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The objective of this study was to synthesize lignin carboxyl betaine zwitterionic surfactants (LCBS) from
alkali lignin through a three-step reaction involving epoxidation, amination, and quaternization. The
synthesized LCBS were characterized using infrared spectroscopy (IR) and thermogravimetric (TG)
analysis. To assess their potential for enhanced oil recovery (EOR), the physicochemical properties of the
LCBS surfactants, such as surface tension, emulsification, temperature resistance, salt resistance, and
interfacial properties, were evaluated using standard experimental methods for surfactants applied in oil
displacement. The LCBS surfactants exhibited higher surface activity, with low surface tension values
ranging from 29.65 mN m~ to 31.85 mN m~ at the corresponding critical micelle concentration (cmc),
also the significant emulsifying performance of LCBS surfactants was proved in the emulsifying

experiments. Moreover, the synthesized LCBS surfactants were found to be suitable for use in harsh
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Accepted 17th May 2023 reservoirs of high-salinity and high-temperature, as confirmed by the temperature and salt resistance

measurements. The interfacial tension (IFT) tests between Huabei crude oil and LCBS surfactants
DOI: 10.1039/d3ra02028b suggested that these surfactants could effectively extract the crude oil containing heavy components

rsc.li/rsc-advances such as colloid and asphaltene, and ultra-low IFT values could be achieved with the addition of weak alkali.
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1. Introduction

The rapid growth of the country's economy has led to an
increasing demand for energy, particularly for petroleum,
which is crucial for the country's survival and development. As
energy resources become increasingly scarce, enhanced oil
recovery (EOR) techniques have become a key focus of petro-
leum exploration research.’® In recent years, surfactant-
centered oil displacement systems have gained more and
more attention in EOR research due to their ability to signifi-
cantly increase oil recovery and their relatively simple injection
process.* Surfactant flooding primarily works by reducing the
interfacial tension (IFT) of oil-water, increasing the capillary
number, and extracting crude oil from rock pores to improve oil
recovery.>® At present, the anionic surfactants are the most
commonly used oil-displacing agents in EOR, followed by non-
ionic surfactants.” However, for high-temperature and high-
salinity reservoirs, which account for a significant proportion
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of petroleum reserves in China, anionic surfactants exhibit
good temperature tolerance but poor salt tolerance,® while non-
ionic surfactants possess superior salt resistance but poor
temperature resistance.’ Thus, conventional surfactants cannot
simultaneously provide low IFT values and wide applicability.
As a result, the development of surfactants with low IFT values
and high temperature and salt resistance has become a major
research focus in surfactant flooding technologies.

Betaine surfactants are one of the zwitterionic surfactants
used in EOR both domestically and internationally recently due
to their unique inner salt structure.’® Compared to other zwit-
terionic surfactants, betaine surfactants have a neutral salt
structure with a wide isoelectric range and exhibit good chem-
ical stability in acidic or alkaline media."* Meanwhile, the
surface activity and interfacial properties of betaine surfactants
are not significantly affected by the solution salinity or pH
value, and they exhibit chelating effect on metal ions, effectively
reducing the oil-water IFT in high-temperature and high-
salinity reservoirs.">"* In recent years, betaine surfactants have
attracted researchers' interest due to the need for the develop-
ment of alkali-free and ultra-low IFT oil-displacing systems in
surfactant flooding. Among them, the carboxyl betaine surfac-
tants have garnered attention from EOR researchers and have
progressed from laboratory research to field testing stages due
to their unique properties, such as favorable temperature and
salt resistance, excellent synergistic effects, good solubility in
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various pH solutions, good surface activity, low adsorption loss,
biodegradability, and more."** And the carboxyl betaine
surfactants used currently for oil displacement can achieve
ultra-low IFT values between brine and crude oil,*® even after
four-stage adsorption of formation sand."” Research has shown
that betaine surfactants containing benzene ring structures in
the lipophilic group can achieve ultra-low IFT values at lower
concentrations than those containing aliphatic chains.®
However, long synthetic routes, complicated technological
processes, and high raw material costs have limited the wide-
spread use of betaine surfactants in EOR. Therefore, developing
highly efficient, inexpensive, and chemically stable betaine
surfactants is the crucial for their implementation in EOR. The
current hotspot in surfactant development for EOR involves the
use of natural renewable resources to prepare environmentally-
friendly and biodegradable surfactants through chemical
modification.'**

Lignin, a type of renewable and cost-effective natural
biomass resource, is a high-molecular polymer composed of
phenylpropane monomers.”*>* The efficient conversion of
lignin into high-value aromatic compounds can significantly
improve the economy and sustainability of biomass resource
utilization. Additionally, there are various functional groups
on the benzene ring and side-chain of lignin molecular,
including hydroxyl (-OH), alkyl, carbonyl (-CO-), methoxy (-
OCHj;), and more.?*** Various hydrophilic or lipophilic
groups can be introduced into the lignin structure through
diverse chemical modification methods, improving its water
solubility and surface activity.>® Since lignin is the only
natural source of aromatic groups, surfactants derived from
lignin have excellent performance and are easily biodegrad-
able. And lignin can be obtained not only from lignocellulosic
renewable biomass resources such as crop stalks but also
from the waste liquid produced in the pulping and paper
industry.”” As an abundant and low-priced biomass resource,
lignin has great potential for application in EOR field.

