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Abstract Two series of diquaternary cationic surfactants

designated as E9Nm and E11Nm having two different

alkyl chains in their chemical structure were synthesized.

The chemical structures of these surfactants were con-

firmed using elemental analysis, FTIR and 1H-NMR

spectra. The surface activities of the different surfactants

were determined using surface and interfacial tension at

25 �C. The surface parameters including: critical micelle

concentration, effectiveness, efficiency, maximum surface

excess and minimum surface area were determined. The

surface activities of the cationic surfactants were correlated

with their chemical structure. The surface activities of the

surfactants increased with increasing the hydrophobic

chain length. The adsorption and micellization tendencies

of the surfactants in solution were determined using the

free energies of adsorption and micellization. The synthe-

sized surfactants were evaluated as biocides against bac-

teria and fungi. Biocidal activity data showed that a gradual

increase in the hydrophobic chain length of the surfactant

molecules gradually increases the efficiency of these sur-

factants as biocides.

Keywords Gemini cationic surfactants � Surface
activity � Adsorption � Micellization � Biological activity

Introduction

The development of surfactants based on environmentally

friendly feedstocks is a concept that is gaining momentum

in the detergent and cosmetic industries. Gemini cationic

surfactants containing ester groups are a response to

increasing consumer demand for products that are both

greener and more efficient [1]. Several families of new

surfactants have been developed using environmentally

friendly processes based on various products and by-

products of the oleochemical industry [2, 3]. Production of

these entirely natural molecules may replace the surfactants

conventionally used.

Cationic surfactants, with almost 7 % of the total sur-

factant market, have many applications such as asphalt

additives, fabric softeners, biocides, corrosion inhibitors,

and textile auxiliaries. Cationic surfactants are strongly

adsorbed onto surfaces through an ion exchange mecha-

nism [4–6]. Nevertheless, the aquatic toxicity of cationic

surfactants is higher than other surfactants and more irri-

tating to the eyes and to the skin. The toxicity of these

surfactants results from their tendency to adsorb onto

negatively charged surfaces [6, 7].

Different tactics have been considered to overcome this

problem. The main approach is the introduction of cleav-

able bonds in the surfactant structure. The search for novel

surfactants with higher efficiency and effectiveness gave

birth to the concept of Gemini surfactants. Gemini sur-

factants are made up of two surfactant molecules with their

head groups chemically linked by a spacer group [8, 9]. It

was found that the surfactant properties of Gemini-type

surfactants, such as low critical micelle concentration

(CMC) and efficient surface tension lowering were superior

to the corresponding single molecule surfactants [10–17].

Several categories of Gemini surfactants have been
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synthesized, and their physicochemical properties have

been investigated [18, 19].

Experimental Technique

Materials

The chemicals used in the study were: butyl amine, pentyl

amine, hexyl amine, octyl amine, 3-dimethylamino-1-pro-

panol, decanoyl chloride, dodecanoyl chloride, epichloro-

hydrin and acetone (purity 99 %) which were purchased

from Alfa Aesar (Germany). Paraffin oil was obtained from

ADWIC, Egypt.

Synthesis of 3-Dimethyl Aminopropyl Esters

of Saturated Fatty Acids

3-Dimethylamino-1-propanol (0.1 mol, 10.32 g) and

sodium metal (0.1 mol, 2.31 g) were mixed under nitrogen

atmosphere until the evolution of hydrogen bubbles stop-

ped. Then an acid chloride, namely: decanoyl chloride or

dodecanoyl chloride (0.1 mol) was added drop wise in the

presence of acetone (100 mL) as a solvent. The reaction

mixture was refluxed for 6 h, and then left to cool over-

night. The reaction products were recrystallized twice from

diethyl ether, and denoted as E9 for the decanoyl derivative

and E11 for the dodecanoyl derivative, respectively.

(melting point: E9 = 54 �C; E11: 60 �C, yield: 86, 89 %).

The synthesis is shown in Scheme 1.

