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Abstract Two environmentally friendly succinic acid

monofluoroalkyl sulfonate surfactants were synthesized

from maleic anhydride and polyethylene glycol mono

(1H,1H,7H-dodecafluoroheptyl) ether, i.e. H(CF2)6CH2OC

H2CH2OCOCH(SO3Na)CH2COOH (FEOS-1) and H(CF2)6

CH2(OCH2CH2)3OCOCH(SO3Na)CH2COOH (FEOS-3).

The obtained surfactants were characterized by FT-IR, 1H

NMR, 13C NMR and 19F NMR in detail. The synthesized

fluorinated surfactants have a high thermal stability on the

basis of thermogravimetric analysis. Their surface properties

were examined and the results show that FEOS-1 and

FEOS-3 surfactants can reduce the surface tension of water

to 25.55 mN m-1 at 10.25 mmol L-1 and 21.63 mN m-1 at

8.33 mmol L-1, respectively; meanwhile, the introduction

of oxyethylene groups enhances the hydrophilicity and

micellar forming ability and the longer oxyethylene chains

the better surface properties. The Krafft points (Kp) of

FEOS-1 and FEOS-3 were both below 0 �C, which was

lower than perfluoro-n-heptanesulfonic acid sodium salt

(n-C7F15SO3Na, Kp = 56.5 �C) at a similar length of

fluorocarbon chains. Comparison studies on two surfactants

above and the conventional fluorocarbon surfactants,

perfluorooctanoate of ammonium (PFOA) show that the

surfactants have comparable properties to PFOA, thus

offering an environmentally friendly synthesizing alterna-

tives to PFOA.

Keywords Polyethylene glycol mono(1H,1H,7H-

dodecafluoroheptyl) ether � Novel fluorinated surfactants �
Surface tension � Oxyethylene group

Introduction

Fluorinated surfactants, containing fluorocarbon chains as

hydrophobic groups, have a lot of special properties such as

thermal stability, chemical inertness, high surface activity

as well as water and oil repellence that offer a lot of

advantages [1, 2]. They are more efficient than hydroge-

nated homopolymers since their surface tensions are lower

and the most well-known are perfluorooctanoate of

ammonium (PFOA) and perfluorooctane sulfonate

(C8F17SO3X, where X = K, Na, H). In addition, many

fluorinated surfactants are well-suited for use under high

temperature and pressure conditions where low surface

energy performance is critical due to the stability of the

carbon–fluorine bond. Therefore, fluorocarbon surfactants

have been vigorously applied as emulsifiers of paints,

leveling agents for wax, oil fire extinguishing agents, sur-

face modifiers for textiles [3–5] and surfactants for vesicles

or cumulative membranes [6]. In addition, PFOA is also

frequently used as a surfactant in aqueous media of poly-

merization of hydrophobic monomers, especially fluori-

nated monomers such as tetrafluoroethylene and other C2–

C3 alkenes [7].

Whereas, these fluorinated surfactants still have short-

comings that need to be overcome, such as low solubility in

water, high price and their accumulation in the
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environment. It has been demonstrated recently that PFOA

displays ubiquity, animal-based toxicity, and some asso-

ciations with human health [8–10]. As a kind of emerging

persistent organic pollutant (POP), PFOA has caused glo-

bal ecosystem pollution, and become a new research topic

of POPs. With increasing public awareness for environ-

mental protection and extensive attention internationally to

biodegradability of the fluorinated surfactants, the use of

long-chain (CC8) perfluorinated surfactants will be cer-

tainly forbidden in future [11].

Because fluorinated surfactants play a very important

role in the preparation of high performance fluorinated

material, synthesizing and screening novel fluorocarbon

surfactants with a good environmental protection function

is an important thesis for research workers [12–16]. There

are many strategies for synthesizing non-bioaccumulable

alternatives to PFOA, and one of which is that long car-

bon–fluorine chains of traditional fluorinated surfactants

are ‘‘diluted’’ with hydrocarbon chains [17]. While the

hydrocarbon content rises in these hybrid surfactants, they

still keep the high surface tension lowering ability, char-

acteristic of fluorinated surfactants.

