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Abstract Nonionic Schiff base surfactants were synthe-
sized by chemical modification of tannic acid. The surface
activities of the synthesized surfactants were determined
using surface tension, interfacial tension, and emulsifica-
tion properties. Thermodynamic parameters of adsorption
and micellization of these surfactants showed their ten-
dency towards the two processes with greater predomi-
nance of adsorption over micellization. Electrochemical
polarization and impedance measurements showed that the
surfactants exhibited good tendency towards inhibiting the
dissolution of carbon steel in acidic medium. The inhibi-
tion efficiencies depend on the chemical structure and
concentration of the compounds.

Keywords Nonionic - Surface activity - Adsorption -
Micellization - Polarization - Impedance

Introduction

Corrosion inhibitors are compounds added to the medium
to decrease the rate of corrosion of metal. Inhibitors are
used in closed or circulating systems [1, 2] and are chosen
for their effectiveness in protecting the specific metal or
different metals in a given system. Halogenated com-
pounds, surfactants, and heterocyclic compounds contain-
ing nitrogen, phosphorus, oxygen, and sulfur can inhibit the
corrosion of metals [3—6]. Some high molecular weight
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organic compounds such as proteins and polysaccharides
have good corrosion inhibitive properties [7]. Inhibitors
prevent the corrosion process and reduce the acid utiliza-
tion during acid pickling of fabricated metals. The inhibi-
tors’ mechanism of action is preceded by electrostatic or
chemical interaction between the metal surface and the
heteroatoms included in their chemical structures. In spite
of the existence of many organic compounds as inhibitors,
development of new compounds must be done to achieve
more economic, environmentally friendly, and efficient
inhibitors [8, 9]. Pure natural compounds can be used as
corrosion inhibitors. For example, vanillin was evaluated
as an environmentally friendly corrosion inhibitor for alu-
minum dissolution in acidic medium [10, 11]. Vanillin
offers interesting possibilities for corrosion inhibition
owing to its environmentally friendly nature [10] and its
high solubility in water [12]. The efficiency of pure vanillin
was in the range of 80-85 % based on its concentration.
The inhibition action of vanillin is attributed to its
adsorption on the surfaces through the active centers con-
tained in its structure. Tannic acid is a specific compound
of polyphenol tannin. Tannic acid is used in the conser-
vation of ferrous metal objects without the necessity of
corrosion products removal from corroded surfaces [13].
Tannic acid is therefore especially useful in anticorrosive
protection of objects of heritage. Tannic acid can also be
applied in corrosion protection of copper [14], aluminum
[15], zinc and nickel [16]. Although tannins can be applied
as corrosion inhibitors, sometimes they can increase the
acidity of the medium. Thus, modification of the chemical
structure of tannic acid can improve the efficiency and
applicability of its derivatives as corrosion inhibitors.
Schiff bases are more efficient inhibitors than the cor-
responding amines. Schiff bases of some aliphatic amines
showed excellent inhibition of carbon steel corrosion in
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acidic medium, which is of particular interest to petroleum
companies [17, 18]. Schiff bases of heterocyclic com-
pounds also showed good inhibition efficiencies for steel in
different media [19, 20]. The anticorrosion inhibition effi-
ciency of Schiff bases is attributed to the bonding of imine
T electrons with d orbitals of the metal [18, 20]. The aim of
this study was to synthesize nonionic surfactants derived
from a naturally occurring compound (tannic acid), to
study their surface and thermodynamic properties, and to
evaluate their ability as inhibitors of the corrosion of car-
bon steel in acidic medium. The target surfactants were
chosen to be environmentally friendly and ideally exhibit
higher efficiency as corrosion inhibitors than the reported
pure natural compounds.

Experimental Section
Materials

Polyethylene glycols (PEG) of different molecular weight
(purity 99.8 %) were purchased from Alfa Aesar, Ger-
many. Vanillin (purity 99 %) and 4-hydroxybenzaldehyde
(purity 99.9 %) were obtained from Sigma-Aldrich, Ger-
many. Paraffin oil (a mixture of C;4—Cp¢ hydrocarbons)
was obtained from ADWIC, Egypt.

Synthesis of Tannic Acid-Polyethylene Glycol Esters
(T1-3)

Tannic acid (0.017 mol, 30 g) was reacted with PEG of
different molecular weight (PEG-400, 6.8 g, 0.017 mol;
PEG-600, 10.2 g; and PEG-1500, 25.5 g) in the presence
of hydrochloric acid (two drops) as a dehydrating agent and
100 mL of xylene as a solvent. The reaction was performed
at 138 °C in a 500-mL round-bottom flask equipped with a
mechanical stirrer and Dean—Stark condenser. The reaction
was stopped after obtaining 0.31 mL of water and cooled.
The solvent (xylene) was evaporated under reduced pres-
sure in a closed system oven equipped with a glass trap and
mini-vacuum pump. The reaction product was washed with
acetonitrile to remove the excess reactants, then with
methanol, and dried under vacuum [21]. The obtained
products were brown-yellow and waxy, and designated as
follows: T, tannic acid—-PEG-400 (MW 2082 g/mol); T,
tannic acid-PEG-600 (MW 2282 g/mol); T;, tannic acid—
PEG-1500 (MW 3182 g/mol).

