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Abstract A series of nonionic surfactants were synthe-
sized from gallic acid and polyethylene glycols with dif-
ferent molecular weights. Chemical structures of the sur-
factants were confirmed using elemental analysis, infrared
and nuclear magnetic resonance (1H-NMR) spectroscopy.
Surface activities of the surfactants in their solutions were
determined by surface tension measurements. Increasing the
polyethylene glycol chain length increased the surface activ-
ity of the surfactants in solutions. Measurements of inter-
facial tension between surfactants solutions and substrates
with different polarity showed that the type of substrates
plays functioning role on the interfacial properties. Thermo-
dynamic properties of adsorption andmicellization processes
showed their tendency towards adsorption at solution inter-
face and micellization in their solutions. Results showed rea-
sonable surface activities compared to conventional nonionic
surfactants.
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1 Introduction

Recently, increasing attention to environmental issues has
driven the industry towards environmentally friendlyproducts

N. A. Negm (B) · A. A. Abd-Elaal
Petrochemicals Department, Egyptian Petroleum
Research Institute, 2-Ahmed El Zommer Street,
7th region, Nasr city, P.O. 11727 Cairo, Egypt
e-mail: nabelnegm@hotmail.com

S. A. Ahmed · T. Ashraf
Chemistry Department, Faculty of Science,
Beni-Suef University, Beni-Suef, Egypt

from renewable sources. The use of synthetic, biodegradable
and environmentally accepted surfactants from vegetable
resources has increased over the past 25 years [1]. Gallic acid
(trihydroxybenzoic acid, 3,4,5-trihydroxybenzoic acid) is
found in gallnuts, sumac,witch hazel, tea leaves, oakbark and
other plants [2]. Gallic acid has several applications in phar-
maceutical industry and acts as efficient anti-fungal and anti-
viral agents [3]. Gallic acid found in several plants including:
oaks species (Quercus alba) and red oak (Quercus robur) [4],
Caesalpiniamimosoides, stembark ofBoswellia dalzielii [5],
Drosera,Rhodiola rosea, Triphala,Toona sinensis. The use of
naturally occurring compounds including plant extracts, e.g.,
gallic acid, provides safe and environmentally friendly com-
pounds, including biocides, corrosion inhibitors and surfac-
tants [6]. The safety of these compounds is attributed to their
ability towards biodegradation and low toxicity. These com-
pounds can replace the ordinary compounds in several appli-
cations. Surfactants, including cationic, anionic and ampho-
teric, are widely used in the homecare and industrial appli-
cations. Their presence in the environment is a great prob-
lem due to the lack of biodegradation tendency. As a result,
environmentally friendly surfactants have concerned signif-
icant interests for several researchers [6–9]. Nonionic sur-
factants are very important compounds which can be syn-
thesized from natural resources and can be used in several
applications and industries. This type of surfactants is impor-
tant owns to its higher advantages over conventional sur-
factants in terms of biocompatibility and biodegradability
in detergency and hygienic formulations [10–13]. The aim
and importance of this study were to provide nonionic sur-
factants obtained from naturally occurring compound, gallic
acid, which can be used in several applications including cor-
rosion inhibitors and homecare formulations. The obtained
surfactants are expected to be environmentally safe for the
soil, water and human beings due to their naturally occur-
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ring origins. In this manner, a series of nonionic surfactant
is prepared from gallic acid and characterized. The surface
activity of the synthesizednonionic surfactantswasmeasured
in order to compare their properties by the conventional non-
ionic surfactants. The results will be used to determine the
ability of these surfactants to be used as corrosion inhibitors
and emulsifying agents.

2 Experimental

2.1 Chemicals

Gallic acid (99.9%), n-hexane (99.8%), 1-octanol (99.9%)
and polyethylene glycol (400, 600, 1,500g/mole) (99.8%)
were obtained from Sigma-Aldrich, Germany. Xylene and
paraffin oil were obtained fromADWIC chemicals company,
Egypt. Paraffin oil is light paraffin oil (a mixture of hydro-
carbons) with average carbon chains of 12 carbon atom.

