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a b s t r a c t

For further understanding the wettability alteration induced by organic salts, series of bis-imidazolium
salts (EBMI, TBMI, HBMI, OBMI and DBMI) were employed for investigating their adsorption behavior
and wettability alteration on vermiculite (Vt) by experimental and theoretical studies. The character-
ization results indicated that all bis-imidazolium salts had been loaded on Vts. The adsorption results
showed that EBMI, TBMI, HBMI, OBMI and DBMI on Vt reached equilibrium of 0.159, 0.156, 0.145, 0.114
and 0.084 mmol g�1 around 30 min at 25 �C, respectively, which were sensitive to ionic strength and pH.
Langmuir, statistical physical modelling and pseudo-second-order models could be well fitted with the
adsorption data, and thermodynamic parameters suggested that the adsorption processes of bis-imi-
dazolium salts were endothermic and spontaneous, indicating that the resultant bis-imidazolium salts
could be self-assembled onto Vt in the form of the monolayer. Results of molecular dynamic simulation
showed that bis-imidazolium salts were adsorbed on Vt with the lying-flat configuration, and the
electrostatic interaction acted as the main interaction mechanism, which were consistent with that
obtained experimentally. Changes of wettability of Vt induced by bis-imidazolium salts were verified by
capillary rise experiments. Interestingly, the wettability of organo-Vts varied with the spacer length and
the order was as follows: EBMI-Vt < TBMI-Vt < HBMI-Vt < OBMI-Vt < DBMI-Vt, which could be explained
by their arrangements, hydrophobicity as well as the interaction energies. The longer the spacers of bis-
imidazolium salts, the greater the absolute values of the interaction energy, the less the adsorbed bis-
imidazolium salts, while the more hydrophobic of organo-Vt. This work aimed at revealing the
adsorption behavior, mechanism as well as effect of bis-imidazolium salts on wettability alteration of
negatively charged mineral surface, providing some information for the selection of flooding agent for
enhanced oil recovery and wettability modifier.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the development course of economy, the energy problem
has been focused, and petroleum, a conventional but indispensable
source of energy, still plays an essential role in our daily life, which
requests more efficiently methods for boosting recovery (Madani
et al., 2019). During the process of oil production, reservoir
wettability and its alteration works as one of imperative mecha-
nisms of enhanced displacement efficiency (Gao et al., 2019;
Purswani and Karpyn, 2019; Ding and Gao, 2021; Eltoum et al.,
2021; Sun et al., 2021). For understanding the knowledgement of
y Elsevier B.V. on behalf of KeAi Co
wettability, which not only EOR, but also acts as an important
mechanism in water purification (Tang et al., 2021; Yu et al., 2021;
Zhang et al., 2021), attempts have been carried out, and the sur-
factant displays can favorable capacity for changing the wettability,
which affects by their types and structures (Jarrahian et al., 2012;
Hou et al., 2015; Ding et al., 2018b).

Ahmadi and Shadizadeh (2013, 2015) have studied the adsorp-
tion characteristics of surfactant originated from Zizyphus Spina
Christi on the carbonate and sandstone, of which the adsorption
data can be well fitted by Freundlich. The contact angle results
indicate that the wettability of reservoir can be altered to more
water-wetness. Zhou et al. (2020) have synthesized series of syn-
thesized piperazine-based polyether gemini surfactants and
investigated their adsorption on the montmorillonite, and the re-
sults show that both of the wettability and adsorption of
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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surfactants varies with the alkyl chain increasing. Based on the
wettability changes with the surfactant adsorption as well as their
structures, however, the underlying correlation among those three
is still blurred, and studies on how the organic salts with smaller
and simpler structures affect the wettability are still not compre-
hensive both from the experiment and theoretical perspectives. For
an in-depth comprehension of wettability alteration induced by
organic molecules, molecular dynamics (MD) simulation that
combined with experiment as an effectively method and give rise
to the insight into the relationship between surfactant adsorption
and wettability alteration at microscopic level (Liu et al., 2020).

Concerns about the demands of industry development and
environment protection have been increased over years, the
greener and friendlier surfactant is urgent to be developed.
Imidazolium-based surfactants have been focused as a potential
alternative by the reason of their favorable biodegradability, low
toxicity and innocuousness in human health (Kamboj et al., 2012;
Xiang et al., 2019b). Velusamy et al. (2017) have indicated the
synergistic effect of imidazolium-based ionic liquids on interfacial
tension and wettability alteration. Ao et al. (2009) have compara-
tively investigated the aggregation behavior and wettability of
imidazolium gemini surfactant and its monomer on silicon wafer,
which affects by their structures. Xiang et al. (2019a) have syn-
thesized a series of imidazolium-based gemini surfactants with the
long alkyl chain for modifying clay minerals, and the results show
that all of modified clays tend to bemore hydrophobic. Even though
there are several literatures on the wettability of imidazolium
surfactant, systematic studies on the wettability altered by bis-
imidazolium salts with short alkyl chain as well as the mechanism
are seldom reported, which may endow some new insights both on
the wettability alteration and other applications.

