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Abstract:
  

In
 

this
 

research,
 

novel
 

rosin-based
 

non-ionic
 

Gemini
 

surfactants
 

(RNGSs)
 

were
 

synthesized
 

from
 

rosin
 

derivatives,
 

dehydroabietic
 

acid
 

( DAA )
 

and
 

dehydroabietylamine
 

(DHAA),
 

via
 

addition
 

and
 

alkylation
 

reactions.
 

The
 

structures
 

of
 

the
 

synthesized
 

surfactants
 

were
 

characterized
 

by
 

Fourier
 

transform
 

infrared
 

( FTIR )
 

spectroscopy
 

and
 

proton
 

nuclear
 

magnetic
 

resonance
 

( 1H
 

NMR)
 

spectroscopy.
 

The
 

surface
 

activity,
 

aggregation
 

property,
 

and
 

foaming
 

property
 

of
 

RNGSs
 

in
 

aqueous
 

solution
 

were
 

investigated
 

by
 

surface
 

tension
 

measurement
 

and
 

dynamic
 

light
 

scattering
 

( DLS) .
 

Furthermore,
 

the
 

cloud
 

point
 

was
 

investigated
 

to
 

evaluate
 

the
 

upper
 

temperature
 

limit
 

for
 

practical
 

application
 

of
 

the
 

surfactants.
 

To
 

evaluate
 

the
 

potential
 

of
 

RNGSs
 

for
 

enhanced
 

oil
 

recovery
 

( EOR ),
 

their
 

interfacial
 

tension
 

( IFT ),
 

static
 

adsorption
 

capacity,
 

salt
 

tolerance,
 

and
 

emulsion
 

stability
 

were
 

examined.
 

The
 

lowest
 

critical
 

micelle
 

concentration
 

( CMC)
 

of
 

RNGSs
 

was
 

8. 51 × 10-6
 

mol / L,
 

lower
 

than
 

that
 

of
 

the
 

commonly
 

used
 

non-ionic
 

surfactant
 

OP-10
 

( 1. 29 × 10-4
 

mol / L) .
 

The
 

cloud
 

point
 

of
 

RNGSs
 

reached
 

72. 6
 

℃.
  

Furthermore,
 

the
 

tolerance
 

to
 

NaCl
 

and
 

CaCl2  was
 

determined
 

to
 

be
 

300
 

and
 

10
 

g / L,
 

respectively.
 

The
 

findings
 

indicate
 

that
 

the
 

synthesized
 

surfactants
 

possess
 

the
 

potential
 

for
 

application
 

in
 

EOR.
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0　 Introduction

Natural
 

raw
 

materials,
 

such
 

as
 

cashew
 

nut
 

phenol
 

and
 

saponin,
 

have
 

attracted
 

considerable
 

attention
 

for
 

surfactant
 

production
 

due
 

to
 

their
 

compatibility
 

with
 

the
 

environment
 

and
 

degradation
 

under
 

natural
 

or
 

physiological
 

conditions.
 

China ’ s
 

forest
 

industry
 

is
 

characterized
 

by
 

a
 

wealth
 

of
 

resources[1]
 

and
 

is
 

responsible
 

for
 

the
 

largest
 

annual
 

production
 

of
 

rosin.
 

Rosin
 

is
 

an
 

abundant,
 

renewable
 

natural
 

resource[2]
 

derived
 

from
 

pine
 

oleoresin,
 

with
 

abietic
 

acid[3]
 

as
 

its
 

major
 

component.
 

Abietic
 

acid
 

contains
 

a
 

carboxyl
 

group
 

and
 

a
 

conjugated
 

double
 

bond,
 

and
 

therefore
 

can
 

be
 

easily
 

modified[4] .
 

The
 

molecule
 

of
 

abietic
 

acid
 

is
 

composed
 

of
 

a
 

large,
 

rigid
 

tricyclic
 

hydrophenanthrene
 

structure,
 

which
 

is
 

extremely
 

hydrophobic[5] .
 

Thus,
 

rosin
 

represents
 

an
 

ideal
 

raw
 

material
 

for
 

the
 

synthesis
 

of
 

green
 

surfactants[6-7] .
 

Gemini
 

surfactants
 

consist
 

of
 

two
 

hydrophobic
 

chains
 

and
 

two
 

hydrophilic
 

head
 

groups[8-10] ,
 

connected
 

by
 

flexible
 

or
 

rigid
 

spacer
 

groups,
 

which
 

endow
 

them
 

with
 

a
 

unique
 

amphiphilic
 

molecular
 

architecture[11] .
 

In
 

addition,
 

as
 

a
 

new
 

generation
 

of
 

surfactants,
 

Gemini
 

surfactants
 

have
 

extremely
 

low
 

critical
 

micelle
 

concentration
 

( CMC )
 

and
 

superior
 

wetting
 

performance[12-14] .
 

Several
 

studies
 

have
 

focused
 

on
 

rosin
 

and
 

dehydrogenated
 

rosin-based
 

Gemini
 

surfactants.
 

Tan
 

et
 

al.[15]
 

and
 

Pan
 

et
 

al.[16]
 

synthesized
 

rosin-based
 

quaternary
 

ammonium
 

Gemini
 

surfactants.
 

Xu
 

et
 

al. [17]
 

developed
 

a
 

series
 

of
 

novel
 

rosin-based
 

bis-quaternary
 

ammonium
 

salts.
 

Yan
 

et
 

al.[18]
  

prepared
 

a
 

series
 

of
 

polymeric
 

surfactants,
 

polyacrylic
 

acid
 

rosin
 

polyethylene
 

glycol
 

esters,
 

from
 

rosin.
 

However,
 

few
 

studies
 

have
 

reported
 

the
 

synthesis
 

of
 

Gemini
 

surfactants
 

via
 

alkylation
 

of
 

the
 

aromatic
 

hydrogen
 

on
 

dehydroabietic
 

acid
 

polyoxyethylene
 

ether
 

to
 

link
 

two
 

such
 

molecular
 

units.
 

This
 

research
 

presents
 

a
 

novel
 

strategy
 

to
 

synthesize
  

structurally
 

distinct
 

Gemini
 

surfactants
 

via
 

alkylation
 

of
 

31



the
 

aromatic
 

hydrogen
 

on
 

the
 

rosin
 

skeleton,
 

thereby
 

filling
 

this
 

research
 

gap
 

and
 

providing
 

new
 

insights
 

into
 

rosin-based
 

Gemini
 

surfactants.
In

 

this
 

research,
 

rosin-based
 

non-ionic
 

Gemini
 

surfactants
 

were
 

synthesized
 

from
 

rosin
 

derivatives,
 

dehydroabietic
 

acid
 

( DAA )
 

and
 

dehydroabietylamine
 

( DHAA),
 

via
 

addition
 

and
 

alkylation
 

reactions.
 

The
 

structure
 

of
 

the
 

synthesized
 

surfactants
 

contains
 

two
 

rosin
 

backbones,
 

which
 

significantly
 

affect
 

the
 

CMC
 

of
 

the
 

surfactants.
 

The
 

increased
 

hydrophobic
 

segments
 

enhance
 

intermolecular
 

interactions,
 

promoting
 

rapid
 

micellization
 

and
 

consequently
 

lowering
 

the
 

CMC.
 

The
 

CMC
 

of
 

the
 

synthesized
 

surfactants
 

is
 

as
 

low
 

as
 

8. 51
 

×
 

10-6
 

mol / L,
 

which
 

is
 

lower
 

than
 

that
 

of
 

previously
 

reported
 

rosin-based
 

surfactants[1,
 

19]
 

and
 

rosin-based
 

Gemini
 

surfactants[16,
 

20-22] .
 

For
 

example,
 

the
 

CMC
 

of
 

the
 

rosin-based
 

surfactant
 

synthesized
 

in
 

Ref.
 