Synthesis of Tannic Acid-Polyethylene Glycol-p-
Aminobenzoic Acid Diesters (TA;_3)

p-Aminobenzoic acid (0.017 mol, 2.055 g) was reacted
with T;_3 esters (0.015 mol, 31.23, 34.23, 47.73 g)
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individually at 138 °C in the presence of two drops of
hydrochloric acid and 100 mL of xylene, as dehydrating
agent and solvent, respectively. The reaction was per-
formed in a 250-mL round-bottom flask equipped with a
mechanical stirrer and Dean—Stark condenser. The reaction
was stopped after obtaining 0.015 mol of water (0.27 mL).
The reaction products were washed twice with methanol
and dried under vacuum [21]. The solvent was evaporated
under reduced pressure in a closed system oven equipped
with a glass trap and mini-vacuum pump. The obtained
brown waxy esters were designated as follows: TA;, tannic
acid-PEG-400-p-aminobenzic acid (MW 2201 g/mol);
TA,, tannic acid—-PEG-600-p-aminobenzic acid (MW
2401 g/mol); TA;, tannic acid—PEG-1500-p-aminobenzic
acid (MW 3301 g/mol).

Synthesis of Vanillin and p-Hydroxybenzaldehyde
Schiff Bases of TA_; Diesters

Vanillin (0.01 mol, 1.52 g) and p-hydroxybenzaldehyde
(0.01 mol, 1.22 g) were reacted with the three diesters
TA;_3 (0.01 mol, 22.01, 24.01, 33.01 g) in the presence of
xylene as a solvent at 140 °C, with continuous removal of
water during the reaction using a Dean—Stark condenser.
The reaction was stopped after obtaining 0.18 mL of water,
and then the solvent was removed under reduced pressure.
The obtained products were washed with excess methanol
and dried under vacuum [22] to obtain six nonionic Schiff
bases denoted as follows: V, vanillin Schiff base of TA;;
V,, vanillin Schiff base of TA,; V3, vanillin Schiff base of
TAj;; Hy, p-hydroxybenzaldehyde Schiff base of TA;; H,,
p-hydroxybenzaldehyde Schiff base of TA,; Hj, p-hy-
droxybenzaldehyde Schiff base of TAj;.

Measurements
Analyses

FTIR spectroscopic analyses were performed using a
Genesis FTIR spectrometer, USA.

Surface Tension Measurements

Surface and interfacial tension values were measured by
using a Kruss-K6 tensiometer with a platinum ring (pre-
cision range +0.5 mN/m). Freshly prepared solutions of
the synthesized Schiff base nonionic surfactants V;_3 and
H,_; were prepared with a concentration range of 1 x 1072
to 5 x 107> M in doubly distilled water. Surface tension
measurements were performed for the prepared solutions at
25 °C. The measurements were repeated three times and
the average was taken for each concentration. Each reading
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was measured after 2 min in the measuring cell to allow
surface stabilization to be achieved. The measuring cell
was made of Teflon to avoid adsorption of surfactant on the
cell wall. The platinum ring was washed with diluted acid,
acetone, and finally with distilled water after each reading
to ensure that accurate values were obtained [23].

Interfacial Tension Measurement

Interfacial tension measurements were performed between
light paraffin oil and surfactant solutions with a concen-
tration of 0.1 % by weight at 25 °C. Twenty milliliters of
surfactant solution was placed in the measuring cell, and
the platinum ring holds in the bottom of the cell. Then,
20 mL of light paraffin oil was placed on the solution
surface and the platinum ring was adjusted to locate it at
the interfacial surface of the oil-solution system. The
interfacial tension value was considered after detachment
of the ring from the solution phase to the oil phase. The
measurements were repeated three times, each time with a
fresh system, and the interfacial tension value was the
average of these three readings [24].

Emulsion Stability Measurements

Emulsion stability was measured by placing 25 mL of
0.1 % solution of each surfactant by weight and 25 mL of
light paraffin oil in a 100-mL measuring cylinder. The
temperature of the cylinder was adjusted to 25 °C. The
cylinder was vigorously shaken for 5 min, and the mixture
was then allowed to separate. The time required for sepa-
ration of 20 mL of pure surfactant solution was recorded.
Measurements were repeated three times and the time was
taken as the average of these readings. Measurements were
considered for each surfactant individually, and readings
were calculated in minutes [24].

Potentiodynamic Polarization Measurements

Potentiodynamic polarization measurements were per-
formed using a Volta Lab-PGZ-301 (France). A conven-
tional 250-mL cylindrical glass cell equipped by three
electrodes was used. A saturated calomel electrode (SCE)
and platinum electrode (2 cm? area) were used as reference
and auxiliary electrodes, respectively. The working elec-
trode (carbon steel disc of 0.8 cm?) was surrounded with
epoxy except the working surface. Potentiodynamic
polarization curves were obtained by changing the poten-
tial from —200 to +200 mV versus open circuit potential
(OCP) with the scan rate of 5 mV s~'. The inhibition
efficiency (#%) was calculated using the following equa-
tion [4, 5].

% = Lcorr(uninh) — Lcorr(inh) % 100

Lcorr(uninh)

where icorruninhy aNd icorrnny are the corrosion current
densities without and with inhibitors, respectively.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements
were carried out using a Volta Lab, model PGZ-301
(France) and a software program (Voltameter 4) [4]. The
measurements were performed using AC signal (10 mV)
peak to peak at the OPC in the frequency range of 100 kHz
to 10 mHz.

Results and Discussion
Structure

The chemical structures of TA;_; diesters were confirmed
by FTIR spectroscopic analysis using a Genesis FTIR
spectrophotometer (Mattson, Wisconsin, USA)
(Scheme 1).

