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ABSTRACT: In this study, we modified thin-film composite
(TFC) membranes by coating them with antimicrobial and
photoactive lignin-derived carbon dots (CD) using polydopamine
(PDA) chemistry. The CD solution was applied to the membrane
surface at different concentrations (100, 300, 500, and 1000 μg/
mL) to create CD-100, CD-300, CD-500, and CD-1000
membranes. The CD-modified membranes were tested against
Escherichia coli and Bacillus subtilis cells under three light
conditions: darkness, simulated sunlight, and 365 nm ultraviolet
(UV). The CD-500 and CD-1000 membranes showed the highest
toxicity against E. coli and B. subtilis cells under UV photo-
activation. However, the exceptional antibacterial properties of the
CD-1000 membrane were accompanied by significant losses in the
water permeability (parameter A) and water flux. The CD-500 membrane, on the other hand, demonstrated slightly lower toxicity
than CD-1000 while maintaining the transport properties of the membrane compared to the pristine TFC. Under darkness,
simulated sunlight, and UV light, the CD-500 inactivated 69.9 ± 1.7, 76.4 ± 1.8, and 99.92 ± 0.03% of attached E. coli cells,
respectively, compared with the pristine TFC control in darkness. Prolonged pre-exposure treatments to UV light showed that the
CD-500 membrane loses its antibacterial activity significantly after 9, 15, and 24 h of continuous contact with UV radiation. The
CD-500 also reduces its toxicity to E. coli cells from 99.92 ± 0.03 to 71.4 ± 0.6% when tested in the presence of simulated
wastewater compared to the results collected in saline solution under UV light. Our findings demonstrate the potential of CD for
controlling bacterial attachment in TFC membranes while highlighting the need to optimize the coating design to maximize stability
under UV exposure and toxicity under real-life conditions.
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■ INTRODUCTION
Thin-film composite (TFC) membranes are considered the
gold standard for desalination1,2 and dominate reverse osmosis
(RO) water treatment applications. RO membrane filtration
has the potential to address ongoing and developing issues
surrounding water scarcity3,4 due to its excellent separation
performance.5,6 However, there are still drawbacks associated
with the application of TFC membranes and RO filtration,
including capital costs, energy costs, and membrane fouling.
During operation, TFC membranes can become fouled in
several ways due to components of the feedwater: (1)
particulate fouling caused by a buildup of larger particulates
and colloids on the membrane surface,7 (2) scaling due to
inorganic salt precipitation,8 (3) organic fouling resulting from
adsorption of natural organic compounds,9 and (4) biofouling
arising from the proliferation of biological species on the
membrane surface.10−12 Of these, biofouling poses the greatest
concern as it cannot be controlled as readily as the other types
of fouling.13,14 The thin polyamide selective layer of the TFC

membrane provides a favorable environment for the adhesion
of bacteria, proteins, and organic matter due to the roughness,
hydrophobicity, and negative charge of the membrane surface.
As a result, TFC membranes are highly prone to biofoul-
ing,15−17 which causes a significant decline in water flux and an
overall decrease in membrane performance.15,18 Once
membranes become heavily fouled, they must be replaced,
which drives up the costs associated with RO membrane
filtration.19

Using traditional methods of disinfection, such as chlorina-
tion, to prevent biofilm formation is not practical as the
polyamide selective layer is susceptible to oxidation by
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chlorine.2,20 Disinfection with ultraviolet (UV) light alone is a
potential technology for preventing biofilm formation on TFC
membranes, but it is energy-demanding, and its effectiveness
depends on the type of microorganism.21−24 This highlights
the need for novel approaches that address biofouling while
utilizing sustainable materials.10−12 Alternative methods, such
as surface modification with bactericides, have been gaining
attention to reduce the impacts of biofilms in filtration
membranes.10−12,25,26

Carbon-based nanomaterials with unique properties have
aroused growing interest as antimicrobial coatings, as they
demonstrate various antibacterial effects and are less prone to
induce bacterial resistance compared to traditional anti-
biotics.27,28 Although representative materials such as graphene
and carbon nanotubes can effectively endow TFC membranes
with resistance to biofouling,29−32 their toxicity to bacteria is
limited as it requires contact33 and their cost hinders their
widespread application as antimicrobial agents.34,35 Carbon
dots (CD) are a new class of fluorescent and light-sensitive
carbon nanomaterials which have been used as antimicrobials
due to their highly oxidative properties.36−38 Notably, in
addition to their fluorescence emission, CD have demonstrated
good optical stability39 and exhibit antibacterial properties
under photoexcitation.40−43 Synthetic routes for CD produc-
tion are also generally simple, inexpensive, and environ-
mentally friendly.
A suitable precursor to CD is lignin, which is a renewable

resource with a high carbon content. Lignin is the second-most
abundant biopolymer after cellulose, and it is also a major
component of plant materials (typically 15−40% dry weight in
vascular plants).44 The physicochemical properties of CD are
influenced by the precursor material used for their synthesis,45

and lignin itself possesses a myriad of beneficial physicochem-
ical properties that may have a positive impact on the
properties of the synthesized CD. For example, lignin

demonstrates excellent chemical stability, thermal stability,
antioxidant properties, adhesive properties, and antimicrobial
behavior.46 Furthermore, lignin poses an environmental
concern due to its prevalence in waste streams47 and
recalcitrant nature.46 Billion tons of dry lignocellulosic waste
are produced globally each year,48 which could provide a cheap
and readily available feedstock. Lignin can be facilely converted
into CD using a single, simple hydrothermal treatment to
achieve waste utilization.49−51

In the present study, we demonstrate a simple and
environmentally friendly route to synthesize fluorescent CD
by the hydrothermal treatment of lignin with the assistance of
H2O2. CD were thoroughly characterized, and polydopamine
(PDA) chemistry was used to attach them to the TFC
membrane surface. The functionalized membranes were
thoroughly characterized morphologically using microscopy
and spectrometry techniques, and the membrane’s intrinsic
transport properties were evaluated in a bench-scale RO
filtration system. Membrane antimicrobial activity was tested
using plate counting methods with Escherichia coli (Gram-
negative) and Bacillus subtilis (Gram-positive) as model
bacteria. CD imparted strong antibacterial activity to TFC
membranes under solar and UV light exposure. Finally, our
results highlight the potential use of CD to increase biofouling
resistance in TFC membranes without detracting from
membrane performance.

