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m dots functionalised with
rhamnolipid produced from bioconversion of palm
kernel oil by Pseudomonas stutzeri BK-AB12MT as
a photocatalyst†

Fera Faridatul Habibah, a Atthar Luqman Ivansyah, b Samuel Ivan a

and Rukman Hertadi *a

Methylene blue (MB) is a common organic dye found in textile wastewater and can harm the environment.

Rhamnolipid-functionalized graphene quantum dots (RL-GQDs) are a newly developed eco-friendly

photocatalyst to degrade MB. This photocatalyst is synthesized from graphene quantum dots (GQDs)

and rhamnolipid. GQDs are already promising visible-light photocatalysts to degrade organic dyes.

However, GQDs are not promising photocatalysts due to their reusability and photocatalytic

performance. In this work, we used rhamnolipid to modify GQDs' structure and enhance their

photocatalytic performance. The rhamnolipid used in this work was produced from bioconversion of

palm kernel oil by mutated bacterial cells of Pseudomonas stutzeri BK-AB12MT. Meanwhile, GQDs were

synthesized using the bottom-up method by pyrolysing citric acid. Transmission electron microscopy

and Fourier-Transform Infrared spectroscopy were used to characterize these hybrid materials. These

characterization techniques verified the formation of RL-GQDs. To prove the photocatalytic

performance of RL-GQDs, we investigated the photocatalytic activity under visible light compared to

some common photocatalysts, such as zinc oxide and titanium dioxide. Our findings showed that RL-

GQDs could be applied as an eco-friendly photocatalyst to replace TiO2 with a degradation efficiency of

59% ± 3% under visible light irradiation, higher than TiO2.
1. Introduction

Synthetic dyes are components widely used in industry. Their
production grows by 10 000 tons per year. However, due to large-
scale production and wide application, synthetic dyes can cause
environmental pollution and health-risk because signicant
amounts of unused dyes are le in wastewater.1,2 Methylene
blue (MB) is a synthetic dye commonly used for coloring paper,
dyeing cotton, wools, silk, leather, and paper coating stock in
the textile industry. It can cause several harmful effects on
humans such as eye burn, irritation, and diarrhea. MB is
a cationic thiazine dye, which has higher toxicity levels than
anionic dyes. Hence, removing MB from wastewater to an
acceptable environmental level is important.

Currently, several standard methods are used to remove dyes
from wastewater, such as adsorption, photocatalytic decolor-
isation and oxidation, microbiological decomposition, and
try Department, Bandung Institute of
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the Royal Society of Chemistry
enzymatic decomposition.1 Among all methods, photocatalysis
offers several advantages, including environmental protection,
complete degradation of pollutants, and no secondary pollu-
tion.3 It is commonly used to remove both cationic and anionic
dyes. This method utilizes oxidative process and occurs on
organic pollutants quickly and non-selectively.4 Commonly,
photocatalysis uses inorganic materials such as titanium
dioxide (TiO2) and zinc oxide (ZnO). TiO2 has proven to be
a promising n-type semiconductor due to its wide bandgap
under ultraviolet (UV) light.5 It also has high physical, chemical,
and photochemistry stability, so it has been widely studied and
has become a powerful catalyst candidate.6,7 However, TiO2 is
only active in the near-UV caused by its wide bandgap, limiting
its utility to environments with signicant UV light ux.8

Therefore, researchers tried to use alternative materials such as
ZnO to substitute TiO2. ZnO was more photochemically active,
leading to a higher photocatalytic efficiency than TiO2.9

Furthermore, TiO2 and ZnO have similar limitations concerning
low adsorption of organic pollutants, signicant aggregation of
nanosized particles, difficulty in removing those from the
catalyst surface, and a signicant bandgap value issue that
necessitates high activation energy. Aside from those problems,
metal oxide photocatalysts face adverse environmental effects,
RSC Adv., 2023, 13, 2949–2962 | 2949
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such as phytotoxic effects on several plant species,10 reducing
microbial biomass, and altering soil bacterial community
diversity and composition.11

Recent studies proposed novel photocatalyst systems to
maximise the utilisation of visible light that are eco-friendly and
mild character in nature, have fewer by-products, and have
highly compatible functional-groups.12–14 Among various novel
photocatalyst systems, carbon-based quantum dots (CQDs) are
promising alternatives to metal oxide photocatalysts due to
their strong and tunable uorescence emission properties,
redox properties, stability, low toxicity, and facile tunability.15

GQDs are one kind of CQDs that have widely studied for their
novel and unique properties, such as optical, electrical, and
optoelectrical properties. GQDs offer ultrahigh specic surfaces
due to the nano-sized single-layer graphene sheets and low
toxicity.16 Similar to other quantum dots materials, GQDs have
been used in solar cells,17 photodetectors,18 bioimaging, uo-
rescent agents,19 light-emitting diodes (LEDs),20 batteries,21

sensors,22 drug carriers,23 and photo-/electro-catalytic.24,25

Kundu and Pillai stated that GQDs are eco-friendly materials
and have potential as the next generation nanocarbon materials
because of their large application elds.26 GQDs are also more
sensitive to environmental changes. Thus, GQDs are superior
compared to typical carbon materials. They have also been
developed as photocatalyst. Ibarbia et al. used bare GQDs as
a water-soluble photocatalyst, showing that GQDs have great
rhodamine B degradation efficiency.27 Although GQDs had
shown such potential as a photocatalyst, they cannot be recov-
ered due to their high solubility in water. This phenomenon
challenges the researchers to improve GQDs as a water-
insoluble supporting material photocatalyst. Hence, it will
ease to recovery and reuse of the photocatalyst.