[19]
 

is
 

6. 12
 

×
 

10-4
 

mol / L,
 

while
 

the
 

CMC
 

of
 

the
 

rosin-based
 

Gemini
 

surfactant
 

synthesized
 

in
 

Ref. [ 22]
 

is
 

7. 8
 

×
 

10-5
 

mol / L.
 

In
 

addition,
 

the
 

salt
 

tolerance
 

of
 

the
 

surfactants
 

synthesized
 

in
 

this
 

study
 

is
 

superior
 

to
 

that
 

of
 

some
 

previously
 

reported
 

oil-displacement
 

agents[23-26] .
 

For
 

example,
 

the
 

alkyl
 

polyether
 

benzyl
 

sulfonate
 

surfactant
 

reported
 

by
 

Bao
 

et
 

al.[24]
 

showed
 

salt
 

tolerances
 

of
 

180. 0
 

and
 

7. 2
 

g / L
 

for
 

NaCl
 

and
 

CaCl2,
 

respectively.
 

To
 

evaluate
 

their
 

potential
 

for
 

oilfield
 

applications,
 

the
 

synthesized
 

surfactants
 

were
 

assessed
 

for
 

their
 

ability
 

to
 

reduce
 

oil-water
 

interfacial
 

tension
 

( IFT),
 

emulsify
 

crude
 

oil,
 

and
 

withstand
 

high
 

salinity.
 

Kerosene
 

was
 

used
 

as
 

the
 

oil
 

phase,
 

and
 

the
 

temperature
 

was
 

set
 

at
 

45
 

℃,
 

which
 

corresponds
 

to
 

the
 

reservoir
 

temperature
 

of
 

the
 

Daqing
 

Oilfield.

1　 Materials
 

and
 

Methods

1. 1　 Materials
DAA,

 

paraformaldehyde,
 

and
 

kerosene
 

were
 

purchased
 

from
 

Shanghai
 

Macklin
 

Biochemical
 

Co.,
 

Ltd.,
 

China.
 

DHAA,
 

ethyl
 

acetate,
 

and
 

OP-10
 

were
 

purchased
 

from
 

Shanghai
 

Titan
 

Scientific
 

Co.,
 

Ltd.,
 

China.
 

Sulfuric
 

acid
 

and
 

sodium
 

hydroxide
 

were
 

purchased
 

from
 

Sinopharm
 

Chemical
 

Reagent
 

Co.,
 

Ltd.,
 

China.
 

DAA
 

and
 

DHAA
 

were
 

subjected
 

to
 

ethoxylation
  

modification
 

by
 

a
 

commercial
 

supplier
 

to
 

obtain
 

dehydroabietic
 

acid
 

polyoxyethylene
 

ether
 

( DAA-EOn,
 

n= 9,
 

10 )
 

and
 

dehydroabietylamine
 

polyoxyethylene
 

ether
 

( DHAA-
EOn,

 

n= 10) .
 

1. 2　 Synthesis
 

The
 

synthetic
 

procedures
 

for
 

Gemini
 

dehydroabietic
 

acid
 

polyoxyethylene
 

ether
 

( G-DAA-EO9
 and

 

G-DAA-
EO10 ),

 

and
 

Gemini
 

dehydroabietylamine
 

polyoxyethylene
 

ether
 

(G-DHAA-EO10 )
 

are
 

shown
 

in
 

Fig. 1.
 

Since
 

the
 

synthetic
 

routes
 

for
 

G-DHAA-EO10
 and

 

G-DAA-EOn
 

(n= 9,
 

10)
 

are
 

similar,
 

the
 

synthesis
 

of
 

G-DHAA-EO10
 

is
 

described
 

here
 

as
 

a
 

representative
 

example.
 

The
 

structures
 

of
 

the
 

synthesized
 

Gemini
 

surfactants
 

were
 

confirmed
 

by
 

Fourier
 

transform
 

infrared
 

( FTIR )
 

spectroscopy
 

and
 

proton
 

nuclear
 

magnetic
 

resonance
 

( 1H
 

NMR)
 

spectroscopy.
1. 2. 1　 Synthesis

 

of
 

DHAA-EO10
 

DHAA-EO10
 was

 

synthesized
 

by
 

Zhejiang
 

Kaider
 

Chemical
 

Co.,
 

Ltd.,
 

China,
 

according
 

to
 

step
 

1
 

in
 

Fig. 1.
1. 2. 2　 Synthesis

 

of
 

G-DHAA-EO10

As
 

shown
 

in
 

step
 

2
 

of
 

Fig. 1,
 

DHAA-EO10
 (7. 25

 

g)
 

and
 

paraformaldehyde
 

( 0. 24
 

g )
 

were
 

dissolved
 

in
 

100
 

mL
 

ethyl
 

acetate
 

in
 

a
 

three-necked
 

flask.
 

Subsequently,
 

15
 

mL
 

sulfuric
 

acid
 

was
 

slowly
 

added
 

to
 

the
 

flask
 

under
 

a
 

nitrogen
 

atmosphere.
 

The
 

mixture
 

was
 

heated
 

to
 

85
 

℃
 

and
 

refluxed
 

for
 

6
 

h.
 

After
 

the
 

reaction
 

was
 

complete,
 

the
 

mixture
 

was
 

transferred
 

to
 

a
 

separatory
 

funnel,
 

and
 

the
 

residual
 

sulfuric
 

acid
 

was
 

neutralized
 

by
 

dropwise
 

addition
 

of
 

1
 

mol / L
 

sodium
 

hydroxide
 

solution.
 

The
 

ethyl
 

acetate
 

was
 

removed
 

under
 

reduced
 

pressure
 

using
 

a
 

rotary
 

evaporator.
 

The
 

crude
 

product
 

was
 

purified
 

by
 

column
 

chromatography
 

(with
 

an
 

acetone
 

to
 

methanol
 

volume
 

ratio
 

of
 

15 ∶ 1),
 

affording
 

the
 

desired
 

product
 

in
 

a
 

76%
 

yield.
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Fig. 1　 Synthesis
 

routes
 

of
 

G-DAA-EO9,
 

G-DAA-EO10
 and

 

G-DHAA-EO10

1. 3　 Characterization
 

1. 3. 1　 Surface
 

tension
 

measurement
Surface

 

tension
 

measurements
 

of
 

RNGSs
 

and
 

OP-10
 

at
 

different
 

concentrations
 

were
 

performed
 

at
 

(25. 0±0. 1)
 

℃
 

using
 

a
 

surface
 

tension
 

meter
 

(BYZ-2,
 

Shanghai
 

Hengping
 

Instrument
 

Co.,
 

Ltd.,
 

China)
 

equipped
 

with
 

a
 

platinum
 

plate[27] .
 

For
 

each
 

sample,
 

the
 

surface
 

tension
 

was
 

measured
 

three
 

times,
 

and
 

the
 

average
 

value
 

was
 

reported.
1. 3. 2　 Foaming

 

property
 

evaluation
Foaming

 

property
 

was
 

evaluated
 

by
 

measuring
 

the
 

foam
 

height.
 

Specifically,
 

10
 

mL
 

Gemini
 

surfactant
 

solutions
 

( mass
 

fraction
 

of
 

1. 0%)
 

were
 

placed
 

in
 

a
 

100
 

mL
 

graduated
 

cylinder
 

and
 

shaken
 

vigorously
 

by
 

hand
 

50
 

times
 

at
 

( 25 ± 1 )
 

℃.
 

The
 

initial
 

foam
 

height
 

(calculated
 

from
 

the
 

volume
 

difference
 

between
 

the
 

total
 

liquid-foam
 

mixture
 

and
 

the
 

initial
 

10
 

mL
 

surfactant
 

solution)
 

was
 

recorded
 

immediately
 

after
 

shaking[28-29] .
 

The
 

foam
 

height
 

was
 

recorded
 

again
 

after
 

5
 

min
 

to
 

evaluate
 

foam
 

stability.
 

