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Abstract A new series of cationic Schiff bases was
synthesized and their chemical structures were confirmed
using elemental analysis, infrared spectra and nuclear
magnetic resonance. The surface properties of the surfac-
tant solutions including surface tension, effectiveness,
efficiency, critical micelle concentration, maximum surface
excess and minimum surface area were calculated using
surface tension-log concentration profiles. The surface
parameters were strongly dependent on the hydrophobic
chain length. The thermodynamic properties of the
surfactants in their solutions showed the spontaneous
behavior of both adsorption and micellization processes.
The thermodynamic data revealed that the adsorption of the
surfactant molecules at the air/water interface was more
favorable than the micellization in the bulk of their
solutions. The synthesized surfactants were evaluated with
regard to their preventing the corrosion reaction of carbon
steel in acidic media and also their acting as antibacterial
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biocides to inhibit bacterial growth. The data of corrosion
and antibacterial evaluations showed the high efficiency
and applicability of these compounds in these uses.
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Introduction

Aggressive acid solutions are widely used for industrial
purposes, and inhibitors are commonly used to control
metal dissolution as well as consumption. Most acid
inhibitors are organic compounds containing oxygen,
nitrogen and/or sulfur [1-3]. Acid inhibitors have many
important roles as a component in pre-treatment com-
positions, cleaning solutions and in acidization of oil
wells. Compounds with functional groups containing
heteroatoms, which can donate lone pair electrons, are
found to be particularly useful as inhibitors of metal
corrosion. These compounds, in general, are adsorbed
onto the metal surface and block the active corrosion
sites [4, 5]. Several cationic surfactants have been
investigated as corrosion inhibitors for various metals
and alloys in acidic media [6, 7].

On the other hand, to overcome the alarming problem
of microbial resistance to antibiotics, the discovery of
novel active compounds against new targets is a matter
of urgency. Many of the crude drugs, which are sources
of medicinal preparations, still originate from wild-
growing material. However, plant-based drugs have
shortened the life span of the source of material. There
is a continuous search for more potent and cheaper raw
materials to feed the industry. Schiff bases are organic
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compounds with great utility in important fields such as
medicine, agriculture and cosmetic products [8, 9]. Some
Schiff bases present anticancer, antitumor and antibac-
terial activity [10, 11]. They play a prominent part in the
enzymatic or unenzymatic transaminating reactions of
the carbonyl compounds with amino acids [12]. In the
coordinate chemistry field, a lot of Schiff bases operate
as ligands [13].

In this study, four new cationic Schiff base surfactants
were synthesized, characterized and evaluated as corrosion
inhibitors against the corrosion of carbon steel in acidic
media and also as antibacterial agents to prevent bacterial
growth. The relation between the surface activity and the
efficiency of these compounds in the different applications
was discussed.

Experimental

Synthesis of Alkyl Fatty Esters of Ketoglutaric Acid
(KG)

Ketoglutaric acid (KG) was esterified with different fatty
alcohols namely: octyl (8), dodecyl (12), hexadecyl (16)
and octadecyl alcohols (18) in a molar ratio of 1:2 in
xylene (100 mL) as a solvent and in the presence of p-
toluene sulfonic acid (0.1 g) as a dehydrating agent. The
reaction was stopped when the water of reaction was
obtained. The product was washed with 100 mL of alkaline
solution of Na,CO; (1 N) to remove the catalyst and
allowed to separate in a 250 mL separating funnel. Then
the aqueous layer was removed and the organic layer was
dried in desiccator under CaCl,. The alkyl ketoglutarate
esters produced (KG-8, KG-12, KG-16, and KG-18) ranged
from liquid to waxy in appearance with the following
melting points: 40-42, 71-73, 87-89 and 94-96 °C,
respectively.