FTIR spectra of TA_3 showed the following absorption
bands: a broad band from 3200 to 3600 cm ™' centered at
3400 cm ™' corresponded to hydroxyl and amino groups;
two absorption bands at 2920 and 2850 cm ™' corresponded
to symmetric and asymmetric vibration of methylene
groups; a band at 1690 cm™' corresponded to ester groups,
1190 cm ™' corresponded to C-N groups, 1029 cm™" cor-
responded to ether groups, and bands at 970 and 730 cm™'
corresponded to the phenyl groups (see additional data
file).

The chemical structures of V,_3 were confirmed using
FTIR spectroscopic analysis, which showed the following
absorption bands: 3100-3650 cm ™' broad band centered at
3400 cm™' corresponded to hydroxyl groups, two bands at
2920 and 2850 cm™' corresponded to CH, stretching,
1710 cm ™" corresponded to ester groups, 1610 cm™" cor-
responded to azomethine groups, 1325 cm™" corresponded
to C—N groups, 1030 cm™! corresponded to ether groups,
and 870, 767, 735 and 693 cm™' corresponded to phenyl
groups (Fig. 1). Similarly, p-hydroxybenzaldehyde Schiff
base derivatives (H;_3) showed the listed absorption bands.

Surface Activity of the Synthesized Compounds
Surface Tension and Critical Micelle Concentration
In an aqueous medium, surfactant molecules are adsorbed

at the air—water interface such that the hydrophilic part is
directed to the water phase and the hydrophobic part is
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Fig. 1 IR spectra of V, nonionic surfactant

located at the air—water interface. The adsorption of sur-
factant molecules at the air—water interface decreases the
surface tension of the solution, and the gradual increase of
the adsorbed surfactants is followed by gradual decrease in

&\ Springer ANOCS &

OH
OH HO OH HQ OH O 2 H
HQ OH Q H " O—CH,CH,~0— (CH;CH onfcnpuz—wc@uzc oH
O—CH,CH,~0— (CH,CHy O)Y*CHﬁHszC@fN:C@fOH o
o OH
OH o
o
° OH
o

OCH;Z

Vanillin
Reflux (139 °C) -H20
p-toluene sulphonic acid Xylene

OCH;

o OH
o Q
o OH
on o o
Ho o 4
o ©
HQ
H OH HO OH
0 Ho OH
HO o OH
o

Vis "

the surface tension. A marked decrease in the surface
tension indicates that the surfactant molecules have great
tendency towards adsorption at the air—water interface.
The surfactants under consideration are nonionic sur-
factants owing to the presence of nonionic PEG species, in
addition to the huge number of hydroxyl groups attached to
the phenyl groups, in their chemical structures as hydro-
philic groups. Their chemical structure has no fully posi-
tively or negatively charged head groups. The hydrophobic
groups are the organic part obtained from the reaction of
vanillin or 4-hydroxybenzaldehyde with p-aminobenzoic
acid. Figure 2 shows the variation of surface tension vs —
log concentration relationships of the synthesized nonionic
surfactants (V,_3) for H;_3 in their solutions (see additional
data file). The relation showed two characteristic regions:
the premicellar region in which the surface tension values
decrease with increasing surfactant concentration and the
postmicellar region in which the surface tension stays
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Fig. 2 Surface tension versus minus log concentration of Vy, V,, and
V3 Schiff base nonionic surfactants at 25 °C

almost constant with increasing concentration of each
surfactant [25]. Intersection of the two regions determines
the concentration at which the micelles form (the critical
micelle concentration, CMC) [26].

The PEG chain length has an important effect on the
surface tension values of the surfactants in their solutions.
Surfactant molecules with shorter PEG chains have lower
surface tension values in the solutions compared to the
surfactant molecules with longer PEG chains. Surfactants
with longer PEG chains (V5 and Hj3) have the highest
surface tension values. In contrast, surfactant molecules
with PEG-400 (V; and H,) have the lowest surface tension
values (Fig. 2).

Surfactant molecules with shorter PEG chains (V{, H;)
are rapidly and strongly adsorbed at the air—water interface.
That is due to the hydrophobicity of their molecules. On
the other hand, increasing the PEG chain length to 600 and
1500 g/mol (V,_3, H,_3) increases the surface tension
values of the surfactant solutions considerably, compared

to V; and H; surfactants. The surface tension—concentra-
tion profiles show that the surface tension values of the
synthesized surfactants are relatively low compared to the
conventional nonionic surfactants [27].

The CMC values of the synthesized nonionic surfactants
were extracted from Fig. 2 and are listed in Table 1. They
ranged between 2.15 and 2.71 mM for derivatives con-
taining PEG-400 chains (V;, H;) and between 2.71 and
5.83 mM for derivatives containing PEG-1500 chains (Vs3,
H3). The main factor influences the CMC values of these
surfactants is the PEG chain length within similar series
(Hy_3 or V;_3). Increasing the PEG chain length from 400
to 600 g/mol has a noticeable influence on the CMC val-
ues. Surfactant molecules containing short PEG chains (V,
H,) are more hydrophobic than surfactant molecules with
longer PEG chains (V3, H3z), which are more hydrophilic
[28]. The hydrophobicity of molecules with short PEG
chains increases the adsorption of surfactant molecules at
the air—water interface, which decreases the CMC values.

