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Abstract

Surfactants are multipurpose active compounds and are ubiquitously present in detergents. Detergent demand spiked
due to the current COVID-19 pandemic, further alerting to the need to replace petrochemical synthetic surfactants
with natural and renewable surfactants to mitigate further environmental damage. The neem tree (Azadirachta indica A.
Juss) is a fast-growing tree that provides a multitude of commodities, namely neem oil. Neem oil possesses insecticidal
and medicinal activity. This work reports the extraction and characterization of a surfactant from neem oil (SNO),
displaying a yield of approximately 100%. SNO exhibited suitable detergent characteristics with a high potential to be
used as a cleansing agent for textile applications, such as high pH value (10.1), suitable foaming of 1.5 cm and a critical
micelle concentration of nearly 0.12 g mL™". In addition, SNO showed a moderate bactericidal activity against Escherichia
coli and bacteriostatic activity against Staphylococcus aureus, both common nosocomial pathogens. Therefore, SNO has a
good potential to be used in medical textile applications due to its detergent and bactericidal properties. Finally, an
economical overview of the SNO production process was assessed, underscoring its viability.
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The staggering concentrations of petrochemical-based
plastic waste present in the environment represent over
5 billion metric tons." This massive plastic waste con-
centration allied to it highly recalcitrant nature is caus-
ing an increasing apprehension to a more informed
society that demands the development of novel prod-
ucts able to replace common plastic or petrochemical-
based reactants. These novel active substances must be
obtained from renewable resources that represent low
to non-environmental impact during their entire life
cycle. Moreover, the development of novel environ-
mentally friendly active substances must display an
enhanced efficacy to be able to compete with low-cost
petrochemical-based  substances. Surfactants are
unquestionably an active substance with an intensive
and widespread use. Surfactants may be synthetic or
natural amphiphilic compounds, displaying the same

molecule hydrophilic polar groups and hydrophobic
non-polar groups.” The non-polar group, also named
as tail, is composed of one or two alkyl chains com-
prising between 8 and 22 carbons.® In particular, sur-
factants’ hydrophobic tail may contain fluorine.
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These extremely hydrophobic fluorocarbon tails pro-
mote the development of bulkier clusters, due to fluo-
rine’s larger atomic size and stronger hydrophobicity.*
Surfactants’ polar section, or head, encompasses ionic
groups (anions or cations), and may have an ampho-
teric behavior, meaning that it may display an acid or
alkaline property depending on the pH of the solution.
The surfactant hydrophilic region promptly links to
water through hydrogen bonding, whereas the hydro-
phobic tail stabilizes with lipids through van der Waals
interactions.” Due to these properties, surfactants are
able to alter both surface tension and interfacial ten-
sion between liquids, gases and solid-liquid surfaces
(wetting systems).® This behavior makes surfactants
excellent compounds to act as dispersion agents, deter-
gents, emulsifiers, oil recovery agents and foam-
forming agents, among others.”®

The use of synthetic surfactants has been increasing
considerably since the beginning of the 20th century,
and presently is among the most produced synthetic
chemicals worldwide. The estimated surfactant produc-
tion is more than 12 thousand metric tons and has an
estimated annual increase between 3 and 4%. Domestic
and industrial applications result in significant
amounts of waste discharge in soil, fresh water and
marine water environments. Due to the increasing
demand of the detergent and cosmetic industry, the
surfactant annual production will have a significant
increase, particularly because of the present detergent
demand due to the COVID-19 pandemic. These syn-
thetic surfactants are usually non-biodegradable and
produce a negative impact, not only in the environ-
ment, but also to human health, because surfactants
are responsible for the development of dermatitis,
respiratory problems and irritations, among other com-
plications. Therefore, recently, carbohydrates, amino
acids and organic acids obtained from renewable sour-
ces are being increasingly used as raw materials for the
production of surfactants.® ' Surfactants of vegetable
origin, also known as biosurfactants, are renewable
compounds that can be synthesized from a wide
scope of renewable substrates and display an impres-
sive chemical diversity. This allows the development of
tailored applications for specific areas from different
fields, such as petrochemical industry, food industry,
cosmetics and pharmaceutical companies. Some nota-
ble advantages of biosurfactants in comparison with
synthetic compounds include biodegradability, bio-
compatibility, low cost, similar efficiency using lower
surfactant concentration, higher stability toward pH,
temperature and ionic strength variations and higher
foaming capability. These compounds can be produced
through the biotransformation of petrol hydrocarbons
or from renewable substrates, such as waste from veg-
etable processing, glycerol and oils, among others.'!