Additionally, layer charge, one of intrinsic character, also has
effect on the surface properties of mineral (Koutsopoulou et al.,
2020). As the negatively charge of surface provide binding sites, it
may alter the arrangement and adsorbed number of surfactants,
thereby, change the wettability (Pazos et al., 2012; Ishiguro and
Koopal, 2016). Luo et al. (2014a, 2014b) have reported the wetta-
bility alteration of montmorillonites that own relatively low layer
charge. In fact, there is as yet no comprehensive understanding of
how the adsorption and wettability of surfactant alters on high
layer charge surface.

In this work, vermiculite (Vt) with high layer charge was chose
as matrix, and series of bis-imidazolium salts with different spacers
were employed for exploring their adsorption characteristics and
wettability alteration. The intercalation and microstructure of bis-
imidazolium salts in vermiculite were characterized by X-ray
diffraction (XRD), scanning electron microscope (SEM), fourier
transformed infrared spectroscopy (FT-IR), and thermogravimetric-
differential thermogravimetric analysis (TG-DTG). The adsorption
experiments of the synthesized bis-imidazolium salts on the
vermiculite were proceeded at different concentration of surfactant
solution, contact times, temperatures, ionic strengths and pH, and
their adsorption isotherms, kinetics, as well as thermodynamics
were explored detailly. The MD simulation was conducted to vali-
date the adsorption configurations of bis-imidazolium salts, and the
adsorption energies were calculated to clarify their adsorption
characteristics and wettability alteration. And the wettability
alteration was tested by capillary rise experiments with Lipophilic
to Hydrophilic Ratio (LHR) values. This work aims at exploring the
adsorption behavior, mechanism and wettability alteration of bis-
imidazolium salts on highly charged surface, providing certain new
sight of understanding and theoretical guidance not only on the
oilfield exploitation, but also on the organic modification of the clay
mineral.
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2. Materials and methods

2.1. Materials

The raw Vt supplied by Sigma-Aldrich was chosen as the matrix
for exploring the surfactants adsorption behavior on negatively
charged clay. Reagents utilized in synthesis of bis-imidazolium
salts, 1-methylimidazole, 1,2-dibromoethane, 1,4-dibromobutane,
1,6-dibromohexane, 1,8-dibromooctane, 1,10-dibromodecane, iso-
propanol and ethyl acetate, were provided by J&K, Aladdin and
Energy Chemical, respectively. NaCl and CaCl2, HCl and NaOH used
for separately adjusting ionic strength and pHwere purchased from
the Beijing Chemical Works. Cyclohexane obtained from Energy
Chemical and deionized water (18 MU cm) were served as the oil
and water phases in capillary rise experiments.

2.2. Synthesis of bis-imidazolium salts

The bis-imidazolium salts were synthesized in the accordance
with literatures (Baltazar et al., 2007; Zhang et al., 2018), of which
the synthetic route and structures were shown in Fig. 1. Briefly, 1-
methylimidazole (0.2 mol) and dibromo alkane (Br(CH2)nBr
(n ¼ 2, 4, 6, 8, 10), 0.1 mol) were mixed with isopropanol (20 mL)
in the round-bottom flask. After heated to reflux for 24 h and
cooled, the mixture was washed by ethyl acetate for three times to
get rid of the impurities, and the resultant was gathered by
extraction filtration and dried in the vacuum oven for 48 h. The
resulting products, ethylene bis-(1-methylimidazoline) dibro-
mide, tetramethylene bis-(1-methylimidazoline) dibromide, hex-
amethylene bis-(1-methylimidazoline) dibromide, octamethylene
bis-(1-methylimidazoline) dibromide, decamethylene bis-(1-
methylimidazoline) dibromide were named as EBMI, TBMI,
HBMI, OBMI, and DBMI, respectively. All resultant surfactants
were characterized by 1H NMR, elemental analysis and fourier
transformed infrared spectroscopy (FT-IR).

2.3. Adsorption experiments

Batch adsorption experiments of bis-imidazolium salts on the
pristine Vt were proceed with the following operation processes:
0.3 g of Vt was put in 30 mL of surfactant solution in the water bath
oscillator at 200 rpm for a certain time. After high-speed centri-
fugation, the concentration of residual bis-imidazolium salts in
supernatant was detected at 224 nm through UVeVis, and the
amounts qe (mmol g�1) of bis-imidazolium salts adsorbed on Vt
could be calculated by Eq. (1). The precipitates were collected and
dried at 80 �C overnight, then sifted by 200 mush sieves for further
clarifying the wettability alteration that induced by intercalation of
bis-imidazolium salts in Vt. The obtained organo-vermiculites
(organo-Vts) were labeled as EBMI-Vt, TBMI-Vt, HBMI-Vt, OBMI-
Vt, and OBMI-Vt, separately.

