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Bacterial cellulose composites hold promise as renewable bioinspired materials for industrial and
environmental applications. However, their use as free-standing water filtration membranes is
hindered by low compressive strength, fouling, and poor contaminant selectivity. This study
investigates the potential of bacterial cellulose-graphene oxide composites membranes for fouling
resistance in pressure-driven filtration. Graphene oxide dispersed in poly(ethylene glycol) (PEG-400) is
incorporated as a reinforcing filler into 3D network of bacterial cellulose using an in-situ synthesis
method. The effect of graphene oxide on in situ fermentation yield and the formation of percolated-
network in the composites shows that the optimal membrane properties are reached at a graphene
oxide loading of 2 mg/mL. The two-dimensional graphene oxide nanosheets uniformly dispersed into
the matrix of bacterial cellulose nanofibers via hydrogen-bonded interactions demonstrated nearly
twofold higher water flux (380 L m~2 h~") with a molecular weight cut-off ranging between 100-200 KDa
and a sixfold increase in wet compression strength than pristine BC. When exposed to synthetic
organic foulants and bacterial rich feed solutions, the composite membranes showed more than 95%
flux recovery. Additionally, the membranes achieved over 95% rejection of synthetic natural organic
matter and bacterial rich solutions, showcasing their enhanced fouling resistance and selectivity.

In response to the growing global concerns of water pollution, plastic waste,
and energy shortages, there is a pressing need for the development of eco-
friendly fabrication techniques for renewable bio-based materials. Biode-
gradable biopolymers, including polyesters (such as polyhydroxyalkanoates
(PHA), polylactide (PLA), and polyethylene furanoate (PEF)), poly-
saccharides (such as cellulose, chitin, and alginate), and polyamides (such as
y-poly (glutamic acid) (PGA), silk, and collagen) are garnering increasing
attention due to their potential in addressing these challenges'. Bacterial
cellulose (BC), a biopolymer produced by microbes, has recently gained
significant interest from academic and industry experts. Biosynthesis of BC
relies on glucose, fructose, and glycerol as preferred carbon sources. The
formulation of the nutrient medium and culture conditions, such as shaking
or static culture, significantly influence BC production, morphology of the

fibers and network assembly. Shaking cultures favor efficiency, while static
cultures maintain genetic stability and provide membranes with the high
quality, size and shape which are crucial for applications like water
treatment™’.

BC possesses unique structural and physicochemical properties such as
flexibility and tensile strength (Young Modulus of 15-18 GPa), water
holding capacity (over 100 times of its own weight), high surface area (high
aspect ratio of fibers with diameter 20-100 nm), ease of functionalization,
and permeability to gases and water' . These versatile properties make BC
suitable for a wide range of applications including medical uses, such as
artificial skin, wound dressings, and substrates in drug delivery systems, and
in various industries like food, paper, textiles, and electronics”®. However,
the use of pure BC as a membrane for pressure-driven filtration is not widely
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adopted due to its limitations, such as a lower compressive strength, a lower
permeance, and minimal pollutant retention. The presence of only -OH
groups in the native structure of BC and lack of antibacterial property limit
the diversity of interactions available for repelling and microbial foulants
and hence contribute to its higher susceptibility to fouling™"’. Dehydration
of BC induced by evaporation and compressive stress results in fiber
stacking, which leads to collapsing of open pores permanently and reducing
flux in pressure-driven filtration systems, thus increasing operational costs.
BC membrane is an ideal structure to build on the desirable membrane
properties as the biosynthesis of BC involves formation of some straight
through channels due to the natural and complex formation of loose fibers
in the Z-direction. The abundance of hydroxyl groups in BC facilitates the
formation of hydrogen bonding, resulting in the formation of dense layers'".
However, the interlayer distance formed during biosynthesis of BC due to
natural stacking of dense fiber layers obstructs the formation of straight-
through passages in the Z direction of the membrane. This results in lower
compression strength and higher resistance to fluid permeance through the
membrane. To address these issues, adding a reinforcing filler like graphene
oxide (GO) to the BC membrane was considered to enhance its resistance to
compression stress. GO is among the well-known materials owing to its
multifunctional properties. These include high surface area'* (2600 m’g™"),
favorable physicochemical and mechanical properties” (Young modulus of
300 GPa) and ultrafast transport capabilities* (71 LMH bar ") due to the
presence of several oxygen containing functional groups such as hydroxyls,
epoxy, carboxyl and carbonyl groups'.

Increasing the number of pores and reducing the actual capillary tube
length enhances membrane permeability™®. To achieve this, more pores
should be incorporated in the X-Y direction during BC biosynthesis, with
fibers loosely oriented in the Z direction. The addition of a porogen can both
enhance the membrane’s pore count in the X-Y direction and inhibit layer
stacking in the Z direction during fiber biosynthesis. The addition of
porogen such as Ca-alginate and paraffin wax during BC biosynthesis
enhances pore count and inhibits Z-directional layer stacking but decreases
membrane fineness and poses challenges in porogen removal post-
harvesting'”. PEG is an alternative porogen that exhibits chain mobility,
an excluded volume effect, high-water content, and low interfacial free
energy. PEG is a hydrophilic polymer widely used as an additive for mor-
phology control and increasing the water flux and fouling resistance'*. These
properties facilitate the formation of a protective layer on surfaces, rendering
it an adept choice for fouling resistance. Additionally, its weakly basic ether
linkages deter protein adhesion and generate nano-sized pores, creating
ideal conditions to enhance membrane flux".

Most of the techniques proposed to develop BC as a filter membrane have
involved the use of toxic or expensive chemicals such as poly(hexamethylene
guanidine hydrochloride)*”, complex processes such as sulfonation,
TEMPO-mediated oxidation, phosphorylation or inadequate porogen
removal” to achieve desired properties. Most of the methods employed
involve defibrillating the native fibrillar structure that leads to compromise the
innate properties of BC*'. Enhancing BC compression strength have been
explored by methods such as cross-linking and chemical modification,
exemplified by the use of agents like epichlorohydrin and glutaraldehyde.
Despite efficacy, their acute toxicity necessitates rigorous washing protocols to
remove residual substances™ ",

To address the above challenges, this study explores the in-situ
approach for synthesizing BC-GO composite membranes with optimized
wider pore distribution, mechanical stability in hydrated state and anti-
fouling behavior for pressure driven water filtration applications. A novel
approach to incorporate GO into the 3D network of BC in situ was also
developed, enabling uniform GO distribution all over the surface and pre-
cise control over the design of thin film membrane properties.

Methods

Chemicals and materials

The cellulose producing strain Komagataeibacter hansenii (ATCC 53582)
was procured from American Type Culture Collection (ATCC), Canadaina

frozen vial. The vial was stored at —80 °C until further use. E. coli strain
DH5a was purchased from Microbiologics (Kwik Stik format). The nutrient
components for Hestrin—Schramm (HS) growth medium consisting of
peptone, yeast extract, disodium hydrogen phosphate, citric acid, and glu-
cose were purchased from Nzytech, HilMedia, Glentham and Sigma-
Aldrich. PEG and PEO (poly(ethylene oxide) of different molecular weights,
humic acid (HA; technical grade), sodium alginate (SA) and bovine serum
albumin (BSA; 66 KDa) were purchased from Acros Organics and Sigma-
Aldrich. Graphite powder was obtained from Asbury Graphite Mills, USA.
Sodium nitrate (NaNOs), potassium permanganate (KMNO,; 99%), sul-
furic acid (H,SO4 96%), hydrochloric acid (HCL 36.5% w/w), sodium
hydroxide (NaOH) and hydrogen peroxide (H,O,, 30% v/v aqueous solu-
tion), and absolute ethanol (C,HsOH; 99.95%) were purchased from Sigma-
Aldrich. The petri-dishes (Huanyu; Borosilicate glass; diameter of bottom
dish: 120 mm; height of bottom dish: 27 mm; outer diameter of Upper Lid:
132 mmy; height of upper Lid: 27 mm; thickness: 2 mm) used to grow the
membranes were bought from Amazon.