Researchers either functionalized or composited GQDs with
other materials such as zinc porphyrin,28 CdSe29 and ZnO
nanowire to enhance its activity and recovery properties.30 The
functionalization of GQDs affects their optical, chemical, and
electronic properties resulting in an excellent photocatalyst. In
addition, Yao et al. proposed to use surfactants to enhance the
adsorption activities of GQDs. There are several advantages to
using surfactants in the adsorption of nonionic organic species,
such as (1) the aggregation of GQDs can be effectively inhibited,
(2) accessible entrance of nonionic organic adsorbates by
hydrophobic interaction, and (3) surfactants will protect the
functional group of GQDs from disturbance of water molecule,
thus facilitating the formation of hydrogen bond between GQDs
and nonionic organic adsorbates. Unfortunately, the most used
surfactants are petroleum-based. Petroleum-based surfactants
are chemically synthesized from the petrochemical industry.31

This type of surfactant is not environmentally friendly due to its
residue and is slowly microbial degradation.32 One of the solu-
tions to solve this problem is to functionalise GQDs with
biosurfactants.

Biosurfactant is a secondary metabolite produced by micro-
organisms at a limited nutrient condition such as phosphate
and nitrogen sources, but a rich source of an immiscible
substrate such as alkanes and fatty acids. Rhamnolipid is one of
the glycolipid biosurfactant that is widely used in the petroleum
2950 | RSC Adv., 2023, 13, 2949–2962
industry (33%), cosmetics (15%), bioremediation (11%), and
antimicrobe and drugs (12%).33 In the photocatalyst eld,
rhamnolipid is also a promising material. A recent study by
Bhosale et al.34 rhamnolipid has been used to modify iron oxide
nanoparticles (RL@IONPs) as a potential photocatalyst due to
the decolorization of methyl violet dye. Rhamnolipid served as
a suitable candidate to lower magnetic nanoparticles and
prevent the oxidation of magnetic nanoparticles. The
RL@IONPs proved as an eco-friendly photocatalyst to treat large
amounts of wastewater within a short time.

To the best of our knowledge, the report about GQDs func-
tionalization with rhamnolipid remains scarce. In this work, we
suggest the functionalization of GQDs with rhamnolipid
produced from bioconversion of palm kernel oil (PKO) by
Pseudomonas stutzeri BK-AB12MT to be a potential photocatalyst
to degrade MB. P. stutzeri BK-AB12MT was one of the bacterial
collections in our laboratory. This bacterium mutated from the
wildtype (WT, P. stutzeri BK-AB12) found in the salty mud crater
at Bledug Kuwu Village, Central Java, Indonesia.35 The GQDs
were synthesized using citric acid (CA) as the precursor. The CA
was pyrolyzed to produce GQDs. This synthesis route is called
bottom-up method.36

Hence, we developed an easy and low-cost method to
synthesize rhamnolipid-functionalized GQDs (RL-GQDs).
Owing to the low toxicity of both precursors (GQDs and rham-
nolipid), we also studied RL-GQDs’ potency as an eco-friendlier
photocatalyst compared to several highly toxic commercial
photocatalysts.37
2. Materials and methods
2.1 Materials

Materials used for nanohybrid synthesis were 2-(N-morpholino)
ethane sulfonic acid (MES), 4-(dimethyl amino)pyridine (DMAP)
(Sigma-Aldrich), N-(3-dimethylaminopropyl)-N′-ethyl carbodii-
mide hydrochloride (EDC) (Sigma-Aldrich), tetra-n-butyl tita-
nate (TBT) (Sigma-Aldrich), Tween-80 (Merck), sodium
hydroxide (NaOH) (Merck), citric acid (C6H8O7) (Merck), chlo-
roform (CHCl3) (Merck), methanol (CH3OH) (Merck), ethanol
(C2H5OH) (Merck), zinc acetate (Zn(CH3COO)2) (Merck), meth-
ylene blue (C16H18ClN3S) (Merck), and standard rhamnolipid
R90G purchased from AGAE Technologies LLC. All materials
purchased and used were ACS Grade Material.