Up to now, there have been numerous studies on the betaine-
type amphoteric surfactants derived from lignin, but most of
them have focused on the lignin sulfobetaine surfactants
synthesized through sulfonation and Mannich reaction.”® And
these surfactants have been used as porous materials,*
dispersants,* oil-displacing agents,* and promote lignocellu-
lase.** Although some studies have investigated the synthesis
and application of lignin carboxylates, particularly lignin
carboxylates prepared through carboxymethylation modifica-
tion,* these studies have mainly focused on the dispersion
stability** and adsorption properties® of the lignin carboxylate
samples. There is very little research on the synthesis and
application of lignin carboxyl betaine surfactants in EOR field.
In this study, we synthesized lignin carboxyl betaine surfactants
(LCBS) using alkali lignin as raw materials through a three-step
route of alkoxy, amination, and quaternization reaction, as
shown in Scheme 1. The FT-IR was used to characterize the
structure of alkali lignin and synthesized surfactants. We also
experimentally investigated the physicochemical properties of
LCBS surfactants, such as thermal stability, surface properties,
emulsification, temperature resistance, and salt resistance, to
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determine their suitability for EOR applications. Moreover, we
examined the interfacial behavior of LCBS surfactants to
provide new ideas and a theoretical basis for the utilization of
lignin in the oilfield chemicals.

2. Experimental

2.1. Material

The alkali lignin raw material was sourced from Shandong
Paper Mill in Shandong, China. Aladdin Industrial Corpora-
tion in Shanghai, China provided tetrabutylammonium
bromide (99.0 wt%), epichlorohydrin (99.0 wt%), sodium
chloroacetate (98.0 wt%), dimethylamine (30% solution in
methanol), diethylamine (99.0 wt%), and diethanolamine
(99.0 wt%). Sinopharm Chemical Reagent Co., Ltd. in Beijing,
China supplied sodium chloride (99.5 wt%), sulfuric acid
(95.0-98.0 wt%), calcium chloride (96.0 wt%), benzene
(99.5 wt%), sodium hydroxide (96.0 wt%), ethanol (95 wt%),
and petroleum ether. All the chemical reagents employed in
the experiments are of analytical pure grade. The crude oil
used for the IFT tests was extracted from Huabei Oilfield in
China, and its nature is listed in Table 1. The ionic compo-
sition of simulated brine with a total salinity of 10 789 mg L.™*
is shown in Table 2.

2.2. Synthesis

2.2.1. Synthesis of epoxidized lignin. In step 1 of Scheme 1,
10 g of alkali lignin obtained from Shandong Paper Mill was
dissolved in 100 mL of 5.0 wt% sodium hydroxide solution in
a 250 mL round-bottom flask. 0.2 g of tetrabutylammonium
bromide was added to the mixture, and the temperature was
increased to 60 °C with stirring. Then, 6 g of epichlorohydrin
was added dropwise and the mixture was refluxed at 70 °C for 6
hours. After the reaction, the excess solvent was removed under
reduced pressure, and the mixture was washed with water
several times through centrifugation to remove the alkali agent
and any unreacted lignin. The residual epichlorohydrin was
further extracted using benzene, and the product was washed
with water until neutral and dried in a vacuum oven to obtain
epoxidized lignin.

2.2.2. Synthesis of aminated lignin. In step 2 of Scheme 1,
the epoxidized lignin was mixed with the dimethylamine solu-
tion in a molar ratio of 1.0:1.3 and added to a three-necked
round-bottom flask. The reaction was then carried out for 6
hours at 140 °C. After the reaction, the crude product was
washed with water multiple times to remove any unreacted
dimethylamine, and the solid product obtained after centrifu-
gation was aminated lignin.

2.2.3. Synthesis of lignin carboxyl betaine surfactants. In
step 3 of Scheme 1, aminated lignin (25 g) and purified water
(150 mL) were added to a round-bottom flask, and the pH of the
solution was adjusted to 12 by adding 20 wt% sodium hydroxide
solution until the aminated lignin completely dissolved. Next,
43 g of 30 wt% sodium chloroacetate solution was added
dropwise over 30 minutes and refluxed at 80 °C for 9 hours.
After the reaction, most of the water was removed by rotary
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Scheme 1 Synthetic route of LCBS surfactant.

Table 1 The nature of crude oil from Huabei QOilfield, China

OH CH,

Density (20 Condensation point Kinematic viscosity Gum content Wax content Residual carbon
Oilfield °C) (g em™?) (°C) (50 °C) (mm?*s™) (Wt%) (Wt%) content (wt%)
Huabei 0.8837 36 57.10 23.2 22.8 6.7

evaporation, and the unreacted aminated lignin was extracted
by washing with petroleum ether 3-4 times. And the lignin
carboxyl betaine surfactants were obtained by removing the
solvent. By using different organic amines (dimethylamine,
diethylamine, and diethanolamine), three types of lignin
carboxyl betaine surfactants were synthesized via this method,

16354 | RSC Adv, 2023, 13, 16352-16362

and the obtained products were labeled as LCBD, LCBE, and
LCBT, respectively.

