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ABSTRACT: The chemical cleaning method is the simplest
approach for degreasing oil-based drilling cuttings (ODCs), with
the effectiveness of the treatment relying mainly on the selection of
the surfactant and the cleaning conditions. However, achieving the
standard treatment of ODCs directly using conventional
surfactants proves challenging. In light of this, this study introduces
a synthesized and purified Gemini surfactant named DCY-1. The
structure of DCY-1 was confirmed through Fourier transform
infrared (FTIR) and nuclear magnetic resonance (NMR) analyses.
The characterization in this article encompasses the use of an
interface tension meter, nanoparticle size analysis, scanning
electron microscopy, and infrared oil measurement. The critical
micelle concentration (CMC) of DCY-1 was determined to be
3.37 × 10−3 mol/L, with a corresponding γcmc value of 37.97 mN/m. In comparison to conventional surfactants, DCY-1 exhibited a
larger micelle size of 4.52 nm, approximately 24.52% larger than that of SDS. Moreover, the residual oil rate of 3.96% achieved by
DCY-1 was the lowest among the chemical cleaning experimental results. Through a single-factor experiment, the optimal cleaning
ability of DCY-1 for ODCs was determined as follows: a surfactant concentration of 3 mmol/L, a temperature of 60 °C, an ODC/
liquid mass ratio of 1:4, a cleaning duration of 40 min, and a stirring speed of 1000 rad/min. Under these optimal conditions and
after merely two cleaning procedures, the residual oil content of ODCs was reduced to 1.64%, accompanied by a smooth and loose
surface structure.

1. INTRODUCTION
Compared to conventional oil and gas resources, shale gas is
set to assume a pivotal role in the energy transition, owing to
its wide distribution and comparatively cleaner nature.1 To
increase production from shale gas reservoirs, a combination of
fracturing technology and horizontal wells is commonly
utilized,2,3 with the extensive use of oil-based drilling fluids
due to their exceptional stability.4 As shale gas extraction is
expanding, the volume of oil-based drilling cuttings (ODCs)
generated during drilling operations is also escalating.5

Presently, the generation of ODCs has evolved into an
environmental concern encountered by oilfields worldwide.
Improper management of ODCs not only leads to resource
wastage but also poses a severe threat to the ecological
environment.6−8 Chemical cleaning has emerged as a favored
and widely acknowledged method for treating an ODC,
primarily due to its simplicity, minimal equipment require-
ments, and cost-effectiveness. The efficacy of the surfactant
and the establishment of appropriate washing conditions
significantly impact the ultimate oil removal effectiveness in the
chemical cleaning treatment of ODCs.
As the chemical cleaning method serves as an oil removal

technique, it is crucial to characterize the oil-based drill chips,

including their oil and water contents as well as their structure.
Additionally, evaluating surfactant properties such as the
critical micelle concentration (CMC), emulsification capacity,
and micelle size is crucial.9 Notably, surfactants that exhibit a
greater ability to reduce interfacial tension tend to enhance oil
removal efficiency.10 Moreover, a higher surface activity is
directly associated with higher oil recovery rates.11

The removal of oil from the surface of drilling cuttings
through surfactant action involves diffusion and solubilization
processes. First, when the concentration of the surfactant is
lower than the CMC, the surfactant exists in the form of a
monomer. Surfactants are amphiphilic molecules, and this dual
nature causes surfactants to adsorb at the oil−water interface,
thereby reducing the oil−water interfacial tension.12 Surfactant
molecules penetrate into the junction of drilling cuttings and
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oil, destroying the mutual bonding between drilling cuttings
and oil, achieving the purpose of oil and drilling cutting
separation. Second, the concentration of the free monomer no
longer increases and a large number of micelles are produced
when the surfactant concentration is above the CMC. These
micelles will encapsulate the oil droplets that enter the aqueous
phase.13