qe ¼ C0 � Ce
m

,V (1)

where C0 (mmol L�1) and Ce (mmol L�1) represent the initial and
equilibrium concentrations of bis-imidazolium salts solution
correspondingly. m (g) means the dosage of Vt, and V (L) is the
volume of solution. The effects of concentration of bis-imidazolium
salts (0.62, 1.23, 1.85, 2.46, 3.69 and 4.92 mmol L�1, which the
dosage of surfactants corresponding to 0.05, 0.1, 0.15, 0.2, 0.3 and
0.4 CEC of 0.5 g Vt in 50 mL solution, respectively), contact time (1,
5, 10, 15, 20, 30, 60, 120, and 180 min), temperature (25, 40 and
60 �C), ionic strength of Naþ and Ca2þ (1 and 2 mol L�1) and pH (2,



Fig. 1. Schematic diagram of synthetic route and the structures of bis-imidazolium salts.
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4, 6, 8, 10) were carried out, and adsorption isotherms, kinetics,
thermodynamics as well as statistical physical modelling were
employed for elucidating the adsorption processes, which calcu-
lating details were listed in Supporting materials.

Meanwhile, for the sake of understand the relationship of bis-
imidazolium salts adsorption and wettability alteration, MD
simulation is employed for verifying the adsorption processes and
configuration of bis-imidazolium salts on Vts in microscopic level.

2.4. Characterizations

FT-IR of surfactants (EBMI, TBMI, HBMI, OBMI, and DBMI), Vt
and organo-Vts were performed by FT-IR spectrometer (Nicolet
iS10) in KBr pellets, inwhich the scanning range of 4000e400 cm�1

and the resolution of 4 cm�1. Thermogravimetric analyses (TG) of
the particles were conducted via TG-DSC3þ STARe system (Mettler
Toledo) at nitrogen atmosphere. The X-ray diffraction (XRD) pat-
terns of the raw and obtained organo-Vts were scanned and
recorded at the range of 2e10� by X-ray diffractometer (Bruker D8
Advance) with Cu Ka radiation at 40 kV and 40 mA, and the layer
spacing of the samples could be calculated by l ¼ 2d sinq. The
Fig. 2. FT-IR spectra of synthesized bis-imidazolium salts.
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morphology of particles was collected by scanning electron mi-
croscope (SEM, SU8010, Japan).
2.5. Capillary rise experiment

The wetting properties of organo-Vts were appraised through
capillary rise experiments, which was suitable to measure the
wettability of heterogeneity of the real mineral surface (Chau,
2009). After the sample was put into Washburn tubes and com-
pacted, it went to test the wettability by cyclohexane and deionized
water. Once the liquid contacted the bottom of the particles, it rose
in the packed powder bed through capillary pressure, and the
wettability could be obtained. The data were recorded and the
value of Lipophilic to Hydrophilic Ratio (LHR) that described the
wetting properties were calculated by the following equations
(Ding et al., 2018b):

LHR¼2:772,
ko
kw

(2)

where LHR represents the relative wettability of sample, ko (kPa2

s�1) and kw (kPa2 s�1) are wetting rates towards oil and water
phases, respectively, which are obtained by the plots of (DP)2 versus
t.
3. Results and discussion

3.1. Characterizations

3.1.1. Characterizations of bis-imidazolium salts
FT-IR spectra of synthesized bis-imidazolium salts are shown in

Fig. 2. The peaks of the surfactants appeared at 3055 cm�1 with a
small shoulder at 3148 cm�1 are ascribed as the vibrations of¼ CeH
(Wang et al., 2014a, 2014b). Bands at 2918 and 2854 cm�1 are due to
the CeH symmetrical and asymmetrical stretching vibrations of
bis-imidazolium salts, and the tiny but sharped IR adsorption bands
at 1450 cm�1 correspond to their CeH asymmetrical bending vi-
brations (Pillai et al., 2018; Sharma et al., 2020; Pillai and Mandal,
2022). The characteristic pointed bands at 1571 cm�1 are attrib-
uted to the stretching vibrations of imidazole rings (Pillai et al.,
2017, 2018). 1H NMR and element analysis data of the resultant
surfactants are listed in Table 1. Results of these characterizations
indicate that the synthetic products are target bis-imidazolium
salts that own the higher purity.



Table 1
Elemental analysis and 1H NMR of series of bis-imidazolium salts.

Elemental analysis 1H NMR

C, % H, % N, %

Cal. Exp. Cal. Exp. Cal. Exp.

