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Graphical abstract Abstract
Rhamnolipid Biosurfactant Rhamnolipid biosurfactants are among the most investigated for various applications,
e - owing not only to their much lower environmental impact compared to chemical
Characterization . /Behaviour and Stability Oil Degradation e s [t &l - ffactive i el £ — d
(o | —_ Ability surfactants but also because they have proven effective in reducing surface tension an
ERN f - 1.0l dispersion test | critical micelle concentration (CMC). However, there is concern regarding their high cost.
AT \Lff‘@. This work aims to determine important behavior and properties of rhamnolipids and verify

their potential for oil degradation. They were characterized using FTIR, *H NMR, and *3C
NMR spectroscopy to determine the main functional groups and the chemical structure of
il — rhamnolipids for oil degreasing. Then, the influence of thermodynamic properties on CMC
the glass surface stability was studied to establish the stability behavior. This investigation is essential as
good oil degreasing products require low CMC values to minimize the amount used during
the oil removal process, form micelles, and solubilize dirt and oil. The oil degradation ability
of rhamnolipids in different concentrations was studied using an oil dispersion test and the
method of oil removal from a glass surface. Overall, this investigation proves that the
temperature of the solution and immersion time influenced the CMC and surface tension
value for the rhamnolipids. The lowest CMC value was 35 mg/L at 55 °C after 48 h of
stabilization. The minimum recommended amount of rhamnolipids for the oil degrease
formulation was also found to be 0.1% w/v, which is very low. This study showed that the
behavior and stability of rhamnolipids are suitable for oil degradation applications and can
efficiently replace chemical surfactants in oil degradation products.
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1.0 INTRODUCTION degradation methods exist, including solvent extraction and
chemical dispersion [2]. However, these methods do not
Heavy oil pollution is extremely hazardous and irrevocably completely eliminate hydrocarbon contaminants from the
damaging to the environment. The study of environmental environment and potentially can lead to water source
cleaning and restoration practices is crucial to prevent the contamination [2].
poisoning and death of living organisms due to this pollution. A previous study has shown that biosurfactants can be an
The pervasive early use of synthetic materials for oil degradation alternative to other methods with tremendous potential for oil
caused the water s to be more toxic than the oil [1]. Various oil degradation [3], [4]. Biosurfactants are better than chemical
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surfactants due to their ecological properties, especially their
reduced toxicity and enhanced biodegradability [5]. In addition,
biosurfactants are highly efficient at emulsifying hydrophobic
hydrocarbons, that is, increasing their solubility in water and
decreasing surface tension, which are crucial for oil degradation
[6].

Biosurfactants are classified by organism source, molecular
weight, and chemical structure [7]-[9]. Low molecular weight
biosurfactants, which are mostly glycolipids, lipopeptides and
lipoproteins, fatty acids, neutral lipids, and phospholipids, are
more effective and very efficient in lowering the surface and
interfacial tensions. In contrast, high molecular weight
biosurfactants, such as polymeric and particulate biosurfactants,
are more efficient as emulsion-stabilizing agents [10]-[12].

Rhamnolipids are anionic glycolipid biosurfactants with
amphiphilic characteristics typically isolated from Pseudomonas
aeruginosa [13]. Numerous studies have investigated the
benefits of rhamnolipids, which have become the most popular
category of biosurfactant. Rhamnolipids are often considered
the best bacterial surfactants due to their excellent
physiochemical properties [7]. Furthermore, rhamnolipids can
reduce the surface tension and critical micelle concentration
(CMC) [14], [15]. The lowest surface tension and CMC values of
rhamnolipids are within the ranges of 26-32 mN/m and 10-150
mg/L, respectively [13], [16]-[22].

One of the most significant characteristics of rhamnolipids is
the ability to aggregate two different immiscible solutions. The
CMC occurs at the minimum biosurfactant concentration, where
surfactant monomers start to aggregate, forming micelles. The
CMC is essential and crucial because it determines the efficacy
of a surfactant and provides guidance on the limits of surfactant
concentrations for specific uses [23], [24]. The lower the CMC,
the less surfactant is required to emulsify, solubilize, and
disperse oil effectively [25]. For example, cleaning products
require low CMCs to minimize the amount used during cleaning,
form micelles, and solubilize dirt and oil [26]. In other words, low
CMC values can improve detergency properties, which are
critical in applications such as cleaning products [27].

