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ABSTRACT: Upstream crude oil production equipment is always exposed to
destruction damagingly which is caused by sulfate-reducing bacterium (SRB) activities 2083
that produce H,S gas, which leads to increased metal corrosion (bio-fouling) rates and R
inflicts effective infrastructure damage. Hence, oil and gas reservoirs must be injected Ml
with biocides and inhibitors which still offer the foremost protection against harmful Wi QU jig

Biofilm maturation:

microbial activity. However, because of the economic and environmental risks associated \T° - et
with biocides, the oil and gas sectors improve better methods for their usage. This work |, ' “y~
describes the synthesis and evaluation of the biological activities as the cytotoxicity and brmcas O

antimicrobial properties of a series of diquaternary cationic biocides that were studied umminsy Wﬁﬁgm ) DY el
during the inhibition of microbial biofilms. The prepared diquaternary compound was el Ll Lo
synthesized by coupling vanillin and 4-aminoantipyrene to achieve the corresponding : \?'* ST N
Schiff base, followed by a quaternization reaction using 1,6-bromohexane, 1,8- ; “T,‘: AN hos
bromooctane, and 1,12-bromododecane. The increase of their alkyl chain length from S '

6 to 12 methylene groups increased the obtained antimicrobial activity and cytotoxicity.

Antimicrobial efficacies of Q1—3 against various biofilm-forming microorganisms, including bacteria and fungi, were examined
utilizing the diameter of inhibition zone procedures. The results revealed that cytotoxic efficacies of Ql—3 were significantly
associated mainly with maximum surface excess and interfacial characteristics. The cytotoxic efficiencies of Ql—3 biocides
demonstrated promising results due to their comparatively higher efficacies against SRB. Q3 exhibited the highest cytotoxic biocide
against the gram +ve, gram —ve, and SRB species according to the inhibition zone diameter test. The toxicity of the studied
microorganisms depended on the nature and type of the target microorganism and the hydrophobicity of the biocide molecules.
Cytotoxicity assessment and antimicrobial activity displayed increased activity by the increase in their alkyl chain length.

1. INTRODUCTION

Autochthonous microorganisms flourish in anoxic environ-
ments under high pressure, temperature, and salinity in crude
oil and gas reservoirs.” Oil reservoir bacterial species are
known as a global range of bacteria and archaea which have

lipopolysaccharides, and proteins in their outer membrane.’
Long-range forces like steric and electrostatic interactions, in
addition to short-range forces including van der Waal forces,
acid—base, hydrogen bonding, and bio-specific interactions,
drive the bacterial adsorption.” Bacteria can be found in two

effectively acclimated to such physicochemical circumstances.”
The antimicrobial activity in such habitats is essential for the
oil industry because of the consequences that some of these
organisms may have on extracting operations such as
producing hydrogen sulfide (souring), metal corrosion, and
pipeline plugging.”” Aerobic and anaerobic bacterial growth
has damaged the majority of the worldwide petroleum
produced,” lowering its value and quality. The equilibrium
between attraction and repulsion interactions of bacteria and
solid interfaces has been termed bacterial adsorption. The
nature of the bacterial strain, surfaces, concentration of
nutrients, and the contact of bacterial cells with their
community influence the type of the occurred interaction.
The adhering property of bacteria is linked to flagella,

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

communities: planktonic (freely spread and living in bulk
solution) or sessile (attached to a surface or contained inside
the boundaries of a biofilm). Planktons are water-living
organisms. Its name is derived from the Greek word
“planktos”, which means “drifter”. Planktons come in a variety
of sizes and forms. Planktons can be classified under three
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classes: plants, animals, and bacteria (phytoplanktons,
zooplanktons, and bacterioplanktons).®

Animal planktons (zooplanktons) are ranged from proto-
zoans and rotifers as small microscopic organisms to
macroplanktons of larger size, including fish larvae, shrimp,
and jellyfish. Macroplanktons are not like phytoplanktons,
light-independent for nutrition. Macroplanktons voyage to the
water surface to feed on phytoplanktons or small zooplanktons
during the night and sink at daylight. On the other hand, light
and nutrients are required for phytoplanktons to feed. The
high temperatures stimulate the population growth of
phytoplanktons, especially in the presence of increased
nutrient concentration. This dense blossoming turns the
clear color of seawater into opaque. The dense layer and
populations of phytoplanktons have an inverse influence on the
environment “aquatic system” due to the blocking of the
sunlight to penetrate the deep layers of the aquatic system and
the consumption of the dissolved oxygen in this system. The
death and decomposition of phytoplanktons release some
polluting products and gases.

A biofilm” is a microbial-produced sessile community that
adheres to an interface or each other. Simply, bacterial cells
adhere to the surfaces via extracellular polymeric gelatinous
nucleic acids, polysaccharides, and protein compounds.'® The
adsorption displays an improved phenotype concerning
growing progress and gene coding compared to their free-
floating (so-called planktonic form) counterparts.''

A biofilm is an organized population of bacteria that live
inside a self-created matrix of polymeric substances that adhere
to a variety of interfaces.'” These microbial communities have
been discovered in practically every habitation, on both biotic
and abiotic interfaces, as floated or submerged.13 Biofilms are
bacterial colonies that are either homogeneous or heteroge-
neous and are implanted in an extracellular polymeric matrix
(EPS). Polysaccharides are the majority of EPS, in addition to
some biomolecules including nucleic acids, lipids, and
proteins.14 Biofilms are hydrogels with viscoelastic characters,
allowing them to resist mechanical stress.'> The effectively
trapped nutrients and water (due to the hydrogen bonds) in
the EPS matrix with the polysaccharides are available to the
bacteria.'®

The formation of biofilms is a complex process, and their
formation comprises several routes which are as follows:
development of surface conditioning films; adjoining the
microorganisms to the surface; adhering of microbe cells on
the conditioned surface in the irreversible and reversible
process; progression of the adhered microbe cells via division
to form colonies in the form of biofilms, including phenotype
alterations either with or without gene code modification; and
separation of the formed biofilms in the patch form of
scattered cells.'”