Synthesis of Schiff Base—Alkyl Ketoglutarate

Alkyl ketoglutarate were reacted with p-aminopyridine in
an equimolar ratio in ethanol (100 mL) as a solvent and
in presence of p-toluene sulfonic acid (0.1 g) as a
dehydrating agent. The reaction mixture was refluxed for
8 h under stirring conditions and allowed to precipitate
overnight. The product was filtered off and washed three
times with an appropriate amount of ethanol and dried
under vacuum at 40 °C. The alkyl ketoglutarate Schiff
bases produced (KG-8SB, KG-12SB, KG-16SB, and KG-
18SB) exhibited a waxy to crystalline appearance with
the following melting points: 62—-64, 83-85, 101-103 and
122-124 °C.
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Synthesis of Monoquaternary Ammonium Schiff
Base—Alkyl Ketoglutarate (QKG-8SB, QKG-12SB,
QKG-16SB, and QKG-18SB)

A 0.1-mol sample of each of the synthesized Schiff bases
of alkyl ketoglutarate (KG-8SB, KG-12SB, KG-16SB, and
KG-18SB) was refluxed individually in 40 mL ethanol for
4 h in the presence of 25 mL of ethyl iodide. The reaction
was left to precipitate, and then the product was filtered off
and recrystallized twice from ethanol and dried at 40 °C
under a vacuum. The quaternary Schiff bases produced
(QKG-8SB, QKG-12SB, QKG-16SB, and QKG-18SB)
varied in color between pale yellow to brown crystals with
the following melting points: 91-93, 110-112, 147-149
and 163-165 °C, respectively.

Measurements
Surface Tension Measurements

The apparent surface tension values for freshly prepared
aqueous Schiff base cationic surfactants solutions with a
concentration range of 0.1-0.000001 mol/L were measured
using a Kriiss K6 platinum ring tensiometer at 25 °C [14].

Weight Loss Measurements

The experiments were performed with carbon steel speci-
mens having a composition (wt%): 0.21 C, 0.035 Si, 0.25
Mn, 0.082 P, and the remainder was Fe. The carbon steel
sheets of 2.5 cm x 2.0 cm x 0.6 cm were abraded with a
series of emery papers (grades 320, 500, 800 and 1,200)
and then washed with distilled water and acetone. After
weighing accurately (using a Mettler AG104 0.1 mg
Analytical Balance), the specimens were immersed in a
250 mL beaker containing 250 mL hydrochloric acid with
and without the addition of different concentrations (100,
200 and 400 ppm by weight) of the tested inhibitors at
25 °C. After different immersion time intervals of 4, 8, 12,
and 16 h, the specimens were taken out, washed, dried, and
weighed accurately [15].

Biocidal Activity
Microorganisms

The biocidal activity of the synthesized surfactants was
tested against different bacterial strains (ATCC American
Type Culture Collection) as follows: Staphylococcus aur-
eus ATCC 29213, Escherichia coli ATCC 25922, Pseu-
domonas aeruginosa ATCC 27853, Bacillus subtilis ATCC
55422, Desulfomonas pigra ATCC 29098 and Salmonella
typhimurium ATCC 27948.
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Growing of Microorganisms

The bacterial strains were cultured according to the stan-
dards of the National Committee for Clinical Laboratory
(NCCLS) [16-17]. The bacterial species were grown on
nutrient agar medium consisting of beef extract (3.0 g/L),
peptone (5.0 g/L), sodium chloride (5.0 g/L), and agar
(20.0 g/L). The mixture had been heated until boiling, and
the media sterilized by autoclave. The bacterial strains
were kept on nutrient agar medium and showed no inhi-
bition zones.

Measurements of Resistance and Susceptibility

For 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 proper sterile tubes and filled up
to the surface of the agar with 0.1 mL of the synthesized
cationic surfactants dissolved in DMF (1, 2, 5 mg/mL
DMF). The plates were left on a level surface, incubated
for 24 h at 30 °C and then the diameters of the inhibition
zones were measured. The inhibition zone formed by these
compounds against the particular test bacterial strain
determined qualitatively the antibacterial activities of the
synthetic compounds. The mean value obtained for three
individual replicates was used to calculate the zone of
growth inhibition of each sample. The antimicrobial
activity was calculated as a mean of three replicates. The
tested compounds were completely compatible with
the medium of agar and no turbidity was observed during
the mixing process [11].