Reaction of Epichlorohydrin and Primary Amine

Butyl amine, pentyl amine, hexyl amine, and octyl amine

(0.5 mol) and 0.1 mol of epichlorohydrin were refluxed

individually in a 250-mL round-bottom flask for 6 h. The

reaction mixture was left to cool overnight. The products

obtained were designated as N4 for the butyl derivative, N5

for the pentyl derivative, N6 for the hexyl derivative, and

N8 for the octyl derivative. The synthesis is show in

Scheme 2.

Quaternization Reaction

N,N-Dimethyl aminopropyl esters (E9 and E11) (0.05 mol)

were refluxed for 12 h with N4 or N5 or N6, and N8 in the

presence of acetone (100 mL) as a solvent. The reaction

mixture was left to cool and the solvent was removed under

vacuum at 50 �C. The diquaternary compounds obtained

were recrystallized twice from acetone, then washed by

diethyl ether and dried at 35 �C under vacuum. The com-

pounds from the reaction of E9 and N4, N5, N6, N8 were

designated as: E9N4, E9N5, E9N6 and E9N8, respectively.

While those obtained from reaction of E11 and N4, N5, N6,

N8 were designated as: E11N4, E11N5, E11N6 and

E11N8. The synthesis is shown in Scheme 3.
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Nomenclature

E9N4: bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethy-

lammonio]propyl}butylamine dichloride;

E9N5: bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethy-

lammonio]propyl}pentylamine dichloride;

E9N6: bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethy-

lammonio]propyl}hexylamine dichloride;

E9N8: bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethy-

lammonio]propyl}octylamine dichloride.

E11N4: bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldi-

methylammonio]propyl}butylamine dichloride;

E11N5: bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldi-

methylammonio]propyl}pentylamine dichloride;

E11N6: bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldi-

methylammonio]propyl}hexylamine dichloride;

E11N8: bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldi-

methylammonio]propyl}octylamine dichloride.

Surface Tension (c) and Interfacial Tension (cIT)

Surface and interfacial tension values were measured by

using a K6 tensiometer (Krüss Instruments, Germany) with

a platinum ring. Freshly prepared aqueous solutions of the

synthesized gemini cationic surfactants were measured at

different concentrations ranging from 5 9 10-3 to

2 9 10-8 M at 25 �C. The solution was poured into a clean
25-mL Teflon container and allowed to equilibrate for 2 h.

The platinum ring was adjusted at the air–water interface of

the solution, then the reading was recorded when the ring

detached itself from the solution surface. The apparent

surface tension values were measured a minimum of three

times and the recorded values were taken as the average of

these values. The platinum ring was removed after each

reading, washed with dilute HCl followed by distilled

water [20].

The interfacial tension measurements were obtained

between aqueous solution of the synthesized surfactants at

concentration of 0.1 % by weight and light paraffin oil at

25 �C. The surfactant solution (15 mL, 0.1 %) was added

to a Teflon container and the platinum ring was adjusted to

touch the solution surface. Light paraffin (15 mL) oil was

then added slowly on the surface, and the readings were

recorded at which the ring detached from the aqueous to

the organic layer (paraffin oil). The ring was removed and

washed with acetone followed by distilled water and the

measurements were repeated three times for each surfac-

tant. The interfacial tension values were taken as the

average of the three readings obtained [20].

Emulsification Power

Emulsification power was measured by vigorously stirring

a mixture of the synthesized surfactant solutions (0.1 wt%,

20 mL) and paraffin oil (20 mL) at 25 �C in a 100-mL

graduated cylinder. The cylinder was shaken vigorously for

10 min and then the contents allowed to settle. The time

required to separate 18 mL of pure surfactant solution was

recorded and the experiment was repeated three times for

each surfactant. The average time of the three experiments
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was taken as an indication of the emulsification power of

each surfactant [21].

Antimicrobial Studies

The synthesized gemini surfactants were screened for their

antimicrobial activity against bacteria and fungi using the

well diffusion technique [22]. Cetyl trimethyl ammonium

bromide (CTAB) was taken as a reference [23].

The bacterial and fungal strains were cultured according

to the standards of the National Committee for Clinical

Laboratory [22]. For bacteria, the broth media were incu-

bated for 24 h, while for fungi the incubation was for 48 h;

with subsequent filtering to remove mycelial fragments

before the solution containing the spores was used for

inoculation.