EBMI 34.09 32.72 4.55 4.66 15.91 15.28 d 8.93 (s, 2H), 7.62 (s, 2H), 7.53 (s, 2H), 4.89 (s, 4H), 4.01 (s, 6H)
TBMI 37.89 37.74 5.26 5.09 14.74 14.49 d 8.81 (s, 2H), 7.55 (s, 2H), 7.49 (s, 2H), 4.31 (t, 4H), 3.94 (s, 6H), 1.97 (m, 4H)
HBMI 41.16 41.15 5.88 5.88 13.72 13.49 d 8.72 (s, 2H), 7.47 (s, 2H), 7.43 (s, 2H), 4.19 (t, 4H), 3.88 (s, 6H), 1.88 (m, 4H), 1.34 (m, 4H)
OBMI 44.04 41.38 6.42 6.64 12.84 12.27 d 8.84 (s, 2H), 7.59 (s, 2H), 7.53 (s, 2H), 4.26 (t, 4H), 3.97 (s, 6H), 1.91 (m, 4H), 1.35 (s, 8H)
DBMI 46.55 45.49 6.90 6.83 12.07 11.86 d 8.85 (s, 2H), 7.57 (s, 2H), 7.51 (s, 2H), 4.24 (t, 4H), 3.94 (s, 6H), 1.88 (m, 4H), 1.29 (m, 12H)
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3.1.2. FT-IR and TG-DTG analyses of organo-vermiculites
The results of FT-IR of original Vt and organo-Vts are exhibited in

Fig. 3a. The broad and strong bands around 3415 cm�1 are resulted
from the stretching vibration of structural hydroxyl and adsorbed
water of the clay particles (Ding et al., 2018a), and the small but
shaped bands at 1649 cm�1 are owing to the HeOeH bending vi-
bration of adsorbed water (Luo et al., 2017a; Ding et al., 2018a). The
extra weak bands near to 3159 and 3095, 2932 and 2857, as well as
1467 cm�1 of organo-Vts are attributed to the vibrations of ¼ CeH
and CeH of bis-imidazolium salts, respectively (Lazorenko et al.,
2018; Pillai et al., 2018; Sharma et al., 2020). The most feature
bands at 1568 cm�1 are assigned to the stretching vibrations of the
imidazole rings (Luo et al., 2017a; Pillai et al., 2018), suggesting that
the series of bis-imidazolium salts have been introduced or adsor-
bed onto Vt (Zhou et al., 2009).

Fig. 3b shows the curves of TG-DTG analyses of the Vt and
organo-Vts. Seen from the Fig. 3b, the additional peaks at around
441.8 �C are related to the decomposition of bis-imidazolium salts
of organo-Vts (Luo et al., 2017a; Ding et al., 2018a). These disparities
in weight losses between organo-Vt and original one indicates that
the bis-imidazolium salts have been intercalated into the Vts, which
is mutually corroborated with the FT-IR results. Moreover, as the
peaks around 50e200 �C of Vt may be caused by the water in the
particle (Su et al., 2016; Luo et al., 2017b; Ding et al., 2018a), the
discrepancy between pristine and organo-Vt at the weight loss
peaks at the range of 50e200 �C manifest that the bis-imidazolium
Fig. 3. The FT-IR spectra (a) and TG-DT

2463
salts adsorption turns the particle to be less water-wetness (Su
et al., 2016; Ding et al., 2018b).
3.1.3. XRD analysis of organo-vermiculites
The intercalation of bis-imidazolium salts on the Vts are detec-

ted by XRD, of which the patterns are depicted in Fig. 4. The peak at
about 6.2� is related to the characteristic basal spacing of 1.43 nm of
Vt, and the oblate peak at around 7.4� with the d-value of 1.18 nm is
related to hydration phase in Vt (Yin et al., 2017). After introduced
the surfactants, a minor displacement of the most peaks of organo-
Vts can be spotted, of which the basal spacings are around 1.42 nm,
indicating that all surfactants insert into the layers of Vt with the
monolayer arrangement (Ding et al., 2018b). It is worth noting that
the d-spacing of the organo-Vts enlarges from 1.41 nm to 1.43 nm
with the length of spacer increasing, whichmay be attributed to the
increasing size of inserted bis-imidazolium salts (Wu et al., 2015).
Moreover, the facts that interlayer distances of the organo-Vts
move from 1.14 nm to 1.16/1.17 nm also have proved the interca-
lation of surfactant.

In general, as the positively charged bis-imidazolium salts are
adsorbed and interposed into the interlayers to offset part of
electrostatic repulsion between the negatively charged layers of Vt,
a slightly decrease of layer spacing could be occurred, while the size
of surfactant actually also has effect on the d-spacings of organo-
Vts. Even that, all of these bis-imidazolium salts in Vts adopt a
monolayer arrangement that accords with the results obtained by
G curves (b) of Vt and organo-Vts.



Fig. 4. The XRD patterns of Vt and organo-Vts.
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adsorption isotherm and MD simulation, which proves that the
reliability of the simulation results.