Recently, Guo et al. synthesized sulfate ester-type

hybrid surfactants with a hydrocarbon chain and a fluoro-

carbon chain in their molecule. These surfactants were

found to have a surface tension lowering ability as high as

that for fluorinated surfactants and a good affinity with

water and hydrocarbon. However, they were easily

hydrolyzed because a strongly electron attractive fluoro-

carbon group and hydrophilic sulfate ester group are bound

to the same carbon atom. They then needed to be stored in

a desiccator at low temperature and the physical properties

of their solutions had to be measured within 20 h after

preparation, thus making them rather unpractical [18].

Subsequently, the present authors succeeded in synthesiz-

ing sulfonate-type hybrid surfactants having a –C6H4CO–

or –(CH2)2– group between the hydrophobic and hydro-

philic groups as a spacer to improve their chemical stability

and solubility in water [19, 20]. Similarly, Kondo et al. [21]

synthesized three novel double-tailed anionic fluorocarbon

surfactants with the introduction of two oxyethylene units

between the hydrophobic and hydrophilic groups as a

spacer to enhance the hydrophilicity of the surfactants,

since those surfactants which have no oxyethylene units in

their molecule are in general poorly water soluble.

This article reports the synthesis of two environmentally

friendly succinic acid monofluoroalkyl sulfonate surfac-

tants, H(CF2)6O(CH2CH2O)nCOCH(SO3Na)-CH2COOH

(n = 1,3), in which oxyethylene units are introduced

between the hydrophobic and hydrophilic groups as spacers

to enhance the hydrophilicity of the surfactants and their

chemical stability. Their hydrophilicity and surface active

properties in terms of Krafft points, surface tension, and

critical micellar concentration (CMC) are presented and

discussed.

Experimental

Materials

1H,1H,7H-Dodecafluoroheptanol was purchased from

China Fluoro Technology Co. Ltd., Shandong China;

maleic anhydride was obtained from the Tianjin Chemical

Reagent Factory, Tianjin China; sodium hydrogen sulfite

was purchased from the Tianjin Kermel Chemical Reagent

Co. Ltd., Tianjin China; ethanol was provided by the

Tianjin Guangcheng Chemical Reagent Co. Ltd., Tianjin

China; All of those chemicals were analytical reagents

(AR) which were used without further purification. Poly-

ethylene glycol mono(1H,1H,7H-dodecafluoroheptyl) ether

was made by the Shandong Provincial Key Laboratory of

Fluorine Chemistry and Chemical Materials, whose purity

is up to 99 % and above (by GC). 1,1,2-Trichloro-1.2.2-

trifluoroethane and PFOA were also prepared by the

Shandong Provincial Key Laboratory of Fluorine Chem-

istry and Chemical Materials.

Synthesis of Succinic Acid Monofluoroalkyl Sulfonate

The succinic acid monofluoroalkyl sulfonate was prepared

from maleic anhydride, polyethylene glycol mono(1H,1H,

7H-dodecafluoroheptyl) ether, and sodium hydrogen sulfite

in accordance with Schemes 1 and 2.

1

2

Maleic anhydride 32.34 g (0.33 mol) was put into a bottle

equipped with condenser pipe and a thermometer under
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stirring at 80 �C for 1 h. Then maleic anhydride melt,

112.8 g (0.3 mol) of ethylene glycol mono(1H,1H,7H-do-

decafluoroheptyl) ether was added dropwise to the system.

After 12 h, the product of mono(dodecafluoroheptyl eth-

oxy) ethanol acetate maleate was obtained as a colorless

liquid and then washed several times with distilled water to

remove the unreacted maleic anhydride (yield 140 g,

96.5 %).

Then, 100 g aqueous solution of sodium hydrogen sul-

fite solution (31.3 wt %) was added dropwise into 140 g

mono(dodecafluoroheptyl ethoxy) ethanol acetate maleate

with continuous stirring at 104 �C for 8 h, a coarse product

FEOS-1 was obtained and then washed several times with

ethanol to filter the unreacted sodium hydrogen sulfite. The

white lardaceous solid product FEOS-1 was collected after

removing unreacted ester by washing with 1,1,2-trichloro-

1.2.2-trifluoroethane and then further dried under reduced

pressure.