The growth medium used was Luria–Bertani (LB) liquid
medium containing 0.5% (w/v) yeast extract, 0.5% (w/v) tryp-
tone, and 5% (w/v) technical grade NaCl that was purchased
from Merck. LB agar plates were also used by adding 2% (w/v)
agar from oxoid to LB liquid medium. The production
medium used was mineral salt medium (MSM) containing 0.1%
(w/v) K2HPO4, 0.05% (w/v) KH2PO4, 0.03% (w/v) MgSO4$7H2O,
and 0.001% (w/v) CaCl2$2H2O, which were purchased from
Merck, 5% (w/v) technical NaCl, 0.2% (w/v) technical urea as
a nitrogen source, and 10% (v/v) PKO as a carbon source from
Okta Palm Oil company. All materials purchased and used for
bacterial production medium have Reagent Grade and
sterilised.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The CCD experimental design for rhamnolipid

Parameters

Levels

−a −1 0 +1 +a

PKO concentration (% (v/v)) 1.591 5 10 15 18.409
Urea concentration (% (w/v)) 0.032 0.1 0.2 0.3 0.368
Incubation time (hours) 10.546 16 24 32 37.454
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P. stutzeri BK-AB12 was obtained from the stock culture and
maintained in our laboratory (Biochemistry Research Division,
Institut Teknologi Bandung).

2.2 Methods

2.2.1 Enhancement of rhamnolipid production by muta-
tion using UV. Themutation followed the procedure reported by
Lin et al.38 and El-Housseiny et al.39 withminor modications. P.
stutzeri BK-AB12 was inoculated to LBmedium and incubated at
37 °C with an aeration rate of 150 rpm for 18 h. The culture was
transferred into micro tubes and irradiated by UV for 5 to 30
minutes in laminar ow (germicidal 15 W UV lamp of ∼253.7
nm). A series of dilutions was used to spread the culture on LB
agar plates. All the plates were grown in an incubator at 37 °C
for 10–12 h. The obtained colonies were collected to screen the
rhamnolipid activity.

The obtained colonies were inoculated to MSM and incu-
bated at 37 °C with an aeration rate of 150 rpm for 4 days. Aer 4
days, 1 mL of the culture was centrifuged at 12 000 rpm for
15 min to remove the bacterial cells. Screening of mutants for
their rhamnolipid activity followed the procedure of the Oil
Spreading Test (OST) published by Morikawa et al. with minor
modication.35,40 In a Petri dish, 1 mL oil was placed onto the
surface of 40 mL distilled water. Then, 10 mL of the cell-free
supernatant was gently placed on the oil, and a clear zone was
formed. Rhamnolipid activity was investigated by measuring
the diameter of the produced clear zone.

2.2.2 Optimisation of rhamnolipid production. The
optimum condition of rhamnolipid production was evaluated
by optimizing production media composition and incubation
time. Experiments were conducted to determine the optimum
concentration of PKO and urea. PKO concentration was varied
from 5 to 25% (v/v). Meanwhile, urea concentration was varied
from 0.1 to 1.0% (w/v). Rhamnolipid production was observed
by OST and optical density at 600 nm (OD600) every 24 h. The
data collected then used to obtain the optimum condition of
rhamnolipid production using response surface methodology
(RSM). RSM was a collection of mathematics and statistical
methods to nd the optimum response condition.41

The optimum conditions were performed using the Central
Composite Design (CCD). CCD is an efficient technique to
develop a predictive model using experimental variables on
rhamnolipid production. In CCD, the experimental design was
divided into 5 levels: −a, −1, 0, +1 and +a. Code value for
a depends on number of factors (k) and is calculated by
following eqn (1)

a = (2k)0.25 (1)

In this design, the following three parameters were applied:
PKO concentration (x1), urea concentration (x2), and incubation
time (x3), as presented in Table 1.

The total runs of the experimental design were 20 runs, and 6
replicates at the central point. Oil spreading diameter (Y) was
considered a dependent (response) variable because it is
equivalent to the amount of rhamnolipid produced. A second-
order polynomial function was tted to the experimental
© 2023 The Author(s). Published by the Royal Society of Chemistry
results to predict the optimal point and generate contour and
surface plots. The experimental design data was analyzed using
the RSM,42 and PID package on RStudio.

2.2.3 Production and characterisation of rhamnolipid.
Production of rhamnolipid followed the procedure done by
Fazli and Hertadi35 with modication. The mutant was inocu-
lated into 200 mL MSM and incubated at 37 °C with an aeration
rate of 150 rpm. The rhamnolipid was excreted extracellularly
and separated from the cell by centrifugation at 5000 rpm for
1 h. Then, the supernatant was precipitated by adding 6 M
NaOH solution until pH= 12. The precipitation was collected by
centrifugation at 5000 rpm for 1 h and then diluted with
deionized water until pH 7. Rhamnolipid was obtained by
extracting the suspension three times with a ratio of chloro-
form :methanol = 2 : 1 and then evaporated using a rotatory
evaporator. Rhamnolipid was characterized using Fourier-
Transform Infrared (FTIR) spectroscopy, and then the FTIR
spectra of produced rhamnolipid from P. stutzeri BK-AB12MT
were compared with the FTIR spectra of pure rhamnolipid
from P. aeruginosa.