The side chains attached to the surfactant molecules
have a considerable influence on the CMC values. 4-Hy-
droxybenzaldehyde interacts with the aqueous phase via
the formation of two types of hydrogen bonds: the first
involves the PEG chain and the second involves the
hydroxyl groups of the benzaldehyde ring and tannic acid
moiety. On the other hand, vanillin-derived nonionic sur-
factants have a third type of hydrogen bonding via the
methoxy group on the vanillin moiety. As a result, the
adsorption of vanillin-derived surfactants is expected to be
planar on the aqueous phase (well-arranged molecules at
the interface) compared with the 4-hydroxybenzaldehyde-
derived surfactants which will be tilted as a result of the
adsorption sites being located in one geometrical line
(randomly arranged molecules at the interface). The well-
arranged vanillin derivative increases its concentration at
the interface. As a result, the surface concentration
increases which decreases the CMC values (Table 1).

Surfactant molecules in the aqueous medium experience
two balanced forces. The first is the repulsion exerted by
the polar phase on the hydrophobic chains (due to the
hydrophobic effect), and the second is the attraction
between the water molecules and the partially charged

Table 1 Surface activity of the synthesized surfactants in their solutions at 25 °C

Surfactant CMC (mM) Yeme (MN m P Tleme (MmN m~P Pcyg (mM) —0y/ologC Fmax (mol em™2 x 10719 A0 (nm?)
H, 2.71 42 29.8 0.45 11.99 4.84 343
H, 3.03 45 26.8 0.86 10.78 4.35 38.2
H; 5.83 47 24.8 2.24 8.85 3.59 46.2
Vi 2.15 43.5 28.3 0.48 13.36 5.93 27.9
vV, 2.32 47.0 24.8 1.16 12.29 4.96 335
V3 2.71 50.5 21.3 2.51 10.9 4.39 37.8
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nonionic chains and the hydroxyl groups of phenyl moi-
eties (due to the hydrophilic effect). The former effect
suppresses the adsorption of molecules at the air—water
interface, whereas the latter effect increases the solubility
of the surfactant molecules in the aqueous bulk via
hydrogen bond formation between the water molecules and
the electronegative oxygen atoms within PEG chains and
hydroxyl groups. The effect of hydrophobicity of surfactant
molecules in the solution is overcome by two ways. The
first is the adsorption of more hydrophobic surfactant
molecules at the air—water interface. The second is the
aggregation of surfactant molecules in the bulk solutions to
form micelles.

The y.mc value is defined as the surface tension of the
surfactant solution at the CMC [27]. ycme illustrates the
surface activity of the surfactant solutions at the interface.
This value determines the lowest surface tension value
which can be achieved by the surfactant solution.
Decreasing vy, values indicates the high surface activity
of the surfactants in their solutions. The lowest y . values
were obtained with V,_, and H,_,; furthermore, vanillin-
derived surfactants (V;_3) have higher values than the
corresponding 4-hydroxybenzaldehyde derivatives (H_3)
(Table 1). The depression in y.n. values indicates the
extent of surfactant molecules adsorbed at the solution
interface.

Effectiveness (n,,.) and Efficiency (Pczg)

The difference between the surface tension values of
doubly distilled water and the surfactant solution at the
CMC is defined as the effectiveness (7ome). Teme describes
the depression in surface tension at surface saturation
conditions [28]. 7.y is useful in comparing between sur-
factants which have similar head groups. Surfactants with
higher 7., values have a greater tendency to adsorb at the
air-water interface than ones with lower m.,. values.
Comparing 7., values of V,_3 or H;_3 surfactants in
Table 1 reveals that the sequence of surfactants towards
adsorption at the interface is in the following order:
Vl >V2>V3 andHl >H2>H3.

The efficiency, Pc,p, describes the concentration of
surfactant solution which reduces the surface tension of
doubly distilled water by 20 mN/m. It is helpful in com-
paring between surfactants having different head groups. It
is clear that the 4-hydroxybenzaldehyde derivatives (H;_3)
are more pronounced in decreasing the surface tension than
vanillin derivatives (V;_3). Based on 7. and Pc,q values,
it can be reported that H;, H,, V;, and V, surfactants have
greater tendencies towards adsorption at the air-water
interface than H; and V5 surfactants.
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Maximum Surface Concentration (I,,,,)

The slope of the premicellar region in the surface tension—
concentration profile is called the surface pressure. The
surface pressure (0y/0logC) determines the change in the
surface tension of the surfactant solution with infinitesimal
change in the surfactant concentration. Its value is a direct
indication of the adsorption tendency of the surfactant
molecules at the air—water interface. Increasing the surface
pressure indicates the increasing of the surfactant mole-
cules adsorption tendency at the air—water interface [24,
25, 29]. Data in Table 1 showed that V;, V,, H;, and H,
surfactants, respectively, have higher surface pressures
than V; and Hj surfactants. That reflects the higher ten-
dency of V, V,, Hy, and H; surfactants towards adsorption
at the interface than V3, and H; surfactants.

The surface pressure values can be used to calculate the
maximum surfactant concentration I, of different sur-
factants at the interface of their solutions as follows [27]:

I'max = (0y/0log C)/(2.303nRT)

where I, is the maximum surface concentration at the
saturation condition, » is the number of ionic species in the
solution (n = 1 in case of nonionic surfactant), R is the
universal gas constant, and 7 is the absolute temperature;
the obtained results are listed in Table 1.