Synthesis of Sodium Mono(Dodecafluoroheptyl

Terethoxy) Ethanol Acetate Sulfonic Acid Maleates

(FEOS-3)

The synthesis methods and purification techniques were

almost identical to those for FEOS-1. The essential dif-

ference between these procedures consisted of using ter-

ethylene glycol mono(1H,1H,7H-dodecafluoroheptyl) ether

for synthesis of FEOS-3 instead of using ethylene glycol

mono(1H,1H,7H-dodecafluoroheptyl) ether for FEOS-1.

FEOS-3: Maleic anhydride 32.34 g (0.33 mol), tereth-

ylene glycol mono(1H,1H,7H-dodecafluoroheptyl) ether

139.2 g (0.3 mol), reaction temperature 80 �C for 12 h,

yield 155 g, 90.4, 31.3 % aqueous solution of sodium

hydrogen sulfite 100 g, mono(dodecafluoroheptyl tereth-

oxy) ethanol acetate maleate 155 g, reaction temperature

108 �C for 8 h, a white lardaceous solid product was finally

obtained.

Characterizations

Fourier transform infrared (FT-IR) spectra on the novel

surfactants were performed with the Bio-Rad FTS165 in

the ambient temperature. 1H-, 13C- and 19F-nuclear mag-

netic resonance (NMR) spectra were recorded at room

temperature on a Bruker Avance III-400 MHz instrument,

using deuteroxide (D2O) as the solvent. The thermal sta-

bilities of the synthesized fluorinated surfactants were

studied using a Pryris Diamond TG/DTA (Perkin-Elmer

Co., USA) in the temperature range from 37 to 400 �C with

a heating rate of 10 �C/min under a dynamic nitrogen flow

50 mL/min.

Surface tension measurements were made at 25 �C on

solutions of the synthesized surfactants by the ring method

using a tensiometer JK99B (Shanghai Zhongchen Digital

Technique Equipment Limited Company, China) according

to the procedure described by Wang [22]. Krafft point (Kp)

measurements were performed electroconductometrically

using a DKK-TOA conductivity meter CM-60G on solu-

tions at given high concentrations placed in a thermostatted

bath while gently heating.

For surface-active solutes the surface excess con-

centration, Umax can be considered to be equal to the

actual surface concentration without significant error.

The concentration of surfactant at the interface may

therefore be calculated from surface or interfacial ten-

sion data by use of the appropriate Gibbs equation

(Eq. 3) [23]. The surface concentration, Umax can be

obtained from the slope of a plot of c versus lgC at

constant temperature.

Cmax ¼ �
1

4:606RT

� �
oc

o lg C

� �
T

ð3Þ

where C is the concentration of surfactant, qc/q lg C is the

slope in the surface tension isotherm when the concentra-

tion is near the CMC, and c is in mN m-1. R is the gas

constant (8.31 J mol-1 K-1), Umax is in mol/1,000 m2, and

T is the absolute temperature.

The area per molecule at the interface provides infor-

mation on the degree of packing and the orientation of the

adsorbed surfactant molecule when compared with the

dimensions of the molecule as obtained by use of molec-

ular models. From the surface excess concentration, the

area per molecule at the gas–liquid interface am
s , in square

ångstroms is calculated from Eq. 4 [23].

as
m ¼

1014

NACmax

ð4Þ

and the standard free energy of micelle formation is

calculated from Eq. 5 [23].

DG ¼ RT ln
cmc

55:5

� �
ð5Þ

where NA = Avogadro’s number and Umax is in mol/cm2.

Results and Discussion

Chemical Structure of Novel Succinic Acid

Monofluoroalkyl Sulfonate Surfactants

Figures 1, 2, 3 and 4 show the FT-IR, 1H-NMR, 19F-NMR

and 13C-NMR spectra of succinic acid monofluoroalkyl sul-

fonate surfactant FEOS-1, respectively. IR (KBr): 3,500

(mOH), 2,956 (mCH), 1,444 (dCH), 1,730(mC=O), 1,600(mOC=O),

1,400(mSO2�O), 1,202(mCF), 1,038(mCOC). 1H-NMR(D2O):
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d = 5.84 ppm to d = 6.21 ppm (m, 1H, a), d = 4.80 ppm