Table 1 Characterization of the synthesized cationic surfactants

Minimum Inhibitory Concentration (MIC)

The biocidal activity of the synthesized surfactants against
the tested strains was expressed as the minimum inhibitory
concentration (MIC) values, defined as the Ilowest
concentration of compounds inhibiting the development of
visible growth after 24 h of incubation. The MIC values
were determined by the dilution method [17]. The
compounds tested were dissolved in a mixture of distilled
water/alcohol (3/1; v/v) at various concentrations and a
1 mL aliquot of the cationic surfactants solutions was
added to the 14 mL of agar medium. The final concentra-
tions of the tested surfactants in the medium were 300, 200,
100, 40, 20, 10 and 4 pg/mL.

Results and Discussion
Structure

The chemical structures of the synthesized cationic
surfactants were confirmed using elemental analysis data
(Table 1) which showed the purity of the produced
compounds.

FTIR Spectroscopy

The KG-8, KG-12, KG-16, and KG-18 compounds showed
complete disappearance of the characteristic absorption
band at 3,400-3,600 cm ™' of the O—H (carboxylic group)
and also the appearance of a new band at 1,724-1,728 cm™!
corresponding to the carbonyl group of the ester formed,
1,124 cm ™! corresponds to the C—O ester group. In addition,

Compound  Chemical structure M. Wt (g/mol) C% H% N% 1%

Calculate Found Calculate Calculate Calculate Found Calculate Found
KG-8 C,1H3505 370.53 68.07 6734 10.34 10.27 - - - -
KG-12 Cy9H5405 482.75 72.15 71.65 11.28 11.20 - - - -
KG-16 C37H700s5 594.96 74.70 7414  11.86 11.68 - - - -
KG-18 C41H7505 651.07 75.64 75.11 12.08 11.99 - - - -
KG-8SB Cy6H4204N, 446.63 69.92 69.43 9.48 941 6.27 6.23 - -
KG-12SB C34H5904N, 559.86 72.94 72.43 10.62 10.55 5.00 4.97 - -
KG-16SB C4oH7404N, 671.06 75.17 74.65 11.12 11.04 4.17 4.15 - -
KG-18SB C46Hgr04N, 727.18 75.98 75.45 11.37 11.29 3.85 3.83 - -
QKG-8SB CrgH4704N,1 602.59 55.81 55.42 7.86 7.81 4.65 4.62 21.06 20.91
QKG-12SB  C36Hg304N,1 714.81 60.49 60.07 8.88 8.82 3.92 3.89 17.75 17.63
QKG-16SB  C44H7904N,I1 827.03 63.90 63.45 9.63 9.56 3.39 3.36 15.34 15.24
QKG-18SB  C4gHg;04N,I1 883.13 65.28 64.83 9.98 9.86 3.17 3.15 14.37 14.27
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the absorption band of the C = O group of the ketoglutaric
acid (CH,-CO-) appeared at 1,590 cm ™! and shifted to lower
values due to the presence of the ester carbonyl in near
position. The methyl group (CH3) of the fatty alkyl chains
appeared at 2,850 cm ™', while the repeated methylene
groups (CH,) appeared at 2,919 cm ™. The absorption band
of methylene groups (CO-CH,-CO) appeared at 3,020 cm ™"
due to the effect of two carbonyl groups.

KG-12SB, KG-16SB, and KG-18SB were monitored by
the disappearance of the carbonyl group at 1,724 cm™".
The products were confirmed by the appearance of two
characteristic bands, the first band at 1,621 cm™! corre-
sponds to the azomethine group (-CH = N-). The bands in
860-930 cm ™! region correspond to the pyridine ring.

Compound QKG-8SB (as a representative sample for
the quaternary derivatives) showed a complete disappear-
ance of the sharp and characteristic absorption band at
(ve — o at 1,715 cm™ " and also the appearance of a new
sharp band (v_¢ — n_ at 1,626 cm~!. The new absorption
band at 3,046 cm™' represents the formation of the qua-
ternary ammonium group (NT).