The maximum surface excess is the concentration of
surfactant per unit area at the interface. The adsorption of
surfactant molecules at the interface is calculated numeri-
cally in terms of concentration by I';,,,x. The values of I',.x
in Table 1 vary over a narrow range within similar series
and widely within different series. Within similar series,
I hax ranged between 439 x 1071° and
593 x 107'° mol/em® for V,; and ranged between
3.59 x 107'* and 4.84 x 107" mol/cm? for H, 5, which
indicates the high adsorption tendency of the different
surfactants at the interface. The higher surface concentra-
tion at the interface is related to the pumping of surfactant
molecules to that interface. The adsorption of surfactant
molecules at the air—water interface is decreased by
increasing the hydrophilicity of the molecules and
increased by increasing the hydrophobicity of the chains.
On the other hand, higher surface concentration is related
to the stability of the formed monolayer at this interface.
Vanillin derivatives (V,_3) have lower surface pressure
than H;_; owing to the presence of methoxy groups in their
structure. The presence of methoxy groups increases the
attachment of V,_; surfactant molecules to the aqueous
phase, which decreases the adsorption of molecules at the
interface. At the interface, the adsorbed monolayer of V_3
surfactant molecules is compact owing to the overlapping
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between the polar groups in their chemical structure. That
compactness is less pronounced in H;_; surfactant mole-
cules as a result of the presence of only hydroxy groups in
their chemical structure. The difference in I, values
listed in Table 1 is not pronounced, indicating the slight
effect of the methoxy group on the adsorption of V_; at the
interface relative to H;_; surfactant molecules. The
adsorption tendency of the surfactants at the interface
increases their applicability in several interfacial applica-
tions including emulsification, foaming, wetting, and cor-
rosion inhibition. The synthesized surfactants were
expected to adsorb at the metal surface and act as corrosion
inhibitors owing to the presence of the various polar groups
in their chemical structure. In addition, the phenyl and
azomethine groups in their chemical structures can form
bonds with the metal surface by overlapping between the n
electrons and the p electrons of the iron in carbon steel.

Minimum Surface Area (A,.;in)

The average area occupied per surfactant molecule at the
interface at saturation conditions (A.;,) was calculated
using the following formula (N, is Avogadro’s number)
[29]:

Amin = 1/(Gmax~Navog>

Values listed in Table 1 indicate that the surfactant mole-
cules are located in a semiplanar position at the interface
[29]. Furthermore, increasing the PEG chain length has a
minor effect on the A,,;, values of the different surfactants.
The influence of the vanillin and 4-hydroxybenzaldehyde
moieties on Ap;, values is more pronounced. Vanillin-
derived surfactants V;_3 occupy a smaller area at the
interface than the 4-hydroxybenzaldehyde-derived surfac-
tants, H,_3. That can be simply related to the presence of
the polar groups in the two moieties. The obtained values
of A,;, were comparable to our previous work for nonionic
surfactants based on tannic acid [30]. A, values of five
substituted tannic acid nonionic surfactants were compa-
rable to our values when considering one substituent on the
tannic acid moiety.

Thermodynamic Properties of the Synthesized Surfactants

The standard free energy of micellization (AGp,;.) is the
energy loss in the system due to the transfer of one mole of
surfactant molecule to the bulk of the solution during the
micellization process and can be calculated using the Gibbs
equation as follows [29]:

AGpic = 2.303nRT(log CMC)

where R is the universal gas constant (8.314 kJ/mol) and T
is the absolute temperature (K).

The adsorption free energy (AG,qs) is the energy loss in
the system due to the adsorption of surfactant molecules
(1 mol) at the air—solution interface and is given using the
following equation [29]:

AGas = AGic— (06 X Teme X Amin)

where AG ;. is the standard free energy of micellization in
kJ mol ™!, Teme 18 the effectiveness (mN/m), and A, is the
average area occupied by a surfactant molecule at the
solution interface (nm?).

The thermodynamics of adsorption and micellization
processes of the synthesized surfactants were calculated
according to the two aforementioned equations [29].

The thermodynamics of both adsorption and micelliza-
tion processes determine the affinity of surfactant towards
adsorption at the interface, or micellization in their solu-
tions. The negative values of AG ;. and AG,y, indicate that
the adsorption of surfactant molecules at the interface and
the micellization in the bulk of the solution occurred
spontaneously (Table 2). Furthermore, the narrow differ-
ence between these two values indicates the presence of
equilibrium between the adsorbed molecules at the inter-
face and the micellized molecules in the bulk. Data in
Table 2 show that the free energies of adsorption are more
negative than those of micellization. This provides evi-
dence for the preferential tendency of the prepared sur-
factants towards adsorption at the air—water interface than
micellization in the bulk of their solutions (i.e., the pre-
dominance of adsorption process over micellization). The
thermodynamic evaluation of the adsorption and

Table 2 Emulsification, interfacial properties, and thermodynamic parameters of V;_3 and H;_; surfactants in their solutions at 25 °C

Surfactant AG,qs (kJ mol™1) AG mic (kJ mol™) Emulsion stability (min) Interfacial tension (mN/m)
H, —15.91 —14.20 70.25 26
H, —15.53 —13.94 2.40 24
Hj —14.78 —12.36 1.05 23
A\ —15.28 —14.76 37.25 26
vV, —14.89 —14.58 3.15 23
V3 —14.42 —14.20 1.30 22
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micellization processes of the different surfactants was
performed according to the standard free energies (AG,qs
and AG,;.) of these two processes, respectively [22].

