resulting in more obvious surfactant
aggregation and more complex adsorption forms. While the
length of the carbon chain increases, the adsorption area and
density gradually decrease at the same salt concentration. The
increasing carbon chain length results in a stronger hydro-
phobic association between surfactants, enhancing the
aggregation on rock surfaces.

2.4. Effect of Ca?* on the Adsorption Ability of the
Gemini Surfactant. To better understand the effect of Ca®*
on the adsorption ability of the Gemini surfactant on
carbonate, the free energy of the surface (AG) and the work
of adhesion (W,) are evaluated, respectively. The free energy
of the surface indicates the power of interaction between the
spread liquid and the concrete surface.’ Under a fixed
temperature and pressure, the free energy values of solid
surfaces are lower, which is more favorable for the solution of
the surfactant spread on the rock surface. The work of

Table 1. CMC and 7,  Values of Gemini Surfactants with Various Concentrations of Ca>* at 25 °C

12-4-12 14-4-14 16-4-16

CaBr, (ppm) CMC (mol/L) Yeme (MmN/m) CMC (mol/L) Yeme (mN/m) CMC (mol/L) Yeme (mN/m)
0 9.12 x 107* 34.3 625 x 1074 34.3 625 X 107° 36.1
50 7.75 x 1074 334 448 x 107 332 3.12 % 107° 354
100 525 x 1074 32.5 224 x 1074 322 1.56 X 107° 34.4
200 425 x 107* 31.8 1.12 x 107 31.4 7.81 x 107¢ 33.4
300 313 x 1074 30.8 5.6 X 107° 30.2 625 x 1076 32.5
400 225 x 1074 29.8 391 x 107° 29.2 3.12 x 107¢ 31.9
500 125 x 107* 282 1.95 X 107° 282 1.56 X 107¢ 30.1
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Figure 3. Adsorption topography and height of Gemini surfactants with different carbon chain lengths and Ca* concentrations: (a) 12-4-12, (a;)
12-4-12 100 ppm and (a,) 12-4-12 300 ppm; (b) 14-4-14, (b,) 14-4-14 100 ppm and (b,) 14-4-14 300 ppm; and (c) 16-4-16, (c,) 16-4-16 100
ppm and (c,) 16-4-16 300 ppm.
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Figure 4. Schematic of surfactant adsorption with the increasing salt concentration: (a) no calcium ions on the surface of the calcite, (b) a small
amount of calcium ions contained on the surface of the calcite, and (c) a lot of calcium ions contained on the surface of the calcite.
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adhesion means “the work that is required to separate the
liquid—solid phases from one another to a certain distance”
using the Young—Dupre equation.”® The adhesion work is the
degree of wetting of the rock after wetting. The larger the W,
the more stable the system. The difference between the two
parameters is that the free energy measures the degree to
which the solution wets the rock, and the adhesion is the
degree of stability of the system after the wetting is completed.
The values of both can measure the adsorption ability of the
Gemini surfactant.

The varying curve of AG at different calcium ion
concentration is shown in Figure 5. There is a sharp decrease

-1500
—+12-4-12 — 14-4-14 -+ 16-4-16
-2500 Se
g > ~ ST *--
2 -3500 ~ Tt
<
4

0 100 200 300 400 500
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Figure S. Free energy of the surface vs the calcium ion concentration.

as the Ca’* concentration of the solution is increased.
Compared with that of other surfactants, the decline of the
free energy of 16-4-16 is the steepest, from —4056.76 to
—2084.33 KJ/mol. The curve of the free energy of 14-4-14
decreases from —3169.3 to —5096.53 KJ/mol. The value of
change of the free energy of 12-4-12 is the smallest, from
—3718.3 to —5257.76 KJ/mol. This means that the added Ca**
promotes the surfactant-containing solution to water-wet.
Moreover, the W, increases slightly compared with that of
the pure solution at the same concentration (as shown in
Figure 6). According to the result of the adsorption
morphology analysis, it is evident that Ca** will occupy the
rock surface, which decreases the occupying area of the
surfactant. Calcium ions are more hydrophilic than surfactants,
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Figure 6. Work of adhesion of cationic Gemini surfactants vs the
calcium ion concentration.