Microorganisms revival procedure

The sample from the ATCC thawed vial was revived following ATCC
protocol”. After opening the vial, the entire content was transferred asep-
tically into a 10 mL tube containing sterile HS medium (ATCC-1765) with
50gL™" peptone, 5.0gL™" yeast extract, 2.5gL™" disodium hydrogen
phosphate, 1.5 g L™ citric acid, and glucose 20 g L' with pH adjusted to 5.4.
Secondary test tubes were inoculated by transferring 1 mL from the primary
test tube. To prepare a stock culture, several drops from the primary tube
were used to inoculate the ATCC recommended 1765 agar plates. The tubes
and the agar plates were incubated at 26 °C for 4 days and then used for
further studies. The agar plates were stored at 4 °C until further use.

E. coli cultures were initiated from frozen stocks stored in 30% glycerol
at —80 °C. These were handled swiftly to prevent thawing and manipulated
in aseptic conditions. They were streaked onto a Luria-Bertani (LB) agar
plate using a sterile applicator stick and incubated overnight at 37 °C to
obtain isolated colonies. For bacterial quantification, 10-fold serial dilutions
of overnight cultures were prepared and 100 pL from each was spread onto
agar plates. These were incubated overnight at 37 °C. Bacterial concentra-
tions on the order of 1x10° CFU/mL” were targeted for inoculation
of E.coli.

Synthesis and characterization of graphene oxide nano-sheets
GO nano-sheets were synthesized from graphite powder using modified
Hummer’s method'>”. Briefly, graphite (2g) was added to 250 mL of
H,S0,4 (98%) stirred for 1 hat 25 °C, followed by the gradual addition of 10 g
KMnO, and stirred for 24 h. After transferring to an ice bath, 100 mL H,O,
(30%) and 500 mL DI water were added, turning the mixture golden yellow.
The solution was centrifuged, treated with 10% HCI, washed several times to
pH = 5, and the resulting gray paste was dried for storage.

ATR-FTIR spectra of GO were recorded and depicted in Supple-
mentary Fig. 1. GO dispersions were prepared in DI water. In a typical
process, 20 mL of an aqueous GO suspension at concentrations of 0.5, 1, 2,
10, 30 and 50 mg/mL was sonicated and then subjected to intense
mechanical stirring for 60 min. Then the dispersions were left at room
temperature without stirring to remove any trapped air bubble. GO dis-
persions were sterilised by rinsing in ethanol under sterile conditions™. They
were then allowed to dry into a biosafety cabinet before being suspended
into 6 mL of PEG-400 at concentrations of 0.5, 1, 2, 10, 30 and 50 mg/mL.
The mixture was sonicated for 1 h followed by intense mechanical stirring
for 60 min which resulted in the formation of stable dispersions of GO.

In-situ synthesis of BC-GO composite membranes

The HS medium, adjusted to a pH of 5.4, was prepared and autoclaved at
121 °Cfor 15 min. Sterile glass Petri dishes, each with a diameter of 120 mm,
were used to grow the composite membranes as shown in Supplementary
Fig. 3. 150 mL of HS medium inoculated with 4-day pre-grown cultures of
K. Hansenii at a ratio of 1:15 was poured in each Petri dish. In the first set of
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experiments, 10 mL of GO dispersions in DI water at different concentra-
tions (0.5,2, 30 and 50 mg/mL) were added to the inoculated Petri dishes. In
the second set of experiments, 10 mL of GO dispersions in PEG-400 at the
same concentrations (0.5, 2, 30 and 50 mg/mL) were added to the inoculated
Petri dishes. The inoculated petri dishes were labeled and statically incu-
bated at 26 °C. Samples were collected after time intervals of 2,4, 6, 8, 10, 12,
14 and 16 days to analyze the BC production yield. A control experiment,
without GO during BC biosynthesis, was performed in parallel. All the
experiments were performed at least in triplicate, and results correspond to
averages with standard deviations.

Purification and quantification of BC-GO composites

BC-GO composite membranes were isolated from HS media using sterile
forceps and pressed to extrude the extra liquid. To remove the bacterial cells
from the BC-GO composite membranes, they were first rinsed with DI
water, then treated with 0.1 M NaOH at 80 °C for 90 min. Membranes were
rinsed several times with refreshed DI shaking baths until a pH of 7 was
obtained’. For yield analysis, pristine-BC and BC-GO membranes were air-
dried in an oven at 40 °C for 3 days. The mass of the BC-GO composites
collected after different incubation periods was measured using a precision
balance. The BC-GO films were kept in a desiccator for future investigations.

Determination of BC yield

The optical density at 600 nm (ODgg) of the inoculum used to synthesize
BC-GO composites was measured (using UV —Visible spectrophotometer,
Thermo scientific Genesys, 10S) and kept constant for each study batch.
This was done to ensure repeatability of the process.

To explore the effects of different GO concentrations in the nutrient
medium and the optimized incubation duration, the yield of BC production
was calculated. The dry weight (40 °C until constant weight) of in situ
produced BC-GO was measured to determine its yield. BC production was
recorded as the dry weight of cellulose obtained per volume of medium (g/
L). Equation (1) was used to calculate the production yield.

mBC dry
mCarbon source

Yield (%) = (1)

Here, mBC dry is dry weight of the BC membrane (g) and mCarbon source
is the initial weight of carbon source (e.g., glucose or glycerol) in the
medium (L).

Characterization of BC-GO composite membranes

The morphology of the top surface of the dried pristine and BC-GO com-
posite membranes was examined with an FEI Nova NanoSEM 650 Scan-
ning Electron Microscope (SEM) with monopole magnetic immersion final
lens and 60° objective lens geometry at an electron beam energy of 5kV,
emission current of 100 A, and chamber vacuum <10 mPa. To obtain the
cross-sectional images, the membranes were kept in liquid nitrogen for 30 s
and then fractured gently. Before analysis, a 7 nm layer of gold was deposited
on the surface of the samples to maximize conductivity and improve SEM
analysis.

The pore size distribution of the never dried pristine-BC and BC-GO
composite membranes was studied using the Molecular Weight Cut-Off
method (MWCO), defined as the molecular weight of solutes at which
solute rejection reaches 90%. Rejection tests were conducted using PEG and
polyethylene oxide (PEO) solutes with a concentration of 200 ppm in DI
water. The tests were performed with PEG and PEO solutes having mole-
cular weights (MW) of 10,000; 20,000; 35,000; 90,000; 100,000; 200,000 and
300,000 g/mol under the operating pressure of 2 bar at 25 °C in a cross-flow
filtration setup, as shown in Supplementary Fig. 2*. Solutes were filtered for
1h and % rejection was calculated, with the use of a TOC analyzer
(SCHIMADZU Corporation, TOC-L CSH).

The Stokes radius ry(nm) of the PEG and PEO solutes were calculated
based on their molecular weights from Egs. (2) and (3) respectively:

PEGr,=16.73 X 1072 x MW7 2

PEO I'S=1044 X 1072 X MW0‘587 (3)

Plotting solute rejection against the Stokes diameter of PEG and PEO
in a log-normal probability plot, a straight line and a linear equation can be
obtained via curve fitting. From Egs. (2) and (3), the average effective pore
size of the never dried membranes could be obtained. Ignoring the stericand
hydrodynamic interactions between solutes and pores, the mean pore size
(rp) and the geometric standard deviation of the effective pore size are the
same. The pore size distribution of the membranes can be deduced
according to the following probability density function®.

2
w1 | (o) |
dr, d,lna, Van 2 <lncp> ’

where y,, is the mean effective pore size which is determined with the solute
rejection Rs = 50%, and o, is the geometric standard deviation which is
defined as the ratio of dj, at Rs = 84.13% over that at R = 50%.