1.1. Mechanism of Bacterial Adsorption. Motile and
floated bacterial cells in the fluids can be found in the bulk,
where cells are not subjective to the surface conditions, and
sub-surface, where the hydrodynamic movement of the surface
can impact the bacterial cells."® Two reported physicochemical
approaches illustrated the adsorption and interaction of
biofilms on the surfaces. The first is the thermodynamic
approach which considered the surface free energies of the
interacting surfaces, with no consideration for the electrostatic
interactions. The second approach is the Derjaguin—Landau—
Verwey—Overbeek (DLVO) approach, which considers the
decay of Lifshitz-van der Waals and the electrostatic

interactions by increasing the distances between the surfaces.
The two approaches have described the benefits of a typical
bacterial colony’s attachment to the surfaces but were
unsuccessful in the generalization of all aspects of the bacterial
strain’s adsorption description.'

The thermodynamic approach® considers the different
modes of interactions (attraction and repulsion), e.g., van der
Waal, electrostatic, and dipole moment in thermodynamic
numerical expressions of surface free energies of bacterial,
substratum, and medium surfaces to estimate the Gibbs energy
of bacterial biofilm adsorption. Negative values of Gibb’s
adsorption energy revealed the spontaneous adsorption of
bacterial biofilms onto surfaces. According to the thermody-
namic standpoint, bacterial adsorption can be accounted for
through three theories, which are polar-dispersion compo-
nents, the Neumann equation, and Lewis acid—base theory.”!

The polar-dispersion method pointed to the bacterial
adsorption onto surfaces in the lack of any specific interfacial
interactions. However, this postulation strongly conflicts with
the intermolecular interactions of complex phases. Neumann’s
theory neglects the influence of the molecular characteristics of
the medium or surface on the adsorption tendencies of the
bacterial biofilms and considers only the contact angle between
the bacterial cell surface and the substrate. The Lewis acid—
base (electron donor—acceptor) treatment neglects the dipole
impact on intermolecular forces,”> and hydrogen bonding is
the predominant factor accountable for the adsorption process.
The thermodynamic approach can be applied for energetically
isolated systems, which do not occur in real bacterial biofilm
media.

DLVO theory confirmed that the adsorption process is
distance-dependent. Furthermore, it succeeded in explaining
the increasing tendency of bacterial adsorption by increasing
the hydrophobicity of substrates or bacterial membranes.
However, DLVO could not explain the interaction of a highly
hydrated surface (as in the case of bacterial cell membranes),
which requires displacing the water molecules (energetically
unfavorable) from the adjacent surfaces before adsorption.

Extended DLVO theory”® considered the hydrophilic—
hydrophobic interaction during the bacterial cells” adsorption;
hence, the overall energy of adsorption is expressed (eq. 1):

AG*" = DG* + DG + DG (1)

where DG, DG, and DGA® represent acid—base, van der
Waals, and double-layer interactions, respectively.

DLVO theory can describe the overall interaction between
the surface and the adsorbed bacterial cells throughout the
attractive interaction (van der Waal) and the repulsive
interaction (double layers and Coulomb interactions). Addi-
tionally, it could not describe several key points during the
bacterial cells’ adsorption onto the surfaces. These drawbacks
of explanation can be pointed out as follows: (i) the low
bacterial adsorption onto negatively charged interfaces, (ii) the
low or weak adsorption in substantially concentrated electro-
Iytes, (iii) the numerous molecular interactions, when
components of the bacterial membrane are contacted by the
backbone of the interface and conditioning film, and (iv) the
bacterial cell—interface distance which influences the inter-
action types.

Extended DLVO theory considered the distance parameter
in the calculation of the adsorption energy, in addition to the
attraction between hydrophobic surfaces and repulsion
between similarly charged interfaces in terms of double layer
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and acid—base interactions. The complicated systems of
bacterial cell—polymer surface composition (including the
variation of the polymer composition due to the change in the
surrounding conditions, contaminants, or time) require more
experimental observations during bacterial adsorption.
Bacterial cells can be classified into motile (having flagella,
fimbriae, and pili) and nonmotile without any type of flagellum
on their surface. Flagella help the bacterial cells to adsorb at
the interfaces at low, moderate, and high flow solutions, while
in the absence of flagella, bacterial cells adsorb at low or
moderate flow solutions. In fast flow solutions or surroundings,
the nonmotile bacterial cells stay suspended in the medium*
(Figure 1). The flagella and their number on the bacterial cells

Monotrichous Amphitrichous
Atrichous {one flagellum at {flagella at
(no flagella) one end) each end)

Lophotrichous
{tuft of flagella  (d)
at one end)

Peritrichous )
(flagella all over)

Figure 1. Bacterial cells: (a) without flagella and (b—e) with different
types of flagella.

play an important role in their tendencies toward adsorption
onto the interfaces. E. coli strain (motile by several flagella) has
upsurged population in its inactive state (spores) with fast
deposition onto the interfaces,” while the opposite occurs in
the case of V. parahaemolyticus bacterial strain (motile with one
ﬂagellum).26