Theoretically, micelles will form when rhamnolipids are
dissolved in water; the hydrophilic heads (i.e., rhamnose
molecules) make contact with the water, and the hydrophobic
tails (i.e., fatty acid chains) are sheltered inside [28]. Apart from
the interactions of the head group, other factors also affect
aggregation, including temperature, hydrogen bonding, van der
Waals forces, and interactions between electrostatic forces [28].
The temperature significantly influences micellization, primarily
because the head and tail group contacts change due to
temperature changes. Previous research has empirically
demonstrated that the CMC in anionic, cationic, and non-ionic
surfactants is significantly affected by temperature [29], [30].
Early investigations of some anionic, cationic, and non-ionic
surfactants under increasing temperatures have shown a
decrease in CMC to a minimum point, and a subsequent
increase, following a U-shaped pattern [31]. The CMC of cationic
surfactants is typically greater than that of anionic surfactants
having the same alkyl chain length [32].

The CMC of the surfactant influences the Gibbs free energy of
micellization [30]. However, the CMC is the minimum
concentration of surfactants that causes the aggregates to be
thermodynamically soluble [24], [28]. Three critical values of
thermodynamic properties, the (i) standard Gibbs energy of
micellization, AG®n; (ii) entropy, AS°m; and (iii) enthalpy, AHn,

are commonly determined [33]. To improve the understanding
of these thermodynamic parameters, the effects of changes in
time and temperature on the surface tension of biosurfactant
(rhamnolipid) solutions at a wide range of concentrations
require further investigation.

Numerous studies have been published on the effectiveness
of cleaning by rhamnolipids, and their efficacy related to the
cleaning process has been confirmed. For example, many studies
on the use of rhamnolipids in the formulation of detergents have
yielded intriguing results [15], [34], [35]. Additionally,
rhamnolipids are effective for cleansing ultrafiltration
membranes [36], [37] and whiteboards [38]. However, this study
focuses on the stability properties of surface tension related to
temperature that have rarely been studied. Due to their ability
to reduce the water surface tension to a very low value,
rhamnolipids have significant potential for applications in oil
degradation.

Hence, this article aims to clarify the presence of functional
groups and the chemical structure of rhamnolipids using Fourier
transform infrared (FTIR), 'H NMR, and 13C NMR spectroscopy.
Then, the stability of the surface tension and the CMC of
rhamnolipids was studied at varying times and temperatures.
Next, the potential of rhamnolipid for oil degradation was
evaluated. This establishes baseline knowledge of whether
rhamnolipids have the potential to replace chemical surfactants,
particularly in oil degradation products, because chemical
surfactants are potentially toxic, difficult to degrade in
wastewater treatment, and have a detrimental effect on the
environment [39], [40].

2.0 METHODOLOGY
2.1 Raw Material

The commercial rhamnolipid mixture R90 (90% purity, CAS No.
869062-42-0) was purchased from Sigma-Aldrich. The
rhamnolipids was purified from Pseudomonas aeruginosa and
contain varying length tails of fatty acid. The rhamnolipid
mixture was used without further purification.

2.2 Physicochemical Characterization of Rhamnolipid
Biosurfactants

The Rhamnolipids used were identified under the Glycolipid
groups. The specific functional groups and chemical bonds of the
rhamnolipid mixture were further analyzed using an iS5 FTIR
spectrometer (Thermo Scientific Nicolet, USA). About 2 mg of
the rhamnolipid powder was compressed into a thin pellet and
examined in the 4000-400 cm™! region at a spectral resolution
of 4 cm [41]. The structure of the rhamnolipid was
characterized using an NMR spectrometer (400 MHz Bruker
Avance Ill, Switzerland). TH NMR and 13C NMR spectra were
examined in this study. Rhamnolipid powder (3 to 4 mg) was
dissolved in deuterated ethanol and analyzed [42]. Chemical
shifts are shown in parts per million (ppm) and coupling
constants in hertz (Hz).
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2.3 Stability of the Rhamnolipid Biosurfactant
2.3.1 Surface Tension and CMC Determination