3.1.4. Morphology analysis of organo-vermiculites
The microtopography of the raw Vt and organo-Vts is charac-

terized by SEM, which is shown in Fig. 5. All of the Vt and its der-
ivates own the stratified structure. Differently, the raw Vt exhibits a
typical laminated structure of silicate with fluffy surface (Fig. 5a),
while other organo-Vts display the tight packed lamellar textures
(Fig. 5bef). These morphology changes may be due to the interca-
lation/adsorption of surfactants into the interlayer of the Vt.
Fig. 5. The SEM images of Vt (a), EBMI-Vt (b), TBMI-V
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3.2. Adsorption behavior of bis-imidazolium salts

3.2.1. Effects of concentration, time and temperature
Fig. 6aec depict the influences of concentration, time and

temperature on the adsorption of bis-imidazolium salts on Vt,
respectively. Seen from the Fig. 6a, with the augment of concen-
tration of bis-imidazolium salts, the adsorption amount of EBMI,
TBMI, HBMI, OBMI, and DBMI on Vts increase gradually and reach
saturation at 0.159, 0.156, 0.145, 0.114 and 0.084 mmol g�1,
respectively, which shows an opposite sequence of the increasing
length of spacer of these bis-imidazolium salts. Based on the dif-
ference of size between surfactants, the negatively charged sites of
Vt are covered by the longer spacer of surfactant, and the electro-
static interaction between the surface and bis-imidazolium salts is
weaken, leading to the reduction in the adsorption (Pillai and
Mandal, 2019).

The influence of time on bis-imidazolium salts adsorption are
presented in Fig. 6b.With the time elapsing, the adsorption amount
of EBMI, TBMI, HBMI, OBMI, and DBMI rises and achieve equilib-
rium at around 30 min. On the basis of this fact, these bis-imida-
zolium salts show a characteristic of relatively quick adsorption
behavior on Vt, which may give the credit to their simpler and
relatively small structures that easily access the interlayers of Vt
and adsorb onto the surface (Ding et al., 2018a).

The adsorption amount of Vt toward bis-imidazolium salts at
different temperature is displayed in Fig. 6c. As the temperature
raises from the 25, 40e60 �C, the qe of EBMI on Vt reveals a grad-
ually growth from the 0.154, 0.161e0.168 mmol g�1, and the same
increasing trends are found in the adsorption of TBMI (from 0.152,
0.159e0.167 mmol g�1), HBMI (from 0.143, 0.153e0.162 mmol g�1),
OBMI (from 0.112, 0.121, to 0.131 mmol g�1), and DBMI (from 0.082,
0.096e0.107 mmol g�1), indicating that the temperature is
conducive to these adsorption processes. Notably, though the
temperature influences all surfactant absorbed on Vts, the
sequence of the adsorption amount of these surfactants still keep as
follows: EBMI > TBMI > HBMI > OBMI > DBMI. That is to say, for
t (c), HBMI-Vt (d), OBMI-Vt (e) and DBMI-Vt (f).



Fig. 6. The effects of concentration (a), contact time (b), temperature (c), ion strength (d) and pH (e) on the adsorption behavior of bis-imidazolium salts on Vts, respectively.
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these series of bis-imidazolium salts, the length of spacer, which
may result in the steric hindrance, exhibit a side-effect on their
adsorption.

3.2.2. Effects of ionic strength and pH
The influences of ionic strength and pH on the bis-imidazolium

salts adsorption are shown in Fig. 6dee, respectively. As the con-
centration of the inorganic ions (Naþ/Ca2þ) augments from 0,
1e2 mol L�1, the adsorption amount of the resulting EBMI declines
precipitously from the 0.154, 0.125/0.076 to 0.076/0.061 mmol L�1,
and others exhibit similar tendencies. All of surfactants adsorption
processes are sensitive to the ionic strength, and this phenomenon
can be responsible for these cationic ions that interact with the
negatively charged surface, and reduce the effective binding sites of
Vts, therefore, leading to the decrease of surfactants adsorbed
(Zeng et al., 2018). Additionally, the inhibiting effect of Ca2þ on
surfactant adsorption are higher than Naþ, whichmay be attributed
to their differential valence state.

As depicted in Fig. 6e, the amounts of surfactants adsorbed on
Vts vary with the change of pH. Based on the Zeta potential of Vt
reduces with the pH increasing, when the pH < 6, the qe of the
resulting surfactants gradually increase with the pH increasing,
resulting by the intensified electrostatic interaction of bis-imida-
zolium salts with negatively charged surface of Vt (Gürses et al.,
2009). As the pH higher than 6, the surface charge of Vt turns to
more negative, but the adsorption amounts of surfactant downdrift
which possibly due to (i) the existence of the Naþ and/or (ii) the
surfactant molecules that keep the neutral state that have weak-
ened interaction between surfactant and Vt during adsorption in
the solution (Wu et al., 2014). Both of the two factors verified that
electrostatic interaction plays as the major driving force for the
adsorption of these resulting bis-imidazolium salts onto Vts (Pillai
and Mandal, 2019).