The adsorption of bacterial cells onto the interfaces occurred
initially by the contact between the cells and the interface.
Then, two main steps occurred to accomplish the adsorption
of the cells onto the surface: the first is the primary attachment,
and the second is the irreversible adsorption of the bacterial
cells. The first step occurred fast (within 1—5 min) and is
characterized by reversibility,”” which occurred through van
der Wall and positive—negative interactions between the
negatively charged bacterial cell membranes”® and the
positively charged interface, while the second step is slow
“within several hours” resulting in a consolidated irreversible
adsorbed bacterial film on the surface through several
interactions. These interactions are dehydration of the
interface, conformation changes of the outer surface molecules,
and relocation of the bacterial cells on the interface to reach
the maximum anchoring.29 Quorum sensing in E. coli causes an
increase in the negative charge on cell surfaces, which may
facilitate the interaction of bacteria with surfaces during the
initial stages of biofilm formation.”® Tightening the attachment
of the bacterial cells on the surfaces occurred via chemical
attachment with the aid of some chemical species on the
cellular membrane. For example, P. aeruginosa is irreversibly
attached to the surface by SadB cytoplasmic protein,”" while E.
coli bacterial cells are attached to the surface by lip-
opolysaccharide and pili.””P. fluorescens use ABC transporter
protein® in their flagella and secret EPS extracellular
polymeric compounds to attach the biofilm on the surfaces.
The attachment of bacteria occurred preferentially depending

on the nature of the surface; S. mutans attached tightly to the
teeth surface and did not attach to the mouth’s inner skin.
Motility promoters (organelles) in the bacterial cells are
terminated by specific types of proteins which facilitate the
adsorption and attachment of the bacterial cells on the surface.
Organelles can be divided into pili (fimbriae), curli, and flagella

(Figure 2).
/ “

o P/
Fimbriae
Bacterium

Flagella
[

Figure 2. Bacterial surface has several organelles that facilitate
interactions with substrates, including curli fibers, pili, and flagella.

The reversibility or irreversibility of the bacterial attachment
to surfaces depends on the mode of that attachment and the
bacterial strains forming the biofilm or colonization. E. coli
attach to surfaces in a reversible process on the terminal
mannose residues presented in the outer cellular glycoproteins
throughout FimH in their pilus.”* The binding of FimH
depends on the shear stress threshold, which undergoes a
reversible or irreversible process during bacterial biofilms or
colony formation.”® Specific adsorption of the bacterial biofilm
on the surfaces was reported for F. johnsoniae which has SprB
as a specific attachment promoter on the agar surface. A
biological study was made on the SprB genome of F. johnsoniae
to enhance its attachment on other surfaces, like glass.36

Bacterial attachment to surfaces is disagreeable in the
environment, including medical implantations,?’7 water refine-
ment systems, marines, and many other industrial processes.
Commonly, the biofouling of marine equipment originates
from bacterial cell attachment before they develop into larger
organisms, even in the presence of antifouling protective
coatings.”® Thermodynamics has a key role in controlling the
attachment of bacteria to surfaces. The ability of bacterial
attachment can be observed from their tendencies toward
diverse material surfaces, including organic polymers, fluori-
nated surfaces such as golytetraﬂuoroethylene, aluminum,
glass, and stainless steel.’”” It was reported that the surface
energy of bacteria is smaller than the surface energy of the
aquatic system where mostly the cells are presented, which
explains the preferential tendencies of bacterial cells toward
attachment to the hydrophobic surfaces. The challenge in the
prevention of biofilm formation on surfaces is the hindrance of
conditioning layer deposition. Regarding these challenges, the
surface-resistance bacterial attachment is an excellent solution
for the point. Several approaches were described regarding the
reduction of bacterial biofilm attachment, including modifyin
the chemistry of the surfaces and surface morphologies.”
Chemically modified surfaces with quaternary ammonium salts
prevent the conditioning layers’ formation before bacterial
deposition.”” Similarly, zwitterionic surfaces and nanosilver-
modified surfaces are highly effective in inhibiting bacterial
attachment to surfaces.”" The use of thermo-responsive
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coatings showed impressive results in the prevention of
bacterial attachment onto surfaces. This strategy is based on
changing the nature of the surface based on the temperature of
the medium by coating the surface with thermo-responsive
materials, e.g., poly(N-isopropyl acrylamide). At high temper-
atures, the surface becomes hydrophobic and enables bacterial
attachment, while decreasing the temperature turned the
surface into a hydrophilic surface which leads to detachment of
the adsorbed bacterial microcolonies.

Schiff bases are studied widely due to their synthetic
flexibility, selectivity, and sensitivity toward the central metal
atom, structural similarities with natural biological compounds,
and also the presence of an azomethine group (—~N=CH-).*
The azomethine group is considered to be the fundamental
characteristic of Schiff bases which has interesting biological
significance and is found to be responsible for blologlcal
activities such as fungicidal and bactericidal activities.
Another key point to remember is that Schiff bases with
oxygen, nitrogen, and carbonyl groups have been used as drugs
and reported to possess biological activities against bacteria
and fungi due to thelr biochemical, clinical, and pharmaco-
logical properties.”* The biological activity of Schiff bases
mainly depends on the azomethine group; hence, the nitrogen
atom may be involved in the formation of a hydrogen bond
with the active centers of cell constituents and interferes in
normal cell processes. A literature survey shows that Schiff
bases show bacteriostatic and bactericidal activities.” Anti-
bacterial, antifungal, antitumor, and anticancer activities have
been reported, and they are also active against a wide range of
organisms, eg ., C. albicans, E. coli, S. aureus, B. polymyxa, P.
viticola, etc.*® Throughout this work, we planned to synthesize
novel dicationic surfactants (4-(4-hydroxy-3-methoxy benzyli-
dene amino)-1-(3-(—4-(4-hydroxy-3-methoxybenzylideneami-
no)-2,3-dihydro-S-methyl-3-oxo0-2-phenyl-1H-pyrrol-2-yl)
hexyl, octyl, dodecyl)-1-bromo-1,2-dihydro-3-methyl-1-phenyl
pyrazole-S-one (Q1—3)) to be used as biocides for resisting
the growth of different bacterial biofilms. The work describes
the synthesis and evaluation of the biological activities as
cytotoxicity and antimicrobial properties of a series of
diquaternary cationic biocides that were studied during the
inhibition of microbial biofilms. The prepared compounds
were synthesized by coupling reaction between vanillin and 4-
aminoantipyrene to obtain a Schiff base of 4-amino antipyrine
(SB) followed by quaternization reaction using three dibromo
alkanes, namely, 1,6-bromohexane, 1,8-bromooctane, and 1,12-
bromododecane to obtain three diquaternary compounds Q1—
3. The structure of the prepared dicationic surfactants was
confirmed using elemental analyses, Fourier transform infrared
spectroscopy (FTIR), and proton nuclear magnetic resonance
("H NMR) spectroscopy; antibacterial assessment and
antimicrobial activity were examined by measuring the
diameter of the inhibition zone. The inhibitory effects of the
prepared dicationic surfactants were increased by increasing
their spacer chains, and the highest inhibitory zone diameter
was achieved for the Q3 biocide. The future study aims to
study the effect of metal complexes and their nanoforms of the
prepared diquaternary compounds on their biocidal activities
against different bacterial strains.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Schiff Bases. The coupling reaction has
occurred between vanillin and 4-aminoantipyrene in an
equimolar ratio (0.1 mole) of the two reactants in a one-