The
 

measurement
 

was
 

performed
 

three
 

times,
 

and
 

the
 

average
 

value
 

was
 

reported.
1. 3. 3　 Cloud

 

point
 

measurement
Cloud

 

points
 

of
 

the
 

surfactants
 

were
 

measured
 

according
 

to
 

Ref. [ 30] .
 

All
 

samples
 

were
 

prepared
 

as
 

1. 0%
 

(mass
 

fraction)
 

aqueous
 

solutions,
 

and
 

their
 

cloud
 

points
 

were
 

measured
 

using
 

an
 

oil
 

bath
 

equipped
 

with
 

a
 

temperature
 

controller.
 

The
 

measurement
 

was
 

repeated
 

three
 

times
 

for
 

each
 

sample,
 

and
 

the
 

average
 

value
 

was
 

reported.
1. 3. 4　 Dynamic

 

light
 

scattering
 

measurement
The

 

aggregation
 

behavior
 

of
 

the
 

surfactant
 

solutions
 

was
 

studied
 

by
 

a
 

Zetasizer
 

(Nano-ZS,
 

Malvern
 

Panalytical
 

Ltd.,
 

UK)
 

at
 

25
 

℃.
 

The
 

aqueous
 

surfactant
 

solutions
 

were
 

filtered
 

with
 

a
 

0. 45
 

μm
 

filter
 

to
 

remove
 

the
 

undissolved
 

material.
 

1. 3. 5　 IFT
 

measurement
The

 

IFT
 

between
 

kerosene
 

and
 

the
 

RNGS
 

was
 

measured
 

using
 

the
 

spinning
 

drop
 

technique
 

with
 

a
 

spinning
 

drop
 

tensiometer
 

(SDT,
 

KRUSS,
 

Germany)
 

at
 

45
 

℃
 

( the
 

reservoir
 

temperature
 

of
 

the
 

Daqing
 

Oilfield)
 

and
 

5
 

000
 

r / min[31] .
 

Each
 

sample
 

was
 

measured
 

three
 

times,
 

and
 

the
 

average
 

value
 

was
 

reported.
1. 3. 6　 Salt

 

tolerance
 

measurement
The

 

salt
 

tolerance
 

of
 

the
 

surfactants
 

was
 

investigated
 

by
 

measuring
 

the
 

precipitation
 

threshold
 

in
 

salt
 

solutions
 

with
 

varying
 

mass
 

concentrations
 

of
 

NaCl
 

and
 

CaCl2.
 

The
 

maximum
 

salt
 

mass
 

concentration
 

at
 

which
 

no
 

precipitation
 

occurs
 

was
 

defined
 

as
 

the
 

salt
 

tolerance.
1. 3. 7　 Water

 

separation
 

rate
 

and
 

emulsion
 

stability
 

test
A

 

30
 

mL
 

surfactant
 

solution
 

(mass
 

fraction
 

of
 

0. 3%)
 

was
 

prepared
 

and
 

transferred
 

to
 

a
 

beaker.
 

Subsequently,
 

30
 

mL
  

kerosene
 

was
 

added
 

to
 

the
 

beaker.
 

The
 

mixture
 

was
 

homogenized
 

using
 

a
 

homogenizer
 

(T25,
 

IKA,
 

Germany)
 

at
 

5
 

000
 

r / min
 

for
 

3
 

min.
 

The
 

resulting
 

emulsion
 

was
 

transferred
 

to
 

a
 

stoppered
 

graduated
 

cylinder.
 

Afterward,
 

the
 

graduated
 

cylinder
 

was
 

placed
 

in
 

a
 

water
 

bath
 

at
 

45
 

℃
 

and
 

allowed
 

to
 

stand,
 

and
 

the
 

timer
 

was
 

started
 

immediately.
 

The
 

volume
 

of
 

the
 

separated
 

water
 

layer
 

( lower
 

phase)
 

was
 

recorded
 

every
 

10
 

min,
 

and
 

the
 

volume
 

at
 

time
 

t
 

was
 

noted.
 

The
 

water
 

separation
 

rate
 

Sw
 and

 

emulsion
 

stability
 

Set
 were

 

calculated
 

as
Sw = (Vt / V0) × 100%, (1)
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Set = (1 - Vt / V0) × 100%, (2)

where
 

V0
 and

 

V t
 are

 

the
 

total
 

volume
 

of
 

water
 

added
 

to
 

the
 

system
 

and
 

the
 

volume
 

at
 

time
 

t,
 

respectively.
1. 3. 8　 Static

 

adsorption
 

capacity
 

measurement
The

 

static
 

adsorption
 

capacity
 

of
 

RNGSs
 

on
 

quartz
 

sand
 

was
 

determined
 

by
 

the
 

residual
 

mass
 

fraction
 

method.
 

A
 

10
 

g
 

portion
 

of
 

100-mesh
 

quartz
 

sand
 

and
 

RNGS
 

solution
 

with
 

a
 

mass
 

fraction
 

of
 

0. 3%
 

were
 

added
 

to
 

a
 

stoppered
 

conical
 

flask,
 

and
 

the
 

liquid-solid
 

mass
 

ratio
 

was
 

adjusted
 

to
 

either
 

5 ∶ 1
 

or
 

10 ∶ 1.
 

The
 

mixtures
 

were
 

agitated
 

in
 

a
 

water
 

bath
 

shaker
 

( SHZ-88A,
 

Changzhou
 

Henglong
 

Instrument
 

Co.,
 

Ltd.,
 

China)
 

at
 

30
 

℃
 

and
 

250
 

r / min
 

for
 

30
 

h.
 

After
 

the
 

mixture
 

had
 

clearly
 

separated
 

into
 

two
 

layers,
 

the
 

supernatant
 

was
 

collected
 

and
 

further
 

centrifuged
 

at
 

5
 

000
 

r / min
 

for
 

20
 

min
 

to
 

remove
 

any
 

fine
 

suspended
 

particles.
 

The
 

adsorption
 

amount
 

was
 

calculated
 

from
 

the
 

difference
 

in
 

surfactant
 

mass
 

concentration
 

before
 

and
 

after
 

adsorption,
 

as
 

determined
 

by
 

potentiometric
 

titration.
 

The
 

adsorption
 

capacity
 

η
 

is
 

calculated
 

as

η =
(C1 - C2) × m

M
× 1

 

000, (3)

where
 

C1
 is

 

the
 

initial
 

mass
 

concentration
 

of
 

the
 

surfactant
 

before
  

adsorption;
 

C2
 is

 

the
 

mass
 

concentration
 

of
 

the
 

　 　 　

surfactant
  

after
 

adsorption;
 

m
 

is
 

the
 

mass
 

of
 

the
 

surfactant
 

solution;
 

M
 

is
 

the
 

mass
 

of
 

the
 

quartz
 

sand;
 

the
 

factor
 

of
 

1
 

000
 

converts
 

the
 

unit
 

of
 

adsorption
 

capacity
 

from
 

g / g
 

to
 

mg / g.

2　 Results
 

and
 

Discussion
2. 1　 Structure

 

confirmation
The

 1H
 

NMR
 

spectrum
 

of
 

G-DHAA-EO10
 is

 

shown
 

in
 

Fig. 2 ( a) .
 1H

 

NMR
 

( 400
 

MHz,
 

chloroform-d):
 

δ
 

6. 93
 

(s,
 

2H,
 

b-H),
 

6. 67
 

( s,
 

2H,
 

a-H),
 

4. 30-4. 10
 

(m,
 

2H,
 

c-H),
 

3. 84-3. 36
 

(m,
 

76H,
 

e,
 

u-H),
 

3. 04
 

(p,
 

4H,
 

d,
 

f-H),
 

2. 74
 

( dd,
 

14H,
 

g,
 

h,
 

i,
 

j-H),
 

2. 28-2. 21
 

(m,
 

2H,
 

k-H),
 

1. 81-1. 45
 

(m,
 

16H,
 

n,
 

o,
 

l,
 

p-H),
 

1. 32 - 1. 14
 

( m,
 

18H,
 

q,
 

r,
 

s-H),
 

and
 

0. 76
 

(d,
 

6H,
 

m-H) .
 