Emulsion Stability

Emulsion formation technology is very important in sev-
eral applications, especially in cosmetics, drug formula-
tions, and paints. The emulsification by surfactants is one
of the most important surface properties at the interface.
The emulsification tendency in some cases is important for
the formation of stable emulsions, e.g., in solubilization,
emulsification processes, cosmetics and drug formulations;
whereas, in some applications emulsification is not favor-
able, e.g., especially in petroleum applications including
demulsification and corrosion inhibition. The emulsifica-
tion powers of the synthesized surfactants were determined
as the time required to break down the emulsion formed
between surfactant solution and paraffin oil. Table 2 lists
the emulsification properties of the synthesized surfactants
in the presence of light paraffin oil. The stability of the oil—
water emulsions are mainly dependent on the chemical
structure of the emulsifier used (surfactant), pH of the
medium, and the temperature. The emulsification powers
of the surfactants are dependent on the nonionic chain
length. The synthesized surfactants showed different
responses towards the emulsion stabilization. Surfactants
containing short PEG chains (H; and V) exhibit moderate
emulsion stability ranging between 70.25 and 37.25 min.
Surfactants containing longer PEG chains (H, and V)
exhibit considerably lower emulsion stability of between
240 and 3.15 min. The lowest stability of the formed
emulsions was obtained in presence of H; and V3 surfac-
tants. The relatively low stability of emulsion formed using
H,_; and V,_3 was comparable to the emulsions formed by
conventional nonionic surfactants, e.g., Tween-20 or
Tween-40 [29], which provide stable emulsions for more
than 2 days. That behavior predicts the applicability of
these surfactants as corrosion inhibitors in oil fields owing
to the lack of risk of stable emulsion formation, which is
undesirable in the chemicals used there.

Interfacial Tension

Interfacial tension is a property that determines the ability
of compounds to locate at the interface between the oil and
the water phase. The driving force of surfactant molecules
to adsorb at the interface (boundary surfaces) is to decrease
the free energy at these boundaries. That decrease can be
observed from the interfacial energy values. Interfacial
tension is expressed instead of interfacial free energy per
unit area. The tendency of surfactant molecules towards
accumulation at the interfaces is a unique property of
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surfactants [31]. The interfacial tension values of the syn-
thesized surfactants (H;_3, V;_3) ranged between 22 and
26 mN/m at 25 °C. The relatively high values of the syn-
thesized surfactants compared to Tween-20 or Tween-40
(12, 9 mN/m) indicate their low tendency to locate at the
oil phase. This phenomenon is suitable when evaluating
these surfactants in oil and water environments, e.g., cor-
rosion inhibition of petroleum equipment [13, 14, 16]. The
presence of water and oil in the same environment risks the
formation of stable emulsion when the interfacial tension
values of the surfactants are low. In the case of the syn-
thesized surfactants, there is no risk of stable emulsion
formation when these compounds are used in different
applications. Increasing the hydrophilic chain length (PEG
chains) from 9 to 34 units decreases the interfacial tension
of vanillin derivatives V;_3 from 26 to 22 mN/m, whereas
in the case of H;_s, the interfacial tension values decreased
from 26 to 23 mN/m at 25 °C (Table 2).

Corrosion Inhibition Evaluation
Potentiodynamic Polarization Spectroscopy

The current—potential relationship (cathodic and anodic)
for carbon steel corrosion in 1 N H,SOy, in the presence of
5000-500 ppm by weight of V,_; inhibitors at 25 °C is
shown in Fig. 3 for H,_; (see additional data file). The
electrochemical polarization parameters of cathodic and
anodic Tafel slopes (fi., f.), corrosion current density
(icorr), potential of corrosion (E..), and inhibition effi-
ciency (n%) obtained from this figure are listed in Table 3.
The potential of corrosion of the unprotected carbon steel
was —492.9 mV compared with the saturated calomel
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Fig. 3 Polarization curves of carbon steel in the presence of
5000-500 ppm by weight of V; nonionic surfactant at 25 °C
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Table 3 Electrochemical Inhibitor ~ Concentration —Eeon V) Low (MA/ecm®  fo (mV) B (mV) 0 n %
polarization paramgters. of (ppm by weight)
carbon steel corrosion in the
presence of different Blank 0 492.9 1.99 206.7 201.5 - -
concentrations of V;_3 and H;_3
nonionic surfactants Vv, 5000 521.4 0.208 245.7 243.4 090 89.5
2500 519.6 0.201 239.2 234.0 0.87 86.5
1000 519.9 0.311 221.9 215.6 079  79.1
500 510.9 0.423 190.5 202.4 072 171.6
V2 5000 511.4 0.190 250.6 248.3 090  90.5
2500 529.6 0.239 244.0 238.7 0.88 875
1000 529.9 0.318 226.3 219.9 0.84 843
500 520.9 0.478 194.3 206.4 076 764
V3 5000 523.4 0.179 253.1 250.7 091 91.0
2500 522.6 0.199 246.4 241.0 090 90.0
1000 529.9 0.279 228.6 222.1 0.86 86.3
500 523.9 0.398 196.2 208.5 0.80  80.0
H, 5000 509.2 0.297 246.2 225.0 0.80  80.1
2500 510.7 0.393 237.9 213.7 0.74  73.6
1000 505.6 0.511 230.2 210.4 0.69  68.7
500 503.3 0.875 228.2 205.6 059 593
H2 5000 519.2 0.358 251.1 229.5 0.82 81.6
2500 520.7 0.418 242.7 218.0 079  79.1
1000 505.6 0.478 234.8 214.6 076 764
500 503.3 0.677 232.8 209.7 0.66  65.8
H3 5000 509.2 0.318 253.6 231.8 0.84 843
2500 510.7 0.398 245.0 220.1 0.80 80.4
1000 505.6 0.438 237.1 216.7 0.78 784
500 503.3 0.557 235.0 211.8 072 71.8

electrode, while the corrosion current recorded a very high
value of 1.991 mV. That indicates the high corrosion
extent of the carbon steel in the acidic medium with high
tendency towards cathodic polarization at 201.5 mV
compared to the saturated calomel electrode. The corrosion
potential of the carbon steel in the presence of the different
inhibitors increased, indicating the protection of the metal
surface as a result of the presence of the inhibitors in the
medium. The corrosion currents were decreased consider-
ably by the addition of the inhibitors to lower values of
0.208, 0.190, 0.179, 0.297, 0.358, and 0.318 mA cm ™~ at
5000 ppm by weight of V,_3 and H,_3, respectively. The
values of the corrosion currents were used to determine the
surface coverage (6) of the carbon steel by the inhibitor
molecules using the following equation [32]:

0= (icorr(uninh) - icorr(inh))/(icorr(uninh))

where icorruninhy @nd icorinhy are the corrosion current
densities in the presence and absence of the different
inhibitors. These values were used to determine the cor-
rosion inhibition efficiencies of the different inhibitors at
400 ppm according the following equation [4]:

n% = [(icorr(uninh) - icorr(inh))/(lcorr(uninh))] x 100

At 5000 ppm by weight, the values of i.,,, in the case of
V5 and H; (0.179, 0.318 mA cm™?) are smaller than those
of Vi, and H,_, (Table 3). V5 and Hj thus exhibit higher
inhibition efficiencies (91.0, 84.3 %) than the other inhi-
bitors in 1 N H,SO,4 at 25 °C. It is apparent from the
polarization profile that both anodic and cathodic corrosion
reactions of carbon steel electrode were inhibited after the
addition of the different inhibitors to the acidic solution.
Furthermore, the inhibition became more noticeable by
increasing the inhibitor concentration from 500 to
5000 ppm by weight. This behavior indicates that the
addition of the inhibitors lessens the anodic dissolution of
iron and also retards the reduction of hydrogen ions (hy-
drogen evolution) [32]. The cathodic current—potential
curves (Fig. 3) gave rise to parallel lines indicating that the
presence of inhibitors did not alter the hydrogen evolution
mechanism and the reduction of H ions at the carbon steel
surface takes place mainly through a charge transfer
mechanism [33]. The cathodic current densities decreased
dramatically by increasing the inhibitor concentrations,
which reveals that the addition of the inhibitors does not
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change the cathodic hydrogen evolution mechanism. The
suppression of the cathodic process can be attributed to the
covering of inhibitor monolayer on the cathodic sites of the
carbon steel [34-36]. In the initial stage of the anodic
polarization, the corrosion current densities increased
slowly and the anodic polarization was enhanced pre-
dominantly with the polarization potential shifting posi-
tively. That shows the adsorption rate is higher than the
desorption rate of the inhibitor molecules on carbon steel
surface, and the adsorption process controls the anodic
reaction [37]. The polarization behavior showed similar
appearance, which implies that the inhibitor molecules are
thoroughly adsorbed from the solution to the carbon steel
surface and their inhibition effect is increased by increasing
the concentration [9, 38]. Increasing of inhibitor concen-
tration results in a reduction in the corrosion current den-
sities and an increase in 1%, which suggests that the
protective film adsorbed on the metal surface tends to be
more complete at higher inhibitor concentrations. Fur-
thermore, increasing the number of ethylene glycol units in
the inhibitors decreased the corrosion current density (icor)
considerably. The inhibition efficiencies increased by
increasing the polymerization extent in the following order:
V3 >V, >V, > H; > H, > H,. The inhibitors are clas-
sified as cathodic or anodic type when there is a shift in
corrosion potential higher than 85 mV compared to the
corrosion potential in the absence of inhibitors [9]. How-
ever, the displacement of E,, is less than 85 mV for all
the studied inhibitors. Therefore, these inhibitors can be
classified as mixed-type inhibitors [39, 40]. Mixed-type
inhibitors retard both cathodic and anodic reactions of the
corrosion process. Moreover, the values of the anodic and
cathodic Tafel slopes showed no obvious changes with the
addition of the inhibitors. That suggests the adsorption of
inhibitor molecules occurs first on the carbon steel surface.
This then successively hinders the corrosion process by
blocking the reactive sites on the carbon steel surface
without changing the corrosion reaction mechanism [4, 22,
41]. The surface coverage values showed an increasing
trend with increasing the inhibitor concentration from 500
to 5000 ppm by weight (Table 3). That causes an increase
in the adsorbed inhibitor molecules on the metal surface,
which increases the inhibition efficiencies of the inhibitors.
Increasing the inhibition efficiencies accompanied by
increasing the inhibitors concentration can be attributed to
the increase of the adsorbed layer thickness [41].

Electrochemical Impedance Spectroscopy (ELS)
Electrochemical impedance spectroscopy (EIS) measure-
ments were used to study the corrosion behaviors of carbon

steel in 1 N H,SO, solution in the absence and the presence
of 500-5000 ppm by weight of V,_3; and H,_; inhibitors
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Fig. 4 Electrochemical impedance curves of carbon steel in the
presence of 5000-500 ppm by weight of V; nonionic surfactant at
25 °C

(Fig. 4). The charge transfer resistance (R.) values were
calculated on the basis of the differences between impe-
dance values at higher and lower frequencies as follows
[40]:

Cdl = 1/cht> = 27":fmax

where o is the angular frequency (in rad/s) and f;,.x is the
maximum frequency.