3.2.3. Isotherms, kinetics and thermodynamics
For further probing the adsorption characteristics and processes

of EBMI, TBMI, HBMI, OBMI, and DBMI on Vts, their adsorption
isotherms, kinetics and thermodynamics have been studied, and
the results are putted in Fig. 7aec and Tables 2e4. For adsorption
isotherms, the data are well matched by Langmuir (Fig. 7a) than
Freundlich models (not shown), of which the fitting regression
coefficients (R2) of the former are all greater than 0.98, indicating
that the adsorption of EBMI, TBMI, HBMI, OBMI, and DBMI on Vts
are monolayer adsorption which has no interaction between the
adsorbed bis-imidazolium salts (Xin et al., 2011; Yuan et al., 2015;
Pillai and Mandal, 2019). This consequence maybe due to their
extremely short alkyl chains that are insufficient to form the hy-
drophobic interaction between molecules. Furthermore, good cor-
relations (R2 > 0.98) between the statistical physical modelling and
adsorption data were obtained and tabulated in Table 2, and the
parameters of n of this model are all around unity, which meaning
almost one binding site of Vt interact with one cationic head group
of molecules only by electrostatic interaction (Shamsudin et al.,
2020). The values of Dm (from 0.199 to 0.083, corresponding to
from EBMI to DBMI) indicate that the density of the binding sites of
Vts decreases as the surfactant spacer increases, which further bear
out the size of surfactant molecule may be counterproductive in
their adsorption and confirm the aforementioned conjecture of the
changes in the adsorption of resultant surfactants on Vts.

The fitting results of the two classical kinetic models, pseudo-
first- and pseudo-second-order models, are shown in Fig. 7b and
Table 3. According to kinetic parameters listed in Table 3, the co-
efficients of pseudo-second-order (R2 ¼ 0.999) are larger than that
of pseudo-first-order (R2 < 0.921), and the values of qe calculated by
pseudo-second-order are closer to the experimental values than
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the former one. Both of these two aspects prove that the adsorption
processes of EBMI, TBMI, HBMI, OBMI, and DBMI are well abided
with the pseudo-second-order kinetic model. In addition, the rate
indexes (k2qe) of pseudo-second-order model of bis-imidazolium
salts adsorption are also ranked with the order of
EBMI > TBMI > HBMI > OBMI > DBMI, which may be resulted from
the structure of the surfactant molecules (Guo et al., 2020).

Fig. 7c and Table 4 display the results of adsorption thermody-
namics of synthesized bis-imidazolium salts on Vts. As tabulated in
Table 4, the DH� and DS� values of all adsorption processes are
positive, while the DG� values are negative, confirming that these
adsorptions of EBMI, TBMI, HBMI, OBMI, and DBMI on Vts are
endothermic, increased randomness and spontaneous processes
(Bhatti et al., 2017; Shen et al., 2020). Moreover, the absolute value
of DG� that increases with temperature also suggest the affinity of
these surfactants to Vt is promoted by higher temperature
(Chowdhury et al., 2011).

In conclusion, once the Vt is putted into these synthesized bis-
imidazolium salts solutions, there is the monolayer organic phase
of these imidazolium-based surfactants can be rapidly self-
assembled on Vts by electrostatic interaction, which are sensitive
to the ionic strength, pH as well as temperature.

3.3. Molecular dynamics simulation

The MD simulation is conducted using the MS software. The
supercell of Vt (4 � 4 � 1) is established according the prototype
reported by Gruner (1934), and the adsorption configurations of
EBMI, HBMI and DBMI on Vts are chose as representatives and
portrayed in Fig. 8. As seem from Fig. 8a and d, the two imidazole
rings of EBMI are parallel to the surface and the whole molecular is
lied onto the surface. HBMI and DBMI also display the similar
simulation results. These interesting factsmay be attributed to their
special structures of bis-imidazolium salts, which own two rigid
cationic imidazolium rings, that can be absorbed on the negatively
charged surface of vermiculite through electrostatic interaction
(Xie et al., 2020). With the spacer length increasing, the distances
between bis-imidazolium salts and surface gradually increase from
0.2709, 0.3124 and 0.3161 nm. Moreover, the configurations of
adsorbed bis-imidazolium salts come to curved, which covers more
surface area (Fig. 8eef), may result in more tightly arrangement of
bis-imidazolium salts betwixt layers and more hydrophobic
surface.

The interaction energy of series of bis-imidazolium salts on Vts
has been calculated by the following Eq. (3) (Rai et al., 2011) and
tabulated in Table 5.

DE¼ Esys � E1 � E2 (3)

where DE represents interaction energy of bis-imidazolium salt on
Vt, and Esys, E1 and E2 mean the energies of adsorption system,
vermiculite surface and bis-imidazolium salt, respectively. As
tabulated in Table 5, the negative interaction energies of bis-imi-
dazolium salts indicate that their adsorption on Vt is spontaneous
(Lyu et al., 2018), which matches with the experimental results.
And the absolute values of interaction energies of bis-imidazolium
salts increase from 138.58 to 144.96 kcal mol�1 with the spacer
length increasing. The greater absolute value of energy, the more
favorable interaction between bis-imidazolium salt and surface, the
more stable structure of surfactant adsorbed on Vt (Rai et al., 2011;
Ouachtak et al., 2021). Thereby, it can be inferred that DBMI can
form a stabilized organic monolayer, resulting in the more hydro-
phobic surface of Vt. Moreover, as the proportion of electrostatic
energy of bis-imidazolium salts take much larger than that of van
der Waals, the electrostatic interaction plays the vital role in the



Fig. 7. The plots of the data fitted by Langmuir model (a), pseudo-second-order model (b), as well as the plot of lnK versus 1/T (c) for the adsorption of bis-imidazolium salts on Vts,
respectively.