The physicochemical characterization of the BC-GO composites was
conducted using Fourier transform infrared (FTIR) spectroscopy (Perki-
nElmer, Frontier). Composite films were placed on a ZnSe crystal and
analyzed. Spectra were recorded in the 4000-500 cm ™' wavenumber range
at a resolution of 4 cm™" with 32 scans taken to obtain the ATR-FTIR
spectra.

The Raman spectra were acquired with a WI Tec’s Alpha 300 R con-
focal micro-Raman imaging spectrometer with a visible laser excitation
source at 532 nm. The spectra were recorded over six different points with
accumulations of 10 and acquisition time of 20 s for each spectrum.

The thermal characteristics of BC-GO composite membranes were
measured using Thermogravimetric analysis (TGA) (NETZSCH High
Temperature TGA) with a platinum crucible under inert settings. BC-GO
membranes (2-5 mg) were heated 20 °C to 800 °C at a rate of 10 °C/min
with nitrogen gas flow (30 mL/min).

The streaming potential of the BC-GO composite membranes was
determined with a SurPASS3 (Anton Paar GmbH) Electrokinetic Analyzer
having an adjustable gap cell (20 x 10 mm) with pressure vessel volume and
fill volume of 0.00235m’ and 0.0001 m’ respectively. The background
solution included 10 mM KCl, and the starting pH was 2. To adjust pH,
appropriate amounts of 0.1 M KOH were dosed automatically into the
tested solution. Three washing cycles and four zeta potential measurements
with a pressure of 400 mbar and flow rate of 500 mL/min were performed
for each pH.

The static contact angles of BC-GO composite membranes were
determined using the sessile drop technique on a Kriiss GmbH drop shape
analyzer, DSA25, with 5 uL DI water droplets ejected by a micro-syringe.
Measurements were taken over five distinct surface areas, and average
results were reported.

Compression measurements for BC-GO composites were conducted
on an advanced rotational rheometer (HAAKE Mars III Rheometer,
Thermo Fisher Scientific, Karlsruhe, Germany) with a heat adjustable Pel-
tier element at a temperature of 25 °C. Parallel plates of 25 mm diameter
were used after coating a fine emery paper to improve adhesion (P240/S85,
58 um roughness). For each experiment, the initial gap corresponding to the
distance between the top and bottom plates, was adjusted according to the
sample thickness. The behavior under compression was studied at a strain
rate of 100 pm/s to investigate the response of the composites under com-
pression. Samples were compressed from their initial thickness to the nar-
rowest possible gap (typically 300-500 um) achievable within the
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constraints of the normal force transducer (50 N) of the instrument.
Between 5 and 8 replicates were measured.

The porosity of pristine-BC and BC-GO composites was determined
using the gravimetric method. Membranes were cut into equal circles,
soaked in DI water for 24 h, then weighed. After weighing, they were dried
according to the method described in section “Purification and quantifi-
cation of BC-GO composites” and their dry weight was recorded. Mem-
brane thickness was measured using a digital micrometer (Mitutoyo, Japan).
Porosity was calculated using Eq. (5)

Wwet — Wdry
E=— (5)
A.mt.p,
where ¢ is the porosity (%), Wwet and Wdry are the wet and dry weights (g),
A is the membrane area (cm?), mt is the measured membrane thickness
(cm), pg is the DI water density at T = (0.998 gcm™).

Membrane filtration performance

A cross-flow filtration setup designed in lab and equipped with a com-
mercial cross-flow filtration cell (Sterlitech, CF042 Cell, Acetal Copolymer
(Delrin) (CF042D), as shown in Supplementary Fig. 2, was used to evaluate
membrane performance under pressure. It should be noted that for all
filtration tests, never dried pristine-BC and BC-GO composites with a
thickness of 1.2 mm were used. At lower thicknesses than 1.2 mm, the
membrane is not considered to be self-standing, which makes it more dif-
ficult to handle. A wet thickness of around 1.2 mm is considered to exhibit
maximum flow and stability. The effective filtration area of the membranes
used was 42 cm’, determined by the holder aperture. Prior to filtration,
membranes were compacted for 30 min at a pressure of 2 bar. The eva-
luation of membrane’s stability in flux was conducted by recording the Pure
Water Flux (PWEF) variations over different pressures ranging from 0.1 to
3.0 bar. Subsequently, experiments were performed under the established
stable conditions of flux and pressure, ensuring consistency in performance
throughout the study. The volume of DI water collected on the permeate
side after 1 h was measured. Five filtration cycles, each lasting for 1 h, were
run with pure water for pristine-BC and BC-GO composite membranes.
PWEF (J,,) (LMH) was calculated using Eq. (6).

Jw =73 (6)

where V is the volume of permeate (L), A is the effective filtration area (m?)
and t is the filtration duration (h).

To assess the anti-fouling performance of pristine-BC and BC-GO
composite membranes, synthetic NOM solution mimicking the foulants
present in wastewater was synthesized. The foulant solutions were prepared
by dissolving the appropriate amount of BSA, SA and HA to yield a
100-ppm solution in 10 mM phosphate buffer solution (pH =7) for BSA
and in DI water for SA. For HA, 100 ppm HA solution was prepared by
dissolving HA in 0.1 M NaOH solution, followed by pH reduction to 7 by
adding 0.5 M HCl solution™.

The Natural Organic Matter (NOM) synthetic solution was used to
evaluate membrane antifouling properties. The NOM solution was used as a
feed solution and kept under agitation using a magnetic stirrer so that the
larger foulants do not settle at the bottom of the feed tank. In the first set of
filtration cycles, the 200 ppm NOM solution was run for 5 h in the cross-
flow assembly. After every 1 h of filtration with NOM, the membranes were
cleaned by shear in the crossflow cell using DI water. The cleaning of the
membranes was followed by recording the PWF for 1h and then again
feeding NOM. This cleaning and fouling operation continued for five cycles.
In the second set of filtration cycles, the same procedure was adopted except
that instead of DI water, 0.05 M NaOH solution was used as a cleaning
solution. The NOM content in the feed and permeate solutions was
determined by TOC analyzer using a non-dispersive infra-red detector
(NDIR) with a supply gas pressure of 254.0 Kpa and carrier gas flow rate of

150 mL/min. The furnace temperature was maintained at 681 °C and NDIR
temperature set at 65.4 °C. The rejection of NOM was calculated with
Eq. (7).

Re1-[S2) x100% %)
Cr

Where C, and C¢ are the TOC concentrations in the permeate and feed
solutions, respectively. The flux recovery ratio (FRR) was calculated using
Eq. (8).

WYI

FRR (%) = ]] X 100% (8)

W1

Where J,y, and Jop, 1 is the water flux in the n cycle and (n-1) ® cycle (LMH)
respectively.

In the next stages of filtration, the membranes were evaluated for the
removal of microbial pollutants (E. coli) from model wastewater. The cross-
flow filtration mode was also used for the filtration of bacteria, with the
exception that the feed and permeate vessels were jacketed to regulate
temperature. Before testing, the filter cell was rinsed in an aqueous solution
of sodium chlorate (1000 ppm) for 30 min to ensure that all bacteria were
removed. It was then repeatedly washed with deionized water. All the
glassware was sterilised at high pressure and elevated temperature (120 °C,
198 kPa) for 15 min. Tests for bacterial retention were conducted at room
temperature (22-24 °C). The plate counting method was used to determine
the bacterial concentration. This procedure involved uniformly spreading
100 pL of produced dilutions onto LB solid medium, which was then cul-
tivated for 18 h at 37 °C in a temperature incubator. After 18 h, pictures were
taken to record the number of colonies. From these plates, bacterial culture
was standardized to minimize the impact of changes in bacterial physiology
on outcomes. The filtration lasted for five cycles with intermediate cleaning
in between the cycles with DI water. Permeate was collected after every hour.
The biofouling pattern of the membranes was followed by recording the
PWEF and flux decline when bacterial broth was fed to the membrane. The
rejection of E. coli from permeates and feed samples were analysed by flow
cytometer (FCM).