Conventional surfactants consist of one terminal hydrophilic
group and one hydrophobic group.14 Gemini (or dimeric)
surfactants are a relatively novel class of surfactants, which
consist of more than one intermediate polarity group (as a
spacer chain) chemically connected between two basic
surfactant entities consisting of a hydrophobic tail and a
hydrophilic head.15−17 The spacer may be short or long, rigid
or flexible; and the two nonpolar tails may be short or long.
The polar head groups can be cationic, anionic, nonionic, or
zwitterionic, depending on the nature of the corresponding
single-chain surfactant(s).18 Unlike conventional surfactants,
which form spherical micelles in bulk solution, Gemini
surfactants are capable of forming threadlike (short-spacer)
or rodlike (long-spacer) micelles. The presence of two
hydrophobic tail groups and two hydrophilic polar heads
confers enhanced surface-active properties and the ability to
self-aggregate at low concentrations.19,20 The CMC of Gemini
surfactants is 1−2 orders of magnitude lower than that of
analogous surfactants. In addition, Gemini surfactants exhibit
better rheology and a low concentration requirement in
comparison to conventional monomeric surfactants. Since
Gemini surfactants have two hydrophilic groups, they often
show increased water solubility and they are salt-resistant.21

The molecular weight of Gemini surfactants falls between
those of traditional and polymeric surfactants.22 Gemini
surfactants have been generating increasing interest owing to
their tunable molecular geometry and their excellent perform-
ance in applications.23 They are expected to become widely
used in the 21st century.24,25

In summary, the distinctive molecular structure of Gemini
surfactants imparts notable stability, hydrophobic (oil-absorb-
ing) properties, and a superior emulsification performance
when compared with conventional surfactants. As a result,
Gemini surfactants exhibit significant potential for enhancing
the cleaning of ODCs. However, their widespread utilization is
hindered by challenges related to commercial availability,
limited entrepreneurial efforts, and a relatively short industry
experience, particularly concerning chemical cleaning treat-
ments for ODCs.
To enhance the effectiveness of chemical cleaning methods,

an anionic Gemini surfactant was synthesized and purified
using diphenylmethane and 1-tetradecene as primary raw
materials for ODC treatment. Compared to conventional
surfactants, the synthesized surfactant demonstrated a superior
cleaning performance, showcasing promising practical applica-
tions. This work meticulously investigates the influence of
various conditions on the ODC cleaning efficiency of the
DCY-1 surfactant. The results indicate that DCY-1 effectively
meets the relevant standards for the ODC disposal. This study
contributes to a deeper understanding of the Gemini surfactant
performance, offering theoretical guidance for their practical
application.

2. MATERIALS AND METHODS
2.1. Materials. The ODCs in this study were collected

from the shale gas exploitation base in Sichuan Province.

ODCs consisted of 10.69 wt % oil, 8.86 wt % water, and 80.45
wt % solids.
Diphenylmethane, chlorosulfonic acid, anhydrous calcium

chloride, anhydrous sodium sulfate, potassium bromide, and
deuterated chloroform were obtained from Aladdin. 1-
Tetradecene, anhydrous aluminum trichloride, Tween 80,
and tetrachloroethylene were obtained from Macklin. Tri-
chloromethane and Triton X-100 were obtained from
Sinopharm Group Chemical Reagent Co., Ltd. NaCl, H2SO4,
NaOH, KMnO4, sodium dodecylbenzenesulfonate (SDBS),
sodium dodecyl sulfate (SDS), fatty alcohol polyoxyethylene
ether (AEO-9), and OP-10 were supplied by Kelong Chemical
Co., Ltd., Chengdu, China.
2.2. Apparatus. The WQF-520 FTIR spectrometer was

used to preliminarily characterize the structure of the
synthesized products according to the characteristic absorption
peaks of different groups. The scanning range was 4000−440
cm−1, and the number of scans was 16 times. The NMR
spectrometer was used to determine the molecular structure.
Deuterated chloroform was used as the solvent. The
synthesized product was characterized by 1H NMR spectros-
copy. The integrated interface parameter measurement system
was mainly used to evaluate the performance of DCY-1. The
size of the micelles was determined by measuring the
hydrodynamic diameter by dynamic light scattering (DLS).
A freeze-dryer was used to dry the ODCs. An infrared oil
meter was used to determine the oil content of the ODCs. A
magnetic stirring water bath was used to clean the ODCs.
Scanning electron microscopy (SEM) was used to observe the
microstructure and outer surface of the ODCs.
2.3. Synthesis of DCY-1. 2.3.1. Preparation of the