"H-NMR Spectroscopy

Compounds KG-8, KG-12, KG-16, and KG-18 in DMSO-d¢
showed signals at:0 = 0.96 ppm (t, 6H, CH3), 1.33 ppm (m,
24H, CH,), 3.41 ppm (s,4H, CO-CH,-CO), 4.08 ppm (t,4H,
CH,-O-). The integration of the signal at 1.33 ppm was as
follows: 40H for KG-12, 56H for KG-16 and 64H for KG-18.

Compounds KG-8SB, KG-12SB, KG-16SB, and KG-18SB
in DMSO-d¢ showed signals at 6 = 0.96 ppm (t, 6H, CH3),
1.33 ppm (m, 24H, CH,), 3.41 ppm (s, 4H, CO-CH,-CO),
4.08 ppm (t, 4H, CH,-O-). The integration of the methylene
groups at 1.33 ppm was (40H for KG-12SB, 56H for
KG-16SB, and 64H for KG-18SB). This represents the dis-
tribution of the protons in the chemical structures of the
synthesized Schiff bases.

Compounds QKG-8SB, QKG-12SB, QKG-16SB, and
QKG-18SB in DMSO-d¢ showed the following signals:
0 =0.96 ppm (t, 9H, CH;), 1.33 ppm (m, 24H, CH,),
2.3 ppm (s, 4H, CO-CH,-CO), 2.59 ppm (m, 2H, CH,N™),
4.08 ppm (t, 4H, CH,-0-), 9-9.3 ppm (m, 4H, pyridine ring).
While, the integration of the signal at 1.33 ppm corresponding
to the repeated methylene groups was: 40H for QKG-12SB,
56H for QKG-16SB and 64H for QKG-18SB.

From the above data, it can be concluded that the
chemical structures of the synthesized Schiff bases are as
represented in Scheme 1.

Surface Activity

Figure 1 represents the variation of surface tension against
—log concentration of the synthesized cationic Schiff base
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surfactants at 25 °C. The hydrophobic chain length of the
various surfactants under consideration plays an effective
role on the surface tension reduction of the surfactants at
the identical concentration. A cationic surfactant contains a
short hydrophobic chain (QKG-8SB) and exhibits a lower
depression in the surface tension, while increasing the
hydrophobic chain to 12, 16 or 18 methylene groups. This
can be attributed to the higher tendency of the longer
hydrophobic chains towards adsorption at the air/water
interface. The repulsion between the aqueous medium and
the hydrophobic chains is increased by increasing the
number of repeated methylene groups due to the differ-
ences between the later and the former in their polar nature.

At higher surfactant concentrations, the values of the
surface tension curve stay almost constant which indicates
the critical micelle concentration values of the different
surfactants, Table 2. It is clear that the CMC values of the
synthesized surfactant decreased by increasing the hydro-
phobic chain length; the values are lowest for QKG-18SB,
viz., 0.79 mmol/L and highest for QKG-8SB, 2.29 mM/L.
Obviously, the lower CMC values of the synthesized
cationic Schiff bases compared with the conventional
quaternary ammonium surfactants (hexadecyltrimethy-
lammonium bromide: 1.9 mM/L) [18, 19] indicate their
high surface activity. This can be ascribed to the presence
of the azomethine and the two ester groups in the chemical
structures of the targeted surfactants which increase the
hydrophobicity of the molecules and consequently
decreases their CMCs.

The surface tension of the surfactant solution at the
critical micelle concentration determines the effectiveness
(Teme)- Increasing the hydrophobic chain lengths of the
different surfactants increases the depression of the surface
tension at the interface, while the efficiency (Pcyg) i.e. the
concentration of surfactant solution which is required to
lower the surface tension of the solution interface to
52 m N/m, is reduced.

The maximum surface excess is another factor deter-
mining the surface activity of the surfactant molecules at
the interface. The maximum surface excess values of the
surfactant solutions were calculated according to Gibb’s
adsorption equation (Eq. 1) [19] as follows:

I'nax = (dy/dlogC) / (2.303RT) (1)

where, dy/dlogC is the slope of the surface tension profile
at the pre-CMC region, R is the universal gas constant and
T is the absolute temperature.