FCM samples were stained according to the standardized protocol
proposed in the EAWAG, switzerland®. Intact (ICC) and membrane-
compromised (MCC) cell counts for E. coli populations in feed and
permeate waters were determined by dual staining with propidium Iodide
(PI, Sigma Aldrich, UK) and SYBR Green 1 (SG, Sigma Aldrich, UK).
Intermediate dual-staining stock solutions (DS) of 100 x SG and 600 uM PI
were prepared from master stocks by dilution in 10 mM 0.22 pm filtered
TRIS (pH 8.1). 5 uL of intermediate stock was added to 495 pL of sample to
bring the final stain concentrations to 1 x and 6 uM (for SG and PI,
respectively). For unstained control samples, 5 pL of 0.85% w/v NaCl (sterile
filtered) was used in place of DS, to bring to the same final volume as stained
samples (500 pL). Samples were briefly vortexed and incubated at 30 °C in
the dark for 20 min with gentle mixing on an orbital shaker (at 110 RPM).
Once stained, samples were immediately queued for acquisition on an
Accuri C6+ (BD, USA). A threshold of 12,000 on FSC-H was used, based on
optimization tests using E. coli, carried out previously by our group. Samples
were acquired using a flow rate of 35 uL min ", with a core size of 16 um and
a sample acquisition volume limit of 50 pL. SG fluorescence was captured in
FL1-H (533/30 nm) and PI was captured in FL3-H (670 LP). Samples were
diluted, prior to staining, based on initial pre-run tests to ensure counts were
kept below 4000 events/pL. FCM data processing was carried out using
computational FCM workflows, essentially as described previously™.
Briefly, FCS files describing FCM datasets were read into RStudio using the
FlowCore package”. Flowset expression data were transformed by logical
transformation in FlowCore and population statistics were calculated using
a user defined gating template, shown in Supplementary Fig. 4 for com-
putational gating as part of the OpenCyto package™ to mitigate against
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idiosyncratic artefacts associated with traditional manual gating. Statistical
contrasts between membrane types were carried out in R” within RStudio”
using 1- and 2-way ANOVA tests as implemented in the stats package in R.

The bacterial retention efficiency of the membranes was calculated in
terms of LRV (Log reduction values) defined in Eq. (9).

LRV = log % 9)
P

Where C, and C, are the concentrations of feed and permeate solution,
respectively.

Results and discussion

The discussion first addresses the controlled in-situ synthesis of BC-GO
membranes and the impact of varying GO concentrations on BC yield,
elucidated in terms of wet thickness over different incubation periods.
Subsequent sections cover membrane morphology and physicochemical
properties, followed by an evaluation of the filtration capabilities, including
permeance, fouling behavior and rejection of microbial pollutants.

In-situ biosynthesis of BC-GO composite membranes
In-situ bio fabrication of BC composites, which involves adding compo-
nents directly into the nutrient medium, is an effective approach for
incorporating new elements into the BC network™'. Water-soluble poly-
mers are commonly utilized in static in situ BC fermentation because they
mix well with the nutrient medium and become confined within the BC
network. Incorporating inorganic particles into the BC network is chal-
lenging due to their instability in ionic strength needed for bacterial
fermentation®. The in situ agitated biosynthesis technique appears as an
effective method to suspend inorganic particles uniformly in the nutrient
medium which facilitates their incorporation into the BC network during
fermentation. However, this method typically produces only small spherical
BC membranes less than 1 cm in diameter, which are more likely to disperse
into the entire medium volume rather than being incorporated into the BC
network***, To overcome these challenges, two approaches to incorporate
GO into the BC network were explored.

With the first approach, at lower concentrations (0.5 and 2 mg/mL) of
GO dispersed in DI water, BC pellicle was formed at the air-liquid interface
while GO nanosheets settled at the bottom, resulting in no interfacial
incorporation of GO in BC. At higher concentrations of GO dispersed in DI
water (30 and 50 mg/mL), a fraction of GO was incorporated into the BC
network, but the membranes were weak and inconsistent, likely due to
reduced fiber formation caused by the antibacterial effects of GO®. This
method did not achieve homogeneous composites or the desired membrane
thickness for higher pressure applications. The major challenge encountered
with this approach was the dispersion of GO into the nutrient medium,
prompting the exploration of an alternative synthesis approach*".

With the second approach aimed at preparing a stable dispersion of
GO into PEG-400. Because PEG-400 has high aqueous solubility and is
known to enhance the prolonged stability of GO in HS-medium"'. PEG-400
was found optimal for preparing a stable dispersion due to its viscosity®
(70.4 mPa.s and density of 1000.3 Kg m at 298 K) falling within the range
of the HS medium, ensuring compatibility with the desired dispersion
characteristics”. The higher molecular weight PEG variants such as PEG-
600, PEG-1000, and PEG-2000 exhibit higher viscosity levels and are
therefore less suitable for achieving the desired dispersion dynamics within
the medium*’. Conversely, PEG-200, characterized by a lower viscosity, was
not suitable to prepare the dispersion*”*’. After 3 days of incubation, a three-
dimensional BC-GO hydrogel with cross-linked network of BC nanofibers
was formed at the air-water interface. No leftover GO was observed in the
Petri dishes with concentration of 0.5 and 2 mg/mL post-harvesting as the
composites were very stable, showed strong resistance in tension and could
not be torn apart. However, GO dispersion could be still seen in the Petri
dishes with concentration of 30 and 50 mg/mL. Higher GO concentrations
inhibited the secretion of fibers and the formation of strong adhesion

between GO and BC. High concentrations of GO have been reported to
induce antibacterial properties by interacting with bacterial membranes,
causing local perturbations that decrease membrane potential, leading to
electrolyte leakage and cell lysis*". The results were supported by yield and
wet thickness analysis discussed in the following section. The membranes
harvested from the medium with PEG-dispersed GO were labeled as M 0.0
(pristine-BC), M 0.5 (BC-GO 0.5 mg/mL), M 2.0 (BC-GO 2 mg/mL), M 30
(BC-GO 30 mg/mL), and M 50 (BC-GO 50 mg/mL) for further analysis and
characterization.

BC yield and wet thickness

BC-GO composite membranes were harvested every second day of incu-
bation till the 16th day. The addition of GO at concentrations of 0.5 mg/mL
and 2 mg/mL resulted in thickness of 4.3 and 4.0 mm respectively, on day
16. The desired thickness of 1.2 mm for the never dried BC-GO composites
to be used as free-standing membranes in pressure driven filtration was
achieved after 3 days of incubation. During the 1st day of incubation in the
growth medium, the cultures experienced a lag phase as they adapted to
changing environmental conditions, observed across all GO concentrations.
After 12 h, bacteria entered the exponential phase and began generating BC
pellicles at the air-media interface. Rapid metabolism during the expo-
nential phase resulted in enhanced glucose absorption after 12 h. At this
point, the concentration of GO in the medium defines the formation of
composites. HS-medium with 0.5 mg/mL GO showed the highest yield
among all concentration ranges, likely because K. Hansenii are gram-
negative bacteria having lipopolysaccharides on their cell membranes,
which favor interactions with GO™>*. Asa result, further incubation time for
new batches were limited to 4 days of incubation. From the wet thickness
and yield curve analysis after day 5, the yield values started decreasing,
leading to lower wet thickness values.

At higher concentrations of GO (30 mg/mL and 50 mg/mL), the
yield decreased from the first day of incubation (Figure la), indicating
that GO concentration was the rate limiting factor for the production of
BC-GO composites. Higher GO concentrations dispersed in PEG,
retarded the fiber formation of BC, resulting in lower yields. The addi-
tion of GO (30 mg/mL and 50 mg/mL) significantly reduced the wet
thickness of the composites from millimeter to submillimeter levels over
the different periods of incubation as shown in Figure 1b. At higher
concentration ranges, after the exponential phase of growth, the decline
in oxygen saturation and glucose uptake is accelerated, resulting in the
inhibitory effect on the formation of BC-GO composites. This decline
results in lower yield because bacteria cannot cope with the unfavorable
conditions and hence, they stop growing.