The
 

FTIR
 

spectra
 

of
 

DHAA,
 

DHAA-EO10,
 

and
 

G-DHAA-EO10
 are

 

presented
 

in
 

Fig. 2(b) .
 

The
 

absorption
 

band
 

at
 

3
 

464. 1
 

cm-1
 

is
 

assigned
 

to
 

the
 

stretching
 

vibrations
 

of
 

—NH,
 

which
 

overlaps
 

with
 

the
 

vibration
 

of
 

—OH
 

groups.
 

The
 

absorption
 

bands
 

at
 

2
 

928. 3
 

and
  

2
 

880. 4
 

cm-1
  

are
 

assigned
 

to
 

asymmetric
 

and
 

symmetric
 

stretching
 

vibrations
 

of
 

methyl
 

and
 

methylene
 

groups.
 

The
 

peak
 

at
 

1
 

446. 2
 

cm-1
 

corresponds
 

to
 

the
 

bending
 

vibration
 

of
 

methyl
 

groups.
 

The
 

peak
 

at
 

1 095. 1
 

cm-1
 

is
 

attributed
 

to
 

the
 

stretching
 

vibration
 

of
 

—C—O—C—.
 

Fig. 2　 Structural
 

characterization:
 

(a) 1H
 

NMR
 

spectrum
 

of
 

G-DHAA-EO10;
 

(b)FTIR
 

spectra
 

of
 

DHAA,
 

DHAA-EO10,
 

and
 

G-DHAA-EO10
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2. 2　 Surface
 

tension
The

 

surface
 

tension
 

curves
 

of
 

RNGSs
 

and
 

OP-10
 

as
 

a
 

function
 

of
 

the
 

concentration
 

are
 

shown
 

in
 

Fig. 3.
 

Fig. 3 　 Dependence
 

of
 

surface
 

tension
 

on
 

surfactant
 

concentration
 

for
 

RNGSs
 

and
 

OP-10

As
 

the
 

concentration
 

C
 

of
 

surfactants
 

increases,
 

the
 

surface
 

tension
 

γ
 

of
 

the
 

solution
 

decreases
 

sharply
 

and
 

gradually
 

levels
 

off
 

beyond
 

a
 

specific
 

concentration
 

threshold.
 

The
 

concentration
 

at
 

the
 

inflection
 

point
 

corresponds
 

to
 

the
 

CMC
 

of
 

the
 

surfactant,
 

marking
 

the
 

onset
 

of
 

micellization[32] .
 

The
 

CMC
 

values
 

of
 

the
 

surfactants
 

follow
 

the
 

descending
 

order:
 

G-DAA-EO9,
 

G-DAA-EO10,
 

G-DHAA-EO10 .
 

A
 

comparison
 

between
 

G-DAA-EO9
 and

 

G-DAA-EO10
 reveals

 

that
 

the
 

longer
 

the
 

hydrophilic
 

group,
 

the
 

weaker
 

the
 

ability
 

to
 

reduce
 

the
 

surface
 

tension.
 

The
 

reason
 

is
 

that
 

as
 

the
 

degree
 

of
 

polymerization
 

increases,
 

the
 

water
 

solubility
 

of
 

G-DAA-
EOn

 gradually
 

increases,
 

and
 

its
 

molecules
 

tend
 

to
 

dissolve
 

in
 

the
 

solution,
 

resulting
 

in
 

a
 

decrease
 

in
 

adsorption
 

on
 

the
 

surface
 

of
 

the
 

solution
 

and
 

a
 

weakening
 

of
 

the
 

surface
 

tension
  

reduction
 

performance.
 

As
 

the
 

polymerization
 

degree
 

of
 

EO
 

increases,
 

the
 

CMC
 

of
 

the
 

surfactant
 

gradually
 

decreases,
 

as
 

shown
 

in
 

Fig. 3.
 

This
 

phenomenon
 

can
 

be
 

attributed
 

to
 

the
 

larger
 

number
 

of
 

EO
 

units,
 

which
 

renders
 

surfactant
 

molecules
 

more
 

hydrophilic
 

and
 

more
 

readily
 

soluble
 

in
 

water[32] .
 

With
 

increased
 

hydrophilicity,
 

surfactants
 

are
 

less
 

likely
 

to
 

accumulate
 

at
 

the
 

interface
 

and
 

less
 

likely
 

to
 

combine
 

with
 

water
 

molecules
 

to
 

form
 

large
 

aggregates,
 

making
 

it
 

easier
 

to
 

form
 

stable
 

micelles
 

at
 

lower
 

concentrations.
 

The
 

lower
 

CMC
 

of
 

G-DHAA-EO10
 

relative
 

to
 

that
 

of
 

G-DAA-EO10
 can

 

be
 

attributed
 

to
 

the
 

　 　 　

amine
 

group’ s
 

ability
 

to
 

interact
 

with
 

water
 

molecules
 

through
 

hydrogen
 

bonding,
 

a
 

property
 

inherent
 

to
 

nitrogen
 

atoms.
 

The
 

lone
 

pair
 

of
 

electrons
 

of
 

the
 

nitrogen
 

atom
 

is
 

capable
 

of
 

forming
 

strong
 

hydrogen
 

bonds
 

with
 

hydrogen
 

atoms
 

in
 

water,
 

which
 

enhances
 

the
 

hydrophilicity
 

of
 

G-DHAA-EO10
 and

 

thus
 

reduces
 

the
 

CMC
  

of
 

G-DHAA-EO10.
 

From
 

the
 

influence
 

of
 

polyoxyethylene
 

chains
 

on
 

surface
 

tension
 

and
 

CMC,
 

it
 

can
 

be
 

seen
 

that
 

as
 

polyoxyethylene
 

chains
 

have
 

both
 

hydrophilicity
 

and
 

hydrophobicity,
 

their
 

impact
 

on
 

the
 

surface
 

physicochemical
 

properties
 

of
 

the
 

surfactant
 

is
 

comprehensive.
 

Moreover,
 

surfactant
 

molecules
 

readily
 

adsorb
 

onto
 

the
 

air-liquid
 

interface
 

until
 

surface
 

saturation
 

is
 

achieved,
 

after
 

which
 

micelles
 

form
 

in
 

the
 

bulk
 

aqueous
 

phase.
 

The
 

saturated
 

adsorption
 

capacity
 

of
 

the
 

Gemini
 

surfactant
 

can
 

be
 

calculated
 

by
 

the
 

Gibbs
 

equation[33] :

Γmax = - 1
2. 303xRT

× dγ
d(lg

 

C)
, (4)

where
 

Γmax
 is

 

the
 

saturated
 

adsorption
 

capacity;
 

R
 

is
 

the
 

gas
 

constant
 

( 8. 314
 

J / ( mol· K));
 

T
 

is
 

the
 

absolute
 

temperature;
 

γ
  

is
 

the
 

surface
 

tension
 

(mN/ m);
 

C
 

is
 

the
 

concentration
 

of
 

the
 

surfactant;
 

dγ / d( lg
 

C)
 

is
 

the
 

slope
 

of
 

the
 

γ -lgC
 

curve
 

when
 

the
 

concentration
 

of
 

the
 

surfactant
 

is
 

near
 

the
 

CMC;
 

x
 

denotes
 

the
 

dissociation
 

factor
 

of
 

the
 

surfactant.
 

For
 

these
 

new
 

Gemini
 

surfactants,
 

the
 

value
 

of
 

x
 

is
 

approximately
 

1.
 

The
 

minimum
 

average
 

area
 

occupied
 

by
 

a
 

single
 

surfactant
 

molecule
 

Amin
 is

 

calculated
 

using
 

the
 

saturated
 

adsorption
 

quantity[34] :

Amin = 1
NAГmax

, (5)

where
 

NA
 is

 

Avogadro’ s
 

constant
 

(6. 022
 

×
 

1023
 

mol-1
 

).
 