Intermediate Product. Diphenylmethane (0.1 mol) was added
to the flask, and then anhydrous aluminum trichloride (0.01
mol) was rapidly added as a catalyst; the mixture was fully
stirred in a water bath (45 °C). 1-Tetradecene (0.2 mol) was
continued to be slowly added dropwise to the flask for about
30 min. After the dropwise addition, the reaction was carried
out in a water bath (80 °C) for 6 h. After the reaction, the
product was transferred to a 500 mL separatory funnel and
washed repeatedly with pure water until neutral, the lower
water layer was released, and the upper oil phase was the target
product called Y-1.

2.3.2. Preparation of the DCY-1 Surfactant. Y-1 (0.1 mol)
and chloroform (0.2 mol) were added to the three-necked flask
and stirred well in a water bath (20 °C). Chlorosulfonic acid
(0.4 mol) was continued to be slowly added dropwise to the
three-necked flask for about 30 min. After the dropwise
addition, the reaction was continued for 4 h. After the reaction,
20% NaOH solution was slowly added dropwise until the pH
value of the reaction system was about 8 to obtain the target
product DCY-1.

2.3.2.1. Purification. Dichloromethane was used to dissolve
the product. The dissolved product was transferred to a
separatory funnel, washed with saturated sodium chloride
solution many times, and the lower water layer was discharged.
After the sample was cleaned, anhydrous sodium sulfate was
added to remove water. After the water was removed, the
product was suction-filtered and put into a chicken heart
bottle, and then the organic solvent was removed using a rotary
evaporator. After taking it out, it was dried in a vacuum
desiccator at 50 °C for 24 h to obtain the purified surfactant
product.
The primary reaction process is depicted in Scheme 1.
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2.4. Performance Characterization. 2.4.1. Determina-
tion of the CMC. The surface tension γ and the CMC were
measured by the hanging drop method and the interface
parameter integrated measurement system.
Values of the surface tension per concentration were the

weighted averages of three different means measured in 10 s
time-lapses. After plotting the relationship between surface
tension and surfactant concentration, two regression lines were
obtained, which were the regression line of decreasing surface
tension before the CMC and the regression line of stable
surface tension after the CMC. The CMC was determined by
obtaining the intercept point between the two regression
lines.26

2.4.2. Determination of Emulsifying Ability. The emulsify-
ing force was measured by the graduated cylinder method. The
experimental temperature was controlled at 25 °C, taking an
appropriate amount of the surfactant and pure water to prepare
a 0.1% surfactant solution. 20 mL of surfactant solution was
transferred to a 100 mL stoppered measuring cylinder, and
then 20 mL of diesel oil was pipeted into the stoppered
measuring cylinder. After the stoppered measuring cylinder
was squeezed tightly with the glass stopper, the measuring
cylinder was vigorously vibrated up and down five times and
then allowed to stand for 1 min after the last vibration. The
above operation was repeated five times, and timing was
started after the last vibration. The emulsion was observed, at
which point the oil and water gradually separated. When the
water phase increased to 10 mL, it could be regarded as the
end point of the experiment; the timing was stopped, the time
was recorded, and the measurement was done three times to
get the average value.