2.2.4. FTIR characterisation. The alkali lignin and synthe-
sized samples were prepared using the potassium bromide
(KBr) tablet method. Fourier transform infrared spectroscopy
(FT-IR) was used to characterize the structure of the alkali lignin

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The composition of simulated brine from Huabei Oilfield, China

Ca** (mg Mg®" (mg K" (mg
oilfield L L Na* (mg L) L™ Cl” (mgL™) S0,*” (mg L) HCO; (mgL™)
Huabei 53.6 22.0 3900.7 32.2 4737.5 117.5 1925.9

and surfactants. The FT-IR analysis was conducted using a WQf-
510 instrument (China) with a frequency range of 500 cm ™" to
4000 cm ', The number of scans used was 32, and the highest

resolution was 0.85 cm ™.

2.3. Measurements

2.3.1. Thermal stability measurement. The thermal prop-
erties of the LCBS surfactants were analyzed using a thermog-
ravimetric analyzer of the SDT Q600 (TA, USA).
Thermogravimetric analysis (TG) is a method that measures the
weight change of a sample as it is heated, and in this study, the
samples were heated from room temperature to 800 °C at
a continuous heating rate of 20 °C min~ ' under nitrogen
protection with a flow rate of 50 mL min~".

2.3.2. Surface tension measurement. The surface tension
of LCBS surfactants was measured using the Wilhelmy plate
method at room temperature with a QBZY-2 surface tensiom-
eter (CANY, China). Samples with mass concentration ranging
from1 x 10 °mol L™ to 1 x 10" mol L™ were prepared and
tested three times consecutively to obtain an average surface
tension vy at each concentration of C. The y-lg C curve was
plotted to calculate various surface adsorption parameters,
including critical surface tension (yemc), critical micelle
concentration (cmc), adsorption efficiency (pCy,), surface pres-
sure at the cmc (I{cme), minimum molecular cross-sectional
area (Amin), and saturated adsorption capacity (I'max), as per
the calculation formulas described by Kamil and Siddiqui.*® The
corresponding calculation formulas are as follows:

PGy = —lgCy (1)
Hcmc = Y0 — Yeme (2)
1 d
Fmax - Y - - ! d/Y (3)
2RT\dInC), ~ ~4.606RT \dlog C),
Amin = 1/(NAanx) (4)

where, C,, represents the surfactant concentration required to
lower the surface tension of pure water by 20 mN m ™ '; T is the
absolute temperature (K); R is a constant of 8.314 Jmol ' K ; C
is the concentration of surfactant (mol L™'); N, is the Avogadro
constant of 6.022 x 10>* mol .

2.3.3. The
emulsification ability was assessed by calculating the rate of
liquid drainage in the oil-water mixtures after emulsification
using the stirring method. Initially, 10 mL of Huabei crude oil
and 0.4 wt% of LCBS surfactants were blended at a volume ratio
of 1:1, and the mixture was emulsified using a high-speed
dispersing homogenizer at a speed of 3000 rpm for 10

Emulsification measurement. surfactant's

© 2023 The Author(s). Published by the Royal Society of Chemistry

minutes. The emulsion was then transferred to a colorimetric
tube, and the volume of the separated liquid phase in the oil-
water mixture was recorded at different time until the system
was stable. The rate of water drainage was determined using the
following equation:

g =(ViIV) x 100% (5)

where, ¢q is the liquid drainage rate; V is the overall volume of
the aqueous phase of emulsion, mL; V; is the cumulative volume
of aqueous phase at time ¢, mL.

2.3.4. IFT measurement. The simulated brine of Huabei
Oilfield has a high salinity level of 10 789 mg L™ " as indicated in
Table 2, in which the content of calcium and magnesium ions is
relatively high. This makes Huabei Oilfield a high-salinity
reservoir that requires surfactants with more stringent
requirements applied in EOR. As a result, Huabei crude oil was
chosen as the test oil. The IFT between LCBS solution and
Huabei crude oil was measured using the XZD-SP video spin-
ning drop interfacial tension meter (HaKe, China), with the
Na,COj; concentration as a variable. The test was conducted at
the reservoir temperature of 54 °C of Huabei Oilfield.

2.3.5. Temperature resistance measurement. The IFT
measurements were conducted using 0.4 wt% LCBS solution in
simulated brine from Huabei Oilfield, and the tests were per-
formed over a temperature range of 30 °C to 100 °C. The
temperature resistance of LCBS surfactants was evaluated by
measuring the variations in IFT values during the heating with
temperature.