The maximum surface excess values of the synthesized
surfactants at the interface are increased by increasing the
hydrophobic chain length of these molecules. Increasing
the chain length increases the hydrophobicity of the mol-
ecules which increases the adsorption tendency of surfac-
tant molecules at the interface; as a result, I, increased.
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Scheme 1 Synthetic route of HO O OH
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70 On the other hand, the minimum surface area at the
66 :fz interface occupied by each surfactant molecule at the sat-
——16 uration condition of the interface is calculated using Eq. (2)
——18
[19]:
Amin = 10/ (NTypax) (2)

where [, is the maximum surface excess and N is
Avogadro’s number.

The minimum surface area (A,;,) provides information
about the orientation of the surfactant molecules at the
interface and also the arrangement and the compactness of
the molecules in the adsorbed layer. Since the cross-sec-
tional area of an aliphatic chain oriented perpendicular to

Log C, (MolelL) the ir'1terfac§ is about 20 A2, it is apparent that the' hydro-
phobic chains of surfactants adsorbed at the air/water
1 Relation between surface tension and —log concentration of ~ interface are generally not in the close-packed arrangement

w
(=]

sERBS 28R
n
A
&
b

the synthesized cationic Schiff base surfactants at 25° C normal to the interface at saturation adsorption. On the
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Table 2 Surface and thermodynamic properties of the synthesized surfactants at 25 °C

Compound CMC (mM/L) Teme (mN/m) Pc,yo (M/L) T nax (Mol cm™2) Amin (A?) AGY, AGS,.

QKG-8SB 2.29 322 129 x 107* 1.70 x 1071° 97.47 —33.99 —15.06
QKG-12SB 1.57 38.0 447 x 1073 220 x 10710 75.47 —33.26 —15.99
QKG-16SB 1.00 39.0 3.63 x 107° 221 x 1071° 75.14 —34.76 —17.11
QKG-18SB 0.79 403 2.63 x 107° 225 x 10710 73.89 —35.61 —17.69

other hand, since the cross-sectional area of the methylene
group lying flat in the interface is about 7 A2, the chains in
the surfactant molecules are not lying flat at the interface,
but are somewhat tilted with respect to the interface. The
calculated A, values of the synthesized cationic Schiff
base surfactants showed that QKG-18SB molecules occupy
a lower area at the interface (73.89 Az) than do QKG-8SB
molecules (97.47 10\2). The lower A, values can be
attributed to the higher population of surfactant molecules
at the interface. The low A, values of the synthesized
Schiff base derivatives (especially Cj,, 16, 15) indicates
highly packed molecules at the interface, which is an
important factor in the effectiveness of these derivatives as
foaming, wetting and emulsifying agents. The high packing
of the surfactant molecules at the interface is due to the
overlapping between their hydrophobic chains. The
attraction between the positively charged adsorbed head
groups also increases the packing effect of these molecules.
It is noticeable from the data listed in Table 2 and the
above-mentioned discussion that the gradual increase in the
hydrophobic chain length of the different cationic surfac-
tants under investigation gradually increases their surface
activity. Furthermore, the most surface active derivative is
the QKG-18SB homologue.

Thermodynamics of Interfacial Adsorption and Micelle
Formation

The thermodynamic behaviors of the synthesized cationic
surfactants in their solutions were studied using the stan-
dard free energies of adsorption and micellization at
ambient temperature. The standard free energies of
adsorption (AGjy,) and micellization (AGy ) of the sur-
factants at the air/water interface or in the bulk of the
solution were evaluated using Egs. (3, 4) [20].

AGst = AGmic/ﬂ:CMC/Fmax (3)
AG?nic = 2.303RT log (CMC) (4)

It is clear from Table 2 that the standard free energies of
adsorption and micellization of the synthesized cationic
surfactants are always negative. This indicates that both
adsorption and  micellization processes occurred
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spontaneously. Moreover, the standard free energies of
adsorption of the different surfactant molecules at the air/
water interface are more negative than those of the
micellization, which reveals that the adsorption process is
more favorable than the micellization.