2.2.4 Synthesis and characterisation of graphene quantum
dots (GQDs). GQDs were synthesized by pyrolyzing CA,
following the procedure reported by Dong et al.36 2 g of CA was
heated to 200 °C for 15 min using a hot plate. The colour of the
liquid changed from colourless to orange. The orange liquid
was added drop by drop into 100 mL of 10 mg per mL NaOH
solution under vigorous stirring. Aer neutralizing to pH 7, the
aqueous solution of GQDs was obtained. To obtain solid GQDs,
the solution was freeze-dried for further analysis. GQDs were
characterized by UV-Vis spectroscopy to observe the maximum
excitation wavelength and FTIR spectroscopy to observe the
specic functional groups of GQDs. The morphology and size of
GQDs particles were analysed using transmission electron
microscopy (TEM).

2.2.5 Synthesis and characterisation of rhamnolipid-
functionalized graphene quantum dots (RL-GQDs). RL-GQDs
were prepared by one-step ultrasonication, based on the
procedure reported by Wu et al. with minor modication.43

200 mg of GQDs was dissolved into 100 mL MES buffer with pH
= 5. Then, the GQDs solution was sonicated for 1 h. 600 mg of
rhamnolipid was added to the GQDs solution and sonicated
until rhamnolipid was completely dissolved. Next, 1 g EDC and
200mg DMAP were added. The reaction was allowed to progress
under ultrasonication for 3 h. Then, the suspension precipi-
tated with methanol under vigorous stirring. The black-greyish
solid precipitation (RL-GQDs) was centrifugated and washed
with anhydrous ethanol 5 times and ultrapure water twice.
RSC Adv., 2023, 13, 2949–2962 | 2951
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Finally, the RL-GQDs composite was freeze-dried for further
analysis. RL-GQDs were characterized using FTIR spectroscopy
to observe the change of GQDs before and aer being func-
tionalized by rhamnolipid. The morphology of RL-GQDs parti-
cles was analyzed using TEM.

2.2.6 Synthesis and characterisation of ZnO and TiO2. ZnO
synthesis followed the procedure reported by He et al. with
minor modication.44 Briey, 2 g of zinc acetate was placed into
a 30 mL covered crucible and calcinated at 500 °C for 3 h in
a furnace. Aer calcination, the obtained product cooled at
room temperature of 25 °C.

Meanwhile, TiO2 synthesis followed the procedure reported
by Lin et al.withminor modication.45 Then, 0.485 mL Tween-80
was added into 100 mL ethanol : H2O (19 : 1, v/v). Another
solution containing 10 mL of TBT and 10 mL of ethanol was
injected into the mixture of Tween-80, ethanol, and H2O at
a rate of 0.5 mL min−1 and constant pressure using a funnel.
The obtained mixture was stirred vigorously at 50 °C for 12 h.
Finally, TiO2 was separated by using centrifugation.

2.2.7 Photocatalytic activity of RL-GQDs. The photo-
catalytic properties of the RL-GQDs were investigated under
visible light radiation as the procedure reported by Mirzaeifard
et al.withminor modications.9 Each synthesized photocatalyst
(1000 mg L−1) was added to 2 mg L−1 of aqueous MB solution
and stirred for 10 min. The suspension was placed in the dark
for half an hour to ensure it reached the adsorption
Fig. 1 Oil spreading diameters produced by the wildtype and mutants w

Table 2 Number of colonies growing against UV irradiation time

Irradiation time
(min) Number of colonies

Percentage
(%)

0 116 100
5 107 92
10 190 164
15 135 116
20 29 25
25 62 53
30 36 31

2952 | RSC Adv., 2023, 13, 2949–2962
equilibrium. Then, the 500 W mercury lamp turned on and the
photocatalytic degradation reaction occurred. Aer 4 h, the
photocatalyst was separated from the mixture by centrifugation
at 12 000 rpm for 15 min, and then the photocatalytic degra-
dation efficiency was analysed using UV-Vis spectroscopy within
a wavelength of 663 nm.

The percentage of degradation efficiency, De, for the photo-
catalytic reaction is calculated by eqn (2), where C and C0 refer
to the MB concentrations at reaction times 0 and t, respectively.

De ¼
�
1 � C

C0

�
� 100% (2)
3. Results and discussion
3.1 Enhancement of rhamnolipid production by mutation
using UV

In this research, P. stutzeri BK-AB12 bacterium cells were
mutated to enhance rhamnolipid production. The mutation
was conducted using UV irradiation for 5 to 30 min. This kind of
mutation was one of many ways to enhance microbial metab-
olite production. The resultant colonies obtained in LB liquid
medium was counted (see Table 2).

The colonies obtained by irradiation time of 25 min were
selected and screened using OST (see Fig. 1). The oil spreading
area formed by rhamnolipid activity showed a linear relation-
ship to the amount of rhamnolipid tested.40

Fig. 1 compares the activity of rhamnolipid (symbolized as
oil spreading diameter) produced by several tested mutants and
WT. The number in the x-axis on Fig. 1 represents each
mutant's number, andWT tested. As shown in Fig. 1, mutant 97
showed the highest rhamnolipid production against all the
tested mutants, with an OST diameter of 6.20 cm. Hence the
mutant has higher activity than the WT (3.50 ± 0.42) cm. This
mutant is P. stutzeri BK-AB12MT.