2.3.6. Salt tolerance measurement. To evaluate the salt
resistance of LCBS surfactants, a series of 0.4 wt% LCBS solu-
tions were prepared using brine with NaCl concentrations
ranging from 2 x 10* mg L' to 20 x 10* mg L™". The IFT
between the prepared solutions and Huabei crude oil was
measured at 54 °C to examine the surfactants' resistance to
univalent ions. Similarly, the salt resistance of LCBS surfactants
to divalent ions was tested by measuring the IFT values in the
brine containing CaCl, concentrations within the scope of
2000 mg L™ to 20 000 mg L.

3. Results and discussion

3.1. FTIR characterization

The synthesized lignin carboxyl betaine structure was exempli-
fied using LCBD surfactant, and the FT-IR spectrum of alkali
lignin (a), epoxidized lignin (b), aminated lignin (c) and lignin
carboxyl betaine (d) displayed in Fig. 1 in detail. It could be seen
that a broad absorption peak of O-H appeared from 3380 cm™*
to 3210 cm ' in the alkali lignin (Fig. 1(a)), and the stretching
vibration peaks of C-H band of the -CH,- and -CH; groups on

RSC Adv, 2023, 13, 16352-16362 | 16355
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Fig. 1 FT-IR spectra of alkali lignin (a), epoxidized lignin (b), aminated lignin (c) and lignin carboxyl betaine (d).

the alkyl chain of alkali lignin could be associated with the
peaks observed at 2935 cm ™" and 2848 cm ™", respectively. The
peaks observed at 1597 cm™ ', 1514 ecm ™' and 1462 cm ™ were
coupled with the characteristic peaks of the aromatic ring
skeleton vibration. Compared with alkali lignin, several new
absorption peaks of 910 cm " and 854 cm ' appeared in the
spectra of epoxidized lignin (Fig. 1(b)), which were the charac-
teristic absorption peaks of epoxy groups. In addition, the
bending vibration absorption peak of phenolic hydroxyl group
at 1270 cm™ ' in the spectrum of alkali lignin also disappeared
after epoxidation, indicating that the epoxidation mainly
occurred on the phenol hydroxyl group of alkali lignin. By
comparing the spectrum of Fig. 1(b) and (c), it could be seen
that the stretching vibration peak of C-N were clearly observed
at 1320 cm™ " in the spectra of aminated lignin, and the disap-
pearance of the epoxy peaks at 910 cm ™" and 854 cm ™" indi-
cated that the epoxy group has completely reacted with the
organic amine. The results indicated that the amine derivatives
of alkali lignin were formed. Furthermore, the formation of the
carboxyl group in the LCBD molecule was confirmed by the
characteristic absorption of C=0 seen at 1625 cm™ " (Fig. 1(d)),
and the bending vibration peak and the stretching vibration
peak of C-N were clearly observed at 1387 cm™ ' and 1035 cm ™,
respectively, which are typically related to the characteristic
absorption of quaternary ammonium salts.

16356 | RSC Adv, 2023, 13, 16352-16362

3.2. Thermal stability

The prerequisite for surfactants to function as oil-displacing
agents under reservoir conditions depends on their thermal
stability. Surfactants are prone to decomposition at higher
temperatures, especially when they migrate in the oil reservoir
for a longer time. The thermal stability of three lignin carboxyl
betaine surfactants (LCBD, LCBE, and LCBT) was assessed by
TG analysis, and the resulting curves were depicted in Fig. 2. It

100+
——LCBD
——LCBE
—— LCBT
80
S
5 60
R3]
=
40
20 T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 2 TG graph of lignin carboxyl betaine.
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could be seen that the thermal decomposition behavior of the
three surfactants was similar, and the thermal degradation
process of lignin carboxyl betaine occurred in three stages with
temperature. The initial weight loss percentages of LCBD,
LCBE, and LCBT during the first stage (room temperature to 200
°C) were 10.51 wt%, 10.32 wt%, and 10.18 wt%, respectively,
due to the loss of moisture and some impurities from the
samples. The second stage (200 °C to 500 °C) was characterized
by the main thermal degradation phase, which involved the
surfactant decomposition. And these surfactants can be applied
in most oilfields because their thermal decomposition
temperatures are higher than the typical reservoir temperatures
ranging from 80 °C to 120 °C.*” During the third stage (500 °C to
800 °C), the final weight loss of LCBD, LCBE, and LCBT
occurred, accompanied by the repolymerization and further
depolymerization of high molecular phenolic compounds after
decomposition in the previous stage until the weight loss was
stable. The residue was further decomposed into carbon and
ash, and the final residual mass ratio of LCBT at 800 °C was less
than 40 wt%, while that of the other two surfactants was slightly
higher. The higher mass loss of LCBT was due to the cleavage of
more alcoholic hydroxyl groups in the LCBT molecule.