2.4.3. Determination of Surfactant Micelle Size. The size
of the micelles was determined by measuring the hydro-
dynamic diameter by DLS (Malvern Zetasizer Nano ZS90,
Malvern Instruments Limited, U.K.). The surfactant concen-
trations used were higher than the CMC to ensure
monodispersity of the sample (i.e., the homogeneous presence
of micelles after the CMC). After the size of the micelles was
determined, the polydispersity index, PDI (a dimensionless
width parameter of the size distribution of the micelle sizes),
was obtained per sample.

2.4.4. Experiment of the Chemical Cleaning Method. An
appropriate amount of surfactant was weighed in a beaker, and
quantitative pure water was added. The ODCs were treated

with the formulated surfactant solution, and each set of
experiments was set up in 3 parallels.
10 g of ODCs was weighed into a 100 mL beaker, the

ODC/liquid mass ratio was set to 1:5, with a cleaning
temperature of 50 °C, and cleaning under magnetic stirring
was performed for 30 min at a stirring speed of 1000 rad/min
with a magnetic stirring water bath. After cleaning, the rotor
was taken out, allowed to stand for 1 h, and then a plastic
dropper was used to suck out the upper layer of the liquid.
After that, the drilling cutting residue and cleaning water were
separated by the centrifugation process with a high-speed
centrifuge. After that, the residue of the drilling cuttings was
processed by a freeze-dryer to reach a constant weight, and the
oil content was measured using an automatic infrared oil
spectrometer.

2.4.5. Analysis of Cleaning Ability. The ODCs were treated
by the chemical cleaning method. The mixture was stirred in a
constant temperature shaker at different speeds and constant
temperatures for a period of time.
After each cleaning, the conical flask was allowed to stand for

1 h. The upper oil layer was then recovered, and the cleaning
water was removed from the conical flask. Then, the drilling
cutting residue and cleaning water were separated by the
centrifugation process with a high-speed centrifuge. After that,
the residue of the drilling cuttings was processed by a freeze-
dryer to reach a constant weight, and the oil content was
measured using an automatic infrared oil spectrometer. This
value was the residual oil rate of the ODCs after treatment.
The oil removal rate was estimated, as represented in eq 1:

= ×w w
w

oil removal rate 100%1 2

1 (1)

Here, w1 (%) was the oil rate of the original ODC sample
and w2 (%) was the oil rate of the residual drilling cutting
sample after cleaning.
2.5. Analytical Method. The morphology and the outer

surface of solid particles were observed using the scanning
electron microscopy (SEM) method. The ODCs were plated
with gold in a vacuum chamber before SEM.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. 3.1.1. FTIR Spectrum.

In order to explore the structural changes of the synthesized
products, FTIR spectroscopy was used for characterization,
and the results are shown in Figure 1.

Scheme 1. Systematic Diagram for DCY-1
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It can be seen that the strong absorption peaks of Y-1 at
wave numbers 2924 and 2854 cm−1 are C−H stretching
vibration peaks, the absorption peaks at wavenumber 1460
cm−1 are C−H vibrational absorption peaks on the aromatic
ring, and the absorption peaks at wavenumber 1380 cm−1 are
methyl bending vibration peaks. The absorption peak at
wavenumber 707 cm−1 is the absorption peak of the para-
substituted group of the aromatic ring. From the spectrum, it is
clear that the alkylation reaction of diphenylmethane with 1-

tetradecene resulted in the addition of long alkyl chains to the
para-aryl-ring methylene to produce Y-1, which is consistent
with the expected intermediate product.
In comparison with the spectrum of Y-1, DCY-1 has an

additional C−H vibrational absorption peak at a wavelength of
1600 cm−1 on the aromatic ring. The absorption peaks of
DCY-1 at 1181, 1086, and 1040 cm−1 are −S�O stretching
vibrational absorption peaks, the absorption peaks at wave
numbers 909 and 707 cm−1 are characteristic peaks of the
benzene ring adjacent to the para-position, and the absorption
peak at wavenumber 630 cm−1 is a vibrational absorption peak
of −S−O−. The spectrum reveals the outcome of the reaction,
wherein a long alkyl chain is added to the aromatic ring and
the sulfonic acid group attaches to the adjacent position of the
alkyl chain. These findings collectively indicate the congruence
of the synthesized product with the target compound DCY-1.