40101

neck flask connected by a Dean—Stark connection, using
xylene (100 mL) as a solvent and 0.1 wt % of dehydrating
agent (p-toluene sulfonic acid). The reaction medium was
agitated at a reflux temperature (135 °C) until 1.8 mL of H,0
was obtained. Then, the product was obtained after
evaporating the solvent. The product was further purified by
washing with hot bidistilled water to remove the used catalyst
and excess reactants, followed by drying at 70 °C under
vacuum for 24 h*” to obtain SB, yield = 92%.

2.2. Synthesis of the Targeted Diquaternary Biocides.
A quaternization reaction was performed between the prepared
Schiff base product (SB) and three dibromo alkanes, namely,
1,6-bromohexane, 1,8-bromooctane, and 1,12-bromododecane
at a 1:2 molar ratio, respectively, in an appropriate amount of
acetone as a solvent. The reaction was performed in a one-neck
flask connected by a condenser, and the medium was agitated
at a reflux temperature for 4 h. Then, the reaction medium was
settled to precipitate the desired diquaternary products Q1-3.
The obtained precipitates were filtered off, washed several
times with diethyl ether, and then dried at 40 °C under
vacuum for 24 h*® (Scheme 1). The products were denoted as
Q1 -3 for the hexyl, octyl, and dodecyl derivatives, yield = 85—
82, 83%.

2.3. Surface and Interfacial Tension Measurements.
Surface tension measurements were performed for freshly
prepared Ql1—3 dicationic solutions in bidistilled water in a

Scheme 1. Synthesis of Diquaternary Biocides (Q1—3)

H;C NH,
>=t . o @OH
H,CN
\N//\O Vanillin (e}
/
4-Aminoantipyrene | Xylene H,;C
- | Reflux, 4h
-H,O

\ -

NZF
H;C-N
3 \ /\O HJ
(4Z)-4(4-hydroxy-3-methoxyb di 1.2
dihydro-2,3dimethyl-1 ph =
/ \
Acetone - .(‘\ /]ff\‘
Reflux, 4h | gr” | / ~Br
' 4,6,10
)_<V CH W
CH_, o/\ - 3 HJC
‘ \JL o
\ /4,6,10
(4Z)-4{(4-hydroxy-3-methoxyb 1-(3(3Z0-4-(4-hydroxy-3-

methoxybenzy! hdeneammo)—“,3-d|h\dro-5-melh\l-3-oxo-- phenyl-1H-pyrol-2-yl)
hexyl, octyl, dodecyl)-1-bromo-1,2-dihydro-3-methyl-1-phenylpyrazol-5-one
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concentration range of 0.001—10 mM at 25 °C, utilizing a
Kruss-K20 tensiometer, while the interfacial tension measure-
ments were performed between paraffin oil and surfactant
solutions (0.1% concentration) at 25 °C.*

2.4. Antimicrobial Assay. The produced Q1-3 dicationic
biocides were evaluated for antibacterial and antifungal
activities toward Staphylococcus aureus (NCTC-7447), E. coli
(NCTC-1041), Bacillus subtillus (NCIB-3610), Pseudomonas
aeruginosa (NCIB-9016), and Desulfomonas pigra, popular
species of sulfate-reducing bacteria (SRB). The fungistatic
activity was investigated using Aspergillus niger (Ferm-Bam C-
21) and Candida albicans.

The antimicrobial activities of Ql1—3 dicationic biocides
against fungi and bacterla were tested using the agar well
diffusion technique.’® The bacterial cultures were incubated in
a nutrient agar medium, whereas the fungal cultures were
grown in a malt medium. The bacteria were cultured in broth
media for 24 h. In the case of fungi, the broth medium was
cultured for 48 h before being filtered through a fine coating of
antiseptic Sintered Glass G2 to eliminate mycelium particles
before being utilized for inoculation.

To prepare the discs and inoculate them, 1.0 mL of
inoculum was put with 50 mL of 40 °C agar medium. Agar was
poured onto 120 mm Petri plates and let to cool to ambient
temperature. Utilizing antiseptic tubes, wells (6 mm in
diameter) were cut in the agar plates. The wells were loaded
to the agar’s surface with 0.1 mL of the Gemini surfactants (5
mg/mL dimethyl formamide). The plates were placed on a flat
surface and incubated for 24 h at 30 °C for bacteria and 48 h
for fungi before measuring the dimensions of the inhibitory
zones. The inhibitory zone generated by such molecules
against the bacterial strain determined the synthesized
compounds’ antibacterial and antifungal properties. The
average score collected from three separate runs has been
used to determine each sample’s zone of inhibition.