The recorded EIS spectrum for carbon steel in 1 N
H,SO, at 25 °C in the absence and in the presence of
500-5000 ppm by weight of V_3 and H;_3 nonionic sur-
factants showed one depressed capacitive loop (illustrated
for V; in Fig. 4). The depressed semicircle with the center
under the real axis is attributed to the roughness and
inhomogeneities of the metal surface [42—44]. Inspection
of Fig. 4 reveals that the addition of the inhibitors increases
the capacitive loop diameter without affecting their char-
acteristic features. This indicates the strengthening of the
formed inhibitive film which is responsible for the inhibi-
tion action of these inhibitors. The protective film is
formed as a result of adsorption of inhibitor molecules on
the carbon steel surface without changing the mechanism
of the corrosion process [27]. In fact, the presence of
inhibitors enhances the value of the transfer resistance in
the acidic solutions [32]. The EIS study confirms that the
tested inhibitors are efficient as corrosion-retarding com-
pounds. Table 4 lists the impedance parameters derived
from the ESI measurements and shows that the values of
R increase with increasing inhibitor concentration. This
behavior is attributed to the adsorption of V;_3 or Hy_3
molecules on the carbon steel surface, which resulted in
increasing their corrosion inhibition efficiency in the acidic
solution [34]. The impedance diagram showed that the
corrosion of carbon steel is mostly controlled by the charge
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Table 4 Electrochemical

impedance parameters of carbon Inhibitor Concentration (ppm by weight) R, (Q cm_z) h (%) Cq (UF cm_z) q
steel corrosion in the presence Blank 0 17.5 _ 175.6 _
of different concentrations of
V,_3 and H,_s nonionic Vi 5000 221.7 92.1 109.7 0.92
surfactants 2500 160.7 89.1 90.44 0.89
1000 116.7 85 86.15 0.85
500 72.5 75.9 74.57 0.76
V2 5000 241.7 92.8 137.1 0.93
2500 175.2 90 113.1 0.9
1000 127.2 86.2 107.7 0.86
500 79 77.9 93.2 0.78
V3 5000 250.5 93 175.5 0.93
2500 181.6 90.4 144.7 0.9
1000 131.9 86.7 137.8 0.87
500 81.9 78.6 119.3 0.79
H; 5000 97.1 82 2339 0.82
2500 78.9 77.8 144.5 0.78
1000 66.7 73.8 138.5 0.74
500 46.5 62.4 125.7 0.62
H2 5000 105.8 83.5 292.4 0.83
2500 86 79.7 180.6 0.8
1000 72.7 75.9 173.1 0.76
500 50.7 65.5 157.1 0.65
H3 5000 109.7 84.1 374.2 0.84
2500 89.2 80.4 231.2 0.8
1000 75.4 76.8 221.6 0.77
500 52.5 66.7 201.1 0.67

transfer process. The double-layer capacitance, Cyj,
decreased in the presence of the studied inhibitors. This
decrease is due to the increase in the thickness of the
electrical double layer and/or the reduction of local
dielectric constant, which suggests that the inhibitors
achieve their action by the adsorption on the metal—solu-
tion interface [45]. Thus, the change in Cg values is due to
the gradual replacement of adsorbed water molecules on
the carbon steel surface by the inhibitor molecules and
consequently decreases the dissolution process of the metal
[46—48]. The adsorption of these inhibitors on the metal
surface includes overlapping between the PEG chains and
the positive centers on the metal surface via chemical and/
or physical attraction.

Synthesized Inhibitors Versus Commercial Nonionic
Corrosion Inhibitors

Water-soluble nonionic Rosen surfactants (cheap com-
mercial corrosion inhibitors) showed inhibition effi-
ciency against corrosion of carbon steel in 1 N HCI in
the range of 73-88 % at high concentrations [49].
Commercial nonionic ethoxylated fatty acid surfactants

Co(EO),, (n = 20, 40, and 80) [50] were evaluated as
corrosion inhibitors using low carbon mild steel at
25°C in 0.25 M H,SO,. The efficiencies of these
inhibitors ranged between 85 and 90 %. Tween is one of
the most common commercial nonionic surfactants
which can be used as a corrosion inhibitor. Tween 80,
60, 40, and 20 were tested as inhibitors for corrosion of
nickel in 1 M H,SO, solution [51]. The efficiencies
varied depending on the PEG chain length in the range
of 89.54-94.36 %. Polysorbate is another type of sugar-
based nonionic surfactant used as a corrosion inhibitor.
The corrosion inhibition efficiencies of polysobates [52]
in HCl medium ranged from 83 to 88 %. Overviewing
the obtained corrosion inhibition efficiencies of the
synthesized inhibitors in Table 3 revealed that the
average efficiencies ranged between 60 and 71.8 % at
low concentrations. At higher concentrations, the effi-
ciencies ranged between 98.5 and 91 %. Comparison
between the corrosion inhibition efficiencies of the
synthesized nonionic surfactants V;_3 and H;_; and the
commercial nonionic corrosion inhibitors showed the
satisfactory performance of the former as corrosion
inhibitors in acidic media.
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Conclusion

The study revealed several points:

1.

The surface activities of the synthesized nonionic
surfactants depend on their chemical structures.

The synthesized surfactants have low emulsification
tendency.

Thermodynamic data showed that the surfactants tend
to adsorb at the solution interface and micellize in bulk
of solution spontaneously.

Polarization and impedance measurements showed the
high efficiency of the synthesized surfactants in acidic
medium.

The synthesized surfactants exhibit comparable inhi-
bition to commercial nonionic inhibitors.
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