(solvent), d = 3.96 ppm to d = 4.14 ppm (m, 2H, b),

d = 3.60 ppm to d = 3.82 ppm (m, 4H, c and d), d =

2.22 ppm to d = 2.36 ppm (m, 3H, e and f), d = 7.00 ppm to

d = 7.18 ppm (m, 1H, g) for Ha(CF2)6CH2
bOCH2

c

CH2
dOCOCHe(SO3Na)CH2

f COOHg; 19F-NMR(D2O): d =

-139.20 ppm (p, 2F, a), d = -130.80 ppm (p, 2F, b),

d = -127.50 ppm (p, 2F, c), d = -124.50 ppm (p, 2F, d),

d = -123.20 ppm (p, 2F, e), d = -120.80 ppm (p, 2F, f) for

HCF2
aCF2

bCF2
cCF2

dCF2
eCF2

f CH2OCH2CH2OCOCH(SO3Na)

CH2COOH; 13C-NMR(D2O): d = 119.30 ppm to 106.20

ppm (a), d = 65.90 ppm (b), d = 69.80 ppm (c), d =

67.10 ppm (d), d = 172.00 ppm (e), d = 63.00 ppm (f),

d = 35.00 ppm (g), d = 177.00 ppm (i) for H(CF2)6
aCbH2

OCcH2CdH2OCeOCfH(SO3Na)CgH2CiOOH.Fig. 1 FT-IR spectrum of succinic acid monofluoroalkyl sulfonate

surfactant FEOS-1

Fig. 2 1H-NMR spectrum of

succinic acid monofluoroalkyl

sulfonate surfactant FEOS-1

Fig. 3 19F-NMR spectrum of

succinic acid monofluoroalkyl

sulfonate surfactant FEOS-1

Fig. 4 13C-NMR spectrum of

succinic acid monofluoroalkyl

sulfonate surfactant FEOS-1
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Figures 5, 6, 7 and 8 show the FT-IR, 1H-NMR,
19F-NMR and 13C-NMR spectra of FEOS-3, respectively. IR

(KBr): 3,500(mOH), 2,956 (mCH), 1,444 (dCH), 1,730(mC=O),

1,600(mOC=O), 1,400(mSO2�O), 1,202(mCF), 1,038(mCOC). 1H-

NMR(D2O): d = 5.86 ppm to d = 6.24 ppm (m, 1H, a),

d = 4.80 ppm (solvent), d = 3.98 ppm to d = 4.16 ppm

(m, 2H, b), d = 3.41 ppm to d = 3.86 ppm (m, 12H, c d e f

g and h), d = 2.24 ppm to d = 2.38 ppm (m, 3H, e and f),

d = 6.96 ppm to d = 7.16 ppm (m, 1H, g) for Ha(CF2)6

CH2
bOCH2

c–CH2
dOCH2

eCH2
f OCH2

gCH2
hOCOCHi(SO3Na)CH2

j

COOHk; 19F-NMR(D2O): d = -139.10 ppm (p, 2F, a),

d = -130.60 ppm (p, 2F, b), d = -124.40 ppm (p, 4F, c

and d), d = -123.10 ppm (p, 2F, e), d = -120.60 ppm (p,

2F, f) for HCF2
aCF2

bCF2
cCF2

dCF2
e–CF2

fCH2OCH2CH2OCH2CH2

OCH2CH2OCOCH(SO3Na)CH2COOH. 13C-NMR(D2O):

d = 119.40 ppm to 106.20 ppm (a), d = 66.20 ppm (b),

d = 71.50 ppm (c), d = 70.90 ppm (d), d = 70.90 ppm (e),

d = 70.60 ppm (f), d = 69.80 ppm (g), d = 67.10 ppm

(h), d = 172.00 ppm (i), d = 63.00 ppm (j), d = 34.00 ppm

(k), d = 177.00 ppm (m) for H(CF2)6
aCbH2OCcH2CdH2

OCeH2CfH2OCgH2ChH2OCiOCjH(SO3Na)CkH2CmOOH.
Fig. 5 FT-IR spectrum of succinic acid monofluoroalkyl sulfonate

surfactant FEOS-3

Fig. 6 1H-NMR spectrum of

succinic acid monofluoroalkyl

sulfonate surfactant FEOS-3

Fig. 7 19F-NMR spectrum of

succinic acid monofluoroalkyl

sulfonate surfactant FEOS-3
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Thermal Stabilities of Novel Succinic Acid