3.3. Surface tension measurement

The plot of the surface tension for lignin carboxyl betaine
surfactants with concentration was presented in Fig. 3. The
surface tension values sharply decreased as the surfactant
concentration increased until reaching a plateau-like region,
with the similar behavior observed for LCBD, LCBE, and LCBT.
This can be explained by the fact that as surfactant molecules
saturated the air/aqueous interface, the excess surfactant
molecules will aggregate to form micelles in the aqueous solu-
tion, making further increases in the surfactant concentration
have no effect on reducing the surface tension.*® Also it can be
distinctly observed that the y-log C curve had an inflection
point where the corresponding surfactant concentration and

surface tension value represented the critical micelle

Surface tension (mN/m)

logC

Fig. 3 Surface tension of LCBS surfactants at various concentrations.
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concentration (cmc) and the v at the concentration of cmc,
respectively.

The relevant surface adsorption parameters were calculated
using formulas (1) to (4), and the value of (dy/d log C) was ob-
tained from the slope of the curves below the cmc in Fig. 3.
Inspection data in Table 3, the y¢me of 31.85 mN m™*, 31.11 mN
m ™' and 29.65 mN m ™ for LCBD, LCBE and LCBT at the cmc of
4.56 mmol L', 3.57 mmol L™' and 2.29 mmol L' were
acquired, respectively. Compared with LCBD and LCBE, the
LCBT with a longer hydrophobic carbon chain and more
hydroxyl groups exhibited lower cmc and 7y n,. values, suggest-
ing that the presence of these features in the surfactant mole-
cule affects the cmc and .. This can be attributed to the fact
that the surfactant's hydrophobicity increases with the growth
of carbon chains, causing the surfactant molecules to arrange
more closely at the air/aqueous interface, leading to the micelle
formation in aqueous solutions at lower concentrations and
a decrease in the cmc value.*” Additionally, the hydrogen bond
interaction generated by the hydroxyl groups in the molecule is
beneficial to the surfactant molecule adsorption and aggrega-
tion, leading to the enhanced micelle formation ability and
a stronger capacity of surface tension reduction in the solution.

Table 3 shows that the LCBT had a lower value of surface
excess concentration (I'y,.x) compared to LCBD and LCBE, with
a larger value of area per molecule (A;,). This may be due to the
decreased proportion of the hydrophilic head group in LCBT
with increasing carbon chain length, resulting in a less tightly
packed adsorption layer at the air/aqueous interface and the
less overlapped of hydrophobic carbon chains.** Additionally,
the adsorption efficiency of surfactant molecules at the air/
aqueous interface can also be assessed by the pC,, value. A
higher pC,, value indicates that more surfactant molecules are
adsorbed at the air/aqueous interface, which is more effective to
the formation of micelles and the better reduction of the surface
tension of the solution. It was noted that the LCBT had a higher
pCyo value and a lower value of surface pressure at the cmc
(Icme) compared to LCBD and LCBE, indicating that longer
carbon chains in the lignin carboxyl betaine surfactant resulted
in greater adsorption capacity at the gas/liquid interface. Also it
could be observed that an inverse proportional relationship was
observed between Cen and pC,, value, with smaller Cep,. value
leading to greater pC,, value. In summary, surfactants with
longer hydrocarbon chains and more hydroxyl groups had
a greater tendency to form micelles in solution and exhibit
better surface activity.

3.4. Emulsification measurement

During the surfactant flooding, the surfactant solution injected
into the reservoir and the residual oil droplets exfoliated from
narrow pores can form a flowable oil-water emulsion,
enhancing the oil recovery ratio. In the oil-water mixture, the
surfactant molecules orient themselves at the oil/water interface
to form a protective film that prevents the coalescence of oil
droplets, resulting in a stable oil-water emulsion. However,
these emulsions are thermodynamically unstable and have
a large interfacial energy, making the coalescence of emulsion

RSC Adv, 2023, 13, 16352-16362 | 16357
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Table 3 The surface adsorption parameters of LCBS surfactants

Surfactant Ceme (mmol L) Yeme (MN M) PCao Meme (MN m™") I'max (Mol m™?) Amin (nm?)
LCBD 4.56 31.85 4.78 40.15 7.41 x 107° 0.229
LCBE 3.57 31.11 4.92 40.89 7.25 x 10°° 0.224
LCBT 2.29 29.65 5.52 42.35 6.54 x 10°° 0.254

droplets a spontaneous process. As a result, the emulsion will
stratify over time, and the coalescence of oil droplets will affect
the displacement effect. And this experiment aimed to evaluate
the emulsification efficiency of LCBS surfactants with
a concentration of 0.4 wt% by investigating the drainage rate of
emulsions prepared from Huabei crude oil.