The surface tension of the rhamnolipid solution was determined
by the capillary-rise method using a tensiometer (Cole-Parmer,
USA) [43]. Rhamnolipid solutions at various aqueous
concentrations were prepared and mixed thoroughly using a
digital overhead stirrer (Cole-Parmer, USA) at 100 rpm for 2 min.
To determine the surface tension values at various
temperatures, 50 ml of each concentration of the aqueous
rhamnolipid mixture was placed into a beaker in a Gyromax 939
XL incubator shaker (Amerex Instruments, Concord, CA, USA).
The temperature of each solution was checked using a
thermometer before the surface tension was measured.

The CMC was determined by plotting the surface tension
(mN/m) versus concentration (mg/L), with the CMC value
computed from the sharp breaks in the plotted data. Each
solution was left to stabilize for 24 h and then analyzed every 24
h until 96 h had passed. Each experiment was conducted in
triplicate.

2.3.2 Thermodynamic Properties

To compute the enthalpy of micellization (AH®y,), the CMC was
first calculated using a least-squares regression model [44].
Then, as described in Equation 1, a third-order polynomial
equation was used to relate the CMC and the temperature and
determine the coefficients a, b, ¢, and d. T is the absolute
temperature (K).

In Xcme(T)= a+bT+cT?+dT3 (1)

Next, by applying the Gibbs—Helmholtz equation, as shown in
Equation 2, the enthalpy of micellization values, (AH’w)
(Equation 3), were calculated by substituting Equation 1 into
Equation 2, where R is the gas constant (8.314 J/mol-K).

d(Gm/T) (2)
o _ _ 2
AHep, = —RT? ——
AH°, = AG®, + TAS®, (3)

After the values for the enthalpy of micellization were
obtained, the Gibbs free energy (AG°n) and entropy of
micellization (AS°,) were determined using Equations 4 and 5.

AG®=RTIn X¢me (4)

1 (5)

AS°p = — ——————
m T(AHY, — AGY)

2.4 Oil Degradation Ability of the Rhamnolipid Biosurfactant
2.4.1 Oil Displacement Test Method

The dispersion capacity of the rhamnolipid solution was
determined using an oil displacement test (ODT). Saltwater was
used to evaluate the effectiveness of oil spill surface tension
reduction [45]. For this study, 250 mL of saltwater was poured
into a 300-cm diameter round tray, followed by a drop of used

motor oil slowly added to the surface. Then, the rhamnolipid
solution was poured into the round tray. The ratio of used motor
oil to rhamnolipid solution was 1:1. Distilled water was used as
a control. The experiment was conducted at room temperature,
and the mean diameter of each clear zone was calculated [45],
[46]. Figure 1 shows an example determination of the diameter
of the dispersion region.

Figure 1 Determining the diameter of a clear zone formed by
dispersion.

2.4.2 Removal of Oil from Glass Surface Method

The oil removal study was conducted using a glass slide [46]. The
glass slide was covered uniformly with 100 pL of heavy oil. The
contaminated part of the glass slide was submerged in the test
solution for 1 min before being dipped in distilled water to
remove any excess test solution. The glass slide was then dried
for 30 min at 40 °C in an air-forced oven and weighed. Distilled
water was used as a control. The percentage of oil removal was
calculated using Equation 6,

Mc — Mw (6)
Me — Mi x100

Oil removal (%) =
where Mc is the mass of the glass slide contaminated, Mw is the
mass of the glass slide after washing and drying, and Mi is the
initial mass of the glass slide. Figure 2 shows an example of oil
removal from the glass surface.

a) Covered uniformly with b) Submerged into the test
heavy oil solution

c) After being submefged intest  d) After rinsing in distilled water

solution
Figure 2 Method of removing oil from glass surface
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3.0 RESULTS AND DISCUSSION