In previous research, Fazli and Hertadi found that P. stutzeri
BK-AB12 produced rhamnolipid with an oil spreading diameter
ith 25 min of UV irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Oil spreading diameter with the variation of PKO (a) and urea (b) concentration.
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of 2.8 cm.35 Therefore, the present research improved rham-
nolipid production by mutating the P. stutzeri BK-AB12's
bacterial cell and changing the carbon source. We found that
PKO enhanced rhamnolipid production due to its high content
of fatty acids. Zhang et al. studied the fatty acid substrate on
rhamnolipid production. The research showed palmitate acid
as a better carbon source than lauric acid.46 Although POME has
palmitate acid as a dominant component which is a good
carbon source, POME is also containing acetone (11.60%) and
toluene (0.72%).35 Acetone and toluene are organic solvents that
are harmful to the cell. These compounds lead to high biolog-
ical oxygen demand (BOD) and chemical oxygen demand (COD)
contents. Thus, the substrate changes resulted in increased cell
growth and increased rhamnolipid production by changing the
substrate.
3.2 Optimisation of rhamnolipid production and
characterication of rhamnolipid

To obtain the optimum condition of rhamnolipid production
using the RSM approach, we decided to optimize based on the
one-factor-at-a-time (OFAT) method. It aimed to obtain the
optimization range in RSM. The results showed that the
optimum rhamnolipid production condition was at a PKO
Fig. 3 Three variables effect against rhamnolipid production on Par-
eto plot.

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration of 10% (v/v), urea concentration of 0.2% (w/v),
and incubation of 24 h. The results are shown in Fig. 2.

Based on Fig. 2, we decided to vary PKO concentration from 5
to 15% (v/v), urea concentration from 0.1 to 0.3% (w/v), and
incubation time from 16 to 32 h. The CCD experimental design
for rhamnolipid production details are seen in Table 1, and the
results are listed in Table S1.†

Experimental data in Table S1† were analyzed using a Pareto
plot (see Fig. 3). As shown in Fig. 3, PKO concentration (x1), urea
concentration (x2), and incubation time (x3) signicantly inu-
enced response.

x1 and x3 interaction negatively affected the response;
meanwhile, x1 and x2 interaction and three-factor interactions
did not affect the response.

The results of the CCD experimental design were tted into
a second-order polynomial equation to predict the response
(eqn (3)).

Y = 3.86456 + 0.22642(x1) + 0.11928(x2) − 0.15387(x3)

+ 0.07375(x1x2) − 0.44875(x1x3) − 0.20875(x2x3)

− 0.96766(x1
2) − 0.98021(x2

2) − 0.64950(x3
2) (3)

The model was then evaluated using analysis of variance
(ANOVA), and the results are shown in Table S2.† The lack of t
value of the model is more signicant than 0.05, which means
that the model is good enough to predict the response. From
ANOVA results, we also found that eigen values are negative
(data not shown). If all eigen values are negative, the optimal
point is observed in the stationary point.

The response surface described by the two-dimensional (2D)
and three-dimensional (3D) contour plots model are presented
in Fig. 4 and 5.

The interaction between PKO and urea concentration (see
Fig. 4a) gives the darker area (orange part), meaning that the
optimum rhamnolipid production is very near to 10% (v/v) of
PKO concentration and 0.2% (w/v) of urea concentration. The
interaction between PKO concentration and incubation time
(see Fig. 4b) also gives the darker area, meaning that the
RSC Adv., 2023, 13, 2949–2962 | 2953
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Fig. 4 2D contour plots predicting rhamnolipid production as the function of (a) PKO and urea concentration, (b) PKO concentration and
incubation time and (c) urea concentration and incubation time.

Fig. 5 3D contour plots predicting rhamnolipid production as the function of (a) PKO and urea concentration, (b) PKO concentration and
incubation time, and (c) urea concentration and incubation time.
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optimum rhamnolipid production is very near to 10% (v/v) of
PKO concentration and 22 h of incubation time. Fig. 4c also
produces darker area, meaning that the optimum rhamnolipid
production is very near to 0.2% (w/v) of urea concentration and
22 h of incubation time. These results indicate that the model
(eqn (3)) is good enough to predict the optimum rhamnolipid
production.