The large difference between AGY;, and AG; . values is
attributed to the fact that the adsorbed molecules at the
interface are highly compacted; as a result, the water
molecules do not interact significantly with these mole-
cules. While in the bulk of the solution, the interaction
between the hydrophobic chain and the aqueous medium is
increased due to the curved surface of the micelles formed.

The high negativity of AGj; of the synthesized cationic
surfactants and their high compactness at the interface (as
concluded from the A,;, values), one can conclude that
these surfactants have a surface activity which may result
in good applicability in some applications including
emulsification, corrosion inhibition and antimicrobial
utility.

Corrosion Inhibition Efficiency

The synthesized cationic Schiff base surfactants were
evaluated as corrosion inhibitors for protecting carbon steel
against the corrosion reaction in an acidic medium (2 N
HCI) at 25 °C using the weight loss technique at different
doses (100, 200, 400 ppm).

The corrosion rate of the carbon steel is defined as the
amount of carbon steel (in milligrams) which dissociates
from a unit area of the metal in 1 h, and calculated
according to Eq. (5) [15]:

R = W/St (5)

Where, R is the corrosion rate, W is the weight loss of the
carbon steel, S the total area in square cm of the specimen,
t is immersion time in hours.

Figure 2 shows the variation of the corrosion rates of the
carbon steel specimens in the presence of different doses of
the surfactants under consideration. It is clear that the
corrosion rate is decreased considerably by increasing the
doses used of the different surfactants, and the lowest
corrosion rates were obtained for the different derivatives
at 400 ppm. Furthermore, at a constant dose of the
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Fig. 2 Variation of corrosion rate of carbon steel in the presence of
the synthesized inhibitors at different doses

surfactant, the corrosion rate is decreased by increasing the
hydrophobic chain length of the surfactants, which favors
their adsorption at the metal/liquid interface.

Cationic surfactants have several characteristics which
allow them to act as efficient corrosion inhibitors. Cationics
are quite stable in acidic media and retain their chemical
structure in strong acids [21]. Also, they form a tight and
well-arranged adsorbed monolayer, especially at higher
doses. That surfactant monolayer acts as a protective shield
which protects metal surfaces against the corrosive envi-
ronments [22].

The origin of the stability of the adsorbed monolayer on
the metal surface consists of two forces acting on the
inhibitor molecules. First, a repulsion occurs between the
hydrophobic chains and the aqueous environment which
drives the molecules toward the metal interface. Second,
the electrostatic interaction occurs between the negative
centers on the metal surface and the positively charged
head groups of the cationic surfactant molecules (NT) [23,
24]. As a result, the active centers on the metal surface are
blocked and this prevents the acid attack; in addition, the
hydrophobic chains form a well-arranged isolating layer
that acts as a protective layer for the metal surface from the
attack of the acid molecules.

Increasing the hydrophobic chain length of the surfac-
tant molecules increases the overlapping between the
chains and also increases the thickness of the adsorbed
protective layer which considerably decreases the corro-
sion process of the carbon steel. In terms of corrosion
inhibition efficiency, the high surfactant doses and longer
hydrophobic chains increase the corrosion inhibition effi-
ciencies of the targeted surfactants and increase their
applicability as corrosion inhibitors (Fig. 3).

——8
——12
—— 16
——18

8

8

Inhibition efficiency. %
8

8

0 50 100 150 200 250 300 350 400 450

Dose. ppm

Fig. 3 Variation of the corrosion inhibition efficiency of the synthe-
sized inhibitors at different doses

In the absence of the corrosion inhibitors, the corrosion
rate was 0.136 mg cm ™2 h™'. While in their presence, the
corrosion rate varied between 0.051 and 0.026 mg cm >
h™" at inhibitor dose of 400 ppm and that accompanied by
inhibition efficiencies values ranged between 77 and 95%.
QKG-18SB inhibitor provides the lowest corrosion rate at
0.026 mg cm™ h™' with the maximum inhibition effi-
ciency obtained for the tested inhibitors at 95%.