2.5. Minimum Inhibition Concentration (MIC). The
biocidal activity of the synthesized cationic surfactants (Ql—
Q3) against the tested strains was expressed in terms of MIC.
MIC is the minimal concentration of biocides that can inhibit
the detectable growth of microorganisms after incubation for
24 h. MICs were estimated using the dilution technique. In
typical procedures, the prepared biocides were dissolved in a
distilled water/alcohol (3/1; v/v) mixture at different
concentrations. An aliquot of the different biocide solutions,
1 mL in volume, was placed in agar media (14 mL). The final
concentrations of the tested biocides were 500—6 pg/mL.

3. RESULTS AND DISCUSSION

3.1. Structure Elucidation of the Prepared Com-
pounds. The chemical structures of the prepared Schiff base
of 4-aminoantipyrene were confirmed using elemental analyses,
FTIR, and 'H NMR spectroscopy as follows:

(4Z)-4-(4-Hydroxy-3-methoxybenzylideneamino)-1,2-dihy-
dro-2,3-dimethyl-1-phenyl pyrazole-S-one (SB): Yield = 92%.
CHN = C% 68/67, H% 5.7/5.4, 13/12 N% (theo/exp).
FTIR: 3100—3500 cm™' (O—H and N-H stretchlng), 2862
and 2924 cm™' (asymmetric and symmetric stretching of C—H
aliphatic),”** 1658 cm™ (C C con]ugated) 335 and 1650
em™! (—~C=N-azomethine)* (Figure 3A). '"H NMR: §(ppm)
= 1.72 ppm (s, 3H, CH;—C=C), 2.47 ppm (s, 3H, CH;—N),
3.7 ppm (s, 3H, CH;—0), 5.1 ppm (m, 1H, H—O—Ar), 6.68
ppm (m, 2H, mH—C—Ar), 6.71 ppm (m, 3H, opH—C—Ar),
and 7.9 ppm (s, 1H, H-C=N-azomethine). *C NMR spectra

— N TN A

f AL \ \¥)
LR AT AT
2920, 2856 cm” ) 1 | U
3100-3500 cm ™! ‘ [l J‘ ‘ “r| J ]
{ |
A
s i
g || ‘ | I',‘
£ [ 17\ W
£ I
= 1660 cm”!
;E | 1648cm!
3900 3400 2900 2400 1900 1400 200 400
Wavenumber, cm™!
(€]
fo TN P ~ N\ N A
i T \WATY 1A AT
“30:0:.“#‘ L ‘f“‘ | ‘\ w ‘
2920,2856 cm! ‘ ‘ | ‘ ‘l‘l ‘ |
=
< 3100-3500 em!
e
£
_E‘ ‘
z
= | \
) /16 S cpa-1
1665 cm-1
3900 3400 2900 2400 1900 1400 200 400
Wavenumber, cm™!
(B)

Figure 3. FTIR spectra of (A) 4-aminoantipyrene Schiff base (SB);
(B) diquaternary biocides (Q1).

of SB showed significant distribution of the carbon atoms
among the molecules,”” and the chemical shifts of each signal
are listed in Table 1. The formation of the new functional
groups in the produced Schiff base parent compound was
confirmed from the obtained FTIR, 'H NMR, and *C NMR
spectra.
(4Z)-4-(4-Hydroxy-3-methoxybenzylideneamino)-1-(3-
((4Z)-4-(4-hydroxy-3-methoxybenzyl-ideneamino)-2,3-dihy-
dro-S-methyl-3-oxo-2-phenyl-1H-pyrrol-2-yl) hexyl, octyl, do-
decyl)-1-bromo-1,2-dihydro-3-methyl-1-phenyl pyrazole-S-one
(Q1-3): Yield = 82—85%. C,H,N (theo/exp) = Ql: 57/56 C
%, 5/5 H%, 9/9 N%, and 18/18 Br%; Q2: 58/56 C%, 5/4 H%,
9/7 N%, and 17/16 Br%; Q3: 59/57 C%, 6/5 H%, 9/7 N%,
and 16/14 Br%. FTIR: 3100—3500 cm™ (—OH and -NH
stretching), 3025 cm™' (C—N" stretching) confirming the
formation of diquaternary products, 2862 and 2932 cm™
(asymmetric and symmetric stretching of C—H aliphatic),
1668 cm™" (C=C conjugated), and 1647 cm™' (—C=N-
azomethine) (Figure 3B). '"H NMR: §(ppm) = 1.73 ppm (s,
6H, CH,—~C=C), 1.85 ppm (QI: m, 8H, (~CH,—),; Q2: m,
12H, (—Cﬂz—)é, Q3: m, 20H, (—Cﬂg—)m), 2.4S ppm (s, 6H,
CH;—N), 3.71 ppm (s, 6H, CH;—0), 5.1 ppm (m, 2H, H—
O—Ar), 6.61 ppm (m, 4H, mH—C—Ar), 6.76 ppm (m, 6H,
opH—C—Ar), and 8.1 ppm (s, 2H, H—C=N-azomethine).
3C NMR spectra of Q1—3 showed comparable chemical shifts
for the carbon atoms of the parent SB compound (Table 1).
After quaternization (Scheme 1), the carbon atoms of repeated
methylene groups in the spacer chains showed a characteristic
signal at 54.3 ppm assigned for CH,—N", and additional
signals related to the repeated carbon atoms of the hydro-
phobic chains (—N*—CH,—(CH,),—CH,—N*-) were assigned
at 23.7—27.6 ppm for Ql; 23.7—30.3 ppm for Q2; and 23.7—
30.6 ppm for Q3.”® The functional groups of the produced
diquaternary compounds appeared in the FTIR spectra, while
the well-defined hydrogen protons were confirmed along the
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Table 1. '*C NMR Shifts of the Intermediate (SB) and the
Products (Q1-3)