■ MATERIALS AND METHODS
Materials and Chemicals. Hydrogen peroxide (30%, Certified

ACS), sodium chloride (Crystalline/Certified ACS), lysogeny broth
(LB), agar (Powder/Flakes), sodium phosphate dibasic (anhydrous,
certified ACS), sodium phosphate monobasic (anhydrous, 99%),
ethanol (absolute, 200 proof, Molecular Biology grade), 3-hydroxytyr-
amine hydrochloride (99%), and tris(hydroxymethyl) aminomethane
(Tris Base, ≥99.8%) were obtained from Fisher Scientific (Atlanta,

Figure 1. (A) Extraction of lignin from elephant grass (P. purpureum) and conversion of lignin to CD (fluorescent under UV light). (B) The
membrane modification process uses the biomimetic self-polymerization reaction of dopamine to form a layer of polydopamine and subsequent
attachment of CD (created with BioRender.com).
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GA). A LIVE/DEAD BacLightTM Bacterial Viability Kit was
obtained from Thermo Fisher Scientific (Carlsbad, CA). Glutaralde-
hyde (50% aqueous solution, electron microscopy grade), parafor-
maldehyde (16% aqueous solution, Electron Microscopy grade), and
hexamethyldisilazane (97.0%) were obtained from Electron Micros-
copy Sciences (Hatfield, PA). Sulfuric acid (H2SO4, 98%) and sodium
hydroxide (NaOH, certified ACS) were obtained from Synth
(Diadema, Saõ Paulo, Brazil). Elephant grass (Pennisetum purpureum)
was kindly supplied by the Institute of Animal Science (Instituto de
Zootecnia, Nova Odessa, Saõ Paulo, Brazil). Plants were harvested 12
months after planting. Leaves were separated, dried in a convection
oven (Tecnal TE-394/3, Piracicaba, Brazil) at 60 °C for 24 h, and
knife milled through a 10-mesh sieve (grinder SOLAB SL 31,
Piracicaba, Brazil). Then, the milled biomass was stored in plastic
bags. Thin-film composite membranes (FilmTec Flat Sheet
SW30XLE membrane) were obtained from OctoChem (Vandalia,
IL). Deionized (DI) water with a resistance of 18.2 MΩ·cm was
obtained from a Milli-Q Direct Water Purification System (EMD
Millipore, Burlington, MA). All of the solutions described were
prepared using deionized water.

Preparation of Carbon Dots. CD were synthesized from the
lignin of elephant grass (P. purpureum) leaves (Figure 1A). To obtain
the lignin,49−51 milled elephant grass leaves were treated with
sequential acid-alkaline dilute hydrolysis in an autoclave (Phoenix AV-
75, Araraquara, Brazil) according to previously reported methods.52 In
the first treatment, milled leaves and stems were hydrolyzed with 1%
(v/v) H2SO4 at 121 °C and 1.05 bar for 40 min at a 1:10 solid-to-
liquid ratio. Then, the biomass was washed with tap water, and solids
were recovered. This acid pretreatment removes extractives and most
of the hemicellulose contained in the plant biomass. Following the
acid step, the recovered biomass underwent an alkali hydrothermal
treatment with 2% (w/v) NaOH at the same conditions applied in the
acid step (121 °C, 1.05 bar for 40 min) at a 1:20 solid-to-liquid ratio.
The alkaline step extracts most of the lignin from the substrate. The
lignin-rich alkaline liquors were then acidified by the dropwise
addition of concentrated H2SO4 under constant stirring to precipitate
the lignin. The isolated lignin was collected by vacuum filtration and
rinsed until the rinsing water reached a pH of 6−7. The solid lignin
was then oven-dried at 40 °C for 12 h and stored until use.
To prepare the carbon dot (CD) suspension, a hydrothermal

process in the presence of hydrogen peroxide was performed.51 100
mg of dried lignin was added to 30 mL of DI water. The lignin
dispersion was bath-sonicated for 45 min to disperse the lignin in the
suspension better. A volume of 2 mL of 30% hydrogen peroxide was
added to the dispersion, which was vortexed to mix and then
transferred to a poly(tetrafluoroethylene) (PTFE) liner inside a
stainless-steel autoclave. The hydrothermal treatment was carried out
at 180 °C for 10 min. After the hydrothermal autoclave had cooled
and depressurized, the CD suspension was vacuum-filtered through a
0.22 μm poly(vinylidene fluoride) (PVDF) filter to remove unreacted
lignin. The filtrate was then dialyzed against deionized water in a
dialysis membrane with a 3500 Da molecular-weight cutoff (MWCO)
for 24 h to remove impurities. The purified CD suspension was stored
at 4 °C until use. These processes are depicted in Figure 1A.

Characterization of Carbon Dots. The presence of CD in the
suspension was initially confirmed qualitatively by focusing ultraviolet
(UV) light on the solution to check for observable fluorescence.
Fluorescence was confirmed quantitatively by measuring the
fluorescence intensity of the CD suspension and a suspension of
lignin dispersed in deionized water at an excitation wavelength of 360
nm and an emission wavelength of 450 nm. The UV−visible light
absorbance profile of the CD solution was also measured. The
excitation wavelength-dependent fluorescence emission spectra of the
CD solution were collected at emission wavelengths of 340, 360, 365,
380, 400, 420, and 440 nm. The quantum yield of the CD was
determined by using the equation given below with quinine sulfate
dissolved in 0.050 M H2SO4 as a reference solution.

= × × ×F
F

OD
OD

( )

( )CD S
CD

S

S

CD

CD
2

S
2

where Φ is the quantum yield, F represents the integrated
fluorescence intensity, OD is the optical density (absorbance) at a
specific wavelength, and η is the refractive index of the solution. The
subscript CD refers to the carbon dots suspension and S refers to the
standard (quinine sulfate). All fluorescence and absorbance measure-
ments for the CD solution were taken in a CLARIOstar Plus
microplate reader (BMG LABTECH, Inc., Cary, NC).
The morphological characteristics of the CD were assessed by

transmission electron microscopy (TEM). A 400-mesh carbon-coated
Formvar nickel grid was glow discharged using the PELCO easiGlow
(Ted Pella, Redding, CA), followed by floating onto a 10 μL droplet
of the provided sample for 5 min, and excess solution was drawn off
with filter paper. The sample grid was then floated on a 10 μL droplet
of 0.5% aqueous uranyl acetate for 30 s, and after removing the excess
stain with filter paper, the sample was air-dried and examined with an
FEI Tecnai G2 Spirit Twin TEM (FEI Corp., Hillsboro, OR). Digital
images were acquired with a Gatan UltraScan 2k × 2k camera and
Digital Micrograph software (Gatan, Inc., Pleasanton, CA). CD
particle size was measured using TEM images analyzed with the
ImageJ software. The size distribution is based on measurements for
62 particles.
The chemical properties of the carbon dots were evaluated by using

X-ray photoelectron spectroscopy (XPS). For such, the CD
suspension was lyophilized to yield a powder, and the analysis was
conducted with a PHI VersaProbe III Scanning XPS Microprobe
(Physical Electronics, Chanhassen, MN) using a monochromatic Al-
Kα X-ray source (hν = 1486.7 eV). The photoelectron escape depth
was less than 10 nm, and the takeoff angle for the photoelectrons was
set to 45°. XPS analysis was conducted over an area of 100 μm2 and
the spectra were averaged over 5 scans.