Antimicrobial Activity
Inhibition Zone Diameter

The potent action of the synthesized cationic Schiff base
surfactants (QKG-8SB, QKG-12SB, QKG-16SB, and
QKG-18SB) was screened against Gram-positive and
Gram-negative bacteria at different concentrations using
the values of the inhibition zone diameter tests and the
results are summarized in Table 3. The obtained diameters
of the inhibition zones are gradually increased by
increasing the concentration of the tested surfactants, and
the maximum diameters are obtained at 5 mg/mL. More-
over, the antimicrobial activities are gradually increased by
increasing the hydrophobic chain length. The octadecyl
derivatives (QKG-18SB) showed the maximum antimi-
crobial activities against the tested bacterial strains. Gen-
eral observation for data in Table 3 indicates that the
Gram-negative bacteria are more resistant to the tested
compounds compared with the Gram-positive bacteria. The
data obtained from the inhibition zone diameter could not
be considered as quantitative data. In order to evaluate the
synthesized compounds quantitatively as antibacterial
agents, minimum inhibitory concentrations were measured.
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Table 3 Antimicrobial activities (the data are means of 5 replicates
with a relative error ~9%; the antimicrobial activity is expressed as
the diameter of the inhibition zone formed in the presence of the

tested compounds) in terms of inhibition zone diameter at different
doses (1, 2, 5 mg/mL) of the synthesized surfactants against different
bacterial strains

Bacteria S. aureus ATCC 29213 B. subtilis ATCC 55422 E. coli ATCC 25922 P. aeruginosa ATCC 27853 D. pigra ATCC 29098
Dose (mg/mL) 1 2 5 1 2 5 1 2 5 1 2 5 1 2 5
HTAB* 12.3 14 15 12.3 14 15 12.3 14 15 12.3 14 15 12.3 14 15
QKG-8SB 14 16 19 17 18 21 13 15 18 12 14 16 12 13 15
QKG-12SB 16 17 20 17 19 22 14 16 19 13 14 17 13 15 17
QKG-16SB 16 17 22 18 21 24 16 17 20 15 15 19 13 16 18
QKG-18SB 19 21 25 19 21 26 17 19 22 16 18 21 16 18 20

* Data referred to hexadecyl trimethyl ammonium bromide (HTAB) as a blank

Gram-positive strains bacteria: Staphylococcus aureus,Bacillus subtilis; Gram-negative strains bacteria: Escherichia coli, Pseudomonas

aeruginosa

Table 4 Minimum inhibitory concentration values, MIC (The data is a mean of five replicates with relative error ~9%) (LM) of the synthesized

surfactants against different bacterial strains

Bacteria S. aureus B. subtilis E. coli P. aeruginosa S. typhimurium D. pigra
ATCC 29213 ATCC 55422 ATCC 25922 ATCC 27853 ATCC 27948 ATCC 29098
HTAB 20 50 100 300 >300 300
QKG-8SB 40 10 100 300 >300 100
QKG-12SB 40 10 40 200 >300 40
QKG-16SB 10 4 40 200 >300 20
QKG-18SB 4 4 10 100 >300 10

HTAB Hexadecyl trimethyl ammonium bromide

Minimum Inhibitory Concentration (MIC)

Minimum inhibitory concentration (MIC) values for the
synthesized cationic Schiff base biocides (QKG-8SB,
QKG-12SB, QKG-16SB, and QKG-18SB) are summarized
in Table 4 which also includes the MIC values corre-
sponding to the hexadecyl trimethyl ammonium bromide
[25] as a classical antimicrobial surfactant agent. Com-
pared with the classical quaternary ammonium surfactants
[25, 26] the tested biocides show moderate activity level
against bacteria with MIC values of 4-100 pg/mL (except
P. aeruginosa and S. typhimurium: 100-300 and >300 pg/
mL, respectively), Table 4. However, the use of quaternary
ammonium compounds (QAS) in some fields is limited due
to the developed microbial resistance against QAS after
longer periods of applications [27], their high acute toxicity
and low biodegradability [28]. For medical applications,
the use of cationic surfactants with low antimicrobial
activity would be necessary because of the need for high
biodegradability and less toxicity.