13C NMR chemical shifts, ppm
Carbon atom
SB Q1 Q2 Q3
CH; 135 13.8 13.8 13.8
N-CH; 40.5 38.2 38.2 38.2
O-CHjs 57.9 57.9 57.9 57.9
C4 1134 | 113.4 | 1134 | 1134
C2’ and C6’ 116.6 | 116.6 | 116.6 | 116.6
Cc2” 1182 | 1182 | 118.2 | 118.2
Cs5” 120.5 | 120.5 | 120.5 | 120.5
c4 122.8 | 122.8 | 122.8 | 122.8
Co6” 126.6 | 126.6 | 126.6 | 126.6
Cc1r” 131.2 | 131.2 | 131.2 | 131.2
C3’ and C5’ 1332 | 1332 | 133.2 | 133.2
cr 140.4 | 146.5 | 146.5 | 146.5
Cc4” 152.4 | 152.4 | 1524 | 1524
C3 154.7 | 154.7 | 154.7 | 154.7
Cc3” 156.0 | 156.0 | 156.0 | 156.0
C5 165.5 | 163.7 | 163.7 | 163.7
-C=N- 168.6 | 168.6 | 168.6 | 168.6
PO
m
N= OH
I " \ NZ OH
3 4 o 3
/, / \
~N-y7570 :
HC™ 2 |1 )
40[0
6 2
5 ¥
4 4: Q1, 6: Q2,10: Q3.
SB compound

different diquaternary compounds using 'H NMR spectro-
scopic analysis.

3.2. Surface Tension (y) and Critical Micelle Concen-
tration (CMC). Figure 4 validates the relationship between
surface tension (y) and —log concentration (C) of the
prepared diquaternary biocides at 25 °C. It is noticeable that
the y vs —log C relation is notable by two distinct zones. One

Surface tension, mN/m

35
-3.60 -3.30 -3.00 -2.60 -2.30 -2.00 -1.60 -1.30

log (CO). M

Figure 4. Surface tension-log concentration of the prepared
diquaternary biocides (Q1—3) at 25 °C.

is in a reduced concentration range and distinguished by a
rapid decrease in surface tension values. The critical micelle
concentration (CMC) is produced by the concentration at the
intersection of these two locations. Furthermore, the greater
reduction in surface tension values in Figure 4 demonstrates
that these diquaternary compounds have excellent surface
activity. This is owing to the surfactant molecules’ capacity to
considerably reduce surface tension. Figure 4 demonstrates the
importance of the lengths of Q1—3 hydrophobic chains in
determining the surface tension magnitude of their solutions.
This effect is caused by a greater contact between the nonpolar
chains (hydrophobes) and the polar medium. To reduce that
interaction, the molecules are guided toward the air—water
contact, which significantly reduces surface tension. As seen in
Figure 4, the length of the hydrophobic chain has a major
influence on CMC values within a similar homologous chain.
As the hydrophobic chain length rises, the CMC values of
Q1—3 derivatives decrease. This result was described in some
reported studies.’”*” The CMC value of the dodecyl derivative
is the lowest (Q3).

The efficiency of the surfactant compounds (7&,.) is
described as the variation in surface tension between the
surfactant solution at the CMC and the surface tension of
bidistilled water at a fixed temperature according to eq 2:

Teme = yo - ycmc (2)

where y, and ¥, are the surface tensions of the bidistilled
water and the surfactant solution at their CMC, respectively.

The efficiency values (7,.) of the prepared diquaternary
surfactants showed high surface activity. The 7z, value also
showed improved surface activity compared to those of
quaternary homologs with identical hydrophobic tails.”" This
impact might be attributed to the distinctive adsorption
properties of these compounds at the interfaces. The
hydrophobic spacer tails promote their adsorption at the
interfaces that extremely lower the surface tension and increase
efficacy.

However, the effectiveness (pC,,) is described as the
concentration of surfactant which can reduce 20 mN/m
from the surface tension of bidistilled water at a given
temperature and taken from the surface tension profile as the
concentration related to 51.2 mN/m. It appears that effectual
amphiphiles have lesser 7. values. The 7, values of Q1-3
surfactants displayed relatively low values ranging from 0.525
to 0.416 mM compared with the quaternary surfactants with
identical hydrophobic tails.” The values of 7_,,. and pCyo of
the prepared surfactants (Q1—3) illustrated their potential as
effectual interfacial agents in numerous uses that required great
depression in the surface tension (Table 1). These results were
illustrated in several reports.”*®* These uses involve phase
transfer catalysis, nucleic acid solubilization, gene extraction,
food additives, pharmaceuticals, household products, and
antimicrobial substances.

The maximum surface excess (I',,.) is described as the
surfactant concentration at the saturation of the surface
interface near the CMC. I',,, is a good predictor of the
efficacy of surfactant adsorption at the water—air interface.
I« of the prepared surfactants was estimated utilizing the
Gibbs equation (eq 3), Table 1:

I,.. = [0y/dlogC]/[3 X 2.303RT] 3)
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Table 2. Critical Micelle Concentration (CMC), Effectiveness (r,,), Efficiency (Pc,y), Maximum Surface Excess (I',,..),
Minimum Surface Area (A,,;,), and Free Energy Changes of Adsorption (AG,,,) and Micellization (AG,,.) of Q1-3
Surfactants at 25 °C

http://pubs.acs.org/journal/acsodf

compound CMC, M/L Teme MN/m PC,,, M/L I,y mol/cm? X 1078 A, N AG,4, kJ/mole AG,,; kJ/mole
Q1 0.000525 36 0.0000050 7.87 2.11 —22.94 —18.86
Q2 0.000495 34 0.0000071 8.21 2.02 —-23.31 —19.29
Q3 0.000416 33 0.0000089 8.33 1.99 —24.18 —-20.11

Table 3. Bactericidal Activity of the Synthesized Q1—3 Biocides

inhibition zone diameter, mm

derivative E. coli Salmonella typhi Staphylococcus aur. Bacillus sub. Deulfomonus pigra
Q1 13.0 14.0 15.0 16.7 12.6
Q2 16.8 18.2 17.0 22.5 14.8
Q3 17.5 22.0 232 27.8 15.3
CTMABr 12.3 12.3 12.3 12.3 11.0

where R (universal gas constant) = 8.31 X 107 erg/mol'K, T is
the absolute temperature, and (dy/0logC) is the slope of the y
vs —log C plot at ambient temperature.