In the biological systems the surfactants are to solve
solubility problems and to work as emulsifiers, disper-
sants and surface tension modifiers, thus essentially
playing the same role as the synthetic surfactants.
There are a few reports in the literature describing
the synthesis of surfactants from renewable sources.
These materials are the saponins, which are active sur-
factants obtained from the pericarp of chestnuts, soy
and chickpeas. These vegetable surfactants are tradi-
tionally used in India for textile washing, as shower
gel and as a popular medicine due to their capability
to produce foam in water.'?

Vegetable oils and essential oils, similarly to surfac-
tants, also possess a non-polar group that is widely
used in different industrial areas. Vegetable oils are a
complex blend of volatile compounds and lipophilic
compounds.'*'* The oils may be classified as fixed
and essential. The fixed vegetable oils are composed
of a complex mixture of lipid compounds and are com-
monly obtained from seeds. Fixed oils are character-
ized by poor water solubility and non-volatility and are
usually susceptible to light and heat, whereas essential
oils are low-molecular-weight, lipophilic and volatile
compounds, mainly present in aromatic plants.'>'®
Both fixed and essential oils have been widely used,
and their application has been constantly increasing
due to the current demand for natural products.
Therefore, large quantities of oils are produced world-
wide for the manufacture of fragrances and cosmetics
and to supply health industries and the textile indus-
try."” Neem oil is collected from Azadirachta indica (A.
Juss), of the family Meliaceae. Despite its Asian origin,
this plant can be easily found in different regions; due
to its resilience it is able to withstand adverse soil and
climate conditions. Moreover, A. indica has a rapid
growth of approximately 0.6 m year ' in height.'®
Neem oil is extracted from fruits and seed and widely
used as an insecticide due to the presence of azadirach-
tin in its formulation.'”*° Neem oil obtained from the
seeds of A. indica is described to contain at least 100
biologically active compounds.' A. indica seeds com-
prise 45% of a brownish oil, mainly composed of oleic
acid (50-60%), palmitic acid (15-19%), stearic acid
(14-19%) and linoleic acid (8-16%), and it contains a
spicy flavor and an unpleasant and persistent odor.>
Several references describe the use of neem oil as soaps
through the saponification; in particular, one study
describes the production and characterization of
soaps obtained from different oils, including neem
0il.>* The produced neem oil soap was characterized
as a hard soap with a pH of 9.75. Other researchers
also produced soap bars from the saponification of
neem oil and attained a yellowish soap with a pH of
10.4.%* Therefore, this work envisaged the production
and characterization of a surfactant from neem oil
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Figure |. Surfactant from neem oil (SNO) extraction process: (a) reflux procedure, (b) ethanol evaporation step and (c) SNO

agglomerates.

(SNO), which is a natural, environmentally friendly
surfactant. The results collected depict the high appli-
cability of the obtained surfactant in several contexts,
such as domestic use and textile industry. Moreover, it
can be used for sanitizing several hospital textiles, such
as bed sheets and privacy curtains, among other
applications.

Experimental methods

Characterization of neem oil

Neem oil was commercially purchased, and its physi-
cochemical properties were characterized in terms of
acid value, saponification value, peroxide value, refrac-
tive index, density and molecular weight. To determine
the acid value, the procedure was used as described
previously.>* Briefly, 1.5 g of neem oil was solubilized
in 20 mL of an ether ethanol solution (25% v/v) and an
aliquot of phenolphthalein was used as a pH indicator.
Sodium hydroxide (1 M) was used for the titration. The
saponification value was estimated using 2 g of neem
oil and a 20 mL sodium hydroxide solution (5% w/v) in
distilled water and was heated for 30 min at 50°C. After
the sample reached room temperature, an aliquot of
phenolphthalein was added, and the solution was
titrated with hydrochloric acid (0.5M). The peroxide
value was determined using 5.0 g of neem oil and 86.2 g
of potassium iodide. The released iodide was estimated
using sodium thiosulfate. Starch was used as standard.
The refractive index was obtained using refractometer
Abbe, CILAB. Neem oil density was obtained using a
pycnometer.