so the surface of the rock is more hydrophilic, eventually
leading to an increase in the ability of the solution to wet the
rock surface. Finally, the AG decreases and W, increases.
Although the increase of Ca®* will improve the adsorption
ability of the surfactant solution, it is unfavorable for
surfactants to prevent hydrogen ions. With the increase of
the carbon chain length, the decrease of AG gradually
increases, which indicates that Ca>" has a significant effect
on long-carbon-chain surfactants. However, the short-carbon-
chain surfactants are more hydrophilic on the rock surface; the
AG value is the lowest and the value of W is the highest for 12-
4-12. In conclusion, 12-4-12 has the best performance
adsorption ability for the rock in a Ca*" environment.

2.5. Static Acid—Rock Reaction. Measurements of the
inhibition rate are carried out between the acid solution and
calcite to examine the impact of the Gemini surfactant on the
reaction rate. There are three components of acid fluids with
different Gemini surfactants. The acid system includes 20%
HCI, 1% corrosion inhibitor, and 3 times the CMC
concentration of the Gemini surfactant. The inhibition rate
change is summarized in Table 2. The inhibition rate

Table 2. Inhibition Rates of 12-4-12, 14-4-14, and 16-4-16

type 12-4-12 14-4-14 16-4-16
n (%) 46.34 27.58 13.11

decreased steadily with the increase in the carbon chain
length. The inhibition rate of 12-4-12 is 46.34%, which is the
highest among the three Gemini surfactants. The inhibition
rate of 14-4-14 is 27.58%. The inhibition rate of 16-4-16 is the
lowest.

Figure 7 shows the reaction rate of surfactants and the blank
group at different times. The reaction rate of surfactants is

0.45
~-blank group +12-4-12 -=14-4-14 -+-16-4-16
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Figure 7. Acid—rock reaction rate at different times.

lower than that of the blank group, which indicates that the
surfactant can adsorb on the calcite effectively. Compared with
14-4-14 and 16-4-16, 12-4-12 has the lowest reaction rate at
the same time. As the reaction proceeds, the calcium ion
concentration increases, and the reaction rate of 12-4-12
remains at a stable value throughout the process. The reaction
rates of 14-4-14 and 16-4-16 increase significantly. This result
can be explained by the study of adsorption ability and
adsorption morphology. Combined with AG and W,, the
adsorption ability of 12-4-12 is superior to that of 14-4-14 and

https://doi.org/10.1021/acsomega.2c01253
ACS Omega 2022, 7, 20768—20778


https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

5000 100
80
6000
N 2 60
" o
- = 4000
L E 40
L 2000
r 20
0 0
17 18 19 2 21 22 23 24 25 26 27 28 29 3 31 32 33 34 35 36
height difference(mm)
5000 100
4000 80
Z:3000 60
a
-
£
2000 40
1000 20
0

0.350.45 0.5 0,55 0.6 0,65 0.7 0.8 0.85 0.9 0.95 1 1.05 L1 L2 1.25 1.3 1.35 1.4 145155 1.6 165
height difference(mm)

0 03 04 05 06 0T OB 09 1 11 1.2 13 14 15 16 LT

height difference(mm)
14000 100
12000
s
- 10000
‘. . @
g s
- £
& 6000 w
4000
0
2000
0 - ! 0
002 006 012 018 024 03 036 042 048 054
height difference(mm)
Figure 8. Etched surface morphology and height difference frequency distribution: (a) blank, (b) 12-4-12, (c) 14-4-14, and (d) 16-4-16.
20775 https://doi.org/10.1021/acsomega.2c01253

ACS Omega 2022, 7, 20768—-20778


https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01253?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

—— carbon chain <

!

® headgroup

20

a

/

space group

- Calcium ion ™ Hydrogen ion

b

Figure 9. Acid—rock reaction schematic diagram: (a) 12-4-12 and (b) 16-4-16.

@
+
z

§

N+

a &
+
z

N N

Br-
Br-

12-4-12

—

14-4-14

Figure 10. Structure of the Gemini surfactants: (a) 12-4-12, (b) 14-4-14, and (c) 16-4-16.