Another
 

critical
 

parameter,
 

Пcmc,
 

is
 

the
 

surface
 

pressure
 

at
 

the
 

CMC,
 

which
 

is
 

defined
 

by
 

Eq.
 

(6) [32,
 

35] :
Пcmc = γ0 - γcmc, (6)

where
 

γ0
 and

 

γcmc
 represent

 

the
 

surface
 

tension
 

of
 

water
 

and
 

the
 

surfactant
 

solution
 

at
 

CMC,
 

respectively.
 

This
 

parameter
 

evaluates
 

the
 

effectiveness
 

of
 

Gemini
 

surfactants
 

in
 

lowering
 

the
 

surface
 

tension
 

of
 

water.
The

 

above
 

parameters
 

obtained
 

from
 

Fig. 3
 

are
 

listed
 

in
 

Table
 

1.

Table
 

1　 Calculated
 

surface
 

activity
 

parameters
 

of
 

various
 

surfactants
 

at
 

25
 

℃

Surfactant CMC /
(mol / L)

γcmc / (mN/ m) (dγ / d( lg
 

C)) /
(mN/ m)

Γmax / (mol / m2 ) Amin / nm2 Πcmc / (mN/ m)

G-DAA-EO9 1. 42
 

×
 

10-5 34. 42 -11. 32 1. 98
 

×
 

10-6 0. 838
 

37. 58

G-DAA-EO10 1. 21
 

×
 

10-5 37. 07 -11. 96 2. 11
 

×
 

10-6 0. 787
 

34. 93

G-DHAA-EO10 8. 51
 

×
 

10-6 39. 39 -15. 57 2. 77
 

×
 

10-6 0. 599
 

31. 83

OP-10 1. 29
 

×
 

10-4 31. 28 -26. 07 4. 56
 

×
 

10-6 0. 364
 

40. 72

71Synthesis
 

and
 

Application
 

of
 

Rosin-Based
 

Polyoxyethylene
 

Ether
 

Non-Ionic
 

Gemini
 

Surfactant



2. 3　 Foaming
 

property
Figure

 

4
 

compares
 

the
 

initial
 

foam
 

height
 

and
 

foam
 

height
 

after
 

5
 

min
 

for
 

RNGSs
 

and
 

OP-10.
 

In
 

this
 

test,
 

the
 

initial
 

foam
 

height
 

characterizes
 

foaming
 

capacity,
 

whereas
 

the
 

foam
 

height
 

measured
 

after
 

5
 

min
 

represents
 

foam
 

stability.
 

All
 

synthesized
 

RNGSs
 

exhibit
 

inferior
 

foaming
 

capacity
 

yet
 

superior
 

foam
 

stability
 

relative
 

to
 

OP-10.
 

The
 

weaker
 

foaming
 

capacity
 

of
 

RNGSs
 

compared
 

with
 

OP-10
 

can
 

be
 

attributed
 

to
 

their
 

poorer
 

surface
 

tension
 

reduction
 

ability,
 

which
 

agrees
 

with
 

the
 

surface
 

tension
 

data
 

in
 

Fig. 3.
 

A
 

low
 

surface
 

tension
 

is
 

typically
 

conducive
 

to
 

the
 

initial
 

formation
 

of
 

foam.
 

However,
 

an
 

excessively
 

low
 

surface
 

tension
 

may
 

result
 

in
 

the
 

formation
 

of
 

a
 

thin
 

foam
 

film
 

that
 

is
 

susceptible
 

to
 

rupture,
 

thereby
 

reducing
 

the
 

foam
 

stability[36] .
 

Hence,
 

the
 

foam
 

stability
 

of
 

OP-10
 

is
 

worse
 

than
 

that
 

of
 

RNGSs.

Fig. 4　 Foaming
 

property
 

of
 

RNGSs
 

and
 

OP-10

2. 4　 Cloud
 

point
The

 

cloud
 

point
 

is
 

a
 

key
 

characteristic
 

parameter
 

of
 

non-ionic
 

surfactants,
 

which
 

partially
 

reflects
 

their
 

aqueous
 

solubility.
 

In
 

general,
 

a
 

higher
 

cloud
 

point
 

corresponds
 

to
 

better
 

aqueous
 

solubility.
 

The
 

cloud
 

points
 

of
 

RNGSs
 

and
 

OP-10
 

are
 

shown
 

in
 

Table
 

2.
 

It
 

can
 

be
 

seen
 

that
 

the
 

cloud
 

point
 

of
 

G-DAA-EO10
 is

 

higher
 

than
 

that
 

of
 

G-DAA-EO9 .
 

This
 

mainly
 

arises
 

from
 

the
 

extended
 

EO
 

hydrophilic
 

segment:
 

longer
 

polyoxyethylene
　 　 　

 

chains
 

form
 

more
 

hydrogen
 

bonds
 

with
 

water
 

molecules.
 

More
 

energy
 

( higher
 

temperature)
 

is
 

thus
 

required
 

to
 

disrupt
 

these
 

hydrogen
 

bonds
 

and
 

trigger
 

surfactant
 

phase
 

separation / precipitation.
 

Benefiting
 

from
 

its
 

distinct
 

molecular
 

structure
 

containing
 

nitrogen
 

atoms,
 

G-DHAA-
EO10

 can
 

form
 

additional
 

hydrogen
 

bonds
 

with
 

water
 

molecules
 

upon
 

dissolution.
 

This
 

extra
 

hydrogen-bonding
 

interaction
 

further
 

elevates
 

its
 

cloud
 

point
 

compared
 

with
 

G-DAA-EO10 .
Table

 

2　 Cloud
 

points
 

of
 

various
 

surfactants
Surfactant Cloud

 

point / ℃
G-DAA-EO9 64. 8
G-DAA-EO10 70. 8
G-DHAA-EO10 72. 6
OP-10 69. 5

2. 5　 Size
 

distribution
 

of
 

micellar
 

aggregates
Generally,

 

in
 

aqueous
 

solution,
 

the
 

aggregates
 

of
 

surfactants
 

are
 

formed
 

mostly
 

by
 

hydrophobic
 

interactions[37] .
 

Figure
 

5
 

illustrates
 

the
 

size
 

distribution
 

of
 

micellar
 

aggregates
 

formed
 

by
 

G-DAA-EO9,
 

G-DAA-
EO10,

 

G-DHAA-EO10,
 

and
 

OP-10
 

at
 

concentrations
 

of
 

80,
 

100,
 

and
 

120
 

mmol / L.
 

As
 

illustrated
 

in
 

Fig. 5,
 

the
 

average
 

micellar
 

aggregate
 

diameters
 

of
 

the
 

surfactants
 

are
 

in
 

the
 

range
 

of
 

100-120,
 

30-50,
 

10-15,
 

and
 

10-12
 

nm
 

for
 

G-DAA-EO9,
 

G-DAA-EO10,
 

G-DHAA-EO10,
 

and
 

OP-10,
 

respectively.
 

From
 

Figs.
 

5(a)
 

and
 

5(b),
 

it
 

can
 

be
 

seen
 

that
 

the
 

diameter
 

of
 

the
 

surfactant
 

micellar
 

aggregates
 

changes
 

with
 

increasing
 

concentration.
 

Longer
 

EO
 

chains
 

enhance
 

the
 

hydrophilicity
 

of
 

the
 

surfactant.
 

The
 

micellar
 

hydrophilic
 

shell
 

thus
 

packs
 

more
 

tightly,
 

which
 

hinders
 

the
 

entanglement
 

of
 

hydrophobic
 

alkyl
 

chains
 

and
 

yields
 

smaller
 

micellar
 

aggregate
 

sizes.
 

This
 

difference
 

originates
 

from
 

the
 

Gemini
 

molecular
 

architecture
 

of
 

RNGSs.
 