3.1 Functional Groups and Chemical Structure of Rhamnolipid
Biosurfactant

3.1.1 Fourier Transform Infrared (FTIR) Spectra

The functional groups and type of bond of the rhamnolipid were
examined by FTIR analysis (Figure 3). The broad peak at
3186.15-3194.19 cm™ confirmed the presence of —-OH
stretching vibrations from hydroxyl groups, and the peak at
3027.57-3035.64 cm™! confirmed the presence of the C-H
stretch of the CH, and CH3 groups of aliphatic chains. The peak
at 1625.45-1654.17 cm™! shows the C=0 in COOH, and the
stretching vibrations reveal the presence of ester carbonyl
groups. A peak at 1402.46-1408.77 cm confirmed the
presence of C-0, and the deformation vibrations indicate the
ester carbonyl group of glycolipid extract. Meanwhile, the peak
at  1042.08-1045.57 cm™ indicates C-O-C bonding
characteristic of the glycosidic bond, indicating stretching in
rhamnose. In addition, the peak at 604.67—-606.60 cm™ is the
stretching vibration of the (CH,)n group, showing the presence
of di-rhamnolipid in the mixture. These results corresponded to
the spectral bands observed in a previous investigation (Table 1).
As a result of the analysis from the FTIR spectrum, these distinct
adsorption bands show that rhamnolipid R90 (90% purity)
contains chemical structures that are identical to those of
rhamnolipids from previous studies [14], [20], [36], which
contained rhamnose rings and long hydrocarbon chains as their
primary structural components. In addition, the rhamnolipids
are classified as belonging to the glycolipid group, composed of
aliphatic acids and ester compounds.

100

Chemical Bond / Functional Wavenumbe Wavenumber, cm™

Group r,cm™ (from literature)
(this study)

C-0, deformation associated 1402.46— 1000-1300 [49], 1281

with ester carbonyl group of 1408.77 [50], 1458.42 [14]

glycolipid extract.

C—0-C characteristic of the 1042.08—- 1040 [50], 1047 [48],

glycosidic bond, indicating 1045.57 1144 [36]

stretching in rhamnose.

(CH2)n group. 604.67— 740 [36], 834 [47]

606.60

920
80
g 70 c=0
§ 60
£ s0
£ 40 oH cH Cc=0
,'_i 30
20
c-0-C
10 (CHy),
0 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm-1
Figure 3 FTIR spectra of rhamnolipid biosurfactant
Table 1 FTIR spectra of rhamnolipid biosurfactant
Chemical Bond / Functional Wavenumbe Wavenumber, cm™
Group r,cm™ (from literature)
(this study)
O—H stretch, hydroxyl group 3186.15— 3278 [20], 3427 [36],

stretching of polysaccharides 3194.19
and carboxylic acids.

[47],3599.81 [14]

C—H stretch of CH; and CH3 3027.57- 2856-2928 [48], 2874—
groups of aliphatic chains. 3035.64 3024 [36], 2924.49 [14]
C=0 in COOH, stretching 1625.45— 1637 [20], 1732.04
associated with ester 1654.17 [14], 1754 [36]

carbonyl groups.

3.1.2 'H Nuclear Magnetic Resonance (NMR) and 3C NMR
Spectra

IH NMR and 13C NMR spectra were used to identify the structural
properties of the rhamnolipid mixture (Figure 4). A chemical shift
(6) in the TH NMR spectrum at 0.92 ppm revealed the presence
of a CH3 group on B hydroxyl fatty acids. A chemical shift of 1.14
ppm indicated the presence of a CHs group on a rhamnose
moiety. The presence of —(CH;)n— on the aliphatic lipid chain was
indicated by the shift at 1.313 ppm. The shift at 1.894 ppm for
Cs/Ce (pentose or hexose) corresponds to sugar moieties.
Chemical shifts at 2.175 ppm showed —(CH,)— groups near
carboxylic acid and ester groups. A chemical shift was found at
2.425 ppm for —CH(O)—-CH,COO due to the B-hydroxy fatty acid
chain. The presence of -CH-OH and —COO—CH- in the rhamnose
moiety was shown by the signals at 3.585 and 5.363 ppm.