3.1.2. 1H NMR Spectrometry. The hydrogen nuclear
magnetic resonance spectrum of synthesized Y-1 is shown in
Figure 2, and the proton hydrogen nuclear magnetic resonance
spectrum of synthesized DCY-1 is illustrated in Figure 3.
It can be seen that δ = 0.89 (6H, hydrogen at the end of the

long carbon chain). δ = 1.26 (52H, hydrogen on the long
carbon chain). δ = 7.06−7.30 (6H, hydrogen on the benzene
ring). Through 1H NMR analysis, successful addition of the
long-chain alkane to the benzene ring is confirmed, thereby
establishing the identified product as the target compound Y-1.
It can be seen that δ = 0.89 (6H, hydrogen at the end of the

long carbon chain). δ = 1.26 (52H, hydrogen on the long
carbon chain). δ = 3.81−3.85 (2H, linking group hydrogen on
the benzene ring). δ = 7.36−7.79 (6H, hydrogen on the

Figure 1. FTIR spectrum of DCY-1.

Figure 2. 1H NMR spectra of Y-1.
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benzene ring). In addition, δ = 7.16 is the proton peak of the
deuterated chloroform solvent. After 1H NMR measurement, it
was proved that the obtained product was the target product.
3.2. Determination of the CMC. According to the γ−lgC

curve of DCY-1 based on the data measured by the pendant
drop method, as shown in Figure 4, the CMC was determined,
and the corresponding surface tension was γcmc.
It can be seen from Figure 4 that the experimentally

measured surfactant DCY-1 has a CMC of 3.37 × 10−3 mol/L
and a γcmc of 37.97 mN/m, indicating that the surfactant has a
strong surface activity.

3.3. Determination of the Size of the Micelles. As
shown in Figure 5a, the micelles of anionic Gemini surfactants

are composed of hydrophobic hydrocarbon chains, similar to
the core of liquid hydrocarbons, and they also have a shell
called the micelle water “interface” or surface phase. In order to
maintain its electrical neutrality, there is also a diffusion double
electric layer composed of counterions outside the micelles. As
shown in Figure 5b, the micelles of nonionic surfactants have a
core composed of hydrophobic hydrocarbon chains and a shell
composed of polyoxyethylene chains and water combined with
ether bond atoms. In a recent study, super affinity nano-
particles were found to modify shale surface wettability.27

Compared with nonionic surfactants, the application of anionic
surfactants is more extensive. This is due to drilling cuttings
and sediment particles often having negative charges.28 These
negative charges form a repulsive effect with the negative
charges carried by the hydrophilic groups on the oil−water
interface, which will accelerate the stripping of oil from the
surface of drilling cuttings into the aqueous solution and form
negatively charged micelles. In the aqueous solution, the

Figure 3. 1H NMR spectra of DCY-1.

Figure 4. Surface tension−concentration curves of DCY-1.

Figure 5. Schematic diagram of the micelle structure.

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

https://doi.org/10.1021/acsomega.3c08618
ACS Omega 2024, 9, 10488−10497

10492

https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


polarity of surfactant micelles varies from the shell to the core.
This microenvironment with different polarities provides a
suitable dissolution environment for oil. This phenomenon of
greatly improving oil solubility due to the formation of micelles
is called solubilization. In particular, it is pointed out that
solubilization is the solubilized matter entering the micelles
rather than improving the solubility of the solubilized matter in
the solvent, so it is not dissolution in the general sense.
Table 1 shows the hydrodynamic diameters of the micelle