For the preparation of discs and inoculation, 1.0 mL of

inocula was added to 50 mL of agar media (40 �C) and

mixed. The agar was poured into 120-mm Petri dishes and

allowed to cool to room temperature. Wells (6 mm in

diameter) were cut in the agar plates using sterile tubes.

Then, the wells were filled up to the surface of the agar

with a 0.1 mL solution of the synthesized compounds

consisting of 1 mg surfactants in 1 mL of DMF (DMF has

negligible influence on the growth of the microorgan-

isms). The plates were left on a level surface, incubated

for 24 h at 30 �C for bacteria and then the diameter of the

inhibition zones were measured. The inhibition zone

formed by these compounds against the particular test

microorganisms determined the biocidal activity of the

synthetic compounds. The mean value of three replicates

was used to calculate the zone of growth inhibition of

each sample.

The antibacterial activity of the synthesized cationic

compounds was tested against Streptococcus pneumonia,

Escherichia coli, Bacillus subtilis and Pseudomonas

aeruginosa. The anti-fungal activity was tested against

Aspergillus fumigatus and Candida albicans.

Results and Discussion

Structure

The chemical structures of the synthesized surfactants

(E9N8, E9N6, E9N5, E9N4, E11N8, E11N6, E11N5 and

E11N4) (Scheme 3) were confirmed using elemental

analyses using a Vario Elementar Analyzer (Table 1).

FTIR spectroscopy was performed using Genesis Fourier

transformer FTIRTM for the E11N6 surfactant as a repre-

sentative sample for the synthesized surfactants. The

spectrum showed the following absorption bands:

1169 cm-1 correspond to ether linkage; 1734 cm-1 cor-

respond to the ester group; 2857 and 2927 cm-1 (CH3 and

CH2), respectively, and 3387 cm-1 correspond to alcohol

group (Fig. 1). 1H-NMR spectroscopy was performed

using a Varian NMR-300-Mercury 300 MHz spectrometer

with TMS as an internal standard. The spectrum of (E11N6

in DMSO-d6 as representative sample for the synthesized

surfactants, Fig. 2) showed signals at: d = 0.85 ppm (m,

CH3(CH2)8), (CH3(CH2)4), 1.23 ppm (m, CH3(CH2)8,

CH3(CH2)4), 1.50 ppm (m, CH2CH2C=O), 1.82 ppm (m,

OCH2CH2CH2
?N), 2.26 ppm (m, CH2CH2C=O), 2.51

ppm (m, CH2N(CH2)CH2), 3.17 ppm (s, ?N(CH3)), 3.47

ppm (m, ?NCH2CH2CH2O, CHCH2
?N), 3.65 ppm (m,

OCH2CH2CH2
?N), 4.05 ppm (m, OH). The synthesized

compounds were completely soluble in water.

Surface Activity

Figure 3 shows the variation of surface tension against –log

C of the synthesized surfactants at 25 �C. It is clear that the
surface tension values of the synthesized surfactants

decrease gradually with increasing concentration. The

surface tension isotherms show the characteristic inflection

corresponding to the critical micelle concentration (CMC)

at which surfactant micelles begins to form. The surface

active properties of the synthesized surfactants were

Table 1 Elemental analysis of the synthesized surfactants

Compound Structure Yield (%) MWt (g/mol) Carbon (C %) Hydrogen (H %) Nitrogen (N %) Chloride (Cl %)

Calc. Found Calc. Found Calc. Found Calc. Found

E11N8 C48H99N3O6Cl2 84 884 65.16 65.05 11.19 11.02 4.75 4.67 8.03 7.89

E9N8 C44H91N3O6Cl2 80 828 63.77 63.62 10.99 10.87 5.07 5.00 8.57 8.45

E11N6 C46H95N3O6Cl2 81 856 64.48 64.32 11.09 11.01 4.91 4.86 8.29 8.11

E9N6 C42H87N3O6Cl2 75 800 63.0 62.86 10.88 10.75 5.25 5.18 8.88 8.76

E11N5 C45H93N3O6Cl2 75 842 64.13 64.01 11.05 10.98 4.99 4.87 8.43 8.32

E9N5 C41H85N3O6Cl2 71 786 62.59 62.42 10.81 10.75 5.34 5.30 9.03 8.92

E11N4 C44H91N3O6Cl2 72 828 63.77 63.63 10.99 10.86 5.07 5.00 8.57 8.48

E9N4 C40H83N3O6Cl2 65 772 62.18 62.06 10.75 10.69 5.44 5.29 9.19 9.11
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extracted and listed in Table 2. The synthesized surfactant

molecules have two different hydrophobic chains. The first

is attached to the ester group, and the second is attached to

the tertiary nitrogen atom. The two different chains have

different influence on the surface activity of the surfactants

in their solutions.