The synergistic impact of PEG and GO on the overall yield of the BC-
GO composites can be elucidated by their effect on the crystallinity of BC.
Some studies reported that the crystallization process serves as a rate-
limiting step in BC production™. To overcome this limitation, water-soluble
polymers with negatively charged moieties have been employed as sup-
plements to increase yield by diminishing BC crystallinity. The negatively
charged groups prevent aggregation by repulsion and the polymers attach to
BC microfibrils via hydrogen bonds™ . However, in the adopted synthesis
route for BC-GO composites, GO did not lead to a yield increase, pre-
sumably due to a notable rise in HS-medium viscosity caused by PEG. The
viscosity of the HS-medium influences the penetration of water-soluble
polymers into the BC microfibril matrix. When PEG is introduced into the
HS medium, the viscosity decreases to a level where GO remains well-
dispersed in the medium without settling at the bottom of the petri dish.
This promotes better penetration of GO into the BC fiber network and
allows it to access the surface of most BC microfibrils. At higher con-
centrations, GO nanosheets could be entrapped into the BC network, but
the composites did not achieve desired thickness suitable for use as free-
standing membranes in pressure-driven filtration. This is because higher
concentrations increase the viscosity of the nutrient medium, reducing the
movement necessary for the excretion of microfibers. Furthermore, the
higher concentration of GO imposes oxidative stress resulting in anti-
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Fig. 1 | Impact of GO integration on the growth 10+
kinetics of BC measured in terms of yield analysis 3)5 {1 —T-Moo g = m gg
and wet thickness. a Yield (g/L) measured every s/l M 2.0
2 days during incubation for GO concentrations of a ™M 30
0.0 (M 0.0), 0.5 (M 0.5), 2 (M 2.0), 30 (M 30), 50 (M £ |50
50) mg/mL. b Wet thickness measurements of BC- ] 61
GO composites harvested every 2 days for GO g
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Fig. 2 | Morphological characterization of BC and
BC-GO composites. Scanning electron micro-
graphs (SEM) of the surface of (a) Pristine-BC (M
0.0) (b) BC-GO (M 0.5) composite with 0.5 mg/mL
GO concentration (¢) BC-GO (M 0.5) composite
with 0.5 mg/mL GO concentration (d) BC-GO (M
2.0) composite with 2.0 mg/mL GO concentration
(e) BC-GO (M 30) composite with 30 mg/mL GO
concentration (f) BC-GO (M 30) composite with
30 mg/mL GO concentration. SEM of cross section
of (g) Pristine-BC (M 0.0) (h) BC-GO with

0.5 mg/mL GO concentration (M 0.5) (i) BC-GO
with 2 mg/mL GO concentration (M 2.0).

2) M 0.0

500 nm

h) M 0.5

bacterial effect on the inoculum and hence less fiber synthesis and lower
yield™.

Following the yield and wet thickness analysis, some of the composite
membranes were dried and used for characterization. However, for evalu-
ating separation performance and fouling behavior, we specifically tested
composite membranes with a thickness of 1.2 mm and a GO concentration
of 0.5 and 2 mg/mL respectively.

Morphology of BC-GO composites

The pristine-BC films showed highly entangled and continuous fiber layers
as shown in Fig. 2a. However, with the incorporation of different con-
centrations of GO into BC, different morphologies of BC-GO composites
were observed. First, at lower GO concentrations (0.5 to 2 mg/mL), the
nanosheets were found to be dispersed uniformly in the interlayers of the BC
network (Fig. 2b-d). A smooth interface between two materials is formed
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Fig. 3 | Pore size distribution and porosity of composite membranes. a MWCO
curve representing rejection of PEG and PEO (b) Pore size distribution and mean
pore diameter calculated from MWCO method for M 0.0 (Pristine-BC), M 0.5 (BC-
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Pore size (nm)

GO 0.5mg/mL), M 2.0 (BC-GO 2 mg/mL) (c) Porosity of Pristine-BC and BC-GO
composites with a thickness of 1.2 mm and incubation of 4 days.

with the improved interfacial adhesion between two materials brought into
by PEG. The interfacial adhesion arises from the intermolecular hydrogen-
bonding”. The improved dispersion compatibility between HS-medium,
GO and PEG arising from intramolecular hydrogen bonding resulted in the
effective secretion of BC fibers overlapped and wrapping up the GO
nanosheets in between microfibrils. The layer-by-layer thin sheets in BC
were seen to be formed that gradually thicken with the increase of cultivation
time. This approach of incorporation of GO into different layers supports
the interconnection of neighboring GO nanosheets and helps to establish a
perforated network-like structure. The perforated structure of BC was also
supported by the introduction of porogen, PEG, which was confirmed by
the cross-sectional images taken by high intense FIB while cutting across the
body of the membrane. Uniform pores, which are not native to the pristine-
BC™, were seen formed throughout the body of the membranes (Fig. 2h,i)
for M 0.5 and M 2.0. At higher concentrations of GO (50 mg/mL), the
graphene nanosheets were found to be segregated from each other forming
isolated patches in the mesh of the BC fibers (Fig. 2f). The patches of GO
were seen formed in between the BC fibers, which were not very consistent
and uniform. However, at 30 mg/mL, a smaller number of fibers were seen
interweaving between the GO nanosheets (Fig. 2¢), however agglomerated
nanosheets could be observed as well. With retarded formation of fibers, BC
membranes were not stable to hold the GO uniformly onto the surface or
in bulk.

The changes in morphology observed through SEM micrographs lead
to changes in pore morphology and distribution. Figure 3b illustrates the
pore size distributions of the pristine and BC-GO composite membranes.
The incorporation of GO-PEG into BC matrix affected the average pore
diameter and distribution of the resulting BC-GO composites. Specifically,
the average pore diameter was reduced from 64 nm in pristine BC to 53 nm
(a 17.2% reduction) in BC-GO composites with 0.5 mg/mL GO and further
decreases to 42 nm (a 34.4% reduction) in BC-GO composites with 2 mg/
mL GO. This reduction in pore size is indicative of the formation of
nanopores as GO acts as a nanofiller and fills the larger pores reducing the
average pore diameter. Notably, while the average pore diameter is reduced,
the BC-GO composites exhibit a broader pore size distribution, ranging
from 20 nm to 90 nm, compared to pristine BC. Several studies where high
flux and fouling resistance is an important parameter have been reported
with broader pore size distribution. Higher flux, fouling resistance and
NOM rejection was reported in modified PES ultrafiltration membranes
with broader pore size distribution between 10-50 nm and the mean pore
diameter of 24 nm™®. Another study reported the broader pore distribution
in PEG modified PVDF membrane between 28-135 nm with higher flux
and protein purification performance®. Because of the natural stacking of
sheets in Z direction for Pristine-BC, the pores in between the sheets cannot
correspond to each other, resulting in formation of tortuous paths for the
fluid flow. The likelihood of a straight-through channel emerging in the Z
direction rises as the number of pores in the X-Y direction increases which

results in a reduction in the actual capillary tube length and an improvement
in the membrane’s flux. As the number of pores increase in the BC-GO
composites, the formation of straight through channels increases which
results in enhancing the fluid flow through the membranes®™®. The results
were also supported by an increase in porosity of BC-GO composites
compared to Pristine-BC by 32 and 35% for M 0.5 and M 2.0, respectively, as
shown in Fig. 3c.

Physicochemical characterization of BC-GO composites

In order to fully understand the effect of GO incorporation on the physi-
cochemical properties of BC, and eventually, to be able to adjust the growth
conditions of the composite membranes to improve thermal stability, sur-
face charges and hydrophilicity, chemical characterization of the mem-
branes was carried out.