sizes of the surfactants. There are four surfactants shown in

Table 1, among which DCY-1 and SDS are anionic surfactants
and Tween 80 and Triton X-100 are nonionic surfactants. In
general, nonionic surfactants have larger micelles because the
micelle shell formed by the polar groups of nonionic
surfactants occupies a considerable volume of micelles.
Hydrophilic polyoxyethylene and its associated water mole-
cules make the outer layer of this micelle more bulky.
However, in the oil removal process of cleaning ODCs, the oil
solubilization mainly occurs in the core of micelles, and the oil
is completely in a nonpolar environment. Compared with SDS
with the same anionic surfactant, DCY-1 has longer and more
hydrophobic carbon chains, its CMC value decreases, the
aggregation number of micelles increases, and the micelle size
increases. Therefore, the micelle size of DCY-1 is larger than
that of SDS, so it has a better solubilization effect on oil and a
better cleaning effect on ODCs. In addition, the smaller the
PDI value, the more homogeneous is the sample size.
As shown in Figure 6a, oil droplets adhere to the surface of

oil-bearing cuttings and are surrounded by other oil droplets in
the initial state. The interaction between them is mainly the
intermolecular force between nonpolar oils. When the oily
cuttings enter the water, they are incompatible with water as a

solid phase, and the surface of the cuttings will show the same
hydrophobicity as the oil phase.
Figure 6b shows that when using DCY-1 for chemical

cleaning of the ODCs, DCY-1 molecules will be adsorbed on
the oil−water interface due to its hydrophilicity and hydro-
phobicity in the transition state, which will first reduce the
interfacial tension. Second, due to the negative charge on the
surface of drilling cuttings, it will form a repulsive force with
the negatively charged hydrophilic group exposed outside the
oil−water interface, which will accelerate the falling off of oil
droplets from the ODC surface. The oil droplets entering the
aqueous phase will be wrapped by the micelles formed by
DCY-1.
As can be seen from Figure 6c, DCY-1 forms a large number

of micelles in water in the final state, a small part of free DCY-1
monomer molecules will be adsorbed on the surface of the
ODCs due to the hydrophobic effect, and the exposed
hydrophilic groups will change the surface of the ODCs
from hydrophobic to hydrophilic.
3.4. Determination of Emulsifying Ability. The results

of the emulsifying abilities of DCY-1, SDBS, and SDS are
shown in Table 2.

As can be seen from Table 2, there are some differences in
the emulsification abilities of different types of surfactants for
diesel fuel at the same mass fraction concentration. Compared
with the conventional anionic surfactants SDBS and SDS, the
water−oil separation time of DCY-1 was longer, indicating its
stronger emulsification ability.
3.5. Comparison of Cleaning Effects. The chemical

cleaning effects of different types of surfactants on the ODCs at
different concentrations are shown in Figure 7.
It can be seen from Figure 7 that the heat cleaning effect of

synthetic DCY-1 on oil-bearing drilling cuttings is better than
that of these surfactants, and the oil content of the treated

Table 1. Micelle Sizes (Hydrodynamic Diameters) of the
Surfactants Measured by DLS

surfactant concentration (mM) micelle size (nm) PDI

DCY-1 4 4.52(±0.07) 0.12(±0.01)
SDS 14 3.63(±0.05) 0.19(±0.001)
Tween 80 3 11.1(±0.18) 0.18(±0.003)
Triton X-100 1 7.56(±0.06) 0.13(±0.03)

Figure 6. Oil removal process of DCY-1 micelles acting on ODCs. (a) Initial state. (b) Degreasing process. (c) End state.

Table 2. Determination of the Emulsifying Ability of the
Surfactant

surfactant water splitting time

DCY-1 14′35″
SDBS 11′47″
SDS 9′50″
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drilling cuttings is lower, up to 3.96%. This is because the
unique structure of the Gemini surfactant makes it easier to
form micelles and has high interfacial activity. Moreover, the
longer lipophilic chain of surfactant molecules also makes the
CMC smaller, which makes it have the characteristics of high
surface activity, strong wettability, emulsification, and dis-
persion and makes it achieve a good oil removal effect.
3.6. Optimization of the Cleaning Process Condition.