It is clear from Table 2 that the critical micelle concen-

tration values ranged between 0.028 and 0.708 mM for

E9Nm and 0.018–0.447 mM for E11Nm surfactants. Ana-

lyzing the CMC data reveals two main points. First, a

gradual increase in the fatty alkyl chain length linked to the

ester groups and also the fatty alkyl chains linked to the

tertiary nitrogen atoms decreases the CMC values gradu-

ally. This effect can be attributed to the increase in the

hydrophobicity of the surfactant molecules by increasing

the chain length. Increasing the hydrophobicity increases

the adsorption tendency of surfactant molecules, which

decreases their CMC values [23]. Second, the butyl, pentyl,

hexyl and octyl chains attached to the tertiary nitrogen atom

have more influence on the CMC values than the increase in

Fig. 1 IR spectrum of the E11N6 diquaternary cationic surfactant

Fig. 2 1H-NMR spectrum of

the E11N6 diquaternary cationic

surfactant
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the alkyl chains attached to ester groups. The critical

micelle concentration of the surfactant molecules depends

on the length of the alkyl chains attached to the surfactant

molecules and their geometry. Increasing the alkyl chain

length attached to the surfactant molecules gradually

decreases the critical micelle concentration as shown in

Fig. 4. The hydrophobic effect is the main reason for

micellization at a low concentration. The geometry of

molecules depends, as well, on the repulsion and attraction

between the function groups in the molecules [24]. The

alkyl chains linked to the tertiary nitrogen atom are sur-

rounded by two hydroxyl groups, which exert a repulsive

force on each other. The repulsion is increased by increas-

ing the alkyl chain length, which forces the molecules to

self-associate at low concentration. Micellization leads to

hydration of molecules which decreases the repulsion by

forming hydrogen bonds with water molecules [24].

Table 2 Surface and thermodynamic properties of the synthesized diquaternary cationic surfactants at 25 �C

Compound CMC (M) cIT
(mN/m)

pCMC

(mN/m)

cCMC

(mN/m)

dc/
dlogC

Cmax

(mol cm-2)

Amin

(Å2)

DGmic

(kJ mol-1)

DGads

(kJ mol-1)

PC20

(M)

Emulsification

power sec

E9N8 2.82E-05 4 35.3 37 -8.45 1.14E-10 146.042 -25.96 -29.07 -6.1 460

E9N6 5.96E-05 4 33.3 39 -7.5882 1.02E-10 162.628 -24.11 -27.37 -5.73 336

E9N5 2.82E-04 4 36.3 36 -6.9405 9.34E-11 177.804 -20.26 -24.14 -5.7 229

E9N4 7.08E-04 4 34.3 38 -6.4896 8.73E-11 190.159 -17.97 -21.90 -5.31 216

E11N8 1.78E-05 4 36.3 36 -8.8031 1.18E-10 140.184 -27.10 -30.17 -6.3 452

E11N6 4.47E-05 4 34.3 38 -8.1225 1.09E-10 151.930 -24.82 -27.96 -5.83 262

E11N5 1.50E-04 4 37.3 35 -7.0199 9.45E-11 175.793 -21.82 -25.77 -6.2 201

E11N4 4.47E-04 3 35.3 37 -6.7328 9.06E-11 183.290 -19.11 -23.01 -5.61 178

Fig. 3 Surface tension vs -log concentration of: a E9 derivatives,

b E11 derivatives at 25 �C

Fig. 4 Relation between CMC values and the carbon chain length of

synthesized diquaternary cationic surfactants
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The spreading pressure at the CMC (pCMC) is defined as

the difference between surface tension at the CMC and that

of distilled water. Generally, the spreading pressure of the

synthesized surfactants increased with increasing alkyl

chain length. This indicates increasing surface activity of

the different surfactant molecules by increasing the length

of the hydrophobic groups (either from E9 to E11 or N4 to

N8). Similarly, the efficiency values (PC20) of E9Nm and

E11Nm varied with increasing hydrophobic chain lengths.