Fig. 4 depicts the variation of drainage rate with time for
emulsions formed using three different lignin carboxyl beta-
ines and Huabei crude oil. The drainage rate for the emulsion
prepared with LCBD initially increased rapidly with time and
then stabilized at approximately 67.5 wt%. And the drainage
rate for emulsions formed with LCBE and LCBT showed
a similar trend with time. Additionally, it was observed that
the drainage rate of emulsions decreased as the lipophilic
carbon chain length of the LCBS surfactants increased,
resulting in improved emulsion stability and enhanced
emulsifying ability. Among the three surfactants, the emul-
sion prepared with LCBT reached a stable state within an
hour and the drainage rate eventually stabilized at 43.6 wt%.
This can be attributed to the fact that the surfactant mole-
cules adsorb more easily at the oil/water interface as the
carbon chain grows, leading to stronger intermolecular
interactions and a more closely packed interfacial film
arranged by the surfactant molecules. Thus, a high-strength
and stable interface film with resistance to coalescence is
formed, in which the coalescence speed of oil droplets is
slowed down and the emulsion stability is enhanced. It means
that the strength and tightness of the interfacial film play
a crucial role in the formation and stability of the emulsion.
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A
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Fig. 4 The drainage rate of emulsions prepared by LCBS surfactants
and Huabei crude oil as a function of time.
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Additionally, the surfactant system and crude oil exhibit good
compatibility and adhesion in the relatively stable emulsion,
ensuring that the crude oil can be gradually removed from the
rock surface by the surfactant and cannot be easily re-
adsorbed on the rock surface during the subsequent
conveying process, thereby significantly improving the oil
recovery efficiency.

3.5. Temperature resistance measurement

The oil-water interfacial performance is a crucial parameter
during the surfactant flooding, and selecting surfactants with
ultra-low IFT values (=107> mN m ') is the most basic
requirement. However, the oil-water IFT is greatly influenced by
the reservoir characteristics, particularly the temperature and
salinity.** Hence, the temperature resistance of LCBS surfac-
tants was firstly investigated to predict their potential applica-
tion in high-temperature reservoirs. In this experiment, 0.4 wt%
of LCBS solution was prepared with simulated saline and
heated continuously at different temperatures ranging from
30 °C to 100 °C for 24 hours. No phenomena, such as stratifi-
cation or turbidity, were observed in the solutions, and the
results of IFT between LCBS solutions and Huabei crude oil at
different temperatures were shown in Fig. 5. As an overall trend,
the oil-water IFT values for the three lignin carboxyl betaines
decreased and then increased as the temperature increased
within the experimental temperature range, and the ultra-low
IFT values were achieved at the temperatures ranging from
50 °C to 90 °C. These results indicate that the synthesized lignin
betaine exhibit good temperature

carboxyl surfactants

—=—LCBD
o LCBE
—A— LCBT

0.14

Interfacial tension (mN/m)

1E-4 T T i T i T T T i T T T T 1
30 40 50 60 70 80 90 100

Temperature (°C)

Fig. 5 Effect of temperature on IFT between LCBS surfactants and
Huabei crude oil.
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resistance, and their interfacial activity enhances with the
temperature within a certain temperature range.

As the temperature rises, the thermal motion of surfactant
molecules intensifies, increasing their kinetic energy and
causing a larger intermolecular distance, weakening the inter-
molecular attraction. This reduces the energy required for the
surfactant molecule to travel from the interior of bulk solution
to the surface, allowing it to escape and adsorb at the oil/water
interface, ultimately reducing the value of oil-water IFT.
However, continued increase in the temperature enhances the
flexibility of the hydrophobic group in the surfactant molecule,
leading to accelerated agglomeration and reducing the contact
area with the oil phase, causing an increase in the value of oil-
water IFT. It's worth noting that the IFT values for LCBT
exhibited a more pronounced variation trend under high
temperature compared to that of LCBD and LCBE. This is
because the longer the lipophilic chain of the surfactant mole-
cule, the more severe the agglomeration at high temperature.
Although LCBT has better solubility due to its hydroxyl groups’
ability to form hydrogen bonds with water molecules, these
bonds are easily broken at high temperatures, compressing the
diffusion electric double layer of surfactant anion and signifi-
cantly reducing the hydrophilicity of surfactant. This leads to an
increase in the agglomeration of the hydrophobic chains in
LCBT molecules, resulting in a smaller oil-water interface layer
thickness and significantly enhanced the hydrophobicity.
Consequently, the oil-water IFT value increases after the
precipitation of surfactant molecules from the aqueous solution
due to the significantly enhanced hydrophobicity.

3.6. Salt tolerance measurement

In general, the physicochemical properties of surfactants used
for injection into the formation are typically impacted by the
reservoir brine in addition to the reservoir temperature. High-
salinity reservoirs, in particular, can cause the surfactant
precipitation, which limits their usefulness in EOR applica-
tions. To assess the salt tolerance of LCBS surfactants, we
conducted an experiment to measure the IFT between Huabei
crude oil and each surfactant solution containing a specific
amount of NaCl (or CaCl,) at 54 °C.