Membrane Functionalization with CD Using PDA. Commer-
cial TFC membranes (FilmTec Flat Sheet SW30XLE) were
functionalized with CD using a well-established PDA chemistry,53,54

as depicted in Figure 1B. The coating resulting from the deposition of
PDA mimics the protein structures that mussels use to attach
themselves to various surfaces.53 By utilization of this chemistry, a
layer of CD can be applied to the TFC membrane surface similarly.
Membranes were laid on a glass sheet and covered with a frame made
of rubber and high-density polyethylene, leaving only the active layer
exposed. During functionalization, the frames were clamped to
prevent leakage and placed onto an orbital shaker set to 30 rpm at
room temperature. 50 mg of 3-hydroxytyramine hydrochloride was
then dissolved in 25 mL of 10 mM tris(hydroxymethyl) amino-
methane (Tris Base) solution at pH 8.5. This solution was left in
contact with the thin-film composite membranes for 15 min to allow a
thin layer of PDA to develop on the membrane surface. The solution
turned brown during this process, indicating that the dopamine self-
polymerization reaction was occurring and the membrane was briefly
rinsed. Following this, the membrane surface was contacted with
suspensions of 100, 300, 500, and 1000 μg/mL CD in 10 mM tris
base at pH 8.5 for 24 h to attach different concentrations of CD to the
PDA coating on the membrane surface. The CD suspension turned
brown after the 24 h contact time, and the solution was discarded.
The membrane was then rinsed well and stored in deionized water at
4 °C. In this study, pristine membranes (TFC) were compared to
membranes modified with only a thin layer of PDA (TFC-PDA) and
membranes modified with both a thin layer of PDA and subsequent
CD attachment (CD-100, CD-300, CD-500, and CD-1000 mem-
branes).

Characterization of Modified Membranes. The morphology of
pristine and modified TFC membranes (CD-100, CD-300, CD-500,
and CD-1000) was observed by scanning electron microscopy (SEM).
Membrane coupons 1 cm2 in size were dried overnight in a desiccator
at room temperature and then attached to aluminum SEM stubs by
using conductive carbon tape. The samples prepared on stubs were
dried overnight in a vacuum desiccator at room temperature before
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sputter coating with gold−palladium in a Denton Desk V Sputter
Coater. Membrane surfaces were imaged in a Hitachi SU5000
Schottky Field-Emission SEM operating at an accelerating voltage of 5
kV. The cross-sectional morphology of the pristine and modified
membranes was observed using SEM and TEM imaging. Additional
information is in the Supporting Information. The attachment of the
CD to the membrane surface was investigated for the pristine TFC,
TFC-PDA, and CD-500 membranes by using X-ray photoelectron
spectroscopy (XPS). Refer to the Supporting Information for more
details.
The surface topography and roughness of pristine TFC and CD-

100, CD-300, CD-500, and CD-1000 were evaluated by atomic force
microscopy (AFM). Samples were cut into 10 mm × 10 mm squares
and fixed with double-sided tape over a metal plate. Due to the
samples’ heterogeneity and rugosity, two approaches were used.
Multimode 8 (Bruker) was used to scan small areas with a
NanoscopeV electronic operating in peak force-tapping mode at a
scan rate of 1.0 Hz, a probe with a spring constant of 0.4 N/m, and a
resonance frequency of 70 kHz. The larger areas (10 × 10 μm2) were
scanned using an NX-10 (ParkSystems) operating in tapping mode at
a scan rate of 0.3 Hz, probe with a spring constant of 2.8 N/m, and
resonance frequency of 75 kHz. Images were processed and analyzed
using Gwyddion software (v. 2.53) to obtain average area roughness
parameters such as root-mean-square height (Sq) and arithmetical
mean height (Sa).
Surface hydrophilicity for pristine and modified TFC membranes

was determined by using the sessile drop method with deionized
water. Coupons of the TFC, TFC-PDA, and TFC-CD membranes
were immobilized on glass microscope slides and dried overnight at
room temperature. Following this, contact angle measurements were
taken using a Theta Flex Optical Tensiometer (Biolin Scientific,
Phoenix, AZ) and OneAttension software. The results are presented
as the average of 50 measurements taken at random locations on the
membrane coupons.

Intrinsic water transport properties such as water permeability (A)
and solute permeability (B) were evaluated in a laboratory-scale cross-
flow reverse osmosis system (Figure S1) following the procedures
carefully described in our previous study.10 The transport parameters
A and B were determined for pristine TFC, TFC-PDA, CD-500, and
CD-1000, the last two samples being the ones presenting the highest
antimicrobial performance. The system was operated at 400 psi with a
cross-flow velocity of 20 cm/s. Three different membrane coupons
were tested for each sample. Other properties of the modified
membrane, such as salt rejection and salt permeability, are calculated
based on the collected intrinsic water transport performance data
according to the following formula:

= ×desalination rate
( )

100%

= ×salt penetration rate (1 salt rejection) 100%

where α is the salt content of reverse osmosis treatment influent water
in mg/L and β is the salt content of reverse osmosis treatment effluent
in mg/L.

Antibacterial Activity of Modified Membranes under
Various Light Conditions. A plate counting method was employed
to determine the antibacterial activity of CD-functionalized
membranes, following previous studies10,29 with some modifications.
Experiments were performed using both Gram-negative E. coli
(American Type Culture Collection ATCC 8739) and Gram-positive
B. subtilis (American Type Culture Collection Strain 6633). Bacteria
were grown overnight in Lysogenyl Broth (LB) in an incubator set to
an appropriate temperature for the species utilized. The culture was
then diluted in fresh LB (1:25) and grown under agitation and
incubation at an appropriate temperature until the optical density at
600 nm (OD600) reached 1.0, indicating a Log phase (∼2 h). Bacterial
cells were washed three times by centrifugation at 5000g for 3 min
using sterile saline (0.85% NaCl) before being diluted (1:10) to
achieve a concentration of ∼108 colony-forming units (CFU) per mL.