Similar results were shown for 3D contour plots. 3D contour
plots in Fig. 5 look like an umbrella with the optimum condi-
tions on the top of the plot. The interaction between PKO and
urea concentration (see Fig. 5a) gives the optimum rhamnolipid
production on the top of the 3D contour plot, which is very near
to 10% (v/v) of PKO concentration and 0.2% (w/v) of urea
concentration. The interaction between PKO concentration and
Table 3 Comparison of wavenumber for rhamnolipid from Pseudomon

Vibration
mode Functional groups

O–H Hydroxyl
C–H –CH2

C–H –CH3

C]O Ester
C–O–C Rhamnosyl
C–H –CH (pyranose)

2954 | RSC Adv., 2023, 13, 2949–2962
incubation time (see Fig. 5b) also gives the optimum rhamno-
lipid production on the top of the 3D contour plot, which is very
near to 10% (v/v) of PKO concentration and 22 h of incubation
time. Fig. 5c also produces an umbrella-like graph describing
the optimum rhamnolipid production, which is very near to
0.2% (w/v) of urea concentration and 22 h of incubation time.
Therefore, the highest rhamnolipid concentration occurrence
was predicted at 22.487 h of incubation time, and in MSM
contains 10.821% (v/v) PKO and 0.209% (w/v) urea. We obtained
0.1362 g rhamnolipid from the 1200 mL production medium.

The product was conrmed and proven using FTIR analysis
by analyzing the possible functional groups in rhamnolipid.
Signicant typical peaks for rhamnolipid are O–H vibration
peak at wavenumber 3700–3100 cm−1, C–H at 3100–2700 cm−1,
as stutzeri BK-AB12MT and standard rhamnolipid from P. aeruginosa

Wavenumber (cm−1)

Rhamnolipid from
P. stutzeri BK-AB12MT

Standard rhamnolipid
from P. aeruginosa

3453 3418
2927 2930
2958 2859
1741 1726
1054 1057
870 889

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 GQDs solution under (a) visible light and (b) UV light.
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ester C]O at ∼1740 cm−1, carboxyl C]O at 1707 cm−1,
carboxyl O–H at 1421 cm−1, rhamnosyl C–O–C at 1042 cm−1,
and ngerprint region of rhamnolipid at 915–450 cm−1.47,48

Table 3 shows many similarities in the signicant FTIR spectra
peaks of rhamnolipid from P. stutzeri BK-AB12MT and standard
rhamnolipid from P. aeruginosa.
Fig. 7 UV-Vis absorption spectra of GQDs.

Fig. 8 UV-Vis absorption spectrum of GQD from TD-DFT calculation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.3 Synthesis and characterisation of graphene quantum
dots (GQDs)

Graphene quantum dots (GQDs) were successfully synthesized
and conrmed qualitatively from the solution color at the end
of reaction. The color of GQDs solution was yellow under visible
light and blue under UV light (see Fig. 6).

The solution was also characterized using UV-Vis spectro-
photometer and had shoulders approximately 227 and 350 nm
(see Fig. 7). Karimi and Ramezanzadeh reported that GQDs have
a maximum wavelength of 227 nm and 360 nm, implying
electronic transition of p–p* and n–p* vibration, respectively.49

The electronic transition of p–p* came from the aromatic ring
double bond. Meanwhile, the n–p* vibration came from the
carbonyl double bond. We also observed strong absorbance
extended to 400 nm, indicating mid-gap states in GQDs that
lead to blue emission.50 This result was also conrmed by TD-
DFT (Time Dependent-Density Functional Theory) calculation
result which can predict UV-Vis absorption spectrum theoreti-
cally. The TD-DFT calculation was done by using CAM-B3LYP
functional and basis set of def2-SVP with CPCM implicit
solvation method. The calculated UV-Vis absorption spectrum
is shown in Fig. 8, where there are peaks at wavelengths of
229 nm, 355 nm, and 374 nm, which indicates that there are the
most electron transitions from HOMO to LUMO + 4 orbitals by
35%, HOMO to LUMO orbitals by 74%, the HOMO to LUMO + 1
orbitals by 46%, respectively. Therefore, we observed blue GQDs
solution under UV light Fig. 6b.

GQDs were also conrmed using FTIR. The FTIR spectra in
Fig. 9 presents the signicant peak differences between CA and
GQDs. It means that CA had already pyrolyzed and partially
carbonized, forming GQDs. Signicant peaks typical for GQDs
are O–H vibration peak at wavenumber 3400 cm−1, aromatic
C]C at 1600 cm−1, and carboxyl C]O at 1350 cm−1.26

As shown in Table 4, there are many similarities in the
signicant peaks of GQDs FTIR spectra, and GQDs synthesized
by Dong et al.36 and Karimi and Ramezanzadeh.49

Synthesis of GQDs was also conrmed by observing GQDs
crystal structure. The structure was analyzed using X-ray
diffraction (XRD). The XRD pattern for GQDs shows a broad
(002) peak, meaning that the interlayer spacing of GQDs was
approximately 0.34 nm (Fig. 10). This result was similar to the
XRD pattern for GQDs synthesized by Dong et al.36 The (002)
peak shows that CA carbonization produces graphite structures.
This peak also suggests that the interlayer spacing of GQDs
structure is more compact due to graphene.51

The morphology and size of GQDs were analyzed using TEM.
The TEM image in Fig. 11 indicates that GQDs mostly
agglomerated. Additionally, as shown in Fig. 11, GQDs have an
average diameter of 51.4 ± 7.7 nm.
3.4 Synthesis and characterisation of rhamnolipid-
functionalized graphene quantum dots (RL-GQDs)

RL-GQDs were successfully synthesized using standard rham-
nolipid, that is, RLSTD-GQDs. To verify the RLSTD-GQDs, the
sample was analyzed using FTIR spectroscopy (see Fig. 12).
Several FTIR peaks s of GQDs and rhamnolipid mentioned in
RSC Adv., 2023, 13, 2949–2962 | 2955
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Fig. 9 FTIR spectra of CA and GQDs.