16-4-16. According to the AFM results, the adsorption area
and density for 12-4-12 decrease slightly compared with those
of 14-4-14 and 16-4-16 after the addition of the calcium ion
concentration. With the increase of calcium ion concentration,
the rock surface is occupied by calcium ions, and the
aggregation of 14-4-4 and 16-4-16 is gradually strengthened.
This leads to a reduced adsorption area; therefore, the ability
of the Gemini surfactant to block H* is decreased. The surface
area of the rock increased gradually as the reaction progressed,
which means that the reaction area increased, leading to an
increase in the reaction rate. This could also explain why the
reaction rate of the blank group increases steadily.

The etched surface morphology is one of the significant
factors to influence the carbonate acid fracturing treatment. If
the etching pattern is complicated, it is favorable for oil and gas
flows.*>*” To further explore the effect of surfactant adsorption
on the surface after etching, the rock surface is digitally
characterized after the reaction using laser scanning and three
parameters (h, h,, and S). Figure 8 shows the etched surface
morphology and height difference frequency distribution. For
the blank group, the average height is 0.341 mm and the
standard deviation is 0.124. The shape after etching is relatively
uniform, as shown in Figure 8a. However, for 12-4-12, it is
apparent that the topography is different from that of the blank
group. The surface morphology after etching is extremely
nonuniform, and there are many pits and gullies, as shown in
Figure 8b. The average height is 2.193 mm; the standard
deviation is 0.395. Relatively sharp increases of h, and S are
observed after 12-4-12 is adsorbed on the rock surface.
Combined with AFM, it can be inferred that surfactant
adsorption on the rock surface is uneven. In some areas, the
amount of adsorption is large, and the ability to block H" is
strong, resulting in less erosion and surface bulging in the area.
However, as the amount of adsorption is small, H" reacts
violently with the rock, causing obvious etch pits and grooves
on the surface.

For 16-4-16, the average height is 0.81 mm and the standard
deviation is 0.234, which are lower than those of 12-4-
12(Figure 8b). According to AFM, it can be deduced that
surfactant aggregation on the surface becomes obvious with the
increase in the concentration of CaBr, (Figure 9a,b). Thereby,

the adsorption area decreases sharply. The ability to block H*
is weaker than that of 12-4-12. The nonuniformity and higher
height difference of the surface make oil and gas flow more
favorable after the crack is closed. For 14-4-14, the average
height is 0.761 mm. Although the value is slightly smaller than
that of 16-4-16, the nonuniformity is higher than that of 16-4-
16 according to Figure 8c.

3. CONCLUSIONS

This work set out to provide insights into the effect of Ca** on
the retarding acid—rock reaction rate of the Gemini surfactants
with different hydrophobic chains. It is indicated that the
CMC decreases with an increase in the Ca?* concentration,
showing the expected micelle formation promotion. The salt
will reduce the electrostatic repulsion between the intermo-
lecular head groups. As the concentration of Ca?" increases, the
morphology is changed significantly for the three Gemini
surfactants. An obvious aggregate of the surfactant on the rock
is found with the increase in the hydrophobic chain, which
results in the decreased density and adsorption area of 14-4-14
and 16-4-16 compared to that of 12-4-12. As CaBr, is
introduced into the solution, the AG and W, results show that
12-4-12 has the best performance in terms of adsorption
ability. The static acid—rock reaction reveals that the inhibition
rate of 12-4-12 outperforms that of 14-4-14 and 16-4-16. As
the reaction progresses, the concentration of calcium ions in
the solution increases. Moreover, the reaction rate of the acid
solution with the rock gradually increases. The reaction rate of
12-4-12 increases with the slowest rate, indicating that Ca®" has
the least impact on its inhibition rate ability, consistent with
the AFM and adsorption ability results. Furthermore, the
nonuniform surface of the etched rock also proves that there is
a densely adsorbed layer of 12-4-12 on the rock. Gemini
surfactants can inhibit the acid—rock reaction effectively.