Figure 2. (A) Photograph of CD suspensions under exposure to daylight and UV light at 365 nm. (B) TEM micrograph of the dried CD
suspension. (C) Size distribution of CD particles obtained from TEM micrographs analyzed in ImageJ. (D) Excitation wavelength-dependent
fluorescence emission spectra of the CD; fluorescence emission data also revealed the quantum yield of the synthesized CD to be 47.8%. (E) Full
survey XPS spectra and (F) high-definition C 1s spectra for the CD.
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1.7 cm2 coupons were cut from the TFC, TFC-PDA, CD-100, CD-
300, CD-500, and CD-1000 membranes and then placed into
poly(vinyl chloride) (PVC) holders so that only the polyamide active
layer of the TFC membrane would be exposed to the bacterial
suspension. Each membrane coupon was contacted with 5 mL of
bacterial suspension (3 mL/cm2) under one of three light conditions:
darkness, simulated daylight (3500 K, 3.5 W LED lamp), or 365 nm
UV light (3 W LED lamp). After 3 h, the bacterial suspension was
discarded, and the membranes were carefully washed with 5 mL of
sterile saline. The membrane coupons were bath-sonicated in 10 mL
of sterile saline for 15 min to detach the bacteria from the membrane
surface. 100 μL from each suspension was used for preparing serial
dilutions, and 100 μL (10 × 10 μL droplets) of the bacteria
suspension from each dilution was plated on an LB agar.
Antimicrobial activity assays were conducted in quadruplicate, and
the plates were incubated overnight before colonies were counted. In
addition, the viability of E. coli cells attached to the CD-500
membrane surface following the 3 h contact time was quantified using
fluorescent staining with SYTO 9 (live cells) and propidium iodide
(PI, dead cells). Fluorescent-labeled membranes were observed using

confocal microscopy. Additional information is given in the
Supporting Information.

Morphology of Bacteria Attached to the Membrane
Surface. Suspensions of E. coli were prepared and exposed to the
membrane surface following the method described above to evaluate
the morphology of bacteria cells on the membrane surface. After
contacting the membrane with the bacterial suspension, the
membrane coupons were fixed and prepared for SEM imaging
following the procedures described in our previous studies.10,12

Antibacterial Activity of TFC, TFC-PDA, and CD-500
Membranes after Prolonged Pre-Exposures to UV Light. To
evaluate the antibacterial properties after repeated cycles of operation,
modified membrane coupons were contacted with 5 mL of sterile
saline under exposure to 365 nm UV light (3 W LED lamp) for 3, 6,
9, 15, and 24 consecutive hours. After the cycles of continuous light
exposure were simulated, the modified TFC coupons were recovered,
and their antibacterial properties were tested in darkness and under
365 nm UV light following the method described above.

Antibacterial Activity of the CD-Modified Membranes
under Exposure to Synthetic Wastewater. Synthetic wastewater
was formulated to replicate the characteristics of a secondary

Figure 3. SEM micrographs of the (A) pristine TFC membrane (TFC), (B) membrane modified with only PDA (TFC-PDA), and (C, G−I)
membrane modified with 100, 300, 500, and 1000 μg/mL of CD (CD-100, CD-300, CD-500, CD-1000). AFM topography images and 3D
roughness mapping for the (D) pristine TFC membrane, (E) membrane modified with only PDA, and (F, J−L) CD-100, CD-300, CD-500, and
CD-1000 membranes, respectively.
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wastewater effluent derived from conventional treatment plants. This
synthetic composition comprised 8.0 mM NaCl, 0.2 mM CaCl2, 0.15
mM MgSO4, 0.4 mM NH4Cl, 0.5 mM NaHCO3, 0.2 mM KH2PO4,
and 0.6 mM glucose, serving as the carbon source. The initial pH was
maintained at 7.4 ± 0.5, while the conductivity stood at 1270 ± 76
μS·cm−1. The antibacterial experiments were performed using E. coli
following the method described above. One difference worth pointing
out is that synthetic wastewater was used to prepare the 5 mL of
bacterial suspension that would subsequently contact the membrane
surface (3 mL/cm2) during the 3 h exposure experiment.

■ RESULTS AND DISCUSSION
Physicochemical Characterization of Carbon Dots.

The lignin-derived CD were prepared using an H2O2-assisted
hydrothermal process. The visual presence of fluorescence
under UV light (Figure 2A) was used to confirm the presence
of the as-prepared CD in suspension qualitatively. In the TEM
micrograph (Figure 2B), a well-distributed formation of
uniform, nearly spherical CD can be observed. The average
diameter of the nanoparticles, as measured from TEM
micrographs using ImageJ software, was 10.7 ± 1.9 nm
(Figure 2C).
To confirm that the fluorescence response observed was not

caused by the lignin precursor material, fluorescence intensity
at an excitation wavelength of 365 nm and an emission
wavelength of 450 nm was recorded for both the CD
suspension and bulk lignin suspended in DI water. The
fluorescence intensity of the CD solution produced from the
hydrothermal process was nearly 4 times that of the bulk lignin
suspension at 360/450 nm (Figure S2B). Excitation wave-
length-dependent fluorescence emission spectra (Figure 2D)
were collected to determine the excitation wavelength that
produced the strongest fluorescence response from the CD.
The strongest fluorescence response was observed when the
CD were excited at a wavelength of 380 nm. Following this
excitation, mostly blue light was emitted, as indicated by the
emission peak at ∼470 nm. The quantum yield (QY) of CD
(Figure 2D) was measured using the fluorescence emission
spectra of CD and quinine sulfate dissolved in 0.050 M H2SO4
as a standard. QY indicates what percentage of the photons of
the light absorbed by the CD are then emitted when the CD
fluoresces. A QY of 47.8% was observed for the as-prepared
CD. This result is considerably higher than the 9.2% reported
for a similar one-pot, green synthesis method for CD.55

XPS analysis was performed on a lyophilized sample of the
lignin-derived CD to characterize the CD surface functional
groups and elemental composition (Figure 2E,F). On the full-
survey graph for the lyophilized CD (Figure 2E), two
prominent peaks can be observed at roughly 287 and 535
eV, corresponding to the C 1s and O 1s peaks, respectively.
Hence, the major elemental components of the CD were
carbon (61.9%) and oxygen (34.4%). Small amounts of sulfur
(2.1%) and calcium (1.7%) were also observed in the
elemental analysis, and their presence may be the result of
impurities in the lignin used. The C 1s peak was deconvoluted
into 4 peaks corresponding to C−C single bonds (284.8 eV),
C−O single bonds (286.2 eV), C�O double bonds (288.1
eV), and O−C�O (289.9 eV) possibly from the presence of
carboxylic acid functional groups on the surface of the CD.