Monofluoroalkyl Sulfonate Surfactants

Figure 9 gives the TGA thermograms of the synthesized

succinic acid monofluoroalkyl sulfonate surfactants. From

TGA curves, it can be seen that FEOS-1 begins to degrade

at 240 �C and a rapid weight loss occurs at 260 �C. Finally,

complete decomposition was at 340 �C, leaving only

sodium element oxides. FEOS-3 begins to degrade at

250 �C attributed to the longer oxyethylene group of the

sample and decomposes completely at about 360 �C,

finally. Thermal stability characteristic of the FEOS-1 is

worse than FEOS-3, which may be derived from the longer

molecular main chain. It is well known that the molecular

weight of FEOS-3 is a little higher than that of FEOS-1. In

conclusion, the succinic acid monofluoroalkyl sulfonate

surfactants have good thermostability to be applied in rel-

atively high temperature state [24, 25].

Surface Properties of Novel Succinic Acid

Monofluoroalkyl Sulfonate Surfactants

The surface tension (c)-bulk concentration C dependencies

for the studied compounds are presented in Fig. 10. No

minimum was observed on the c–lg C curves of the

aqueous synthesized surfactants solution, indicating that

there were no impurities brought into our products [26].

Table 1 lists the aqueous surface activities of FEOS-1,

FEOS-3, PFOA, together with n-C7F15SO3Na from the

published work [27]. FEOS-1 and FEOS-3 are highly

water-soluble and their Krafft points (Kp) are below 0 �C.

Kp values of FEOS-1 and FEOS-3 are lower than those of

Fig. 9 Thermal gravimetric analysis (TGA) thermograms of the

succinic acid monofluoroalkyl sulfonate surfactants FEOS-1 (A) and

FEOS-3 (B)
Fig. 10 Surface tension plots of FEOS-1 (A), FEOS-3 (B) and PFOA

(C) against concentration at 25 �C

Fig. 8 13C-NMR spectrum of

succinic acid monofluoroalkyl

sulfonate surfactant FEOS-3
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n-C7F15SO3Na (Kp = 56.5 �C), indicating that the FEOS-1

and FEOS-3 are more hydrophilic when compared to n-

C7F15SO3Na at the similar fluorocarbon chain length.

Comparisons of the properties of FEOS-1 and FEOS-3

with PFOA show that the cCMC values of the two novel

synthesized fluorinated surfactants are close to that of

PFOA, indicating that the two synthesized surfactants

possess high surface activities. Both of the newly synthe-

sized fluorinated surfactants have much lower cCMC than n-

C7F15SO3Na, whose cCMC is 37.3 mN m-1, although all of

them possess a similar length of the fluorocarbon chains.

The CMC of FEOS-1 and FEOS-3 are both lower than

that of PFOA, mainly because the introduction of oxyeth-

ylene units has increased the hydrophobic group of sur-

factant length effectively. Especially, FEOS-3 are even

lower than that of FEOS-1 due to that the functional oxy-

ethylene groups (–CH2CH2OCH2CH2OCH2CH2O–) in

FEOS-3 molecule make the hydrophobic group of surfac-

tant longer than that in FEOS-1 molecule.

Conclusions

Two environmentally friendly succinic acid mono-

fluoroalkyl sulfonate surfactants, i.e. HCF2CF2CF2CF2

CF2CF2CH2OCH2CH2OCOCH(SO3Na)CH2COOH and

HCF2CF2CF2CF2CF2CF2CH2(OCH2CH2)3OCOCH(SO3Na)

CH2COOH (nFEOS; n = 1, n = 3) were successfully

obtained as pale solids. Studies of the properties of the

synthesized fluorinated surfactants showed that the Krafft

points are both below 0 �C and the values of surface tension

at CMC (cCMC) are very close to that of PFOA. The intro-

duction of oxyethylene groups into the synthesized surfac-

tant molecules enhanced their hydrophilicity and micellar

forming ability and the longer oxyethylene groups gave

better surface properties. In addition, the fluoroalkyl sulfo-

nate surfactants have good thermostability with starting

equilibrium thermal degradation temperatures of respec-

tively 240 and 250 �C enabling them to be applied at a high

temperature. The synthesized fluorinated surfactants may be

used to replace the traditional long-chain perfluorinated

surfactants in order to help conserve the environment owing

to their outstanding biodegradability.

Acknowledgments This project was financially supported by the

National Natural Science Foundation of China (No. 20774037).