3.6.1. The effect of NaCl. Fig. 6 presents the IFT values
between Huabei crude oil and LCBS surfactants of 0.4 wt%,
which were prepared using a range of NaCl solutions with
varying concentrations. The curves demonstrate that the oil-
water IFT of the three LCBS surfactant solutions exhibit similar
variation trends. Initially, the oil-water IFT decreased until it
reached a certain concentration, where the minimum values
were obtained, then increased along with the NaCl concentra-
tion. It could be seen that LCBD, LCBE, and LCBT reached their
respective minimum IFT values at NaCl concentrations of 12 x
10*mg L', 8 x 10* mg L™, and 10 x 10* mg L', respectively.
The minimum IFT value of the surfactants can only be achieved
at the optimal salinity under the condition of salt addition.**
And the optimal salinity is inversely proportional to the lip-
ophilicity of the surfactant molecule, which means that the
stronger the lipophilicity, the lower the optimal salinity. For

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

—=—LCBD
—e— LCBE
—A—LCBT

0.1

0.01 5

Interfacial tension (mN/m)

1E-3 — T T T T T T T T T T T T T T T 1
0 2 4 6 8 100 12 14 16 18 20
Concentration of NaCl (x10*mg/L)

Fig. 6 Effect of NaCl concentration on the IFT between LCBS
surfactants and Huabei crude oil at 54 °C.

LCBE and LCBT, although the carbon chain length in their
respective surfactant molecules is similar, LCBT has a higher
hydrophilicity due to its increased number of hydroxyl groups.
Therefore, the minimum IFT value of LCBE can be achieved
within a relatively lower salinity range. Additionally, LCBE
exhibited a stronger ability to reduce the oil-water IFT
compared to that of LCBD and LCBT at the same NaCl
concentration, and the ultra-low IFT values of LCBE attained
within the range of NaCl concentrations of 6 x 10 mg L™ ' to 16
x 10" mg L™". Also the IFT values of the three LCBS surfactants
effectively reduced the oil-water IFT to the 10~> mN m™ " level
when the NaCl concentration ranged from 8 x 10* mg L " to 16
x 10" mg L™". It could be attributed that the binding of
carboxylate ions to Na' in solution reduces the electrostatic
repulsion between the ionic head group at the oil/water inter-
face, resulting in a more dense layer of surfactant molecules on
the interface, which enabled the IFT reduction ability of LCBS
surfactants to be effective over a wider salinity range. Moreover,
increasing the NaCl concentration further enhanced the
dissolution of LCBS surfactant in the aqueous phase, which
leads to an increase in the adsorption capacity of surfactant
molecules at the oil/water interface, thus reducing the oil-water
IFT values. However, when the adsorption capacity of LCBS
surfactant molecules at the oil-water interface reached satura-
tion, an increase in the NaCl content will lead to the interaction
between the positively charged Na' in the solution and the
negatively charged hydrophilic groups of the surfactant
increases, causing a salting-out effect that reduced the solubility
of the surfactant in the aqueous phase, resulting in an increase
in the oil-water IFT values.

3.6.2. The effect of CaCl,. In order to gain a deeper
understanding of how divalent metal ions impact the properties
of surfactants at the oil-water interface, it is necessary to gather
detailed information about the IFT values between Huabei
crude oil and lignin carboxyl betaines with different concen-
trations of CaCl, at 54 °C, as depicted in Fig. 7. The curves
indicated that the trend in IFT values of the three surfactants
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Fig. 7 Effect of CaCl, concentration on the IFT between LCBS
surfactants and Huabei crude oil at 54 °C.

was similar to that of NaCl concentration (Fig. 6), the IFT
reduction ability of the surfactant enhances below the optimal
salinity whereas the IFT reduction ability of the surfactant
reduces beyond the optimal salinity. And the optimum CacCl,
concentrations of LCBD, LCBE, and LCBT were 10 000 mg L™,
6000 mg L', and 6000 mg L™ ", respectively. Obviously, within
the range of CaCl, concentrations from 0.6 x 10* mg L™" to 1.2
x 10" mg L™, the lignin carboxyl betaine surfactants were able
to achieve ultra-low oil-water IFT values, indicating their high
resistance to divalent metal ions.

It should be noted that Ca** ions can cause the head
groups to aggregate and the alkane chains to agglomerate due
to their large charge, resulting in a stronger compression of
the surfactant film than that of Na' ions. The addition of
appropriate salts can compress the diffusion electric double
layer of the hydrophilic head group, which not only shields
the electrical repulsion between the ionic groups but also
destroys the hydration film. This leads to a more loosely
arranged surfactant film, allowing for easier penetration of oil
and water molecules into the surfactant film and an increase
in the thickness of the interfacial layer, ultimately resulting in
a reduction in the oil-water IFT values. However, the oil-
water IFT value will gradually increase if the salt concentra-
tion is further increased beyond the optimal salinity. This is
because that the excessive salt ions not only shield the
repulsion between polar head groups but also weaken the
interaction between polar head groups and promote the
agglomeration of the carbon hydrocarbon chain of the
surfactant molecule, resulting in severe shrinkage of the
surfactant film and a reduction in the thickness of the oil/
water interface layer, therefore, the oil-water IFT value
increases. It is important to note that the salinity in high-
salinity reservoirs typically ranges from 10 wt% to 15 wt%,*
and the experiments on the effects of NaCl and CacCl, on the
IFT reduction of lignin carboxyl betaines suggest that these
surfactants have excellent salt tolerance and can be used in
both low-salinity and high-salinity reservoirs.
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3.7. Oil/water interfacial tension measurement