Impact of Surface Functionalization on Membrane
Properties. PDA chemistry was used to successfully attach the
CD to the surface of the TFC membrane by PDA self-
polymerization. Following the deposition of the initial PDA
layer, a color change is observed in the solution contacting the

membrane surface. The solution goes from clear to brown in
color, and this is indicative of the formation of PDA. For
thicker layers of PDA formed after several hours of contact
time, a brown color is also observed on the membrane surface,
but not much color change was observed following the 15 min
contact time for the initial PDA layer formation used herein.
After functionalizing with CD, a color change from white to
gray/brown was observed on all of the CD-modified
membranes (Figure S3). CD deposition imparted a granular
aspect to the membrane surface, and this morphology became
more apparent as we increased the concentration of CD in
solution during the membrane modification process (Figure
3A−C,G−I). A uniform distribution of CD nanoparticles can
be observed on the surface of the CD-500 and CD-1000
modified membranes, as depicted in the SEM micrographs
(Figure 3H,I). As noted, the color of the membrane surface
became darker as the membrane was modified with increased
CD concentrations, indicating improved CD deposition for the
CD-500 and CD-1000 membranes.
The TFC membrane consists of two layers that include a

polyamide film and a porous/support layer. The porous layer
has a spongelike structure that can be easily seen in a cross-
sectional SEM micrograph (Figure S4A), with a thickness of
approximately 56 μm. The average thickness of the TFC
polyamide selective layer was determined to be 84.7 ± 5.2 nm
through cross-sectional TEM analysis using ImageJ software
(Figure S4B). Upon application of CD to the membrane
surface, the average thickness of the composite film increased
to 235.8 ± 43.0 nm (Figure S4C), indicating the success of the
modification protocol.
The surface topographies of the pristine and modified TFC

membranes were evaluated by using AFM (Figure 3). The
calculated root-mean-square height (Sq) and arithmetical mean
height (Sa) for the pristine TFC membrane were 108 ± 9.8
and 86 ± 8.2 nm, respectively. The Sq and Sa for the TFC-PDA
membrane were not significantly different than that of the
control, at 103 ± 17 and 78.7 ± 9.1 nm, respectively. The
thickness of the PDA layer formed is dependent upon the
contact time between the surface and the buffered dopamine
hydrochloride solution. In this study, the contact time was only
15 min, so only a thin layer of PDA formed, and that is likely
the reason why the PDA layer did not significantly impact
surface roughness. On the other hand, the uniform distribution
of CD across the CD-500 and CD-1000 TFC membrane’s
polyamide active layer significantly increased the tridimen-
sional surface roughness compared to pristine TFC and TFC-
PDA membranes. CD-500 and CD-1000 membranes exhibited
Sq and Sa values of 128.6 ± 11 and 102.2 ± 9.2 nm, and 124.1
± 10 and 96.1 ± 10 nm, respectively (Figure 3K,L). Sq and Sa
values for CD-100 and CD-300 did not show statistically
significant differences from those of pristine TFC and TFC-
PDA, which reflected the small number of CD nanoparticles
present on the membrane surface. A similar increase in
roughness was also reported by a previous study that modified
the polysulfone support layer of TFC membranes with glucose-
derived CD.56

The impact of CD deposition on membrane performance
was determined by evaluating changes in the hydrophilicity of
the TFC membranes. The modification of the TFC
membranes with the initial thin layer of PDA was enough to
reduce the water contact angle of the membranes from 36.5 ±
6.9° for the pristine membranes to 24.2 ± 5.7° for the TFC-
PDA membrane (Figure 4A). Arena et al. also observed that
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Figure 4. (A) Water contact angle of pristine TFC, TFC-PDA, and modified membranes (CD-100, CD-300, CD-500, and CD-1000). (B) Water
permeability coefficient, A, and solute (NaCl) permeability coefficient, B, of TFC, TFC-PDA, CD-500, and CD-1000 membranes. An asterisk is
used to denote samples that were statistically different from the control (pristine TFC) at a confidence level of 95% (α = 0.05). Two vertically
aligned asterisks denote samples that were statistically different from TFC-PDA.

Figure 5. Antimicrobial properties of pristine and CD-functionalized membranes after exposure to E. coli cells (A, C, E) and B. subtilis cells (B, D,
F) for 3 h in either darkness, simulated daylight, or 365 nm UV light. The CFU (% control) are expressed as viability percentages normalized to
pristine TFC in darkness as the control. An asterisk denotes samples statistically different than their respective control tested at the same light
condition at a confidence level of 95% (α = 0.05). Two vertically aligned asterisks highlight samples statistically different from their respective TFC-
PDA control.
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functionalization with PDA alone can reduce the water contact
angle of TFC membranes.57 As CD were incorporated on the
TFD-PDA membranes, we observed a slight decrease in
contact angle for all of the CD-modified membranes. Although
these contact angles for the CD-modified membranes were
statistically different from those of the pristine TFC, they were
found to be similar to that of TFC-PDA (95% confidence level,
α = 0.05). These results corroborate with the results presented
by the XPS analysis that shows a higher content of oxygen for
the TFC-PDA compared to pristine TFC or CD-500
membranes (Figure S6). The high-resolution XPS O 1s
spectra show that the relative intensity of the peak centered at
a binding energy of 530.5 eV (O−C�O) is greater for TFC-
PDA (Figure S6G) than those of pristine TFC and CD-500
membranes (Figure S6C,E). This finding suggests that the
functionalization with CD does not reduce the membrane
hydrophilicity and the differences in contact angle are likely
attributed to the presence of the PDA layer. A previous study
by Ehtesabi et al. suggests that CD are highly hydrophilic and
can be used to improve hydrophilicity,58 but this may not
extend to the modification method used herein or may depend
on the properties of the CD synthesized.
The intrinsic transport properties of the pristine and