Their
 

complex
 

structure
 

enables
 

strong
 

intermolecular
 

forces
 

during
 

micellization,
 

facilitating
 

the
 

assembly
 

of
 

surfactant
 

monomers
 

and
 

promoting
 

the
 

formation
 

of
 

micellar
 

aggregates.
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Fig. 5　 Size
 

distribution
 

of
 

micellar
 

aggregates
 

of
 

various
 

surfactants:
 

(a)
 

G-DAA-EO9;
 

(b)
 

G-DAA-EO10;
 

(c)
 

G-DHAA-EO10;
 

(d)
 

OP-10

2. 6　 IFT
 

IFT
 

is
 

an
 

important
 

parameter
 

for
 

studying
 

interfacial
 

phenomena
 

in
 

liquid-liquid
 

systems[38-40] .
 

In
 

the
 

field
 

of
 

surfactant
 

flooding,
 

the
 

IFT
 

between
 

oil
 

and
 

water
 

is
 

the
 

basis
 

for
 

studying
 

the
 

interfacial
 

properties
 

of
 

surfactants
 

and
 

the
 

standard
 

for
 

screening
 

surfactant
 

flooding
 

formulations.
 

The
 

IFT
 

between
 

the
 

oil
 

and
 

water
 

phases
 

present
 

in
 

the
 

reservoir
 

is
 

typically
 

over
 

20
 

mN / m[41-42] .
 

Due
 

to
 

such
 

a
 

high
 

IFT
 

value,
 

oil
 

droplets
 

are
 

still
 

trapped
 

within
 

the
 

narrow
 

pores
 

of
 

the
 

reservoir.
 

Reducing
 

the
 

oil-water
 

IFT
 

enables
 

oil
 

droplets
 

to
 

readily
 

deform
 

and
 

migrate
 

through
 

narrow
 

capillary
 

channels.
 

To
 

simulate
 

the
 

applicability
 

of
 

RNGSs
 

in
 

EOR
 

under
 

oilfield
 

conditions,
 

mineralized
 

water
 

was
 

prepared
 

to
 

disperse
 

RNGSs,
 

and
 

kerosene
 

was
 

used
 

as
 

the
 

simulated
 

crude
 

oil.
 

The
 

effects
 

of
 

surfactant
 

mass
 

concentration,
 

NaCl
 

mass
 

concentration,
 

and
 

CaCl2  mass
 

concentration
 

on
 

IFT
 

were
 

analyzed.
 

The
 

variation
 

of
 

IFT
 

with
 

surfactant
 

mass
 

concentration
 

is
 

shown
 

in
 

Fig. 6(a) .
 

The
 

IFT
 

of
 

RNGSs
 

reaches
 

the
 

lowest
 

value
 

at
 

a
 

surfactant
 

mass
 

concentration
 

of
 

3 g / L.
 

The
 

decrease
 

in
 

IFT
 

is
 

due
 

to
 

the
 

increased
 

adsorption
 

of
 

surfactants
 

at
 

the
 

oil-water
 

interface.
 

The
 

adsorbed
 

surfactant
 

molecules
 

arrange
 

themselves,
 

resulting
 

in
 

hydrophobic
 

carbon
 

chains
 

in
 

the
 

oil
 

phase
 

and
 

hydrophilic
 

head
 

groups
 

in
 

the
 

water
 

phase.
 

The
 

interaction
 

between
 

carbon
 

chains
 

and
 

oil
 

components
 

reduces
 

IFT[43-44] .
 

The
 

lowest
 

value
 

of
 

IFT
 

is
 

attained
 

when
 

the
 

surfactant
 

molecules
 

reach
 

saturated
 

adsorption
 

at
 

the
 

oil-water
 

interface;
 

any
 

further
 

increase
 

in
 

the
 

surfactant
 

mass
 

concentration
 

cannot
 

reduce
 

the
 

oil-water
 

IFT.
 

In
 

aqueous
 

solution,
 

the
 

EO
 

chains
 

of
 

both
 

G-DHAA-EO10
 and

 

OP-10
 

undergo
 

entanglement.
 

However,
 

due
 

to
 

the
 

distinctive
 

structural
 

characteristics
 

of
 

G-DHAA-EO10,
 

its
 

distribution
 

at
 

the
 

oil-water
 

interface
 

is
 

less
 

uniform
 

than
 

that
 

of
 

OP-10.
 

Consequently,
 

the
 

IFT
 

of
 

G-DHAA-EO10
 at

 

the
 

oil-water
 

interface
 

is
 

higher
 

than
 

that
 

of
 

OP-10.
 

Figure
 

6
 

( b)
 

shows
 

the
 

variation
 

of
 

IFT
 

with
 

the
 

mass
 

concentration
 

of
 

NaCl.
 

The
 

results
 

indicate
 

that
 

the
 

equilibrium
 

IFT
 

of
 

each
 

system
 

first
 

decreases
 

and
 

reaches
 

the
 

lowest
  

value,
 

and
 

then
 

increases
 

with
 

increasing
 

NaCl
 

mass
 

concentration.
 

For
 

RNGSs,
 

the
 

lowest
 

IFT
 

is
 

attained
 

at
 

the
 

NaCl
 

mass
 

concentration
 

of
 

30
 

g / L.
 

The
 

salinity
 

at
 

which
 

the
 

IFT
 

value
 

is
 

the
 

lowest
 

is
 

called
 

the
 

optimum
 

salinity
 

of
 

the
 

system,
 

which
 

is
 

related
 

to
 

its
 

oil
 

affinity.
 

A
 

comparison
 

between
 

G-DAA-EO9
 and

 

G-DAA-EO10
 shows

 

that
 

with
 

the
 

increase
 

of
 

EO
 

groups,
 

the
 

solubility
 

of
 

surfactants
 

is
 

enhanced
 

while
 

the
 

lipophilicity
 

is
 

weakened,
 

and
 

a
 

lower
 

IFT
 

can
 

be
 

obtained
 

in
 

a
 

range
 

of
 

higher
 

salinity.
 

G-DHAA-EO10
 

possesses
 

stronger
 

hydrophilicity
 

than
 

G-DAA-EO10,
 

so
 

it
 

delivers
 

more
 

efficient
 

IFT
 

reduction
 

at
 

identical
 

NaCl
 

mass
 

concentrations.
 

RNGSs
 

exhibit
 

better
 

NaCl
 

resistance
 

than
  

OP-10,
 

as
 

can
 

be
 

seen
 

in
 

Fig. 6
 

(b) .
 

The
 

oil-water
 

IFT
 

of
 

OP-10
 

is
 

about
 

1
 

mN / m
 

lower
 

than
 

that
 

of
 

RNGSs
 

in
 

the
 

NaCl
 

system.
The

 

lowest
 

IFT
 

occurs
 

at
 

optimal
 

salinity,
 

where
 

surfactant
 

partitioning
 

between
 

water
 

and
 

oil
 

is
 

balanced.
 

IFT
 

depends
 

on
 

aqueous-phase
 

salt
 

content,
 

which
 

governs
 

surfactant
 

solubility.
 

NaCl
 

exhibits
 

two
 

competing
 

effects
 

on
 

IFT.
 

At
 

low
 

NaCl
 

mass
 

concentrations,
 

most
 

surfactant
 

molecules
 

dissolve
 

exclusively
 

in
 

the
 

aqueous
 

phase,
 

leading
 

to
 

low
 

interfacial
 

adsorption
 

and
 

relatively
 

high
 

IFT.
 

As
 

NaCl
 

mass
 

concentration
 

rises,
 

the
 

electric
 

double
 

layer
 

at
 

the
 

oil-water
 

interface
 

is
 

compressed;
 

the
 

electrostatic
 

repulsion
 

between
 

surfactant
 

head
 

groups
 

declines,
 

allowing
 

tighter
 

molecular
 

packing
 

and
 

a
 

corresponding
 

reduction
 

in
 

IFT.
 

At
 

high
 

NaCl
 

mass
 

concentrations,
 

salting-out
 

drives
 

surfactant
 

molecules
 

into
 

the
 

oil
 

phase,
 

decreasing
 

interfacial
 

coverage
 

and
 

increasing
 

IFT.
 