The three surface parameters: CMC, pCMC and PC20

showed comparatively higher surface activity of E9Nm and

E11Nm than some diquaternary ammonium salts reported

in the literature [25, 26].

The maximum surface excess concentration values

(Cmax) of the surfactant solutions were calculated accord-

ing to Gibb’s adsorption equation [27].

Cmax ¼ � 1=nRTð Þðdc=d lnCÞ ð1Þ

where dc/dlnC is the maximum slope, n is the number of

solute species whose concentration varies with surfactant

concentration and R, T, C are the gas constant, temperature

and concentration, respectively.

The minimum surface area at the interface occupied by

each surfactant molecule at the saturation condition is

calculated using the following equation [27]:

Amin ¼ 1016=ðNCmaxÞ ð2Þ

where N is Avogadro’s number. Increasing the hydropho-

bic chain length of the surfactants increased the maximum

surface excess concentration. The increase in alkyl chain

length increases the repulsion between surfactants mole-

cules and the aqueous phase which forces the surfactant

molecules to the interface. The minimum surface area

(Amin) is the average area occupied by each surfactant

molecule at the interface. Higher surface excess concen-

tration of surfactant molecules at the interface creates tight

packing. E9N8 and E11N8 have the highest surface con-

centration at 1.14 9 10-10 and 1.18 9 10-10 mol/cm2

which is accompanied by the lowest average area at 146.04

and 140.18 Å
´ 2.

Thermodynamic of Adsorption and Micellization

The thermodynamic functions of adsorption and micel-

lization of surfactant molecules determine their tendency

towards the two processes. The data in Table 2 show that

DGads and DGmic values of the synthesized surfactants are

always negative. That indicates that the two processes

occur spontaneously in the aqueous phase, i.e., adsorption

and micellization are exothermic processes. DGads is more

negative than DGmic, which indicates a higher tendency

towards adsorption than micellization. The adsorption

tendency is reflected from the sharp decrease in surface

tension values by small increase in concentration. E11Nm

derivatives have more negative DGmic and DGads values

than E9Nm derivatives. This represents the role of the alkyl

chain length on the micellization and adsorption of the

synthesized surfactants.

The adsorption and micellization data were calculated

using the thermodynamic equations as follows [2, 10]:

DGmic ¼ 2:303RT log CMCð Þ
DGads ¼ DGmic � ð0:006� pcmc � AminÞ:

Interfacial Tension and Emulsification Power

The interfacial tension (cIT) of the synthesized surfactants

(Table 2) against light paraffin oil ranged between 4 and

5 mN/m, which shows higher surface activity compared to

the diquaternary cationic surfactants reported in the liter-

ature [25, 26]. The low values of interfacial tension can be

attributed to the presence of two alkyl chains in the sur-

factant molecule. This increases the hydrophobicity of the

molecules and consequently increases their efficiency at

the liquid–liquid interface.

Emulsion formation is an important property of surfac-

tants used in several applications, including: foaming

agents, paints and cosmetics. On the contrarily, formation

of stable emulsions is an undesirable property is a few

surfactant applications such as corrosion and scale inhibi-

tors. The synthesized diquaternary surfactants showed rel-

atively low oil–water emulsion stability as shown in Fig. 5.

The stabilities of the oil-in-water emulsions formed using

the tested surfactants ranged between 460 and 178 s. This

shows the low emulsification tendency of these surfactants,

and consequently their safe applicability in the field of

petroleum applications including biocides and prevention

of acidic dissolution of metals.

Fig. 5 Emulsification power of the diquaternary cationic surfactants
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Biological Activity of the Synthesized Compounds

The bacterial cell membrane is formed of phospholipids

and specific amino acids. The function of the cellular

membrane is mainly to control diffusion of the materials

necessary for biological reactions and excretion of wastes

produced. Control of the two processes is determined by

selective permeability. The factor controlling selectivity of

polar species to enter or exit the cell is the charged amino

acids (teichoic acid) while control of nonpolar materials is

the phospholipids and peptidoglycans. When the selective

permeability of the cellular membrane is disturbed for any

reason, the biological reactions and activities in the cell are

disturbed which leads to the death of the microorganism.