functionalized membranes were evaluated in a bench-scale
RO filtration system, and the results are shown in Figure 4B.
Modification with PDA and CD slightly improved the water
permeability of the TFC membranes. The pristine TFC
membranes demonstrated a water permeability coefficient (A),
of 1.66 ± 0.09 L/(m2·h·atm). The water permeability
coefficient of TFC-PDA was 1.87 ± 0.09 L/(m2·h·atm),
roughly 12.6% greater than that of the pristine TFC
membrane, respectively. CD-500 or CD-1000 membranes
did not show changes in the water permeability coefficient A
compared to pristine TFC. However, when we compare the
treatments with those of TFC-PDA, some differences emerge.
For example, the water permeability coefficient A for CD-1000
membranes decreases significantly to 1.53 ± 0.03 L/(m2·h·
atm) when compared to TFC-PDA. Water flux changed from
45.2 ± 2.5 L·m−2·h−1 for pristine TFC to 51.0 ± 2.4 and 50.2
± 3.1 L·m−2·h−1 for TFC-PDA and CD-500 membranes,
respectively. However, this difference was not found to be
statistically significant (Figure S5A). The water flux for the
CD-1000 membrane (41.6 ± 0.7 L·m−2·h−1), although similar
to that of pristine TFC, decreased significantly compared to
that of TFC-PDA (51.0 ± 2.4 L·m−2·h−1).
Often, improvement in water permeability can be accom-

panied by a decrease in salt rejection.59 But this was not the
case with CD-500 and CD-1000 membranes. The B values for
CD-500 and CD-1000 membranes were 0.23 ± 0.04 and 0.20
± 0.04 L/(m2·h), respectively, representing almost 50%
reduction compared with pristine (0.42 ± 0.04 L/(m2·h)) or
TFC-PDA (0.47 ± 0.06 L/(m2·h)) membranes. This differ-
ence means that CD-500 and CD-1000 show improved salt
rejection compared to that of pristine and TFC-PDA
membranes.
The decreased B values for CD-500 and CD-1000

membranes also translated into significant changes in NaCl
penetration rates (%) (Figure S5B). For example, the NaCl
penetration rate for CD-1000 (0.01%) decreased substantially
compared with pristine TFC (0.02 ± 0.002%) and TFC-PDA
(0.02 ± 0.003%). The desalination rates increased from 98.05
± 0.17% for TFC to 98.93 ± 0.17 and 99.04 ± 0.03% for the
CD-500 and CD-1000 membranes, respectively. Despite the

increase in desalination rates for CD-500 and CD-1000 relative
to the pristine TFC, no significant differences were observed
for the same membranes when compared to TFC-PDA (Figure
S5B).

Functionalized Membranes Exhibit Enhanced Anti-
bacterial Activity. The antimicrobial properties of function-
alized membranes were evaluated by exposing the membrane
surface to E. coli and B. subtilis suspensions for 3 h in either
darkness, simulated daylight, or 365 nm UV light. A plate
counting method was used to determine the number and
viability of attached cells, and the results of these antimicrobial
assays are shown in Figure 5. The results in the dark
environment showed that functionalization with CD imparted
strong antibacterial activity to the membrane. As the CD
concentration increased, the antibacterial ability of the CD-
modified membranes also gradually increased for all of the
tested conditions (e.g., darkness, daylight, and UV). In
darkness, the percentage of bacterial inactivation for E. coli
cells increased from 20.6 ± 1.04% for CD-100 to 74.2 ± 0.62%
for CD-1000, showing more than a 3-fold increment in toxicity
for CD-1000 compared to CD-100 (Figure 5A). A similar
pattern was observed for the cells of B. subtilis. The CD-100
and CD-1000 could inactivate 27.9 ± 3.0 and 73.4 ± 1.8% of
the cells under exposure to darkness, respectively, as depicted
in Figure 5B. The TFC-PDA membrane displayed no toxicity
to either E. coli or B. subtilis cells compared with the pristine
TFC control. These results suggest that the amount of CD
attached to the membrane surface directly impacts the
antibacterial properties of the membranes of both E. coli and
B. subtilis, regardless of the light condition applied.
Under simulated daylight, the pristine TFC membrane alone

inactivated 62.2 ± 2.5 and 73.0 ± 2.6% of E. coli and B. subtilis,
respectively, showing the light had a toxic effect itself (Figure
5C,D). CD-100 and CD-1000 membranes, when activated
using the same simulated daylight, reduced the number of E.
coli viable cells by 67.9 ± 4.9 and 81.1 ± 0.9%, respectively
(Figure 5C). This result emphasized an increase in toxicity for
membranes prepared using 1000 μg/mL rather than a 100 μg/
mL CD suspension. Similarly, B. subtilis cells were inactivated
by 75.6 ± 0.5 and 87.3 ± 2.6% by CD-100 and CD-1000
membranes under simulated daylight, demonstrating that CD-
1000 was more toxic than its counterpart CD-100 (Figure 5D).
Compared to darkness, the simulated day has been shown to
be more effective in inactivating both E. coli and B. subtilis cells.
This slight improvement may be due to the UV light
component of the simulated daylight activating the CD on
the membrane surface. While simulated sunlight is not the
most effective for photoactivation of the as-prepared CD, it
represents a more economical light source than energy-
intensive UV lamps. Hence, the fact that simulated sunlight
improves the antimicrobial activity of the CD-modified
membranes represents a promising result when considering
the application of these systems in real-life conditions.
The greatest bacterial deactivation was observed for

membranes exposed to 365 nm UV light. After 3 h of
exposure to 365 nm UV light, 97.9 ± 0.15% of E. coli and 99.87
± 0.017% of B. subtilis were deactivated on the pristine TFC
membrane surface. The CD-1000 membranes exposed to 365
nm UV light achieved near-complete sterilization (99.97 ±
0.045%) of E. coli cells within the 3 h contact time (almost 2
logs inactivation in addition to pristine TFC) (Figure 5E). The
results of the antimicrobial activity assays for the TFC
membranes against B. subtilis indicate that the CD-300, CD-
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500, and CD-1000 membranes under UV light could nearly
eliminate B. subtilis within the sensitivity limit of the plate
counting technique employed (Figure 5F). Therefore, no B.
subtilis colonies were observed after the sample was cultured
from CD-300, CD-500, and CD-100 under 365 nm UV light
for 3 h (Figure 5F). The findings depicted in Figure 5E,F
confirm that the CD coating amplified the antimicrobial
property under UV light exposure compared to the results
obtained in darkness or simulated daylight. By comparing the
four treatments (CD-100, CD-300, CD-500, and CD-1000)
under the conditions tested, we found that the CD-1000
membranes had the highest level of toxicity. For example,
although Figure 5E shows similar toxicity results for CD-500
and CD-1000, statistical analysis revealed that CD-1000 was
significantly more toxic than CD-500 under 365 nm UV light.
Considering the transport properties of the membranes, it was
observed that both CD-500 and CD-1000 showed an increased
salt rejection. However, CD-500 maintained the water
permeability coefficient A intact, while CD-1000 presented
significant losses in water permeability and water flux.
Therefore, in contrast to CD-1000, the CD-500 membrane
offers excellent antimicrobial activity without compromising
the membrane transport properties.
The antibacterial properties of CD-500 were confirmed via a