References

1. Abe M (1999) Synthesis and applications of surfactants con-

taining fluorine. Curr Opin Colloid Interface Sci 4:354–356

2. Shinoda K, Hato M, Hayashi T (1972) Physicochemical proper-

ties of aqueous solutions of fluorinated surfactants. J Phys Chem

76:909–914

3. Yoshino N, Yamamoto Y, Hamano K, Kawase T (1993) Syn-

theses and reactions of metal organics. XVIII. Syntheses of

(1H,1H,2H,2H-Polyfluoroalkyl)trimethoxysilanes and surface

modification of glass plate. Bull Chem Soc Jpn 66:1754–1758

4. Yoshino N, Yamamoto Y, Seto T, Tominaga S, Kawase T (1993)

Syntheses and reactions of metal organics. XVII. Synthesis of

silane coupling agent having fluorocarbon chain and surface

modification of glass plate. Bull Chem Soc Jpn 66:472–476

5. Yoshino N, Yamamoto Y, Teranaka T (1993) Surface modifica-

tion of denture to provide contamination-free ability by using

silane coupling agent containing fluorocarbon chain. Chem Lett

22:821–824

6. Kunitake T, Tawaki S, Nakashima N (1983) Excimer formation

and phase separation of hydrocarbon and fluorocarbon bilayer

membranes. Bull Chem Soc Jpn 56:3235–3242

7. Kim CU, Lee JM, Ihm SK (1999) Emulsion polymerization of

tetrafluoroethylene: effects of reaction conditions on the poly-

merization rate and polymer molecular weight. J Appl Polym Sci

73:777–793

8. Badr MZ, Birnbaum LS (2004) Enhanced potential for oxidative

stress in livers of senescent rats by the peroxisome proliferator-

activated receptor alpha agonist perfluorooctanoic acid. Mech

Ageing Dev 125:69–75

9. Kawashima Y, Suzuki S, Kozuka H, Sato M, Suzuki Y (1994)

Effects of prolonged administration of perfluorooctanoic acid on

hepatic activities of enzymes which detoxify peroxide and

xenobiotic in the rat. Toxicology 93:85–97

10. Kannan K, Corsolini S, Falandysz J, Oehme G, Focardi S, Giesy

JP (2002) Perfluorooctanesulfonate and related fluorinated

hydrocarbons in marine mammals, fishes, and birds from coasts

of the Baltic and the Mediterranean Seas. Environ Sci Technol

36:3210–3216

11. Yang BQ, Chen K, Xing H, Xiao JX (2009) Perfluorobutyl-based

fluorinated surfactant with high surface activity. Acta Phys Chim

Sin 25:2409–2412

12. Taylor CK (1999) Fluorinated surfactants in practice. Annu

Surfactants Rev 2:271–316

13. Krafft MP, Riess JG (2007) Perfluorocarbons, life sciences and

biomedical uses. J Polym Sci A Polym Chem 45:1185–1198

14. Kostov G, Boschet F, Ameduri F (2009) Original fluorinated

surfactants potentially non-bioaccumulable. J Fluorine Chem

130:1192–1199

Table 1 The Krafft points (Kp), CMC, cCMC, Umax, am
s and DG of synthesized surfactants, PFOA and n-C7F15SO3Na

Surfactants Kp (�C) CMC (mmol L-1) cCMC (mN m-1) 1010 Umax (mol cm-2) am
s (nm2) DG (kJ mol-1)

FEOS-1 \0 10.25 25.55 1.15 1.45 -21.29

FEOS-3 \0 8.33 21.63 1.20 1.38 -21.80

PFOA \0 13.30 19.51 1.08 1.54 -20.64

n-C7F15SO3Na 56.5 17.5 37.3 3.1 0.53 –

CMC and cCMC at 25 �C

J Surfact Deterg (2013) 16:183–190 189

123



15. Guittard F, Geribaldi S (2001) Highly fluorinated molecular

organised systems: strategy and concept. J Fluorine Chem 107:

363–374

16. Vierling P, Santaella C, Greiner J (2001) Highly fluorinated

amphiphiles as drug and gene carrier and delivery systems.