Table 4 Wavenumber comparison for GQDs synthesized in this
research and GQDs synthesized by Dong et al.35 and Karimi and
Ramezanzadeh49

Vibration
mode

Functional
groups

Wavenumber (cm−1)

This research Ref. 35 Ref. 49

O–H Hydroxyl 3447 ∼3400 3435
C–H –CH2 2926 2950
C]O Carboxyl 1710 1725
C]C Aromatic 1651 1625
C–O Carboxyl 1415
O–H Carboxyl 1396 ∼1400 1400
C–OH Carboxyl 1282 1260
C–O–C Epoxide 1039 1012

Fig. 10 XRD pattern for GQDs.

2956 | RSC Adv., 2023, 13, 2949–2962
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the previous section were observed in RLSTD-GQDs FTIR spectra,
such as O–H vibration peak at 3503 cm−1, –CH2 at 2928 cm−1, –
CH3 at 2855 cm

−1, ester C]O at 1740 cm−1, conjugated C]C at
1645 cm−1, rhamnosyl C–O–C at 1042 cm−1, and rhamnolipid
ngerprint region at 915–450 cm−1.

Based on Fig. 12, the carboxylic acid peak of O–H (1400 cm−1)
in GQDs disappeared in RLSTD-GQDs. However, the ester C]O
peak (1740 cm−1) and rhamnolipid ngerprint region emerged.
These ndings indicated the successful binding of rhamnolipid
to GQDs. The addition of ester C]O peak indicated the forma-
tion of the new ester bond between GQDs and rhamnolipid.
Meanwhile, the rhamnolipid ngerprint region indicated the
presence of rhamnolipid in RL-GQDs. The disappearance of
carboxylic acid O–H peak in RL-GQDs indicated that all carbox-
ylic acid functional groups were esteried with rhamnolipid,
forming RL-GQDs. Based on that result, the posible molecular
structure of RL-GQDS is depicted in Fig. 18(a).
Fig. 11 TEM image of GQDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 FTIR spectra of GQDs, standard rhamnolipid (RLSTD), and RLSTD-GQDs.

Fig. 13 FTIR spectra of RL-GQDs from standard rhamnolipid (RLSTD-GQD) and RL-GQDs from P. stutzeri BK-AB12MT rhamnolipid (RLMT-GQD).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 2949–2962 | 2957
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Fig. 14 TEM images of RL-GQD.

Fig. 15 XRD pattern for ZnO and TiO2.
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The successful synthesis of RL-GQDs was also observed
using rhamnolipid produced by P. stutzeri BK-AB12MT. Fig. 13
showed similarities between RL-GQDs from standard rhamno-
lipid and RL-GQDs from P. stutzeri BK-AB12MT rhamnolipid.

The morphology of RL-GQDs was analysed using TEM. The
TEM image in Fig. 14(a) indicates that RL-GQDs formed kinks
and folds. GQDs dispersion was also observed (Fig. 14(b)).

3.5 Synthesis and characterisation of zinc oxide (ZnO) and
titanium dioxide (TiO2)

The most used photocatalysts are ZnO and TiO2. Both photo-
catalysts are synthesized in our laboratory based on the proce-
dure by He et al.44 and Lin et al.45 The synthesis was successfully
done, proven by the XRD pattern.

Fig. 15 shows the similar XRD pattern for synthesised ZnO
with ZnO synthesized by He et al.44 Fig. 15 also shows similar
XRD pattern for synthesized TiO2 with TiO2 synthesized by Liu
et al. (anatase phase).52

3.6 Photocatalytic degradation reactions

The synthesized RL-GQDs from the previous step were used as
a photocatalyst and compared with ZnO and TiO2. Aer irra-
diating with visible light for 4 h, we observed the MB degrada-
tion from each photocatalysts (see Fig. 16).

Fig. 16 shows that RL-GQDs were a potential photocatalyst.
Their degradation efficiency was higher than TiO2. ANOVA and
Tukey test were performed, proving no signicant difference
between RL-GQDs and TiO2's photocatalytic activity. Hence, RL-
GQDs were a potential eco-friendly photocatalyst with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Degradation efficiency of ZnO, TiO2, and RL-GQDs.

Fig. 17 Kubelka–Munk plot of ZnO, TiO2, and RL-GQDs.

Table 5 Bandgap values of ZnO, TiO2, and RL-GQDs

Photocatalysts Bandgap (eV)

ZnO 3.02
TiO2 3.18
RL-GQDs 0.66

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a degradation efficiency of 59% ± 3%. We also can conclude
that RL-GQDs could replace TiO2 as an eco-friendly photo-
catalyst. This observation could be explained by Kubelka–Munk
plot shown in Fig. 17.