Table 2
Isotherm parameters of bis-imidazolium salts on Vts (V¼ 30mL, Adsorbent mass¼ 0.3 g, T¼ 25 �C).

Langmuir Freundlich Statistical physics modelling

qmax, mmol g�1 KL, L mmol�1 R2 KF, mmol1�(1/n) L1/n g�1 nF R2 n Dm R2

EBMI 0.164 14.335 0.993 0.143 5.759 0.844 0.853 0.199 0.998
TBMI 0.160 15.640 0.996 0.140 6.173 0.794 0.937 0.172 0.996
HBMI 0.149 19.523 0.996 0.132 6.912 0.751 0.997 0.149 0.994
OBMI 0.114 32.460 0.988 0.104 8.772 0.786 0.946 0.121 0.985
DBMI 0.084 32.646 0.999 0.078 11.702 0.780 1.010 0.083 0.998

Table 3
Kinetic parameters for adsorption of bis-imidazolium salts on Vts (C0 ¼ 0.246 mmol L�1, V ¼ 30 mL, Adsorbent mass ¼ 0.3 g, T ¼ 25 �C).

Pesudo-first-order Pesudo-second-order

qe, mmol g�1 k1, min�1 R2 qe, mmol g�1 k2, g (mmol min)�1 k2 qe, min�1 R2

EBMI 0.013 0.031 0.912 0.154 9.882 1.522 0.999
TBMI 0.013 0.020 0.775 0.152 8.705 1.323 0.999
HBMI 0.021 0.023 0.891 0.143 5.246 0.750 0.999
OBMI 0.020 0.027 0.921 0.113 5.497 0.621 0.999
DBMI 0.021 0.019 0.894 0.082 4.469 0.366 0.999
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Table 4
Thermodynamic parameters for the adsorption of bis-imidazolium salts on Vts (for
EBMI, TBMI, and HBMI, C0¼ 2.46mmol L�1, for OBMI, C0¼ 1.845mmol L�1, for DBMI,
C0 ¼ 1.23 mmol L�1, V ¼ 30 mL, Adsorbent mass ¼ 0.3 g).

DH� , kJ mol�1 DS� , J mol�1 K�1 DG� , kJ mol�1

T ¼ 298 K T ¼ 313 K T ¼ 333 K

EBMI 5.977 24.339 �1.276 �1.641 �2.128
TBMI 5.550 22.913 �1.278 �1.622 �2.080
HBMI 7.712 28.665 �0.830 �1.260 �1.834
OBMI 11.890 43.213 �0.987 �1.636 �2.500
DBMI 26.304 93.246 �1.483 �2.882 �4.747

Table 6
The average values of ko, kw and LHR of organo-Vts.

Vt EBMI-Vt TBMI-Vt HBMI-Vt OBMI-Vt DBMI-Vt

ko, kPa2 s�1 0.066 0.331 0.370 0.357 0.381 0.450
kw, kPa2 s�1 0.142 0.218 0.228 0.213 0.207 0.212
LHR 1.29 4.21 4.50 4.65 5.10 5.88
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interaction between the organic molecules and vermiculite surface
(Wu et al., 2015).
3.4. Wettability alteration of organo-vermiculites

3.4.1. Capillary rise experiment
The wettability of the resulting organo-Vts is evaluated through

Washburn capillary rise experiments, and the obtained wetting
rates and the calculated values of LHR are listed in Table 6. After the
bis-imidazolium salts inserted into the Vt, the value of ko increases
Fig. 8. The adsorption configurations of EBMI (a, d), HBMI (b, e) and

Table 5
The interaction, electrostatic and van der Waals energies of series of bis-imidazolium sa

Interaction energy, kcal mol�1 Electro

EBMI �138.58 �123.7
TBMI �140.26 �122.0
HBMI �140.27 �120.3
OBMI �140.84 �119.8
DBMI �144.96 �117.9
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from 0.066 to >0.331, and that of kw ranges from 0.142 to >0.207.
Significantly, the improvement of ko is larger than that of kw,
manifesting that the organo-Vts are of a stronger affinity for oil
phase. Moreover, compared with the original Vt, the organo-Vts
show the greater LHR values (>4.21). Considering that the higher
the value of LHR than unity, the more hydrophobic of the material
(Susana et al., 2012), all of these organo-Vts, by contrast, own the
more lyophobicity. This alteration may be resulted by the interca-
lation of the surfactants into the Vt layers, which formed the
monolayer organic phase.