SNO extraction

SNO was collected through saponification by mixing
10 g of neem oil with 10 mL of a sodium hydroxide

solution (30% w/v). During the saponification process
a reflux condenser was used to prevent the solvent loss
and a heating mantle was used to maintain the reaction
at 100°C for 2 h. Afterwards the SNO sample was
placed on top of a heating plate at 70°C for approxi-
mately 8 h to evaporate completely the ethanol and was
then exposed to sunlight for drying (Figure 1).

SNO characterization

SNO was submitted to several characterization meth-
ods, which encompassed the following: pH value, sur-
face tension, foaming test, scanning electron
microscopy (SEM) coupled to energy dispersive X-ray
spectroscopy (EDS) and Fourier transform infrared
spectroscopy (FTIR). The pH value was determined
as described elsewhere,?® using a 1% w/v SNO aqueous
solution and a pH meter (NI PM, NOVA Instruments).
Surface tension was calculated using nitrogen at a con-
stant pressure of 200 kPa at 30°C in a Sensadyne ten-
siometer. The foaming test was performed exposing a
4% w/v SNO aqueous solution to vigorous agitation
with a magnetic stirrer for 2 min in a 100-mL beaker.
Afterwards, the solution was left to rest for 10 min and
the foam height was measured. Uncoated SNO sample
SEM images and EDS analysis were obtained through
backscattering electrons using a scanning electron
microscope (TM3000, Hitachi) with an accelerating
voltage of 15 kV. In addition, SNO samples were also
coated through sputtering (polaron). FTIR spectra of
the surfactant were collected using a Shimadzu spec-
trometer, model FTIR-8400S, IRAffinity-1 (Shimadzu,
Kyoto, Japan), coupled with an attenuated total reflec-
tance accessory, the PIKE MIRacle™ single reflection
with a ZnSe crystal (PIKE Technologies, Madison, WI,
USA). Spectra were obtained in the range of 4000—
500 cm ™", from 30 scans at a resolution of 4cm™". All
measurements were performed in triplicate.
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Bactericidal analysis

The bactericidal properties of SNO were evaluated
through the disk diffusion susceptibility test as described
in the literature.”®*” The bacteria tested were from the
American Type Culture Collection (ATCC): Gram-
positive  Staphylococcus aureus ATCC 25923 and
Gram-negative  Escherichia  coli ATCC  25922.
Vancomycin (30 pg mL ") was used as positive control
for S. aureus, and gentamycin (10 pg mL™") for E. coli.
SNO (10% w/v) and the antibiotics were tested using a
cellulose disk of 6 mm. Each bacterium was incubated in
tryptic soy broth for 12 h at 37°C at a shaking speed of
120 rpm. From these pre-inocula, each of the bacterium
concentrations was adjusted to approximately
1.0 x 10’CFUmML ™! and inoculated in tryptic soy agar
at a mild temperature and plated in 90-mm Petri dishes.
Once the tryptic soy agar was solidified, the discs were
carefully placed on the inoculated medium under aseptic
conditions. The plates were incubated for at least 18 h at
37°C and the zone of inhibition (Zol) was determined.

Economical overview

An industrial scale economical overview was per-
formed based on the production process described by
this work (Supplemental material). In a short descrip-
tion, the industrial process would comprise four critical
pieces of equipment: a saponification reactor, a hot
plate for ethanol evaporation, an industrial blender
for SNO liquid preparation and an automatic bottle
filling equipment for the preparation of the final prod-
uct. Several equipment units were considered to ensure
redundancy. The economical overview reference value
was based on the purchase equipment cost (PCE). The
direct facilities’ costs were used to estimate the fixed
capital (Ig), encompassing construction costs (50% of
PCE), electrical installation (15% of PCE), piping
(20% of PCE), control and instrumentation (15% of
PCE), health and security costs (1.5% of PCE) and
design and engineering costs (20% of PCE). The total
investment (TI) was calculated according to equation

(1)

TI=1Ir +1c (1)

where I¢ corresponds to the contingency investment.
The calculation of the total cost (TC) was performed
using equation (2)

TC = CPF + CPL + LC ©)

where CPF is the cost proportional to fixed capital,
CPL is the cost proportional to production load and
LC is the labor cost.