However, A,;, (the minimum surface area) is the area
occupied per molecule of surfactant at the water—air interface
and was estimated from the following equation (eq 4):

__1
NI (4)

max

min

where N, is a constant and referred to several Avogadro.

The chemical composition of the hydrophobic molecules
influences the values of I, ,,. Larger hydrophobes provide high
surface pressure (dy/dlog C), which relates to increased
surfactant molecule concentration at the interface. The
increased surface concentration is because of the hydro-
phobe—water interface (repulsion forces) that improved due to
the value reduction in hydrophobic—hydrophilic balance
(HLB), which raised the surfactant molecules at the interface
and therefore increased I',,, as seen in Table 1. Raising the
surface concentration (surface pressure, dy/dlogC) leads to
improving the number of surfactant molecules at the interface,
causing crowding and decreasing the accessible area at the
interface for each molecule. The results in Table 1 show that
extending the length of the hydrophobic molecules reduces the
accessible area for surfactant compounds at the interface
(Amin) .

3.3. Standard Free Energy of Adsorption and
Micellization (AG,4s and AGp,;c). The chemical composition
of the surfactant molecules is distinguished by the occurrence
of a charged head group (one, two, or more) and lengthy alkyl
chains. This is known as an amphipathic structure. This
combination gives the molecule certain unique properties.
These include the capacity to be present in the bulk of the
solution (during micelle creation) and the ability to soak up at
the air/water interface to create an organized monolayer. As a
result, it is hypothesized that these two processes of adsorption
and micellization happened concurrently. The predominance
of the two processes is determined by variations in free energy.
As a result, the free energies of adsorption (AG,4) and
micellization (AG,,;.) were estimated using Rosen’s approach
(egs 5 and 6).°"

AG,,. = —RT lin (CMC) (s)

mie

A(;acls = AGmic - (6'023 X 10_1 n.cmc' Amln) (6)

where R = 831 X 107 erg/ molK, T is the absolute
temperature, 7., is the efficiency, and A ;, is the lowest
surface area.

The minus value of AG, 4, and AG,,;. (Table 2) suggests that
both micellization and adsorption processes occur sponta-
neously at 25 °C. Comparison between AG,4 and AG;
values of the prepared surfactants showed the greater negatives
of AG,4, suggesting the amphiphiles” proclivity for adsorption.
However, at the same time, they exhibit a good tendency
toward micellization.

3.4. Cytotoxic Activity of Prepared Cationic Gemini
Surfactants. The bacterial cell membrane is thought to be
made up of phospholipids and particular amino acids. The
cellular membrane’s functioning is primarily the dissemination
of the constituents required for biological processes and the
excretion of the wastes created.”” The selective permeability
determines the regulation of the two processes. The charged
amino acids (teichoic acid derivatives) in the outer cellular
membrane govern the entry or exit of the polar species into or
out of the cells, whereas phospholipids and peptidoglycans play
this role for nonpolar materials.” When the preferential
permeability of the cell membranes damages the vital biological
processes, death of the microorganisms occurs. Bacterial and
fungal biocides achieved their lethal role on the micro-
organisms by breaking and/or destroying the high selectivity of
the cellular membranes. This behavior commonly occurs in the
case of cationic biocides. The antibacterial and antifungal
effectiveness was determined by the inhibition zone diameter
method of the produced dicationic biocides against several
microorganisms (E. coli, Staphylococcus aureus, Pseudomonas
aeruginosa, Bacillus subtillus, and Desulfomonus pigra), which
was high as depicted in Table 3. The inhibitory effects of Q1—
3 were increased by increasing their spacer chain length, and
the highest inhibitory zone diameter was obtained for the Q3
biocide against E. coli, Salmonella typhi, Staphylococcus aureus,
and Pseudomonas aeruginosa at 17.5, 22.0, 23.2, and 27.8 mm,
referring to the used reference (cetyl trimethyl ammonium
bromide, CTABr, 12.3 mm), respectively. These results were
in comparison with the reported results of SRB using cationic
biocides.**°

Several variables including structural and interfacial charac-
teristics contribute to the excellent antibacterial activity of
cationic surfactants. The benzene ring nucleus, the aliphatic
hydrocarbon chains, azomethine groups, and positively
charged head groups (N*) are all structural elements. Low
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effectiveness, efficiency, low surface area, and high surface
concentration are examples of interfacial factors.”” The
existence of aliphatic chains promotes the adsorption of the
cationic biocides onto the cellular membranes of the
microorganisms because of the matching behavior between
the aliphatic chains of their molecules and the nonpolar chains
which constituted the bacterial lipid layers. The existence of
positive charges at the biocide molecules (Q1—3) is attached
to the negatively charged teichoic acid derivatives that
participated in the cellular membranes. Furthermore, the
highly interfacial activities of the biocides facilitate the contact
between the external components and the cellular membrane
while suppressing the selective permeability. As a result, the
microorganisms’ biochemical reactions and metabolic path-
ways are affected, resulting in the death of microorganisms.”®
Q3 displayed the highest efficiency against the tested bacterial
strains. This was ascribed to its greater efficacy values as well as
a higher maximum surface excess. Higher efficiency values
suggest a proclivity for adsorption at various surfaces, including
bacterial membranes. Furthermore, the improved surface
excess demonstrated the presence of the adsorbed Q3
molecules at high concentrations at the interfaces. The
antibacterial properties of Q1—3 biocides were shown to be
effective against SRB (Deulfornonus pigra). However, these
values are still lower than those of the other examined bacterial
strains, as shown in Table 2. This might be attributed to the
SRB strain’s resistance to harsh factors in the environment due
to the stiffness of their cell membranes.