2.2 Synthesis of Nonionic Surfactants

Gallic acid (0.2 mole, 34g) and 0.11 mole of polyethylene
glycol (400, 600 and 1,500g/mole) wereweighted accurately
and esterified in two-necked flask equipped with mechanical
stirrer and Dean-Stark connection in the presence of 150 mL
of xylene solvent [14]. The reactionmixture heated at 134 ◦C
for 6 h until the water of reaction (0.2 mole, 3.6 mL) was
obtained [15]. After the reaction mixture is allowed to cool,
solvent was evaporated under reduced pressure. The excess
polyethylene glycol was removed by vacuum distillation to
obtain three surfactants, which designated as: GA-400, GA-
600 and GA-1500, Scheme 1.

2.3 Measurements

2.3.1 Surface Tension Measurements

Themeasurements of surface tension were taken using Krüss
K6 tensiometer usingplatinum ringdetachmentmethod,Ger-
many.Different aqueous solutions of the nonionic surfactants
GA-400, GA-600 and GA-1500 in a concentration range of
10E-01–10E-05 M at 25 ◦C were used. The solutions were
placed in a clean cup made from Teflon with a diameter of
28 mm, and the surface tension measurements started after

2h to ensure solution interface stabilization and surfactants
molecules adsorption at the water/air interface. The surface
tension values were considered as an average of three repli-
cates [16].

2.3.2 Interfacial Tension Measurements

Interfacial tension measurements were taken using same
procedures of surface tension measurements and performed
between three liquids with different polarity: paraffin oil, n-
hexane and 1-octanol and the aqueous solution of the surfac-
tants (0.1% by weight) at 25 ◦C [17,18].

2.3.3 Emulsion Stability

The stability of the emulsions was determined as follows:
10 mL (0.5%) of aqueous solutions of the synthesized sur-
factant and 10 mL of paraffin oil mixed together in a closed
graduated cylinder by vigorous stirring at 25 ◦C [19]. Then,
the cylinder was allowed to stand for separation of the two
layers of paraffin oil and aqueous surfactant solution. The
steps were repeated three times, and the time of separating
9 mL of pure aqueous surfactant solution was counted. The
emulsion stabilities of the surfactants were the average of the
three readings.

3 Results and Discussion

The structures of the synthesized surfactants were eluci-
dated using IR spectra (Fig. 1a) which showed the following
absorption bands: 3,590 and 3,477cm−1 were assigned to
O–H group, 2,920 and 2,863cm−1 were ascribed to C–H of
CH2, 1735 cm−1 assigned to C=O of ester group, 617 cm−1

corresponded to C–O group, 1,453cm−1 assigned to C–H
bondofCH2 group, 883 and822 cm−1 bands ascribed toC–H
bondof phenyl group, respectively,while 1H-NMRspectra of
surfactants showed signals at (ppm): 7.17 ppmcorresponding
to H-O proton, 3.9–3.87ppm assigned to phenyl H-C proton,
3.81ppm ascribed to C–H proton of ester group (COOCH2),
3.74 ppm assigned to C–H proton of COOCH2CH2, 3.71–
3.29ppm corresponding to the repeated methylene groups in
polyethylene glycol chains, Fig. 1b.

Scheme 1 Structure of the
nonionic surfactants: GA-400,
GA-600 and GA-1500

OH

OH

OH

C

O

OHO

HO

HO

C O

O

CH2CH2O (CH2CH2O)n CH2CH2

GA-400: n=6; GA-600; n=11; GA-1500; n=31.

123



Arab J Sci Eng (2016) 41:67–73 69

Fig. 1 a IR spectra of GA-400;
b 1H-NMR spectra of GA-400
surfactant
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Fig. 2 Surface tension versus concentration (−log C) for gallic acid-
derived nonionic surfactants (triangle GA-400, diamond GA-600,
square GA-1500) at 25 ◦C

3.1 Surface Activity

Surface activities of the synthesized surfactants were deter-
mined by measuring the surface tension of their aqueous
solutions as a function of concentration, Fig. 2. It is clear
from Fig. 2 that the values of surface tension are decreased
gradually when the surfactant concentration increased (pre-
micellar region). The variation in surface tension values is
stopped at certain concentration which is called the critical
micelle concentration (CMC).