J Fluorine Chem 107:337–354

17. Ohno A, Kushiyama A, Kondo Y, Kondo Y, Teranaka T,

Yoshino N (2008) Synthesis and properties of gemini-type

hydrocarbon–fluorocarbon hybrid surfactants. J Fluorine Chem

129:577–582

18. Guo W, Li Z, Fung BM, O’Rear EA, Harwell JH (1992) Hybrid

surfactants containing separate hydrocarbon and fluorocarbon

chains. J Phys Chem 96:6738–6742

19. Yoshino N, Hamano K, Omiya Y, Kondo Y, Ito A, Abe M (1995)

Syntheses of hybrid anionic surfactants containing fluorocarbon

and hydrocarbon chains. Langmuir 11:466–469

20. Miyazawa H, Kondo Y, Yoshino N (2005) Synthesis and solution

properties of sulfate-type hybrid surfactants with an ethylene

spacer. J Oleo Sci 54:167–178

21. Kondo Y, Yokochi E, Mizumura S, Yoshino N (1998) Syntheses

of novel fluorocarbon surfactants with oxyethylene groups.

J Fluorine Chem 91:147–151

22. Wang Q, Zhang SX, Geng B, Zhang LQ, Zhao JQ, Shi JH (2012)

Synthesis and surface activities of novel monofluoroalkyl phos-

phate surfactants. J Surfactants Deterg 15:83–88

23. Rosen MJ (2004) Surfactants and interfacial phenomena. Wiley,

New York

24. Pabon M, Corpart JM (2002) Fluorinated surfactants: synthesis,

properties, effluent treatment. J Fluorine Chem 114:149–156

25. Krafft MP, Riess JG (2009) Chemistry, physical chemistry, and

uses of molecular fluorocarbon–hydrocarbon diblocks, triblocks,

and related compounds unique ‘‘apolar’’ components for self-

assembled colloid and interface engineering. Chem Rev

109:1714–1792

26. Xiao JX, Zhao ZG (2003) Application principle of surfactants.

Chemical Industry Press, Beijing

27. Liang ZQ, Chen P (1998) Fluorinated surfactant. China Light

Industry Press, Beijing

Author Biographies

Luqing Zhang received his B.Sc. (2007) and M.Sc. (2010) in

chemical engineering from the University of Jinan.

Jinhui Shi received his B.Sc. (2009) in chemical engineering from

the University of Jinan, China. He is currently an M.Sc. candidate in

chemical engineering at the University of Jinan.

Anhou Xu is a lecturer of chemical and materials engineering at the

University of Jinan. He received his B.Sc. (2002) from the University

of Jinan, China, and his M.Sc. (2005) from the University of Jinan. In

2011, he obtained his Ph.D. in chemical engineering from the

Shanghai Jiao Tong University.

Bing Geng is an associate professor of chemical and materials

engineering at the University of Jinan. He received his B.Sc. (1997)

from the East China University of Science and Technology, China,

and his M.Sc. (2003) from the University of Jinan. In 2010, he

obtained his Ph.D. in chemical engineering from the Beijing

University of Chemical Technology.

Shuxiang Zhang is a professor of chemical and materials engineering

at the University of Jinan. He received his B.Sc. (1982) from the

Shandong University, China, and his Ph.D. (1997) in chemical

engineering from the Beijing University of Chemical Technology,

China. His research focuses on fundamental and applied character-

istics of fluorinated surfactants and fluorine-containing polymers in

industrial and environmental applications. He now leads the study

team at Shandong Provincial Key Laboratory of Fluorine Chemistry

and Chemical Materials (University of Jinan).

190 J Surfact Deterg (2013) 16:183–190

123


	Synthesis and Surface Activities of Novel Succinic Acid Monofluoroalkyl Sulfonate Surfactants
	Abstract
	Introduction
	Experimental
	Materials
	Synthesis of Succinic Acid Monofluoroalkyl Sulfonate
	Synthesis of Sodium Mono(Dodecafluoroheptyl Terethoxy) Ethanol Acetate Sulfonic Acid Maleates (FEOS-3)
	Characterizations

	Results and Discussion
	Chemical Structure of Novel Succinic Acid Monofluoroalkyl Sulfonate Surfactants
	Thermal Stabilities of Novel Succinic Acid Monofluoroalkyl Sulfonate Surfactants
	Surface Properties of Novel Succinic Acid Monofluoroalkyl Sulfonate Surfactants

	Conclusions
	Acknowledgments
	References