Thewettability of Vt has not only affected by the interposition of
bis-imidazolium salts, but also varies with the chain length of
spacer of bis-imidazolium salts. As the spacer length increases, the
wettability of organo-Vts changes with the following order: EBMI-
DBMI (c, f) on Vts in the front and vertical views, respectively.

lts with Vts.

static energy, kcal mol�1 Van der Waals energy, kcal mol�1

4 �14.28
7 �17.57
5 �19.21
5 �20.20
6 �26.12
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Vt < TBMI-Vt < HBMI-Vt < OBMI-Vt < DBMI-Vt, which is anti-
thetical to the sequence of the adsorption amount of these sur-
factants on Vts. This result presumably due to (i) the arrangements
of the bis-imidazolium salts inserted on Vt, (ii) the hydrophobicity
of bis-imidazolium salts themselves induced by their structures
(Paria and Khilar, 2004), (iii) the interaction energies of bis-imi-
dazolium salts adsorbed on Vts.
3.4.2. Wettability alteration
Given that their similar structures, the EBMI, HBMI and DBMI,

which own different length spacer, are chosen as the templates and
discussed the wettability alteration that combined with the results
of characterization, adsorption and MD simulation. In view of the
arrangements of interposed bis-imidazolium salts on Vts, there is
an organic monolayer self-assembled on the interlayer surface of Vt
by electrostatic interaction, which is shown in Fig. 9. The EBMI with
shorter spacer may array in a relatively discrete way, while the
DBMI with the longer spacer probably shows a more tightly
monolayer arrangement. It can be assumed that the sites of Vt that
can bind organic molecule keep constant, as the spacer length of
bis-imidazolium salts increases, the binding sites and surface of Vt
are covered, therefore, the adsorbed surfactants decrease but
compactly arrange in the interlayers of Vts, resulting in the
enhancement of the hydrophobicity of Vt (Ding et al., 2018b). In
case of the properties of molecule itself, the order of hydrophobicity
of organo-Vts is accordancewith the length of spacer of surfactants,
it may be explained by the enhanced oil affinity of surfactant with
the increasing spacer length (Wu et al., 2015). Finally, in perspective
of interaction energy of bis-imidazolium salts with Vt surface, as
seen from the Table 5, the interaction between DBMI and surface
shows the higher absolute value of energy than others, indicating
that DBMI forms a more stabilized organic layer which results in a
more hydrophobic surface of Vt.

By reason of the foregoing, the wettability alteration of these
imidazolium-based organo-Vts has been controlled by the struc-
ture as well as the arrangement of the surfactant, in which the
structure may take the pivotal role. The longer spacer of bis-imi-
dazolium salts, the larger interaction between those and vermicu-
lite, the more hydrophobicity of organo-Vts.
Fig. 9. Schematic diagram of the arrangements of EBIM, HBM
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4. Conclusion

Inspired by the kindly environmental properties and unique
structures of imidazole derivatives, series of bis-imidazolium salts
with higher purity are synthesized and characterized by FT-IR, EA
and 1H NMR. The characterization results indicate that all bis-imi-
dazolium salts have been intercalated into the vermiculites. And
the adsorption behavior of these synthetic surfactants on Vts have
been investigated detailly, and the results show that the adsorption
of bis-imidazolium salts (EBMI, TBMI, HBMI, OBMI and DBMI)
reached equilibrium at 0.159, 0.156, 0.145, 0.114 and
0.084 mmol g�1 around 30 min at 25 �C, which are also sensitive to
ionic strength and pH, indicating that the adsorption is affected by
the structure of bis-imidazolium salts and electrostatic interaction.
Adsorption data are well agreed with Langmuir, statistical physical
modelling and pseudo-second-order models, and the calculated
thermodynamic parameters confirm that the adsorption are
endothermic and spontaneous processes, indicating that the
resulting bis-imidazolium salts can be self-assembled onto Vts in
the form of monolayers. MD simulation results verify that bis-
imidazolium salts are adsorbed in the interlamination of Vt with
the flat-lying adsorption configuration, and the electrostatic inter-
action acts as themain interactionmechanism, which is accordance
with the results found experimentally. As the capillary rise exper-
iments results shows, the wettability of organo-Vts is altered with
bis-imidazolium salts. The hydrophobicity of Vt and organo-Vts is
increasing in the order of Vt < EBMI-Vt < TBMI-Vt < HBMI-
Vt < OBMI-Vt < DBMI-Vt. Combined with the results of adsorption,
molecular simulation and wetting tests, this interesting fact can be
explained by (i) the arrangement of bis-imidazolium salts; (ii) the
increased lipophilicity of longer spacer-containing surfactant itself;
(iii) the interaction energy of bis-imidazolium salts. The longer the
spacers of bis-imidazolium salts, the greater the interaction energy,
the less the adsorbed bis-imidazolium salts, while the more hy-
drophobic of organo-Vt. This work tries to illustrate the adsorption
behavior and mechanism of bis-imidazolium salts on Vts and their
wettability alteration by experimentally and theoretically,
providing some enlightenments for the molecular design of organic
wetting modifier and flooding agent for EOR.
I and DBMI in the interlamination of Vts, respectively.
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