After CMC, the surface tension values stay stable with
no considerable change by increasing the concentration of
the surfactants (post-region). The critical micelle concentra-
tion (CMC), as a characteristic property of aqueous surfac-
tant solutions, is determined by extrapolation of pre-micellar
region and post-micellar regions in surface tension vs. con-
centration profile. It is clear from surface tension profile that
the increase in surfactant concentration depresses the surface

tension of the solution. Depression in surface tension values
of surfactant in their aqueous solutions is attributed to the
increase in surfactant molecules adsorption at the solution
interface. Adsorption of surfactant molecules at air–aqueous
solution interface occurred due to the interaction between
surfactant and water molecules. At constant concentration of
the different surfactants, it is clear that the gradual decrease
in the polyethylene glycol chain length decreases the sur-
face tension values. That can be attributed to the increase in
hydrophobicity by the decrease in PEG chains. That pumps
the surfactant molecules to the interface and consequently
decreases the surface tension. That can be observed from the
surface tension values of surfactant molecules at the critical
micelle concentration (γcmc) (Table 1).

The effectiveness values (πcmc) are the depression in sur-
face tension values of surfactant in their aqueous solutions at
the criticalmicelle concentration compared to that of distilled
water and can be calculated according to Eq. 1 as follows
[18]:

πcmc = γo − γcmc (1)

where γo is the surface tension of bidistilled water (71.8
mN/m) at 25 ◦C, γcmc is the surface tension of aqueous sur-
factant solution at critical micelle concentration.

Effectiveness is a useful surface active parameter and can
be used to compare between the surface activities of two
or more surfactants within the same series, i.e., surfactants
have same function groups. Larger πcmc value of aqueous
surfactant solution indicates its higher surface activity than
aqueous surfactant solution with smaller πcmc value [19].
Increasing the polyethylene glycol chain length from 6 to 31
units is gradually decreases πcmc values of the synthesized
surfactants in their aqueous solutions.

The critical micelle concentration of surfactant is an
important value that can be obtained from surface tension
concentration profile of the surfactants in aqueous solu-
tions. The critical micelle concentration values of the syn-
thesized surfactants were extracted from Fig. 2 and recorded
in Table 1. The obtained CMC values are in the range of
7.5E-04–5.62E-03 M, which are comparatively lower than
the reported values of conventional nonionic surfactants [20].

It seems that the critical micelle concentration values are
reduced by increasing the polyethylene glycol chain length.
The micellization process is accompanied by saturation

Table 1 Surface and thermodynamic parameters of gallic acid-derived nonionic surfactants (GA-400, GA-600, GA-1500) at 25 ◦C

Compound γcmc(mNm−1) πcmc(mNm−1) Pc20 (M×10−4) CMC (M×10−4) Γmax (Molcm−2) Amin (A2) �Gmic (kJMol) �Gads (kJMol)

GA400 39 33 10 56.2 2.68 61.8 −12.84 −14.29

GA600 43 29 5.62 44.7 2.58 64.4 −13.41 −15.07

GA1500 51 21 3.55 7.5 1.89 88.0 −17.83 −20.52

123



Arab J Sci Eng (2016) 41:67–73 71

of surfactant solution interface with surfactant molecules.
Adsorption of the synthesized surfactants at air/solution
interface is occurred due to two forces. The first is the
attraction force between surfactants and water molecules via
hydrogen bonds which increased by increasing the ethyl-
ene glycol units, and the second is repulsion force between
phenyl groups and water molecules. The first force increases
the tendency of surfactant molecules to locate in the bulk of
their solution,while the second increases their presence at the
air/water interface [21–23]. The micellization of surfactants
is the result of the two forces. The high tendency towards
adsorption at interface causes saturation to the interface at
low concentration, which consequently tends the molecules
to form micelles at lower concentrations. It is clear that GA-
1500 surfactant has higher tendency towards micellization,
i.e., micelles formed at lower concentration, while the ten-
dency towards micelle formation decreased by decreasing
polyethylene glycol chain length (i.e., micelles formed at
higher concentration), as represented in case of GA-400 and
GA-600 surfactants, Table 1. Increasing the number of poly-
ethylene glycol units (hydrophilic groups) inGA-1500mole-
cule increases their tendency towards the presence in the bulk
of their aqueous solutions as a result of large ethylene glycol
content. But, the increase in ethylene glycol units increases
the hydrophobicity of the molecules due to the increase in
methylene groups incorporated in the chains,which increases
the adsorption of the molecules at air–aqueous interface to
reach the saturation. The interface saturation forced themole-
cules to undergo into the bulk of the aqueous solution to from
micelles [20,24].