= —COO-CH- (CHaIn—" J
4‘—(_'H3 (ring)

CH-OH ‘ / v —CH,
/
/

CH, COO
| i | f
~Cs/Cy |
H‘ | | ! Yy M{ |
A ot e Y TUILL
E R ) a) 1H”NMRmspec.t‘ra H ) ‘

»—CH;

—C=0 (carboxyl) T T

\ —C=0 (ester)
/d

190 180 170 160 150 140 130 120 110 100 9 8 70 60 S 40 30 20 10 0 -0 pm

b) 3C NMR spectra
Figure 4 a) *H NMR and b) 3C NMR spectra of the rhamnolipid
biosurfactant

The resonance signals for lipids were observed in the 13C NMR
spectra at 13.336 ppm (CHs), 22.386 ppm (CH,), and 68.781-
73.248 ppm (CH). The presence of O—CH-O was indicated by
signals at 95.536, 96.728, and 102.655 ppm. In addition, —-C=0
(ester) and —C=0 (carboxylic) group signals were observed at
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171.810 and 177.052 ppm, respectively. From this
characterization study, it can be concluded that the rhamnolipid
contained hydroxy fatty acid chains and rhamnose moieties,
consistent with previous studies (Table 2 and Table 3).

Table 2 *H NMR chemical shift data for rhamnolipid biosurfactant

Chemical Structure Peak, ppm Peak, ppm

(this study) (from literature)
—CHs (B-hydroxy fatty 0.920 0.85 [42], 0.85-0.88
acids) [20], 0.86—0.89 [14]
—CHs (rhamnose moiety) 1.140 1.18-1.20 [35], 1.25

[20], 1.2612 [14]

—(CH2)n— (aliphatic lipid 1.313 1.24 [21], 1.29 [42],
chain) 1.33 [20]
Cs/Cs (pentose or 1.894 1.4-1.9 [42]

hexose) corresponding
to sugar moieties

—(CH2)— (carboxylic acid 2.175 1.97-2.56 [20], 2.23-
and ester group) 2.40 [42], 2.33-2.52
[21]

—CH(0)—CH.COO (B- 2.425 2.5396 [14], 2.545
hydroxy fatty acids) [47], 2.59 [35]
—CH-OH (rhamnose 3.585 3.335 [47], 3.51-3.69
moiety) [20], 3.63 [35]
—COO—-CH- (rhamnose 5.363 5.24-5.35 [20], 5.27
moiety) [35], 5.3 [42]

Table 3 *C NMR chemical shift data for rhamnolipid biosurfactant

Chemical Structure Peak, ppm Peak, ppm
(this study) (from literature)

—CHs (lipids) 13.336 13.7 [51], 14.1792 [14],
14.2-17.7 [20]
—CHa (lipids) 22.386 22.4-43.4[20], 22.5-32.7
[51], 22.7032-31.8277
[14]
—CH 68.781— 73.4-75.4[20]
73.248
0-CH-0 95.536, 93.9, 95.9, 102.9 [20]
96.728,
102.655
—C=0 (ester) 171.810 171.5[51], 171.5475 [14],
177.7 [20]
—C=0 (carboxyl) 177.052 172.4 [20], 173.6 [51],

173.8072 [14]

3.2 Stability of Rhamnolipid Solution
3.2.1 Surface Tension Behavior at Different Temperatures

As shown in Figure 5, the CMC was determined using the surface
tension vs. rhamnolipid concentration plot, and all the
calculated values are shown in Table 4. The surface tension of
the rhamnolipid mixture was measured every 24 h, as shown in
Figure 6. The surface tension was initially close to that of pure
water (72 mN/m); the surface tension then decreased
significantly when the rhamnolipid concentration increased,
resulting in CMC values of 42—-60 mg/L and 35-55 mg/L at 24 and
48 h, respectively. However, the surface tension increases at

higher concentrations at some points, as shown in Figure 6a. This
effect could be due to the diluted rhamnolipids needing more
than 24 h to stabilize. After 72 and 96 h, the CMC values increase
at higher concentrations. This observation could be related to
decreasing stability of the rhamnolipid solution with increased
time. The lowest surface tension and CMC were achieved at 48
h (44 mN/m and 35 mg/L) at 55 °C.

o)
o
L
+

w
=3
L
+

CMC=55 mg/I

w
=
L
u

Surface Tension (mN/m)
¥ B
o o

=

o
s
t

0 50 100 150 200 250 300

o

Rhamnolipid Concentration (mg/L)

Figure 5 Determination of the critical micellar concentration (CMC) (48 h,
25°C)