This experiment investigated the interfacial performance of lignin
carboxyl betaines and Huabei crude oil, an important indicator for
selecting surfactants used in EOR. The study was conducted at
Huabei reservoir's temperature of 54 °C, and the results were
presented in Fig. 8. And the surfactant solutions of 0.4 wt% were
used, along with Na,CO; concentrations ranging from 0 to
1.2 wt%. The addition of Na,COj; led to a significant reduction in
the equilibrium oil-water IFT for LCBS surfactants, compared to
the surfactant used alone. This reduction was observed for all
three surfactants, and the IFT values continued to decrease as the
Na,CO; concentration increased. These findings suggest that the
interfacial performance of LCBS surfactants is strongly influenced
by the weak alkali of Na,CO;. For LCBD, the addition of 0.4 wt%
Na,CO; led to a two-order-of-magnitude reduction in oil-water
IFT values in contrast to the LCBD alone, with similar effects
observed for LCBE and LCBT. In addition, the oil-water IFT for
LCBS surfactants could reach the ultra-low level as the added
Na,COj; concentration exceeded 0.4 wt%.

The reduction in the IFT between oil and water can be attrib-
uted to the increased adsorption of surfactant molecules on the
oil/water interface, as explained by Rostami et al.** It is due to the
tight arrangement of surfactant molecules on the oil/water inter-
face, which is dependent on two factors: firstly, the polar and non-
polar components of the surfactant molecules have similar
affinities to the molecules present in the liquid and oil phases,
respectively, and secondly, the absence of large steric hindrance
among the surfactant molecules. On one hand, mixing weak alkali
Na,CO; in LCBS systems can result in considerable affinities of
the polar and non-polar components of surfactants with the oil
and liquid phases, respectively. On the other hand, Na,CO,
reduces the voids between the polar head groups of the surfactant
molecules, resulting in a more regular permutation of surfactant
molecules on the interface film and a tighter adsorption layer on
the oil/water interface. Additionally, the alkali in the system can
also react with the acidic components of crude oil to form
surfactant-like substances, which synergistically work with the

—a— LCBD

0.1 _:
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Interfacial tension (mN/m)
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 8 Effect of Na,COz concentration on the IFT between LCBS
surfactants and Huabei crude oil at 54 °C.
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added surfactants to further lower the IFT.* Hence, the combined
effect of LCBS and Na,CO; can lower the IFT and widen the
concentration range of LCBS for achieving ultra-low IFT values.
Moreover, Huabei crude oil contains many asphaltene and
colloidal components (as seen in Table 1), with most of the acidic
components having strong interfacial activity distributed in
colloid and asphaltene. Therefore, the colloids and asphaltenes
present in Huabei crude oil can be adsorbed on the oil-water
interface through synergistic action with lignin carboxyl betaine,
helping to lower the IFT between oil and water. These results
indicate that the synthesized lignin carboxyl betaines have
a strong IFT reduction ability on Huabei crude oil. Additionally,
Huabei reservoir's simulated brine has high salinity (as seen in
Table 2), so the effect of salt on the interfacial properties of lignin
carboxyl betaine must be considered. The IFT tests on Huabei
crude oil, combined with the salt tolerance measurements of
LCBS surfactants, confirm that the synthesized lignin carboxyl
betaines are suitable for high-salinity reservoirs.

4. Conclusions

This study aimed to prepare lignin carboxyl betaine zwitterionic
surfactants through a three-step process involving epoxidation,
amination, and quaternization reactions from alkali lignin. The
structure of the synthesized surfactants was confirmed using
FTIR, and TG analysis showed that they exhibited excellent
temperature stability and were resistant to decomposition
below 200 °C. Also the physicochemical properties of the
surfactants were evaluated to assess their applicability in the
EOR field. The cmc of the LCBS surfactants was found to be
between 2.29 mmol L' and 4.56 mmol L™, and their corre-
sponding surface tension was in the range of 29.65 mN m ' to
31.85 mN m ', indicating the superior surface activities. The
emulsification measurements showed that the LCBS surfactants
had excellent emulsifying properties, and the drainage rate of
emulsions decreased with increasing hydrophobic carbon chain
length. The LCBS surfactants also exhibited remarkable
temperature resistance, with ultra-low IFT values achievable
within the temperature range of 50 °C to 90 °C. Salt resistance
measurements indicated that the LCBS surfactants could ach-
ieve ultra-low oil-water IFT values within the range of 8 x
10" mg L™ " to 16 x 10" mg L™ of NaCl concentrations or in the
range of 0.6 x 10* mg L™ to 1.2 x 10* mg L™ of CaCl,
concentrations. The IFT tests between LCBS surfactants and
Huabei crude oil revealed that the lignin carboxyl betaines
exhibited better interfacial activity on the Huabei crude oil
containing more heavy components such as asphaltene and
colloid, and ultra-low IFT values could be achieved in the
presence of weak alkali. Based on these findings, it can be
concluded that the preparation of lignin carboxyl betaine
surfactants from alkali lignin holds promise as an effective
candidate for use in the EOR field.
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