The maximum surface excess (Γmax) is defined as the
maximum concentration can be reached by surfactant at air–
aqueous solution interface before the micellization occurred
in the bulk.

The maximum surface excess values of the synthesized
nonionic surfactants were calculated using themodified form
of Gibb’s-Duhem according to Eq. (2) as follows [25]:

Γmax = [dγ /d logC ]/] 2.303RT ] (2)

where dγ /dlog C is the slope of the surface tension profile
in the steeper region, R is the universal gas constant and T
is the absolute temperature.

Increasing the surface concentration shows high tendency
of surfactant molecules, and its high value is accompanied by
high CMC values. Table 1 declares that GA-1500 derivative
has the lowest maximum surface excess value. On contrarily,
decreasing the hydrophilic chain, as represented in case of
GA-400 and GA-600 derivatives, increases Γmax to higher
values, which is in agreement with the reported data [20,22].

The efficiency values (Pc20) are the logarithm values of
surfactant concentration at which the surface tension of aque-
ous surfactant solutions reduced by20mNm−1. Pc20 value

measures the efficiency of surfactant adsorption air–water
interface. Pc20 value is useful in comparison between two
or more surfactants of different types (i.e., anionic, cationic
or nonionic). Larger Pc20 values indicate higher tendency of
surfactant molecules to adsorb at air–water interface [23].
Pc20 values of GA-1500, GA-600 and GA-400 surfactants
decreased by increase in polyethylene glycol chain length
from 6 to 31. This result suggests that the longer the poly-
ethylene glycol chains of the gallic acid-derived surfactants,
the weaker the adsorption at the air–water interface. Com-
paring these results with our previous results of nonionic
surfactants [24,26] indicates that gallic acid-derived surfac-
tants are superior in reducing the surface tension due to their
high adsorption tendency at air–water interface.

The area per surfactant molecule (Amin) or the average
area occupied by each surfactant molecule at the air–water
interface is calculated according to Eq. (3) [27] as follows:

Amin = 1/[NA · Γmax] (3)

where NA is Avogadro’s number and Γmax is the maximum
surface excess at constant temperature.

The average area per surfactant molecule (Amin) at aque-
ous solution interface is particularly influenced by the
hydrophilic group size. The hydrophilic groups of the syn-
thesized surfactants are varied in size by changing the ethyl-
ene glycol units in each chain. The smallest area (61.8A2)

at the air–water interface was obtained for GA-400 surfac-
tant which had six repeated ethylene glycol units. Increasing
the repeated ethylene glycol units from 9 units to 31 units
increases the area occupied by surfactant molecules at their
aqueous solution interface from 64.4 to 88.0A2. Obviously,
the influence of hydrophilic head group is marked in case of
nonionic surfactants, while this difference is not pronounced
in case of charged surfactants, especially in case of anionic
surfactants [28].

The surface activity parameters including effectiveness,
efficiency, maximum surface excess and minimum surface
area of the synthesized surfactants determine their ability
towards adsorption at the different interfaces. Higher effec-
tiveness and efficiency and maximum surface excess values
and lower minimum surface area indicate high tendency of
surfactants molecules at the different interfaces (air–water,
oil–water, solid–water interfaces). The high tendency of sur-
factants towards adsorption at the various interfaces increases
their applicability in several applications and mainly as cor-
rosion inhibitors and emulsifiers.