Table 4 CMCs at 24, 48, 72, and 96 h at different temperature

Temperature CMC (mg/L)

°C 24 h 48 h 72 h 96 h
25 60 55 58 95

30 55 49 55 90

35 52 38 54 105
40 50 50 71 125
45 45 45 72 107
50 51 42 70 155
55 45 35 71 134
60 42 41 75 150

As the system temperature increased, the CMC of
rhamnolipids at 24, 48, and 72 h initially declined and then
increased, as illustrated in Figure 7. These findings are consistent
with prior studies [29], [44], [52]-[54]. At first, the CMC reduces
with increased temperature, decreasing the hydration of the
hydrophilic rhamnose group, which promotes micellization.
Then, when the temperature rose significantly, the water
molecules near the hydrophobic groups tended to break down,
interfering with the micellization process [44]. As a result, the
initiation of the micellization process tends to intensify at higher
concentrations. If the temperature continued to rise after the
CMC had reached a minimum value, the CMC increased again
with a further increase in temperature [44].

As shown in Figure 8, the surface tension at the CMC point
decreased as the temperature increased, and it almost stabilized
after 55 °C. A significant decrease was observed between 72 and
96 h. This phenomenon most likely occurred because of the
breakdown of the hydrogen bonds within the water and the
rhamnolipid molecules at higher temperatures [44], [52].
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Figure 6 Variation of surface tension in aqgueous solution at different times: (a) 24 h, (b) 48 h, (c) 72 h, and (d) 96 h and temperatures (25-60 °C)
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Figure 7 The variation of CMC with time at different temperatures Figure 8 The variation in surface tension at the CMC with time at

different temperatures
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3.2.2 Micellization Properties at Different Temperatures

Table 5 shows the thermodynamic parameters for the
rhamnolipid mixture at various times. The thermodynamic
parameters revealed a tendency toward micellization in almost
all of the solutions [55]. In addition, the thermodynamic analyses
of the surfactant solutions suggest a deterministic technique for
controlling the physicochemical properties of surfactant dosage
formulations [30]. The experimental results reveal that the AG*,
decreases with increasing temperature from 24 to 72 h (298-333
K) and then increases drastically after 96 h (298-333 K). The
solution was stable for 24 to 72 h.

The negative values of AG°,, revealed the stability of the
rhamnolipid solution. A more negative AG°y, value indicates that
the driving force for interactions increases substantially, making
micellization thermodynamically more favorable [56]. The
negative values of AG°,, are mostly related to positive entropy
values (AS°y), particularly at low temperatures. These findings

are consistent with prior studies,

which

indicated that

micellization is an entropy-driven process [44]. The negative
values for AG°, at all temperatures indicate that surfactant self-
assembly occurs spontaneously [24], [41]. The value of AG®n
depends on the magnitude of the changes in AH,, and AS°y, (see
Equation 3). Additionally, the AG°y value depends on the
surfactant concentration. It is hypothesized that raising the
surfactant concentration increases the surface free energy, in
turn increasing the rate of the micellization process [57].

The negative value of AH°n, indicates that the micellization
process was exothermic due to the lower activation energy
resulting from the presence of rhamnolipids [58]. The value of
AH®,, increased with temperature, indicating that hydrophobic
interactions became stronger as the temperature increased due
to the higher degree of hydration in the hydrophilic groups. The
strong interaction could be due to the rising degree of
electrostatic repulsion, which affects the dehydration of polar
groups [59].

Table 5 Temperature, CMC, Xcvc, and thermodynamic parameters for rhamnolipid biosurfactant with time