static biofouling assay in which E. coli cells attached to the
membrane surface following the 3 h exposure time in darkness
were then stained with the fluorescent markers SYTO 9 to
label live cells and PI to label dead cells (Figure S7). A higher
proportion of dead E. coli cells were attached to the CD-500
compared to the pristine TFC membrane. 32.0% of the E. coli
cells attached to the pristine TFC membrane were dead,
whereas 96.5% of the E. coli cells attached to the CD-500
membrane were labeled dead, as indicated by staining with PI
(Table S1). SEM imaging was also used to confirm the
presence of damaged cells (Figure 6) on the surface of the CD-
500 membrane. For comparison, the undamaged E. coli cells on
the pristine TFC membrane (no light exposure) can be seen in
Figure 6A. We observe evident damage and loss of
morphological integrity for the E. coli cells attached to CD-

500 membranes exposed to darkness (Figure 6B). However,
the loss of cell integrity is even more pronounced for the CD-
500 membranes that were photoactivated with simulated
daylight (Figure 6C) and 365 nm UV light (Figure 6D).
Wrinkled, deformed cell membranes, holes in the cell
membranes, and evidence of cell lysis can be observed (results
highlighted by the red circles in the SEM images in Figure 6B−
D).
The CD-modified membranes generally performed better

against Gram-positive B. subtilis than Gram-negative E. coli,
especially under UV light exposure. This disparity could be
attributed to the differences between Gram-negative and
Gram-positive bacteria. The cell membrane of Gram-negative
is composed of a phospholipid bilayer inner cell membrane, a
rigid peptidoglycan cell wall, and an outer phospholipid bilayer
composed of lipopolysaccharides.60 The extra outer cell
membrane of Gram-negative bacteria may afford them more
protection compared with the Gram-positive B. subtilis, which
lacks this additional physical barrier. Gram-negative cells
generally have a lower cell permeability than Gram-positive.61

They also possess other mechanisms of protection, such as
efflux pumps, that are absent in Gram-positive species. These
differences in cell structure may be the reason for Gram-
positive B. subtilis cells are more susceptible to chemical and
physical means of inactivation by CD-functionalized mem-
branes.
In contrast to the membrane surface functionalization with

CD used herein, Zheng et al. were able to produce fouling-
resistant thin-film nanocomposite (TFN) nanofiltration
membranes by embedding CD modified with either cationic
amine groups (PEI-CD) or anionic sulfonate groups (PS-CD)
into the polyamide selective layer of the membranes.62 These
TFN membranes were able to overcome the previously
discussed permeability-selectivity trade-off. By using ionic
CD, they improved water permeability by creating charged
nanovoids in the polyamide selective layer while enhancing the
membrane’s capacity to reject divalent ions due to Donnan and
dielectric exclusion effects from the charge on the ionic CD.
Improved membrane fouling resistance was observed for the

Figure 6. SEM micrographs showing the cellular integrity of E. coli cells after exposure to the TFC membrane in darkness (A), and the CD-500
membrane in darkness (B), daylight (C), and 365 nm UV light (D). Morphological damage to the E. coli cells is indicated with a red circle.
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membranes blended with the negatively charged PS-CD due to
increased membrane hydrophilicity and stronger electrostatic
repulsion between the membrane surface and the foulants.
Another previous study used zwitterionic cyclodextrins to
create a highly compact three-dimensional network of water
channels in the polyamide layer of TFN membranes.63 This
resulted in fast water transport and effective salt ion repulsion.
The study also found that the use of hydrophilic and
zwitterionic groups improved the hydrophilicity and antifoul-
ing ability of the polyamide layer. The literature suggests that
the antibacterial properties of our CD-modified membranes
could be further enhanced by modifying the surface functional
groups of CD to make them more anionic, which could repel
negatively charged bacteria cells.64

In recent studies, the hypothetical mechanisms underlying
the antimicrobial activity of CD against various micro-
organisms have been proposed.40,65,66 A couple of key factors
contribute to the mechanism of bacterial deactivation of CD.
First, CD exhibit strong electrostatic interactions with bacterial
cell membranes due to their surface functional groups (e.g.,
carboxyl groups), resulting in membrane deformation and
disruption and loss in transport properties.65 Second, under
light irradiation, CD generate reactive oxygen species (ROS),
which exacerbates oxidative stress within the bacterial cells.40

This oxidative stress causes damage to vital cellular

components, such as proteins, lipids, and nucleic acids,
ultimately leading to cell death.66 Therefore, the cell toxicity
observed for the TFC-CD membranes is likely the result of
oxidative stress from the generation of ROS by the CD under
photoactivation, but further work is needed to corroborate the
underlying mechanism of action.

Antibacterial Properties of the CD-Modified Mem-
branes Are Affected after Prolonged Exposure to UV
Light. To assess the stability of the antimicrobial coating, we
exposed the pristine TFC and CD-500 membrane to UV light
over prolonged periods of time (3, 6, 9, 15, 18, and 24 h)
before conducting the antimicrobial assays in darkness (Figure
7A) or under the presence of UV light for 3 h (Figure 7B). As
the pre-exposure to UV light increased, we noticed a gradual
decrease in the antimicrobial activity for the CD-500 sample
tested under darkness (Figure 7A) and UV light (Figure 7B).
For instance, after pre-exposing the CD-500 membrane to 365
nm UV light for 6 h, it retained over 95% of its antibacterial
activity compared to its respective control tested under UV
light (0 h UV365 sample) (Figure 7B). However, after being
pre-exposed to 365 nm UV light for 9 h or longer, a substantial
decline in the antibacterial effect is observed for CD-500 tested
in darkness and under UV light (Figure 7A,B). To illustrate,
CD-500 membranes pre-exposed to UV light for 9 h and tested
under UV lost 24.0% in darkness and 6.6% under UV light of

Figure 7. Antimicrobial properties of pristine TFC and CD-500 membranes after their pre-exposure to UV irradiation for prolonged periods (3, 6,
9, 15, and 24 h). After pre-exposure to UV light, the antibacterial activity of the membranes was tested in darkness (A) and under 365 nm UV light
(B) using E. coli as a model microorganism. The CFU are expressed as viability percentages normalized to pristine TFC without 365 nm UV light
exposure (TFC-0 h) in the dark as the control. One asterisk denotes that a sample significantly differs from its respective pristine TFC control at a
confidence level of 95% (α = 0.05).