3.6.1. Effect of DCY-1 Concentration. The impact of the
concentrations of the surfactant on the oil removal rate for the
treatment of ODCs was conducted, and the result is shown in
Figure 8.

It can be seen from Figure 8 that the oil content of the
ODCs decreased continuously with the increase of the
surfactant concentration. After the surfactant concentration
was increased to 3 mmol/L, the oil content of ODCs
decreased less and could be as low as 3.79%. It was found
that the oil content of ODCs continued to decrease after the
concentration of DCY-1 reached the CMC. This is because
when the concentration of the surfactant solution reaches the

CMC, the molecular monomers of the surfactant will associate
in water to form micelles. These micelles have a solubilizing
effect and are able to solubilize oil molecules into the micelles.
This phenomenon can further increase the cleaning and
degreasing effect.
To sum up, when the concentration of the surfactant is

higher than the CMC, the oil removal rate can reach the
maximum value. However, for the consideration of economic
cost, the optimal concentration of the DCY-1 solution is 3
mmol/L.

3.6.2. Effect of Cleaning Temperature. The impact of the
cleaning temperature on the oil removal rate for the treated
ODCs was conducted, and the result is shown in Figure 9.

As can be seen from Figure 9, with the gradual increase of
the cleaning temperature, the oil content of the ODCs
decreases rapidly and then tends to be stable. When the
cleaning temperature increases from 30 to 60 °C, the cleaning
efficiency is continuously improved. At the temperature of 60
°C, the oil content is reduced to a minimum of 3.52%.
Increasing the cleaning temperature is conducive to accelerat-
ing the reaction speed, reducing the viscosity of crude oil,
reducing the adhesion of crude oil, and achieving a better oil
removal effect. When the cleaning temperature reaches more
than 70 °C, long-term high-temperature stirring will lead to
rapid evaporation of water. A large amount of water loss is not
conducive to chemical cleaning. In addition, the higher the
cleaning temperature, the greater is the energy consumption of
the system. In conclusion, the best cleaning temperature is 60
°C.

3.6.3. Effect of Cleaning Time. The impact of the cleaning
time on the oil removal rate for the treated ODCs was
conducted, and the result is shown in Figure 10.
It can be seen from Figure 10 that the oil content of oil-

based cuttings first decreased rapidly with the increase of the
cleaning time and then increased slightly. When the hot-
cleaning time increased from 10 to 40 min, the cleaning
efficiency continued to increase. The oil content of oil-based
cuttings was 40 min after the cleaning time and it dropped to a
minimum of 3.16%. This is because the cleaning time is short,
due to which the surfactant and the oil cannot be fully
contacted on the surface of the drill cuttings. Thus, it is difficult

Figure 7. Cleaning effects of different types of surfactants at different
concentrations.

Figure 8. Cleaning effects of DCY-1 at different concentrations.

Figure 9. Cleaning effects of DCY-1 at different cleaning temper-
atures.

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

https://doi.org/10.1021/acsomega.3c08618
ACS Omega 2024, 9, 10488−10497

10494

https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08618?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to achieve a good oil removal effect. As the cleaning time
increases, the surfactant and the drill cutting particles are fully
contacted, and the oil phase is gradually dispersed and
dissolved into the surfactant solution, which accelerates the
separation of the oil originally adhering to the surface of the
drill cuttings. After the cleaning time is longer than 40 min, a
large amount of water evaporates and loses, which increases
the emulsification of the oil and reduces the oil removal effect
slightly. At the same time, the prolongation of the cleaning
time also increases the energy consumption of the system, so
the optimal cleaning time is determined to be 40 min.

3.6.4. Effect of ODC/Liquid Mass Ratio. The impact of the
ODC/liquid mass ratio on the oil removal rate for the treated
ODCs was conducted, and the result is shown in Figure 11.