Time Temp CMC (mM) Xeme AG®m AH’m AS°m
(’K) kJmol kJmol? kJmol2K
298 0.0922 0.0017 -15858.0111 -13826.8199 6.8161
303 0.0845 0.0015 -16073.6010 -14058.7195 6.7613
308 0.0799 0.0014 -16212.5751 -14290.6190 6.4495
24 h 313 0.0768 0.0014 -16309.7531 -14522.5186 5.9974
318 0.0691 0.0012 -16570.8070 -14754.4182 6.0953
323 0.0784 0.0014 -16260.6877 -14986.3178 4.2764
328 0.0691 0.0012 -16570.8070 -15218.2174 4.5389
333 0.0645 0.0012 -16741.7521 -15450.1170 4.3343
298 0.0845 0.0015 -16073.6010 -10055.4611 20.1951
303 0.0753 0.0014 -16359.8097 -10224.1084 20.5896
308 0.0584 0.0011 -16989.7310 -10392.7557 22.1375
48 h 313 0.0768 0.0014 -16309.7531 -10561.4030 19.2898
318 0.0691 0.0012 -16570.8070 -10730.0503 19.5999
323 0.0645 0.0012 -16741.7521 -10898.6976 19.6076
328 0.0538 0.0010 -17193.4941 -11067.3449 20.5575
333 0.0630 0.0011 -16801.4591 -11235.9922 18.6761
298 0.0891 0.0016 -15942.0097 -17809.5151 -6.2668
303 0.0845 0.0015 -16073.6010 -18108.2119 -6.8276
308 0.0830 0.0015 -16119.0651 -18406.9086 -7.6773
72 h 313 0.1091 0.0020 -15440.9232 -18705.6053 -10.9553
318 0.1106 0.0020 -15406.2692 -19004.3021 -12.0739
323 0.1076 0.0019 -15476.0687 -19302.9988 -12.8420
328 0.1091 0.0020 -15440.9232 -19601.6955 -13.9623
333 0.1152 0.0021 -15305.1237 -19900.3922 -15.4204
298 0.1460 0.0026 -14719.4182 -14048.3712 2.2518
303 0.1383 0.0025 -14853.3817 -14283.9871 1.9107
308 0.1613 0.0029 -14471.4393 -14519.6030 -0.1616
96 h 313 0.1921 0.0035 -14039.4403 -14755.2189 -2.4019
318 0.1644 0.0030 -14424.6885 -14990.8347 -1.8998
323 0.2382 0.0043 -13506.4543 -15226.4506 -5.7718
328 0.2059 0.0037 -13867.1741 -15462.0665 -5.3520
333 0.2305 0.0042 -13587.6983 -15697.6823 -7.0805

3.3 Potential Application of Rhamnolipids for Oil Degradation

From the characterization, the rhamnolipid mixture effectively
reduced the surface tension and CMC in higher concentrations
and temperatures after 24 h. This increase in concentration and
temperature accelerates the micellization process [44]. These
low CMC values were required to reduce the amount of cleaning

product used during the cleaning process, form micelles, and
remove dirt [26]. The ODT measures the diameter of the clear
area that appears after a cleaning solution is added to a thin
layer of oil in water to estimate its dispersion capacity [46]. Table
6 shows the result of the ODTs of rhamnolipid solutions with
varying concentrations. The dispersion was 0 when water was
used as a control. The dispersion was also 0 at 0.01% w/v
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rhamnolipid concentration. The dispersion was 90+£0.00 mm at
0.1% w/v rhamnolipid concentration and 240+0.00 mm at 1%
w/v rhamnolipid concentration. A clear area with a larger
diameter indicates stronger surface action on oil degradation
[46].

The effectiveness of a cleaning product can be measured by
its ability to remove oil from a glass surface [46]. Figure 9
illustrates oil removal from a glass surface by different
concentrations of the rhamnolipid mixture. The removal of oil
from each concentration is shown in Figures 9a (control), 9b
(0.01% w/v), 9¢ (0.1% w/v), and 9d (1% w/v). The most effective
oil removal occurred at 1% w/v concentration (51.18%+0.53%).

b) 0.01% w/v

a) Control
Figure 9 Removal of oil from a glass surface by different concentrations of rhamnolipids

4.0 CONCLUSION

This study clarified the presence of functional groups and the
chemical structure of rhamnolipids, which agreed with most
previous studies. The micellization process of the rhamnolipids
was spontaneous and exothermic. Increased temperature
decreased hydration of the hydrophilic rhamnose groups,
promoting micellization at lower concentrations after 24 to 72 h.
After 96 h, the stability of rhamnolipid decreased. Thus, the
recommended minimum amount of rhamnolipid that should be
included in the oil degreaser formulation is 0.1% w/v, which is
very low. This study explained the factors influencing oil
degreasing efficacy, including temperature and concentration.
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