Figure 8. Antibacterial activity of pristine TFC, TFC-PDA, and CD-500 membranes exposed to synthetic wastewater under darkness (A),
simulated daylight (B), and 365 nm UV light (C) using E. coli as a model organism. The CFU values are expressed as viability percentages
normalized to pristine TFC treated in darkness. One asterisk and two vertically aligned asterisks denote a sample significantly different from the
control pristine TFC and TFC-PDA, respectively, at a confidence level of 95% (α = 0.05).
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their ability to inactivate E. coli cells compared to the control
(0 h pre-exposure tested in UV light). In addition, when CD-
500 membranes were pre-exposed to UV irradiation for 24 h,
they demonstrated around 84.3% (darkness) and 26.1% (UV
light) decreases in their antimicrobial activity compared to the
CD-500 not pre-exposed but tested under UV light (0 h
treatment tested in UV light). The data reveal that while the
CD-500 membrane maintains a significant portion of its
original toxicity under 6 h, its antibacterial efficacy will likely
decline after continuous contact with UV light for 24 h or
longer.
This decrease in toxicity under prolonged exposure to UV

light can be attributed to a combination of factors. First, long-
term exposure of CD to 365 nm UV light led to a gradual
decrease in their fluorescence ability.67 Second, extended
irradiation caused changes in the surface characteristics of the
CD-500 membrane (as seen in Figure S8), creating an
environment conducive to the growth of bacterial colonies.68,69

These changes affected the mechanism by which CD imparts
toxicity, contributing to the observed decline in antibacterial
performance. Therefore, in small-scale applications, careful
calibration of the lighting source and its intensity is required.
Additionally, adjusting the lighting distance is crucial to avoid
any potential damage to the membrane. These operations are
essential to maintain the structural integrity and functional
performance of the membranes under practical application
conditions.

CD-Modified Membranes Show Less Toxicity to
Bacteria in the Presence of Simulated Wastewater. To
evaluate the potential applicability of CD-modified membranes
in real-world scenarios, we conducted antibacterial assays by
replacing the saline solution (NaCl 0.9%) with synthetic
wastewater (Figure 8). Synthetic wastewaters, unlike saline
solutions, comprise a variety of electrolytes and carbon
sources, making them a suitable medium for bacterial
proliferation. Compared to the antibacterial results in saline
solution, we observe that the antibacterial activity of the CD-
500 membrane decreases upon contact with the simulated
wastewater (Figure 8). This decrease in toxicity in the presence
of simulated wastewater was observed across all tested
conditions, including darkness (Figure 8A), simulated daylight
(Figure 8B), and UV light (Figure 8C), but it was more
pronounced for the CD-500 membranes tested under UV light.
For example, in saline solution, CD-500 was found to
inactivate almost 99.92 ± 0.03% of the cells within a 3 h
time frame under UV light contact (Figure 6A). However,
when exposed to synthetic wastewater, this toxicity drops to
approximately 71.4 ± 0.6%, indicating a loss of approximately
28.5% in toxicity (Figure 8).
This decrease in toxicity can be attributed to two main

factors. First, the bacteria present in the wastewater are more
resilient to the toxic effects of CD-500 due to the availability of
nutrients that support cellular growth. Second, the minerals
and organic compounds present in the wastewater create a
corona effect around the CD-500 particles on the membrane
surface, ultimately affecting their capacity to absorb light and
emit fluorescence, which in turn compromises their mecha-
nisms of toxicity. These findings demonstrate the need to
optimize the structure and catalytic properties of CD to
maximize the utility of the CD-modified membranes in waters
with fluctuating contents of organic matter and nutrients.

■ CONCLUSIONS
In this study, we produced lignin-derived and photoactive CD
for applications as antibacterial agents. The CD nanoparticles
were effective in imparting antibacterial properties to TFC
membranes under different lighting conditions, including
darkness, simulated daylight, and 365 nm UV light. We
prepared four different CD-modified membranes using CD
suspensions at different concentrations (100, 300, 500, and
1000 μg/mL), and we named them CD-100, CD-300, CD-
500, and CD-1000. All four membranes showed antibacterial
properties in darkness, indicating that the CD coating is active
even in the absence of light. However, the toxicity of the CD-
modified membranes improved significantly under exposure to
simulated daylight and reached its maximum capacity under
exposure to 365 nm UV light. Under UV light, the CD-
modified membranes were highly toxic to both E. coli and B.
subtilis cells but significantly more detrimental to B. subtilis
cells. For example, CD-300, CD-500, and CD-1000 completely
eliminated the attached B. subtilis under 365 nm UV light (no
colonies detected in the plate counting). Among the four CD-
based membranes tested, CD-500 and CD-1000 showed the
highest antibacterial performances. However, CD-1000
revealed a decreased water permeability (parameter A) and
water flux compared to those of CD-500 and the controls. We
also studied the stability of the CD coating by pre-exposing
CD-500 to continuous periods of UV irradiation (0, 3, 6, 9, 15,
and 24 h). We found that the CD membrane showed no loss of
antibacterial activity up to 6 h of continuous exposure to light.
However, its toxicity declined drastically beyond 9 h of
continuous treatment under 365 nm UV light, suggesting that
the CD coating in CD-500, although functional in the first 6 h
of operation, has its stability compromised under prolonged
exposures to UV light. Finally, we tested the antimicrobial
activity of CD-500 in simulated wastewater containing various
electrolytes and glucose as a carbon source. The CD-500
membrane exposed to synthetic wastewater revealed a 28.5%
loss in antibacterial effect compared to the same membrane
tested in the presence of saline solutions. Our findings suggest
that the CD membranes have potential applications under
small-scale and controlled conditions. They also evidence the
need to optimize the properties of CD further to improve their
photocatalytic property and stability under UV irradiation.
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