FT-IR spectra revealed characteristic bands of BC at 3340, 2885, 1650,
1310, 1030 cm™* corresponding to —OH stretching vibrations, —CH
asymmetric stretching (CH, and CHj groups), —OH bending vibrations,
CH, symmetric bending, and C-O skeletal stretching, respectively***. The
addition of GO into the BC, resulted in significant changes in the spectra
(Fig. 4a). The intensity of the band at 3345 cm ™ corresponding to stretching
vibrations of BC hydroxyl groups, decrease with increasing GO content up
to 2 mg/mL. However, at higher GO concentrations, the band remains
unaltered, indicating the possible agglomeration of GO*. The broadened
band at 3371 cm ™" in GO-BC composites suggests that the hydrogen bonds
in BC have been disturbed. Also, the appearance of a new band at 1650 cm ™
representing the antisymmetric stretching vibrations of carboxylate groups,
which shows gradual increase in intensity up to 2 mg/mL. This may be due
to strong hydrogen bonding interactions between GO and BC®. Following
this, the band intensity decreases for BC-GO at concentrations of 30 and
50 mg/mL. This decrease confirms that fewer interactions occur between
GO and BC at higher concentrations.

Raman spectra of all BC-GO composites showed two distinctive peaks
at ~1597 and ~1350 cm ™, consistent with those found in GO, which cor-
respond to the G and D bands of GO, respectively (Fig. 4b)”". The D band
corresponds to defects in the carbon backbone, and the G band is due to the
presence of sp” hybridization in graphitic layers. However, GO is not a
purely sp’ system but a highly disordered one with a significant sp’ content.
So, the decrease of defects in GO would produce an increase of the D/G ratio.
This is because there would be more sp” C atoms surrounding the defects (it
is always the sp2 atoms around, not the defects themselves, which give rise to
the D band)®®. The degree of chemical functionalization in carbon materials
can be inferred from the ratio of the intensities of the D and G bands (14/1,);
that is, the lower the 14/1, ratio, the higher the degree of order of the car-
bonaceous materials®. Both BC-GO composites (0.5 and 2 mg/mL) showed
ahigher I4/I, ratio of 1.02 and 1.44 respectively, suggesting the occurrence of
intercalated GO between BC fibers, resulting in increased disorder of the GO
sheets”’. The higher I4/I, ratio observed in BC-GO 2 mg/mL indicates better
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Fig. 4 | Physicochemical characterization of BC and BC-GO composites of
Pristine-BC (M 0.0), BC-GO 0.5 mg/mL (M 0.5), BC-GO 2 mg/mL (M 2.0), BC-
GO 30 mg/mL (M 30), BC-GO 50 mg/mL (M 50). a FT-IR spectra of M 0.0, M 0.5,
M 2.0, M 30 and M 50. b Raman spectra of M 0.5, M 2.0, M 30 and M 50. ¢ TGA

Time (s) Strain (%)

profile of M 0.0, M 0.5, M 2.0, M 30 and M 50. d Streaming potential of M 0.0, M 0.5,
M 2.0, M 30 and M 50. e Water contact angle (8) of M 0.5, (M 2.0) with respect to M
0.0. f Compression modulus of M 0.0, M 0.5, M 2.0.

interfacial interaction, which leads to the removal of oxygen moieties from
GO sheets”””, However, at higher concentrations, the I4/1, is low, suggesting
less interactions between BC fibers and GO, which correlates with the lower
stability of the membranes. M 0.5 showed a peak at 2720cm™' and
~2931 cm™" corresponding to 2D and D + G bands respectively. The D + G
band diminishes with increasing GO concentration which suggests a layered
texture of GO in M 0.5 and M 2.0”.

The effect of GO incorporation on the onset (T,) and peak degradation
(Tp) temperatures and residual ash content (wt %) was evaluated by thermal
analysis of the composites (Fig. 4c). The present method for in situ BC-GO
biosynthesis demonstrates that GO incorporation greatly enhanced the
thermal stability of BC, a phenomenon that was observed at all GO con-
centrations used. When heated to 200 °C, the pristine BClost approximately
5% of their weight because of the moisture evaporation, with T, and T,
being 206 °C and 265 °C, respectively. For all GO concentrations, the BC-
GO composites displayed three primary degradation profiles: (i) removal of
absorbed moisture due to hydrophilic nature of BC-GO composites; (ii) the
onset and peak degradation steps resulting from depolymerization of BC by
breaking down the glycosidic bonds; and (iii) release of gaseous products like
carbon dioxide or carbon monoxide and presence of solid ash content at
temperatures above 400 °C. From the residual ash content analysis, the
incorporation of GO lowers the conversion of BC-GO composites into
gaseous products and ash content above 400 °C which demonstrates the
thermal stability of composites. The residual ash content increased from
0.5% for pure BC to 23%, 28%, 59% and 69% for BC-GO composites (0.5, 2,
30 and 50 mg/mL) respectively. The higher concentration BC-GO com-
posites showed more behavior like GO, an indication of lesser number of
fiber formations during in situ biosynthesis. However, for the lower con-
centration, the effective hydrogen bonding interactions between BC and GO
leads to increased thermal stability”.

Electrostatic interactions and surface charge variations of BC-GO
composites as a function of pH were evaluated by streaming potential
measurements. With the change in pH to the more basic side, all the
membranes exhibit negative zeta potential values (Fig. 4d). The surface

charge becomes more negative with the increase of GO concentration in BC
with the pristine-BC having a surface charge of —2.3 mV at pH 9. However,
the BC-GO composites with concentration of 0.5 and 2.0 mg/mL have the
surface charge of —23.1 and —27.2 mV respectively at pH 9. The negative
streaming potential is most likely caused by deprotonation of carboxylic acid
and hydroxyl groups present on the surface/edges of the BC-GO
composites””. As the pH was increased, the surface charge became more
negative which can be ascribed to the ionization of carboxylic acid groups in
response to pH changes although a dynamic structure reformation may
occur’’. However, at lower pH values, the surface charge is less negative
which is due to the protonation of carboxylic groups on the membranes”.

The membrane hydrophilicity was elucidated by measuring the water
contact angle as shown in Fig. 4e. The lower value of the water contact angle
is favored for high membrane hydrophilicity, which can attract more water
molecules and thus improve the water flux and antifouling property of the
membranes. Herein, GO intercalated between BC layers significantly lowers
the contact angle of composite membranes compared with pristine-BC.
Pristine-BC has the initial contact angle of 55.4° which decreases with time
and reaches a value of 47.2° over a span of 90 s as water is absorbed by the
membrane. However, for BC-GO 0.5 and 2 mg/mL composites the initial
contact angle values are 24° and 21.3° respectively which eventually
decreases to 13.2° and 9.2° making the membranes superhydrophillic. This
increased hydrophilicity was attributable to the fact that the hydrophilic
functional groups of the GO and PEG were embedded into the membrane
which absorb more water and hence lowering the contact angle***.