The net benefit (R’) was estimated using equation (3)

R’ = (turnover — TC)
— [((turnover — TC) — CD x Ig) x TR]  (3)

where CD and TR are capital depreciation and tax
rate, respectively.

The net present value (NPV) was determined using
equation (4)

!/

R
NPV = —Ip + — 4
Pt asy @

where 1 is the discount rate and y the time (in the cur-
rent overview, 10 years were used).

The return on investment (ROI) was estimated using
equation (5)

TI - R’

ROI = % 100 (5)

Results and discussion

The neem oil physicochemical characteristics are repre-
sented in Table 1. The density of the neem oil was
similar to the values reported in the literature (0.92
and 0.88gmL~").>®?° The saponification value was
nearly 1.5-fold higher than the exhibited neem oil col-
lected from the seed, and close to the reported standard
values.’*3! The refractive index value was also in agree-
ment with the standard values for the neem oil.*!

The estimated molecular weight of the neem oil was
773.02 gmol ', This value was estimated based on the
saponification value, which provides an indirect weight
value of the fatty acids obtained after the saponifica-
tion process, because these values are negatively
correlated.

The obtained SNO presented a yellowish color sim-
ilar to the neem oil; however, unlike the neem oil it
displayed a soft and pleasant smell (Figure 2). As
observed in Figure 2(b), the SNO forms a clear

Table I. Neem oil chemical characterization

Properties Values
Acidity value (%) 1.28
Saponification value (mgkOH g™') 217.33
Peroxide value (mEqO, kg™') 1.70
Refractive index 1.48
Density (g mL™") 0.96
Molecular weight (g mol™") 773.02
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dispersion in water, thus its hydrophilic-lipophilic bal-
ance is clearly higher than 10.

The pH of the SNO aqueous solution was 10.1,
which is within the pH range for soap of 8-10.5.
Such a high pH is due to the incomplete alkaline hydro-
lysis during the saponification process. Despite the high
pH value, the SNO is not corrosive to the skin, in fact,
its alkalinity favors its detergent effect.”® Surfactants
are characterized by their impact on the surface ten-
sion, therefore the characterization of SNO effect on
the surface tension of a liquid is of paramount impor-
tance. The surface tension of a liquid is determined by
the molecule’s energy at the interface. The energy
requirements for displacement of these molecules in
adsorption are directly correlated with the surfactant
efficacy. The critical micellar concentration was calcu-
lated through the estimation of the interception of the
two equations of the surface tension (Figure 3). The
determined concentration of neem oil surfactant was

0.1165gmL™". Therefore, at concentrations above
0.1165gmL ™", the neem oil surfactant will be arranged
in micellar structures, whereas in lower concentrations
it will be organized in its monomeric form.

For the foaming test, it is important that the surfac-
tant displays a relevant reduction of the surface ten-
sion, because the lower the surface tension, the
greater amount of foam can be produced with the
same amount of agitation.®!>3%3 Moreover, the foam-
ing test is an important indicator of the detergent capa-
bility of the surfactant. However, some surfactants
have a high detergency efficacy and produce negligible
amounts of foam. Foam stability is defined by the sur-
factant capability preventing the water to quickly run
through the foam bubbles.*”> The foam produced by the
extracted surfactant was 1.5cm, a value within the
range of reported values in the literature (Figure 4).°

Extracted surfactant SEM images are displayed in
Figure 5. The SEM images denote the presence of white

Figure 2. Surfactant from neem oil: (a) in solid state and (b) diluted in distilled water (2% wi/v).
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Figure 3. Surfactant from neem oil (SNO) surface tension.
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Figure 4. Surfactant foaming test.

crystals on top of the samples (Figure 5(a)). EDS anal-
ysis identified these crystals as sodium crystals (Figure
5(b) and (c)). The presence of these crystals most likely
originated from the use of sodium hydroxide during the
saponification process.