4. EXPERIMENTAL SECTION

4.1. Materials. Chlorhydric acid and CaBr, are obtained
from Chengdu Kelong Chemical. N,N-Bis(dodecyldimethyl)-
1,2-dibromodiammonium diamine (abbreviated as 12-4-12),
N,N-bis(tetradecyldimethyl)-1,2-dibromodiammonium dia-
mine (abbreviated as 14-4-14), and N,N’-bis-
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(hexadecyldimethyl)-1,2-dibromobutylammonium salt (abbre-
viated as 16-4-16) are synthesized in our laboratory according
to the methods given in the previous papers.”’

The chemical structures of Gemini surfactants are shown in
Figure 10. Calcite is used as purchased from Hangzhou Yuhang
District Renhe Specimen Factory, and the CaCOj; content is
over 99%. All experiments used ultrapure water.

4.2. Surfactant Characterization. A Bruker 400MHZ
spectrometer was used to obtain the "H NMR spectra and *C
NMR spectra. The specimen is dissolved in a dimethyl
sulfoxide solvent in a 5 mm NMR tube. The Gemini surfactant
concentration should be moderate to avoid exchange effects
and signal-to-noise ratio.”

The IR spectroscopy (WOF-530) test was carried out using
the KBr tablet method surfactant samples. The IR spectrum
test spectral range was 4000—400 cm ™', scan times 16.

4.3. Surface Tension. The surface tension and CMC are
determined using the Wilhelmy plate method on a JYW-200A
surface tension meter. Before the measurements, the surface
tension of distilled water is confirmed to be in the range of 72
+ 0.03 mN/m. The measurements are performed until
constant surface tension values showed that equilibrium had
been reached. Each measurement is performed more than
three times, and the standard deviation does not exceed 0.2
mN/m.

4.4. Atomic Force Microscopy. The AFM is performed
on a Dimension ICON. For the topography measurements, the
rock is soaked in Gemini surfactant aqueous solutions and left
for 20 min. Then, the product is taken out and dried under a
stable nitrogen flow. All samples are measured three times. The
surfactant height on the rock surface is obtained using the
Section Analysis module of NanoScope Analysis software.

4.5. Contact Angle Test. The contact angle is measured
using the contact angle meter (Dataphysics OCA2S). The rock
is smoothed using a 600 mesh sandpaper to reduce the
roughness of the surface before the experiment. The sessile
drop method is used to measure the contact angle. A sessile
Gemini surfactant solution droplet of 2 uL is attached carefully
to the surface using a pipette. The work of adhesion (W,) and
surface free energy (AG) are calculated as follows

RT1 (1 = cos 0)*(2 + cos 0)
—In|
3 4 (1)

AG =

where AG is the surface free energy, T is the temperature in
Kelvin, and R is the universal gas constant (8.314 Jmol™ K™')

W, =y(1+ cosf) X A 2)

where y is the gas—liquid interfacial tension (mN/m), A is
the unit area, taken to be 1 c¢m? here, and 6 is the contact
angle.

4.6. Static Acid—Rock Reaction. The acid system
contains 20% HCI and 3 CMC Gemini surfactant. The glue
is used to seal the rock to ensure that only one surface can
react with the acid system. The rock is taken out every S min
and dried under nitrogen. The total reaction time is fixed at 30
min. The reaction rate (g/min) and the inhibition rate are
calculated using the following equations.

Am,
1} =
‘ t 3)

m
v=—
t

(4)

v, — v
°—— X 100%
% (5)

}7:

Amt(g) is the amount of calcium carbonate dissolved at
different times, 7 is the inhibition rate, v, is the reaction rate
without the Gemini surfactant, and v is the reaction rate of the
surfactant added.

4.7. Acid-Corroded Rock Surface Test. A 3D laser
scanner was used to conduct the digitally shaped topography
test after the reaction. Different statistical parameters have
been introduced in this paper, which includes the frequency of
point data height difference (h), average height difference (h,),
and standard deviation (S).*'

hs = h - hmin (6)

il (7)

n—1 (8)

h(mm) is the height of each point, h
of all height points, and h, is the average height difference.

is the the lowest point

min
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