The antifungal behaviors of Q1—3 biocides against Candida
albicans and Aspergillus niger are illustrated in Table 4. The

Table 4. Fungicidal Activity of the Synthesized Q1—-3
Biocides

inhibition zone diameter, mm *

derivative Aspergillus niger Aspergillus flauv
Q 15.7 16.3
Q2 19.2 18.2
Q3 24.5 25.4
Grisofulvine 11.6 11.6

recorded inhibition zones ranged between 15.7 and 25.4 mm,
referring to the used reference (Grisofulvine, 11.6 mm),
indicating their high cytotoxic activities toward the examined
fungus. The inhibition diameter values revealed that cytotoxic
efficacies of Ql—3 are significantly associated with their
interfacial characteristics, mainly their efficacy and maximum
surface excess. The cytotoxic efficiencies of Ql1—3 biocides
were demonstrated to have an excellent inhibitory propensity
against various bacterial species and fungi. The potencies of

these biocides can be referred to as the presence of azomethine
groups (—N=C-) and diquaternary (—N*—N*—) groups in
these molecules. The existence of these groups promotes the
adsorption of the molecule at the microorganism’s outer
membranes, while the existence of bromide ions (counter
ions) allows them to pass readily across these membranes. As a
result, the biological response in the cells is severely harmed,
which leads to cell mortality.

3.5. Minimum Inhibitory Concentration (MIC). MICs
of the prepared biocides Q1—Q3 and cetyl trimethyl
ammonium bromide (CTMABr) are listed in Table 5. MIC
values of CTABr ranged between 20 and 600 M. Comparison
of the results of MICs of the tested compounds and the
reference biocide (CTABr) revealed their higher efficacies
compared to CTMABr for combat SRB in oil and gas reservoir
protection applications; the use of cationic surfactants with low
antimicrobial activity would be necessary because they present
high biodegradability and less toxicity.”” The results of the
MIC study showed that the increase in the space chain length
of the prepared biocides increased their efficiencies toward the
different types of bacterial cells. Ql showed the lowest
efficiency toward the bacterial strains in a concentration range
of 50—-200 uM, while Q3 performed the maximum efficiency
with the lower concentration ranges of 6—20 M. The mode of
action of the cationic biocides upon the different germs is
generally preceded via an adsorption mechanism. In this
mechanism, the biocides adsorb onto the negative centers on
the cellular membranes. The adsorption leads to deducing
cellular osmotic stability and outflow of biological constituents
in the cells.”” Several proposed mechanisms can explain the
action mode of the biocides on the microorganisms based on
the type of the bacterial strain (gram +ve or gram —ve)
including impermeable coat formation on the bacterial
membranes, penetration of smaller biocide molecules into
the cells, and their interaction by the oppositely charged sites
in the cell, and inhibition of bacterial growth through chelation
of trace metals.”"”?

It is clear that P. aeruginosa and S. typhiumurium species
exhibited higher resistivity toward the prepared biocides and
also against the used reference. This can be attributed to the
nature of the chemical composition of their cellular
membranes. It is reported that gram-negative bacteria are
more resistant to several types of biocides than gram-positive
bacteria, due to the types of constituents in the cellular
membranes of each type.”” The lipopolysaccharides and
proteins in the gram-negative bacterial cell membrane limit
the biocide molecules’ penetration into the bacterial cells.
Consequently, their diffusion into these types of cells required
sufficient acceptability between the HLB of the biocide
molecules and the cellular membrane constituents. The

Table 5. Minimum Inhibitory Concentration Values, MIC” (uM) of the Synthesized Biocides Q1—3 against Different Bacterial

Strains
bacteria
biocides S. aureus B. subtilis E. coli P. aeruginosa S. typhiumurium Desulfomonas pigra
ATCC 29213 ATCC 55422 ATCC 25922 ATCC 27853 ATCC 27948 ATCC 29098

Q1 S0 Ny 200 600 >600 200

Q2 S0 20 100 500 >600 100

Q3 20 6 20 400 >600 S0

CTMABr 20 50 100 300 600 400

“The data are a mean of five replicates with relative error ~7%.
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prepared cationic biocides were monitored for their toxicity
toward SRB (D. pigra) (Table S). The data showed promising
results due to their comparatively higher efficacies against SRB.
SRB (anaerobic bacteria) released H,S gas in oilfields due to
their ability to reduce sulfur-containing compounds in crude
oil. The MIC values of the prepared cationic biocides showed
acceptable efficacies against SRB. It is clear (Table S) that the
gradual increase of the hydrophobic chain length of the
synthesized surfactants increases their biocidal activities against
SRB.

The prepared Schift base and the corresponding quaternary
derivatives showed noticeable antibacterial and antifungal
activities against various lethal microorganisms. Additionally,
these biocides showed efficiency in the petroleum industry
regarding the prevention of SRB growth to prevent the
production of the most hazardous gas, hydrogen sulfide. The
essential positive impact of the prepared compounds on the
environment is mainly the prevention of H,S formation in

oilfields.

4. CONCLUSIONS

The chemical structures of the diquaternary cationic
surfactants showed a high influence on their surface activities.
The CMC, effectiveness, and maximum surface excess values
were decreased by increasing the alkyl chain spacers, while the
minimum surface area was increased. Inhibition zone diameter
evaluation showed increased inhibition area by increasing the
surface activity of the synthesized biocides. Q3 showed the
highest area of inhibition against the tested bacterial strains.
The growth of SRB was highly inhibited by applying the
prepared biocides compared to the traditional biocides. The
prepared biocides Q1—Q3 showed promising results due to
their comparatively higher efficacies against SRB. The MIC
values of the prepared cationic biocides presented acceptable
efficacies against SRB. The essential positive impact of the
prepared compounds on the environment is mainly the
prevention of H,S formation in oilfields.
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