Based on Fig. 17, we determined each photocatalysts'
bandgap (see Table 5). As shown in Table 5, TiO2 has the most
signicant bandgap of 3.18 eV, so it is not efficient enough to
receive energy. Thus, TiO2 is not a promising visible light
photocatalyst. Many researchers dopped TiO2 with other metals
or using other photocatalyst such as ZnO to improve it. Mean-
while, RL-GQDs have the smallest bandgap of 0.66 eV. Due to its
small value, electron–hole pair recombination will occur. This
phenomenon affected the lower photocatalytic activity of RL-
GQDs. This result conrms that this photocatalyst is a prom-
ising eco-friendly material to replace TiO2.
RSC Adv., 2023, 13, 2949–2962 | 2959
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Fig. 18 Synthesis (a) and (b) photodegradation schematic of RL-GQDs.
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Table 6 Photocatalytic performance of some photocatalysts

Photocatalysts Degradation efficiency (%) Dye Irradiation time

Pure GQDs (100 mg L−1) 55 RhB (10 mg L−1) 6 h (1000 lm CFL)
GOQDs-450coS50 (100 mg L−1) 92 RhB (10 mg L−1) 6 h (22 W, 1000 lm CFL)
GQDs/ZnPor (0.3 ppm) 95 MB (11.2 mg L−1) 1 h (150 W Xe lamp)
RL@IONPs (400 ppm) 92.72 MV (25 ppm) 170 min (sunlight)
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As seen in Fig. 18(b), photodegradation of MB by photo-
catalysts. RL-GQDs act as an electron donor which generate
electrons by light excitation. Then, the excited electrons trans-
ferred from the valence band (VB) to the conduction band (CB),
leaving hole (h+). This electron transfer process generates
a semi-reduced form of MB. The electron involved in VB's
electron reduction produces the radical superoxide anion
(O2

−c). Meanwhile, the h+ simultaneously interact with water or
OH− to generate the radical OHc. These radicals facilitate the
degradation of MB.27,53 But to validate this proposal, another
study must be performed.

It is still notable that there are many works on using both
GQDs composites or functionalized GQDs materials as efficient
photocatalysts while the investigation on using rhamnolipid as
photocatalyst remains scarce. Herein, we investigated the
synthesis of RL-GQDs and their potential as visible-light pho-
tocatalysts (Table 6).

Pure GQDs synthesized by hydrothermal condensation of
pyrene (100 mg L−1) were used to degrade 55% of RhB
(10 mg L−1) aer 6 h under visible light irradiation (1000 lm of
compact uorescent lamp, CFL).27 Meanwhile, immobilization
of GQDs in hydrogels using cross-linkable 3-(triethoxysilyl)
propyl-methacrylate (GOQD-A50coS50) (100 mg L−1) could
degrade 92% of RhB (10 mg L−1) in the presence of 1 mM H2O2

aer 6 h irradiated to visible light (22 W, 1000 lm CFL).54 In
another effort, functionalized GQDs by zinc porphyrin (0.3
ppm) were applied to degrade MB (11.2 mg L−1) with a photo-
catalytic efficiency of 95% in 1 h under visible light irradiation
(150 W Xe lamp). Another previous work using rhamnolipid to
functionalized Fe3O4 forming RL@IONPs (400 ppm) could
degrade methyl violet (25 ppm) with a photocatalytic efficiency
of 92.72% attained aer 170 min under sunlight and in the
presence of 120 ppm sodium dodecyl sulphate (SDS).34

Diverse reaction conditions have been applied on each
photocatalyst mentioned above and affected the photocatalytic
performance. Furthermore, it needs to be stated the RL-GQDs
synthesized in this work could be a promising alternative pho-
tocatalyst that is eco-friendlier. However, their photocatalytic
performance can be improved by optimizing parameters during
photocatalysis, such as light source, pH, photocatalyst dosage,
and pollutant concentration.
4. Conclusions

Rhamnolipid production has been enhanced by mutating the P.
stutzeri BK-AB12 cells using UV light and optimizing the
production conditions using RSM. Rhamnolipid can be
produced optimally by irradiating the bacterium cells for
© 2023 The Author(s). Published by the Royal Society of Chemistry
25 min. The optimum rhamnolipid production was obtained
using RSM with a PKO concentration of 10.821% (v/v), urea
concentration of 0.209% (w/v), and incubation time of 22.487 h.
FTIR spectroscopy conrmed the rhamnolipid produced in this
study from some functional groups shown in the specic
wavenumber. GQDs synthesis was also successfully done from
the conrmation of XRD, FTIR, and TEM analysis showing that
synthesized GQDs had round morphology and agglomerated.
Furthermore, RL-GQDs were successfully synthesized and
proved by observing signicant peaks of GQDs and rhamnolipid
on FTIR spectra. This study proved that synthesized RL-GQDs
could be employed as an eco-friendly photocatalyst to replace
TiO2 in the MB removal process with a degradation efficiency of
59% ± 3% under visible light irradiation, 3% higher than that
with TiO2.
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