Mechanical stability of BC-GO composites

The impact of GO and PEG on the compression resilience of BC composites
was analyzed by measuring the compressive strength. From Fig. 4f of stress-
strain curve, the initial linear region is exhibited. After the linear region, a
stress plateau begins to form representing the collapse of structure. Pristine-
BC shows the lowest compression modulus of 73 Kpa at 80% compressive
strain. BC-GO composites with 0.5 and 2 mg/mL concentration showed
more stiffness and increased compressive stress to 315 kPa and 434 kPa
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Fig. 5 | Pure water flux, flux decline with NOM and flux recovery. a PWF variation
of BCand BC-GO (M 0.0, M 0.5, M 2.0) composites with varying pressure. b PWF of
M 0.0, M 0.5 and M 2.0 for 5 h. Separation performance with NOM ¢ Flux decline
with NOM and flux recovery profile of M 0.0. d Flux decline with NOM and flux

recovery profile of M 0.5. e Flux decline with NOM and flux recovery profile of M 2.0.
f Average flux recovery (%) recorded over five filtration cycles for M 0.0, M 0.5
and M 2.0.

respectively at 80% compressive strain which can be attributed to the
stiffness of GO as a reinforcing nanofiller and resilience of PEG which
prevents pore collapse of BC. Although the increase in compression strength
of BC-GO composites is associated with the incorporation of nanofillers, the
behavior of water inside the composites should also be considered. Water
does not only bind cellulose chains, but it also binds the nanofillers inside.
When membranes are subjected to compression, the water is forced to
escape by reducing the volume of membrane under stress. So, the resistance
of the incompressible water escaping the membranes plays an important
role in compression behavior. BC-GO composites in principle exhibit
improved water holding capacity since the added hydrophilic moieties
would bind to more water molecules, and hence there will not be complete
shrinkage of membrane under an applied compressive stress. Under com-
pressive stresses, water was forced out of each membrane and the com-
pressive strength for BC-GO (2 mg/mL) was found to be fourfold higher
than pristine-BC***.

Membrane filtration performance

To investigate the effect of incorporating GO into the BC network, the
properties such as PWF, fouling behavior and rejection of microbial pol-
lutants were measured by using three membranes as pristine-BC, BC-GO
(0.5 mg/mL) and BC-GO (2 mg/mL) in a cross-flow mode.

The PWF of the membranes was systematically evaluated across a
pressure range of 0.1 to 3 bar, as illustrated in Fig. 5a. The membranes
showed a linear relationship of flux variation up to 2 bar. However,
beyond 2 bar the stability in flux was observed indicating that the max-
imum compaction had occurred and maximum number of functional
pores are open and actively contributing to permeation at this pressure.
This behavior is in agreement with the flux variation of hydrogel and
never dried BC membranes where a stable flux is reached after maximum
compaction has occurred®*®. Furthermore, the incorporation of GO into
BC enhances the mechanical properties of the composite membrane. GO
acts as a reinforcing filler, allowing a greater number of open pores to

remain functional compared to pristine BC membranes, thereby
improving overall flux performance. The GO reinforcement not only
increases the membrane’s structural integrity but also enhances pore
interconnectivity as shown in Fig. 2h,i. The better pore connectivity in
membranes with the incorporation of GO was reported in polybutylene
succinate nanofiber membrane® and polysulfone membranes”. As a
result, BC-GO composites exhibit higher flux in comparison to pristine
BC membranes, as GO mitigates pore closure under compression,
enabling sustained permeation rates at elevated pressures. Consequently,
all subsequent filtration performance assessments were conducted under
this established pressure condition of 2 bar. PWF was measured over five
filtration cycles each lasting for 1h as shown in Fig. 5b. BC-GO com-
posite membranes showed higher PWF than pristine-BC. The PWF of
pristine-BC was 170.45 LMH which increased to 295.3 LMH for BC-GO
(0.5mg/mL) and finally to 394.56 LMH for BC-GO (2 mg/mL). The
increase in PWF was more dominant in BC-GO (2 mg/mL). The increase
in flux was attributed to the hydrophilic nature of GO and formation of
more nanopores and wider pore size distribution in the BC-GO com-
posites as shown in Fig. 3a. Also GO acts as a nanofiller, which increases
the compression resilience of BC-GO composites and helps to keep more
pores open when subjected to pressure®*. The PWF for these mem-
branes remained stable over five filtration cycles. The PWF of BC-GO
composites was higher in comparison to other reported BC based
membranes; for instance, with never dried BC harvested after 5 days of
incubation (204 LMH at 2.5 bar)*; BC nanopapers flux depending on the
grammage of the nanopapers with the highest PWF as 50 LMH Mpa ™'
freeze dried BC membranes harvested after 3 days of incubation (52 LMH
at2 bar)”. Attempts to prepare BC nanopapers from aqueous dispersions
and organic liquids to increase the permeance have been reported with
pure water permeance values of 29; 6; 1000; 250 and 100 LMH Mpa
lower than the BC-GO composites prepared by in-situ synthesis**’".
BC-GO composite membranes showed improved PWF and stability in
comparison to other commercial ultrafiltration membranes such as
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Fig. 6 | NOM rejection, flux profile with bacterial solutions and post filtration
morphology. a Rejection of NOM for M 0.0, M 0.5 and M 2.0. b Flux decline and
recovery with bacteria for M 0.0 (Pristine-BC). ¢ Flux decline and recovery with
bacteria for M 0.5 (BC-GO 0.5 mg/mL). d Flux decline and recovery with bacteria for
M 2.0 (BC-GO 2 mg/mL). e Average flux recovery (%) after cleaning with DI water.

SEM micrographs after filtration and cleaning with DI water representing effective
cleaning and reusability. f Colonies of E.coli on the surface of M 0.0 (pristine-BC).
g E.coli colonies on Pristine-BC with higher resolution. h Fewer E.coli laying on the
surface of M 0.5 (BC-GO 0.5 mg/mL) i Single E.coli on the surface of M 2.0 (BC-GO
2 mg/mL).

cellulose acetate, polyamide and polyacrylonitrile with pure water per-
meability values of 46.06, 24.59 and 80.34 LMH bar" and working
pressure of 2, 4 and 6 bar respectively”.

Fouling behavior of the membranes was evaluated in a cross-flow
filtration mode as described in experimental section. NOM was used as a
feed solution for the membranes. The permeate was collected after every
hour. The drop in flux of the membranes was recorded over 1h. The
membranes were cleaned with DI water by allowing the water to flow across
the membrane surface and erode the NOM layers deposited on the mem-
branes. After every hour of NOM filtration and subsequent cleaning, the
PWF was recorded again to calculate the flux recovery of membranes.
Pristine-BC had an average flux recovery of 77% while as the flux recovery
for BC-GO (0.5mg/mL) and BC-GO (2mg/mL) were 89% and 95%
respectively (Fig. 5f). It can be seen from the Fig. 5c that the pristine-BC
showed an immediate decline in flux after 2nd filtration cycle while as for
BC-GO composites the recovery of flux was stable. The PWF of pristine-BC
decreased from 173 LMH in the first cycle to 123 LMH in the 5th cycle of
filtration. However, for BC-GO (0.5 mg/mL) the PWF had a minimal
decrease from 280 LMH in the 1st cycle to 267 LMH in the 5th cycle
(Fig. 5d). Similarly, BC-GO (2 mg/mL) membrane had the least decline of
flux as shown in Fig. 5e from 390 LMH in the Ist cycle to 386 LMH in the 5th
cycle. The improved anti-fouling properties observed in BC-GO composite

membranes can be explained through the synergistic effect of several factors.
Primarily, the super hydrophilic nature of the BC-GO surface contributes
significantly to its anti-fouling efficacy by forming a dense aqueous layer,
which acts as a barrier against the attachment of foulants such as organic
matter, and microorganisms. This hydrated layer creates both steric hin-
drance and an energetic barrier, impeding the adsorption and deposition of
foulants onto the membrane surface™””. Several studies reported the change
in membrane surface morphology and wettability resulting in the formation
of a strong hydration layer; for instance, GO incorporated in PVDF
membrane increased the flux recovery from 40.2% to 95.3%’*”". However,
GO as a nanofiller embedded in commercial polyether sulfone (PES)
membranes demonstrated a maximum flux of 70 LMH at 5 bar and a flux
decline of 14% less than the pristine-PES membrane'”. From the streaming
potential measurements shown in Fig. 4d, BC-GO composites exhibit sig-
nificantly more negative surface charges compared to pristine BC. This
increase in negative surface charge density increases the repulsion against
the negative charged foulants, thereby mitigating their deposition onto the
membrane surface. Consequently, the electrostatic repulsion between the
membrane surface and the foulants impedes their adhesion, leading to
the observed reduction in fouling propensity. Moreover, the enhanced
negative charge density enhances the electrokinetic energy barrier, facil-
itating the efficient removal of foulants during flux recovery processes.
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Fig. 7 | Flow cytometry analysis of feed and permeate samples. a Flow cytometry
density plots and % count showing E. coli populations (live and dead cells) in the feed
and permeate samples for Pristine-BC and BC-GO membranes with 0.0, 0.5, and
2.0 mg/mL GO concentrations. b Quantitative analysis for total count of E. coli

populations in the feed. ¢ % reduction of E.coli population after filtration with M 0.0,
M 0.5 and M 2.0 membranes in terms of membrane compromised cell counts
(MCGCs), intact cell counts (ICCs), and total count in permeate, illustrating the effect
of varying GO concentrations on E. coli rejection efficiency.