At
 

intermediate
 

NaCl
 

mass
 

concentrations,
 

surfactant
 

distributes
 

equally
 

between
 

water
 

and
 

oil
 

phases,
 

establishing
 

a
 

balanced
 

interfacial
 

state
 

that
 

yields
 

the
 

lowest
 

IFT.
 

This
 

moderate
 

NaCl
 

mass
 

concentration
 

is
 

referred
 

to
 

as
 

the
 

optimal
 

salinity.
To

 

assess
 

the
 

divalent
 

salt
 

tolerance
 

of
 

RNGSs,
 

the
 

oil-water
 

IFT
 

of
 

RNGS
 

was
 

measured
 

at
 

different
 

CaCl2  

mass
 

concentrations.
 

The
 

results
 

are
 

shown
 

in
 

Fig. 6(c) .
 

The
 

IFT
 

gradually
 

declines
 

with
 

increasing
 

CaCl2 mass
 

concentrations,
 

reaching
 

the
 

lowest
 

value
 

at
 

8
 

g / L,
 

and
 

subsequently
 

increases.
 

This
 

trend
 

mirrors
 

that
 

observed
 

with
 

NaCl,
 

where
 

low
 

salinity
 

enhances
 

surfactant
 

interfacial
 

activity,
 

while
 

high
 

salinity
 

suppresses
 

it.
 

At
 

low
 

CaCl2  mass
 

concentrations,
 

increased
 

salinity
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promotes
 

surfactant
 

partitioning
 

into
 

the
 

oil
 

phase,
 

enhancing
 

interfacial
 

adsorption
 

and
 

reducing
 

IFT.
 

At
 

high
 

mass
 

concentrations,
 

excessive
 

Ca2+
 

weakens
 

surfactant
 

hydration
 

via
 

interaction
 

with
 

water
 

oxygen
 

atoms,
 

reducing
 

solubility
 

and
 

stability,
 

and
 

partially
 

shielding
 

hydrophilic
 

groups,
 

thereby
 

increasing
 

IFT.
 

Fig. 6　 IFT
 

between
 

kerosene
 

and
 

water
 

under
 

different
 

conditions:
 

( a)
 

different
 

surfactant
 

mass
 

concentrations;
 

(b)
 

different
 

NaCl
 

mass
 

concentrations;
 

(c)
 

different
 

CaCl2  mass
 

concentrations

2. 7　 Salt
 

tolerance
The

 

salt
 

tolerance
 

of
 

surfactants
 

is
 

an
 

important
 

indicator
 

for
 

evaluating
 

the
 

feasibility
 

of
 

their
 

application
 

in
 

high-salinity
 

oil
 

reservoirs[45-46] .
 

Surfactants
 

with
 

poor
 

salt
 

tolerance
 

will
 

precipitate
 

in
 

high-salinity
 

formations,
 

which
 

reduces
 

the
 

oil
 

recovery
 

factor.
 

Tables
 

3
 

and
 

4
 

summarize
 

the
 

aqueous
 

solubility
 

of
 

RNGSs
 

in
 

NaCl
 

and
 

CaCl2 solutions
 

at
 

varying
 

mass
 

concentrations,
 

with
 

corresponding
 

visual
 

photographs
 

presented
 

in
 

Figs.
 

7
 

and
 

8.
 

The
 

mass
 

concentration
 

of
 

NaCl
 

ranges
 

from
 

5
 

to
 

310
 

g / L,
 

while
 

the
 

mass
 

concentration
 

of
 

CaCl2 ranges
 

from
 

0. 2
 

to
 

10. 0
 

g / L.
 

As
 

shown
 

in
 

Table
 

3,
 

the
 

salt
 

tolerance
 

of
 

G-DAA-EOn
 improves

 

as
 

the
 

number
 

of
 

EO
 

groups
 

increases.
 

No
 

precipitation
 

appears
 

in
 

the
 

G-DHAA-EO10
 system

 

when
 

the
 

NaCl
 

mass
 

concentration
 

is
 

300
 

g / L.
 

In
 

contrast,
 

new
 

phases
 

form
 

in
 

G-DAA-
EO9,

 

G-DAA-EO10,
 

and
 

OP-10
 

solutions
 

at
 

NaCl
 

concentrations
 

of
 

100,
 

140,
 

and
 

150
 

g / L,
 

respectively.
 

For
 

G-DAA-EOn
 surfactants

 

with
 

fixed
 

hydrophobic
 

carbon
 

chain
 

length,
 

molecular
 

hydrophilicity
 

rises
 

with
 

longer
 

EO
 

chains.
 

More
 

hydrogen
 

bonds
 

can
 

be
 

formed
 

between
 

water
 

molecules
 

and
 

hydrophilic
 

head
 

groups,
 

making
 

it
 

difficult
 

to
 

form
 

precipitates
 

in
 

saline
 

solutions.
 

G-DHAA-
EO10

 forms
 

a
 

greater
 

number
 

of
 

hydrogen
 

bonds
 

in
 

aqueous
 

solutions
 

than
 

G-DAA-EO10 .
 

Consequently,
 

G-DHAA-
EO10

 exhibits
 

superior
 

salt
 

tolerance
 

compared
 

with
 

G-DAA-EO10.
 

As
 

shown
 

in
 

Table
 

4,
 

none
 

of
 

the
 

test
 

samples
 

generate
 

precipitates
 

at
 

CaCl2 mass
 

concentrations
 

up
 

to
 

10. 0
 

g / L.
 

The
 

salt
 

tolerance
 

of
 

G-DHAA-EO10
 is

 

superior
 

to
 

that
 

of
 

previously
 

reported
 

oil-displacement
 

surfactants[23-26] .
 

For
 

example,
 

the
 

zwitterionic
 

Gemini
 

surfactant
 

synthesized
 

by
 

Liu
 

et
 

al.[23]
 

exhibited
 

salt
 

tolerance
 

of
 

160
 

g / L
  

for
 

NaCl
 

and
 

10
 

g / L
 

for
 

CaCl2.
 

Overall,
 

these
 

results
 

demonstrate
 

that
 

the
 

synthesized
 

surfactants
 

possess
 

outstanding
 

salt
 

tolerance
 

and
 

are
 

promising
 

candidates
 

for
 

applications
 

in
 

high-salinity
 

oil
 

reservoirs[44] .

02 HAN
  

Zhaoqiang,
 

ZHANG
  

Ruifeng,
 

ZHANG
  

Rui,
 

et
 

al.
 



Table
 

3　 Effects
 

of
 

NaCl
 

mass
 

concentration
 

on
 

aqueous
 

stability
 

of
 

RNGSs
 

and
 

OP-10

Surfactant
Mass

 

concentration
 

of
 

NaCl / (g / L)
5 10 20 100 140 150 300 310

G-DAA-EO9 - - - + + + + +
G-DAA-EO10 - - - - + + + +
G-DHAA-EO1 0 - - - - - - - +
OP-10 - - - - - + + +

Notes:
 

-
 

means
 

a
 

clear
 

and
 

homogeneous
 

solution
 

without
 

phase
 

separation
 

or
 

precipitate;
 

+
 

means
 

a
 

new
 

phase
 

appears
 

in
 

the
 

solution.