The action mode of the cationic biocides that is gener-
ally accepted is that the cationic biocides can adsorb onto
negatively charged cell membranes, which will then lead to
a decrease in the osmotic stability of the cell and leakage of
the intracellular constituents [29, 30]. However, the exact

&\ Springer ANOCS &

mechanism of the antimicrobial action is still unknown and
several other mechanisms that may contribute to the anti-
microbial action have also been suggested, such as the
formation of an impermeable coat on the bacterial surface
[31], uptake of low molecular weight biocides that will
interact with electronegative substances in the cell [32],
and inhibition of bacterial growth through chelation of
trace metals [28]. The mechanism for the interaction may
be different for Gram-positive and Gram-negative bacteria.

It is clear from Table 4 that the MIC values of the tested
cationic surfactants (except QKG-8SB) against Gram-
negative bacteria are lower than the standard used, and the
Gram-negative bacteria are resistant to these surfactants in
the tested concentration range,. In contrast, the QKG-18SB
surfactant presents a similar activity against both Gram-
positive and Gram-negative bacteria. That can be attributed
to the longer hydrophobic chain length which increases the
surface activity of these compounds. Gram-negative bac-
teria are generally more resistant to antimicrobial agents
than are Gram-positive bacteria. This can be explained by
the different cell membrane structure of the two bacterial
types. The external layer of the outer membrane of the
Gram-negative bacteria is almost entirely composed of
lipopolysaccharides and proteins that restrict the entrance
of biocides and amphiphilic compounds [32]. An important
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factor that influences the biocidal activity of the different
biocides is the net charge on their molecules. Several
studies showed that the electrostatic interactions play a key
role in the action of cationic biocides, and that a decrease in
the charge density of the cationic compounds results in a
reduction in adsorption and biocidal efficiency [33-35].
Comparing the MIC values of the synthesized cationic
surfactants with the classically antimicrobial surfactant
(HTAB), showed their relatively higher biocidal activity is
apparent from their relatively lower MIC values. The
higher biocidal activity of the synthesized surfactants is
accounted to the high average charge on their molecules. In
case of HTAB, the head group has one positive charge
located on the nitrogen atom (N). Contrarily, conjugation
of electrons over the two pyridinium nuclei sharply
increases the charged centers and consequently increases
the average charge of the molecules. That increases their
tendency towards adsorption in addition to the biocidal
activity.

The surface activity of the cationic biocides is a vital
factor that influences the biocidal activity of the synthe-
sized biocides [36]. The results obtained show that the
biocidal activity depends on the surface activity of the
tested cationic biocides and mainly on their critical micelle
concentration values (CMC). The MIC values of the tested
cationic biocides are smaller than their respective CMC
values. However, the MIC values of the tested biocides
against P. aeruginosa are in the range of their CMC values.
This could be explained by the fact that below the CMC
values, the biocide molecules participate in the biocidal
action towards the microbial membrane. On the other and,
above the CMC values, the biocides are in the micellar
form and are no longer available to participate in the
microorganism destruction [37].

The synthesized cationic biocides were screened for
their potency against sulfate reducing bacteria (D. pigra),
(Table 4). The data show unequivocal results due to their
relatively high efficiency against SRB bacteria. SRB bac-
teria (anaerobic bacteria) produce H,S gas due to the
reduction of sulfate compounds as the sole source of
energy. H,S gas increases the acidity of the medium and
causes biocorrosion of the pipelines. In addition, H,S is
responsible for the formation of sulfide salts which are
highly corrosive to stainless steel, even more than H,S gas.
To decrease the production of corrosive materials in the
petroleum pipeline environments (H,S, sulfide ions), bio-
cides are used. The MIC values of the tested cationic
surfactants showed their approved biocidal activity against
SRB. It is clear from the data in Table 4 that the gradual
increase in the hydrophobic chain length of the synthesized
surfactants increases their biocidal activities against SRB.
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