FTIR analysis (Figure 6) depicts the presence of
O-H stretching (broad band present between 3726
and 3032cm™') and O-H bending (1423 cm™") solely
on SNO, most likely due to the reaction with sodium
hydroxide during saponification. The aliphatic stretch-
ing of alkane and alkene groups is depicted in the
bands that range between approximately 3010 and
2850cm ™', with a reduced intensity in SNO. Ester
bonds (1745cm™") are clearly present in neem oil; how-
ever, they are not observable in the SNO spectra. SNO
exhibits strong bands at 1560cm™' and 1445cm™',
which can be attributed to asymmetric and symmetric
carboxylate stretching.” Also, the characteristic
stretching of the C-O group is observed at 1050 cm™".
Some of these bands were also observed by other
authors.>>>® Therefore, the FTIR analysis provides
insight on the amphiphilic nature of the SNO mole-
cules. The hydrophilic groups encompass hydroxyl,
carbonyl and carboxylate, which are hydrophilic
polar and are present on the molecule head, whereas
the hydrophobic groups present in the tail comprise
hydrophobic groups such as alkanes and alkenes.”’

The disk diffusion method was used to analyze the
antimicrobial activity and the Zol was assessed. The
tested bacteria were S. aureus and E. coli, with
S. aureus being considered a model Gram-positive bac-
terium and E. coli a model Gram-negative bacterium.
Moreover, both bacteria are responsible for nosocomi-
al infections. The positive controls displayed the
expected value for both bacteria (between 22 and 30
mm). For S. aureus the Zol was present but blurred,
which is commonly associated with a bacteriostatic
activity. Nevertheless, the Zol for S. aureus was

Figure 5. Surfactant from neem oil scanning electron micros-
copy (SEM) images and energy dispersive X-ray spectroscopy
(EDS) analysis; the EDS analysis of the images on the right side
highlight the presence of sodium (Na), oxygen (O) and carbon
(C) elements: (a) SEM images (left uncoated, right coated), (b)
SEM and EDS analysis, (c) SEM and EDS analysis focused on the
crystals present in the sample.

14.4 £+ 1.5mm. On the other hand, E. coli Zol depicted
a clear but weak-to-moderate bactericidal activity
12.0 + 1.7mm.?® Therefore, SNO bactericidal activity
against a Gram-negative bacterium may indicate a
destabilization of the outer membrane through its sur-
factant activity. In the literature an antiseptic soap was
developed using a mixture of neem oil and shea butter;
nevertheless, the soap with 100% neem oil exhibited a
Zol of 20mm against S. aureus.*® The economical
overview of the production of the SNO was assessed
through a simulation to determine the feasibility of its
industrial process. The performed economical overview
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Figure 6. Fourier transform infrared spectroscopy spectra of
neem oil and surfactant from neem oil (SNO).

denotes the relatively modest total investment (roughly
seven hundred thousand euros) due to the simplicity of
the process, which requires common and low-end tech-
nology. However, the production costs represent nearly
double the investment value, mainly due to the neem oil
cost. Nevertheless, this value is easily recovered, even
applying a modest profit value. Therefore, the net pre-
sent value obtained was positive, which highlights the
profitability of the process, and the return on invest-
ment value may be considered to be high (71%). Due to
the increasing demand of ecological responsible surfac-
tants, the production of SNO may be considered as
very attractive in terms of economic viability and
easy to establish.

Conclusions

SNO was a surfactant obtained with a yield of approx-
imately 100%, through the saponification of neem oil
using mild and cost-effective conditions. SNO physico-
chemical properties were characterized, in particular to
observe its potential to be used as a fully natural deter-
gent for hospital textiles, such as patient linens, privacy
curtains and medical staff uniforms. SNO exhibited a
critical micelle concentration of 0.12gmL ™", a high pH
value (10.1) and an adequate foaming of 1.5cm.
Moreover, unlike the neem oil, SNO has a soft and
agreeable odor. Finally, SNO exhibited a weak-
to-moderate bactericidal activity against a Gram-
negative bacterium and a moderate bacteriostatic
effect against a Gram-positive bacterium. Its activity
may be potentiated with the application of a high wash-
ing temperature during hospital textile laundry proce-
dures. Nevertheless, further analysis must be

performed to confirm its cleansing and bactericidal effi-
cacy mimicking hospital textile hygiene methodologies.
The economic viability and attractiveness are denoted
in the economical overview performed, highlighting the
need to promote the establishment of sustainable
businesses.
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