3.2 Interfacial Properties

The properties of surfactant molecules adsorbed in the inter-
face between aqueous and nonpolar phases determine the
emulsification tendency of these surfactants. This property
can be measured using interfacial tension measurements.
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Table 2 Interfacial tension values of gallic acid-derived nonionic sur-
factants (GA-400,GA-600,GA-1500) against different nonpolar liquids

Surfactant Interfacial tension (mN/m)

n-Hexane Paraffin oil 1-Octanol

GA400 29 22 10

GA600 28 20 9

GA1500 23 17 8

Interfacial tension values of GA-400, GA-600 and GA-
1500 are arranged in Table 2. The nature of nonpolar phase
has substantial consequence on the interfacial tension of
n-hexane/water, paraffin oil/water and 1-octanol/water sys-
tems. The hydrophobicity of nonpolar medium increased in
the following sequence: n-hexane> paraffin oil> 1-octanol.
Interfacial tension values are increased in same trend. The
values of interfacial tension ofGA-400 are the highest among
the three systems and ranged between 29, 22 and 10 mN/m
for n-hexane, paraffin, oil and 1-octanol, respectively, while
the lowest values were obtained in case of GA-1500 nonionic
surfactants,which are 23, 20 and8mN/m forn-hexane, paraf-
fin oil and 1-octanol. N-hexane has the maximum hydropho-
bic (nonpolar) character and has high repulsion by water
phase. That is due to n-hexane has not any polar group; hence,
its interaction with the adsorbed layer of the surfactant at the
interface is very weak. That increases the interfacial tension
of n-hexane/surfactant system considerably.

In case of paraffin oil, its chemical structure contains few
function groups, e.g., double bonds and/or oxo-compounds.
These groups interact by polyethylene glycol chains, which
decrease the interfacial tension at water/paraffin oil interface.
In case of 1-octanol, the presence of hydroxyl groups facil-
itates the development of hydrogen bonds between octanol
and surfactants at interface. That decreases the interfacial
tension of this system significantly [30]. Increasing the poly-
ethylene glycol chain length from 9 to 31 units increases the
interaction between adsorbed layer of surfactantmolecules at
the interface and the nonpolar phase. That was accompanied
by decreasing interfacial tension values as shown in Table 2.

3.3 Micellization and Adsorption Thermodynamics

Thermodynamic functions describe the energetic parameters
of the adsorption and micellization processes of surfactant
molecules either at the interface or in the bulk of their solu-
tions.

The free energies ofmicellization (�Gmic) and adsorption
(�Gads) were calculated using Eqs. (4–5) [31] as follows:

�Gmic = 2.303RT log (CMC) (4)

�Gads = �Gmic − (0.006πcmc×Amin) (5)

Micellization and adsorption free energies are in negative
values, which indicate their spontaneous occurrence in the
solution, while large negative value indicates the majority of
one process than the other. The standard free energies for
adsorption and micellization of the synthesized surfactants
are negative, which specifies spontaneous occurrence of both
processes in the solution. The values of adsorption free ener-
gies are more negative than those of micellization process.
That indicates the high tendency of the synthesized surfac-
tants towards adsorption at the interface than the micelliza-
tion. This result showed the applicability of these surfactants
in several applications including: emulsification, detergency
and corrosion inhibition application.

4 Conclusion

Results of this study revealed the following points:

1. Gallic acid-derived nonionic surfactants are simply pre-
pared surfactants.

2. Surface activity measurements showed their high ten-
dency towards surface tension reduction and low critical
micelle concentration.

3. Surface and thermodynamic properties are dependent on
the hydrophilic chain length.

4. Interfacial tension of the surfactants is strongly related
to the type of the nonpolar medium and the polyethylene
glycol chain length.

5. Surface activity parameters of the synthesized surfactants
showed their high tendency towards adsorption at vari-
ous interfaces. This qualifies these surfactants as efficient
corrosion inhibitors and emulsifying agents.

6. The results will encourage several researches including
the use of these surfactants as corrosion inhibitors to
inhibit corrosion of carbon steel in acidic medium.
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