Table
 

4　 Effects
 

of
 

CaCl2  mass
 

concentration
 

on
 

aqueous
 

stability
 

of
 

RNGSs
 

and
 

OP-10

Surfactant
Mass

 

concentration
 

of
 

CaCl2 / (g / L)
0. 2 0. 4 0. 6 1. 0 2. 0 3. 0 5. 0 10. 0

G-DAA-EO9 - - - - - - - -
G-DAA-EO10 - - - - - - - -
G-DHAA-EO1 0 - - - - - - - -
OP-10 - - - - - - - -

Fig. 7 　 Visual
 

photographs
 

of
 

saline
 

solutions
 

containing
 

different
 

surfactants
 

at
 

different
 

NaCl
 

mass
 

concentrations:
 

(a)
 

G-DAA-EO9 ;
 

(b)
 

G-DAA-EO10 ;
 

(c)
 

G-DHAA-EO10 ;
 

(d)
 

OP-10

Fig. 8 　 Visual
 

photographs
 

of
 

saline
 

solutions
 

containing
 

different
 

surfactants
 

at
 

different
 

CaCl2 mass
 

concentrations:
 

(a)
 

G-DAA-EO9;
 

(b)
 

G-DAA-EO10;
 

(c)
 

G-DHAA-EO10 ;
 

(d)
 

OP-10
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2. 8　 Water
 

separation
 

rate
 

and
 

emulsion
 

stability
The

 

oil
 

displacement
 

mechanism
 

of
 

surfactants
 

indicates
 

that
 

their
 

emulsifying
 

properties
 

have
 

a
 

significant
 

impact
 

on
 

oil
 

displacement
 

efficiency.
 

Therefore,
 

in
 

addition
 

to
 

the
 

low
 

IFT
 

and
 

good
 

wettability,
 

evaluating
 

the
 

emulsifying
 

performance
 

of
 

surfactants
 

is
 

essential
 

for
 

improving
 

crude
 

oil
 

recovery.
 

The
 

water
 

separation
 

rate
 

method
 

was
 

used
 

to
 

evaluate
 

the
 

emulsifying
 

performance
 

of
 

the
 

surfactants.
 

In
 

terms
 

of
 

the
 

water
 

separation
 

rate
 

shown
 

in
 

Fig. 9(a),
 

G-DAA-EO9
 presents

 

the
 

highest
 

value,
 

followed
 

by
 

G-DAA-EO10,
 

and
 

G-DHAA-EO10
 has

 

a
 

comparable
 

water
 

separation
 

rate
 

to
 

OP-10,
 

where
 

a
 

higher
 

water
 

separation
 

rate
 

corresponds
 

to
 

lower
 

emulsion
 

stability.
 

With
 

regard
 

to
 

emulsion
 

stability
 

displayed
 

in
 

Fig. 9(b),
 

OP-10
 

and
 

G-DHAA-EO10
 exhibit

 

approximately
 

similar
 

stability
 

performance,
 

G-DAA-EO10
 ranks

 

the
 

second,
 

and
 

G-DAA-EO9
 delivers

 

the
 

weakest
 

emulsion
 

stability.

Fig. 9　 Emulsifying
 

performance
 

of
 

RNGSs
 

and
 

OP-10:
 

(a)
 

water
 

separation
 

rate;
 

(b)
 

emulsion
 

stability

2. 9　 Static
 

adsorption
 

capacity
When

 

surfactants
 

are
 

injected
 

into
 

underground
 

reservoirs,
 

their
 

adsorption
 

loss
 

onto
 

porous
 

media
 

during
 

oil
 

recovery
 

impairs
 

the
 

oil
 

recovery
 

factor.
 

This
 

phenomenon
 

not
 

only
 

raises
 

production
 

costs
 

but
 

also
 

restricts
 

the
 

practical
 

application
 

of
 

surfactants
 

for
 

EOR[47-48] .
 

In
 

this
 

experiment,
 

the
 

adsorption
 

capacity
 

of
 

RNGSs
 

on
 

quartz
 

sand
 

was
 

studied.
 

The
 

results
 

are
 

shown
 

in
 

Fig. 10.
 

Fig. 10　 Adsorption
 

amount
 

of
 

RNGSs
 

and
 

OP-10
 

versus
 

liquid-
solid

 

ratio

The
 

results
 

indicate
 

that
 

as
 

the
 

liquid-solid
 

ratio
 

increases,
 

the
 

adsorption
 

capacity
 

of
 

RNGSs
 

on
 

quartz
 

sand
 

increases.
 

This
 

adsorption
 

behavior
 

can
 

be
 

interpreted
 

as
 

the
 

partitioning
 

equilibrium
 

of
 

adsorbate
 

molecules
 

between
 

the
 

solid-liquid
 

interface
 

and
 

bulk
 

aqueous
 

solution.
 

For
 

G-DAA-EO9
 and

 

G-DAA-EO10,
 

their
 

equilibrium
 

adsorption
 

amounts
 

onto
 

quartz
 

sand
 

are
 

different,
 

which
 

means
 

that
 

the
 

number
 

of
 

EO
 

groups
 

in
 

the
 

molecular
 

chain
 

exerts
 

an
 

influence
 

on
 

adsorption
 

capacity.
 

A
 

comparison
 

between
 

G-DHAA-EO10
 and

 

G-DAA-EO10
 shows

 

that
 

molecular
 

hydrophilicity
 

regulates
 

their
 

adsorption
 

amount
 

onto
 

quartz
 

sand;
 

the
 

more
 

hydrophilic
 

G-DHAA-EO10
 exhibits

 

higher
 

adsorption
 

capacity
 

at
 

the
 

same
  

liquid-solid
 

ratio.

3　 Conclusions

Novel
 

rosin-based
 

non-ionic
 

Gemini
 

surfactants
 

were
 

synthesized
 

from
 

rosin
 

derivatives,
 

DAA
 

and
 

DHAA.
 

Measurements
 

of
 

CMC,
 

foam
 

stability,
 

and
 

cloud
 

point
 

demonstrate
 

that
 

the
 

synthesized
 

surfactants
 

exhibit
 

superior
 

comprehensive
 

performance
 

compared
 

with
 

the
 

commercial
 

non-ionic
 

surfactant
 

OP-10.
 

The
 

potential
 

of
 

the
 

synthesized
 

surfactants
 

for
 

EOR
 

applications
 

was
 

verified
 

by
 

IFT,
 

static
 

adsorption
 

capacity,
 

salt
 

tolerance,
 

water
 

separation
 

rate,
 

and
 

emulsion
 

stability
 

tests.
 

This
 

research
 

provides
 

an
 

effective
 

strategy
 

to
 

elevate
 

the
 

economic
 

added
 

value
 

of
 

rosin
 

resources.
 

Future
 

research
 

will
 

expand
 

the
 

application
 

scope
 

of
 

such
 

rosin-based
 

Gemini
 

surfactants
 

and
 

focus
 

on
 

the
 

design
 

and
 

synthesis
 

of
 

rosin-derived
 

cationic
 

and
 

anionic
 

Gemini
 

surfactants.
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松香基聚氧乙烯醚非离子型双子表面活性剂的合成与
应用
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摘　 要: 本研究以松香衍生物———脱氢松香酸和脱氢松香胺为原料, 通过加成和烷基化反应, 合成了新型

松香基非离子型双子表面活性剂 ( rosin-based
 

nonionic
 

Gemini
 

surfactant, RNGS)。 采用傅里叶变换红外光

谱和核磁共振氢谱对所合成表面活性剂的结构进行了表征。 利用表面张力测试和动态光散射技术, 研究了

RNGS 在水溶液中的表面活性、 聚集行为和发泡性能。 同时, 测定了其浊点, 以评估表面活性剂的最高适

用温度。 为考察 RNGS 在提高原油采收率方面的应用潜能, 对其界面张力、 静态吸附量、 耐盐性和乳化稳

定性进行了研究。 RNGS 的临界胶束浓度 (critical
 

micelle
 

concentration,
 

CMC) 为 8. 51
 

×
 

10-6
 

mol / L, 低于

常用的非离子表面活性剂 OP-10 的 CMC (1. 29
 

×
 

10-4
 

mol / L)。 RNGS 的浊点可达 72. 6
 

℃。 此外, 该表面

活性剂对 NaCl 和 CaCl2 的耐受质量浓度分别可达 300
 

g / L 和 10
 

g / L。 上述研究结果表明, 所合成的表面活

性剂在提升原油采收率方面具有潜在的应用前景。
关键词:

  

非离子型双子表面活性剂; 松香衍生物; 提升原油采收率
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