The role of biocides is to disturb and/or destroy the

selective permeability of these membranes in order to kill

the microorganisms. This typically happens in the case of

the cationic surfactants [28].

Table 3 shows the biological activities of the synthe-

sized diquaternary cationic surfactants against Gram-posi-

tive and Gram-negative bacteria. No effect was observed

against fungi. It is clear that increasing CMC values of

these surfactants increases their biological activity. The

highest CMC value at 0.71 mM for E9N4 corresponded to

the highest inhibition zone diameter at 19.6 ± 0.63,

21.3 ± 0.32, 15.9 ± 0.46 and 18.6 ± 0.36 mm for S.

pneumonia, B. subtilis, E. coli and A. Fumigatus species.

Similarly, biological activity increased with increasing

Amin values of the surfactant molecules at the interface.

Increasing Amin increases the area of interaction between

surfactant molecule and the cell membrane. This increases

the biocidal activity of the surfactant molecules. Smaller

areas of interaction between surfactant molecules and the

cell membrane decrease their influence on that membrane,

and consequently the influence on membrane hydration and

selective permeability decreased. This effect can be

observed in case of E9N8 and E11N8, which have the

Table 3 Antimicrobial

activities of the diquaternary

cationic surfactants against

Gram-positive and Gram-

negative bacteria

Compound Inhibition zone diameter (mm)

Gram-positive bacteria Gram-negative bacteria Fungi

Streptococcus

Pneumonia

Bacillus subtilis Escherichia coli Aspergillus

Fumigatus

E9N8C3 13.6 ± 0.44 14.4 ± 0.58 12.2 ± 0.63 13.2 ± 0.44

E9N6C3 15.1 ± 0.44 15.9 ± 0.25 12.9 ± 0.44 12.9 ± 0.44

E9N5C3 16.2 ± 0.15 19.8 ± 0.42 15.3 ± 0. 53 15.7 ± 0.33

E9N4C3 19.6 ± 0.63 21.3 ± 0.32 15.9 ± 0.46 18.6 ± 0.36

E11N8C3 14.6 ± 0.43 15.4 ± 0.53 12.7 ± 0.25 12.6 ± 0.58

E11N6C3 17.3 ± 0.63 18.3 ± 0.44 15.9 ± 0.37 16.3 ± 0.44

E11N5C3 18.4 ± 0.43 19.9 ± 0.53 16.9 ± 0.25 17.6 ± 0.58

E11N4C3 20.6 ± 0.63 22.4 ± 0.44 16.9 ± 0.58 17.8 ± 0.63

CTAB 23.8 ± 0.2 32.4 ± 0.3 19.9 ± 0.3 23.7 ± 0.1
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chain length against bacteria

0

5

10

15

20

25

E11N8 E11N6 E11N5 E11N4

In
hi

bi
�o

n 
zo

ne
 d

ia
m

et
er

 (m
m

)

Hydrophobic chain length

Streptococcus
Pneumoniae
Bacillis subtilis

Escherichia coli

Aspergillus
Fumigatus
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lowest inhibition zone diameter. Meanwhile, the highest

inhibition zone diameter was observed in case of E9N4 and

E11N4. The influence of alkyl chain length (n = 4, 5, 6, 8)

on the inhibition zone diameter is graphically represented in

Figs. 6 and 7. It is clear that the gradual increase in the alkyl

chain from 4 to 8 carbon atoms decreases the inhibition zone

diameter gradually. The biological activity data of the syn-

thesized compounds shows moderate activity compound to

the control (CTAB) as shown in Table 3. The moderate

biocidal activities of the synthesized compounds, deter-

mined in terms of minimum inhibitory concentration, are

given in Table 4. All of the tested compounds showed rel-

atively high MIC values compared to the control. The rel-

atively high MIC values of the synthesized compounds show

low toxicity and consequently applicability as biocides in

preventing bacterial growth in different applications.
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