It can be seen from Figure 11 that with the increase of
surfactant solution addition in oil-based rock chips, the residual
oil rate of oil-based rock chips gradually decreased. When the
the ODC/liquid mass ratio was 1:4, the residual oil rate of the
ODCs decreased to a lower level of 3.35%, and when the
amount of surfactant solution continued to increase, the
residual oil rate of the ODCs did not change much. This is

because sufficient surfactant solution can be added to ensure
full contact between the ODCs and the surfactant and improve
the cleaning efficiency. If the amount of surfactant solution
added is too large, it will increase the difficulty of subsequent
treatment of oil-containing wastewater and the cost of
pharmaceuticals. Combined with the above factor analysis,
the ODC/liquid mass ratio is 1:4.

3.6.5. Effect of Stirring Speed. The impact of the stirring
speed on the oil removal rate for the treated ODCs was
conducted, and the result is shown in Figure 12.

It can be seen from Figure 12 that with the increase of the
stirring speed, the residual oil rate of oil-based rock cuttings
gradually decreases to 3.34%, and then the residual oil rate
gradually increases. This is because a reasonable stirring speed
is conducive to accelerating the separation of oil, drilling
cuttings, and water. When the mixing speed is too high, the
emulsification between oil and water increases, which makes it
difficult to separate oil and water and affects the cleaning effect
of drilling cuttings. Therefore, the mixing speed should be
1000 rad/min.
3.7. SEM Characterization Analysis of ODCs after

Chemical Treatment. The mechanical behavior of the soil
was the external reflection of its internal microstructure.
Therefore, the microstructure of the ODC sample was highly
significant for the removal of crude oil.
As shown in Figure 13, the microstructure characteristics

were described by SEM including the morphology of the solid
particle and pore characteristics. From the morphology of the
skeleton particles of drilled cuttings, the solid particle units of
the sample showed a variety of structures, mainly flat and flaky
particles. The diameter of the particle unit varied from 1 to 10
μm. For pristine ODCs, Figure 13 illustrates that a substantial
quantity of petroleum hydrocarbons adheres to the surface of
the ODCs prior to treatment. The rock chips exhibit a denser
and relatively compact structure attributable to the adhesion of
petroleum hydrocarbons. However, Figure 13C,D reveals that
the surface of the ODCs becomes smooth and flat after
chemical cleaning treatment. Macropores and intergranular
pore structures emerge, and flake particles and flat particles
become distinctly separated. This transformation is attributed
to the decrease in the petroleum hydrocarbon content in the

Figure 10. Cleaning effects of DCY-1 at different cleaning times.

Figure 11. Cleaning effects of DCY-1 at different ODC/liquid mass
ratios.

Figure 12. Cleaning effects of DCY-1 at different stirring speeds.
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oil-based rock chips, leading to reduced adhesion and
increased porosity, resulting in a loose structure.

4. CONCLUSIONS
A Gemini surfactant, DCY-1, was synthesized in the laboratory.
The synthesis of DCY-1 yielded a critical micelle concentration
(CMC) of 3.37 × 10−3 mol/L and a γcmc of 37.97 mN/m,
underscoring its robust surface activity. Comparative analysis
revealed that DCY-1 exhibits superior emulsifying capabilities
compared to common surfactants such as SDBS and SDS. The
oil removal mechanism of DCY-1 micelles on ODCs was
scrutinized using a microscale approach. Due to its larger
micelle size in comparison to SDS, the optimal chemical
cleaning scheme involves a surfactant concentration of 3
mmol/L, a cleaning temperature set at 60 °C, a cleaning time
of 40 min, an ODC/liquid mass ratio of 1:4, a stirring speed of
1000 rad/min, and a two-step cleaning process. Under these
conditions, the oil removal rate of the ODCs reached 84.66%,
with the oil content reduced to a mere 1.64%. The ODCs, post
chemical cleaning, adhere to pertinent pollution control
standards, demonstrating the efficacy of the cleaning process.
The DCY-1 Gemini surfactant exhibits promising applications
in the realm of oilfield environmental protection.
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