The synergistic effects of the stacking of BC layers promotes the
formation of tortuous channels which increase the dispersion of GO
and PEG on the membrane surface and within the BC matrix. PEG
contributes to the anti-fouling properties of the membranes through
its chain mobility, excluded volume effect, and osmotic repulsion,
which collectively aid in the formation of a protective layer on
underlying surfaces'’"'”. Ultimately, the presence of this loosely
adhered foulant layer on the surface can be removed easily by shear
flow cleaning.

Bacteria filtration performance

Removing of harmful pathogenic bacteria is vital for public health in various
applications, including drinking water treatment, healthcare settings to
prevent infections, and industrial processes where maintaining sterility is
critical. The filtration of bacteria-rich broth using pristine-BC and BC-GO
composite membranes was investigated with diluted E. Coli (1 x 10° colony-
forming units (CFU) per milliliter) as the feed solution in cross-flow fil-
tration mode. In comparison to pristine BC membranes, BC-GO composite
membranes demonstrated lower flux reduction and stable bacterial
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rejection over the course of five filtration cycles. After membrane cleaning,
pristine-BC showed 78.2% average flux recovery for five filtration cycles, in
line with previous fouling investigations with NOM, whereas BC-GO
composites (0.5mg/mL) and BC-GO (2mg/mL) demonstrated flux
recovery of 89.72% and 95.6% respectively as shown in Fig. 6d. The superior
anti-biofouling properties of BC-GO composites were attributed to strong
negative charges and the formation of a hydration layer on the membrane
surface, hindering bacterial adhesion and facilitating enhanced flux
recovery.

The feed and permeate samples collected after hourly intervals were
enumerated for E. coli as shown in Fig. 7a, b using flow cytometry to evaluate
the effectiveness of bacterial rejection. Flow cytometry (FCM) has emerged
as a promising alternative to the traditional plate counting method (PCM)
for water quality assessment. FCM offers rapid, comprehensive quantifi-
cation of bacterial communities, contrasting with PCM’s limited scope.
FCM boasts reproducibility, swift results (within 10 min), and potential cost
advantages over PCM. Numerous studies affirm FCM’s reliability in
tracking total (TCC) and intact (ICC) cell concentrations, pivotal for
monitoring efficiency of water treatment systems'”'*". The log reduction
values of bacterial rejection were calculated from flow cytometry analysis
where BC-GO composite membranes showed a log reduction of five cor-
responding to the rejection of 99.99% of the microbial population whereas
pristine-BC showed a log reduction of 4. Interestingly, as shown in Fig. 7c
BC-GO membranes showed signs of antimicrobial activity in feed water
populations (as evidenced by transitionary populations between live and
dead cell gates), suggesting a further added merit of integrating GO into BC
membrane. The rejection of E. coli was significantly enhanced in BC-GO
membranes with especially notable declines (<30%) in MCC populations vs
BC membranes (p <0.001), likely as a consequence of the antimicrobial
activity of GO. Additionally, the rejection of E. coli can be ascribed to a size
sieving process given the lower pore size of the membranes in comparison to
the size of E. coli. This outcome was well correlated to the mean pore size of
the membranes, which was smaller than the size of E. coli mean diameter
(0.5 x 1.5 um), supporting direct size exclusion'”. A study reported removal
of 93.6% removal of microbial pollutants from sea water by surface coating
of cellulose membranes with GO nanosheets, however a 6% increase in
transmembrane pressure (TMP) was observed compared to 55% increase
with pristine cellulose'”.

Pristine-BC and BC-GO composites were cleaned by means of
shear flow in the same filtration cell and post-filtration analysis of the
membranes was evaluated by SEM analysis. Pristine BC membranes
exhibited a notable accumulation of E. coli clusters on their surfaces
as shown in Fig. 6f, g correlating with reduced flux post-filtration,
indicative of significant biofouling. In contrast, BC-GO composite
membranes displayed significantly fewer adherent bacteria, often
seen as individual bacteria and not in large clusters as for the pristine-
BC, as shown in Fig. 6h, i. The flux recovery of the BC-GO composites,
which was only achieved with a simple deionized water rinsing,
highlights the facile cleanability, and the low-fouling potential of the
composite membranes. This behavior may be attributed to the for-
mation of a hydration layer, offered by the presence of the GO, that
impedes very strong bacterial adhesion. These findings highlight the
potential of BC-GO composites for applications where mitigating
biofouling is crucial or where biofilm formation cannot be mitigated
through harsh chemical cleaning'”".

A performance comparison table for the membranes based on
cellulose and GO reported in the literature is presented in Supple-
mentary Table 1. BC-GO composites showed better flux recovery
when water was used as a cleaning liquid instead of chemical washing
and treatment reported for removal of foulants such as HA and
BSA'*. With PWF 0f 290 and 392 LMH, and FRR 0f 93.4% and 95.7%,
respectively, BC-GO membranes showed enhanced permeation
compared to BC and GO based membranes reported in the
literature™. A study reported pure BC membranes grown for 3-day
incubation period exhibited a flux recovery of 85.51% with PWF of 52

LMH at 2 bar when BSA was used as a foulant. GO based membranes
such as GO blended with commercial PVDF and GO-Polyamide
composite membranes demonstrated PWF of 104.3 LMH and
3.5 LMH respectively. When only BSA was used as foulant these
membranes showed a flux recovery of 90.5% and 91.4%, respectively”'”.
In comparison to Cellulose acetate (CA) membrane reported to have flux
recovery of 69.3% and PWF of 70.9 LMH at a pressure of 2.75 bar, BC-
GO composites in this study showed better permeance and reuse
potential''’. NaClO has been reported to clean E.coli fouled membranes,
which reacts with membrane materials and E. coli cells, leading to the
changes in membrane characteristics and the generation of halogenated
by-products'’. However, the membranes developed in this work
demonstrated the self-cleaning ability due to formation of strong
hydration layer when E.coli broth was filtered leading to flux recovery of
95.3%. Furthermore, the inherent antimicrobial properties of GO as
reported in the literature, such as its ability to disrupt bacterial cell
membranes through physical interaction and oxidative stress, likely
contributes to the reduced bacterial attachment observed'’. Addition-
ally, operating at alow pressure of 0.2 MPa, the membranes demonstrate
higher efficiency and lower energy consumption compared to alter-
natives requiring higher pressures, such as cellulose acetate and other
GO based membranes'”'">'"*. These attributes make these membranes
ideal for high-throughput and cost-effective applications of membrane
filtration.

The findings presented herein hold significant promise for the
development of eco-friendly membrane technologies tailored for
industrial wastewater treatment $applications. By harnessing the
synergistic properties of GO and BC, these membranes offer a sustain-
able pathway towards the fabrication of high-performance membranes
with superior mechanical strength, enhanced permeability, and anti-
fouling properties. Additionally, future studies can further explore the
biosynthesis of these membranes by evaluating optimized conditions for
biosynthesis and microbial growth kinetics. As such, this research
contributes valuable insights towards the advancement of greener and
more efficient solutions for addressing challenges in wastewater treat-
ment and environmental sustainability.

Data availability
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