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1 Introduction

Multifunctional carbon-supported bioactive hybrid
nanocomposite (C/GO/NCP) bed for superior water
decontamination from waterborne
microorganismst

Michat Jakubczak, € *2 Ewa Karwowska,” Alicja Fiedorczuk®
and Agnieszka M. Jastrzebska®

Achieving both effective and sustainable water decontamination technology requires development of
a universal filtration solution. However, effective removal of natural waterborne microorganisms still
remains a challenge. The use of nanoparticles in water filters is promising but also leads to problems with
their efficiency and safety. To cross these bottlenecks, we have designed a novel multifunctional carbon-
supported bioactive hybrid nanocomposite filtration bed. For this purpose, we took advantage of granular
activated carbon (C), graphene oxide (GO) and bioactive Al,O3/Ag nanocomposite particles (NCP). These
components were assembled into a hybrid nanocomposite structure using facile in situ surface decoration
via a sol—-gel approach. This obtained C/GO/NCP filtration bed was thoroughly characterized in terms of
morphology, structure and surface properties as well as further evaluated for tap water filtration efficiency.
Analysis of the preferential sites for bacteria adsorption and biological tests under close-to-real static and
dynamic filtration conditions has proved C/GO/NCP's efficiency in eliminating model and natural strains of
waterborne microorganisms. At the same time, nanoparticles were not released into the filtrate, which
confirmed material stability and safety. We have also revealed that C/GO/NCP nanofiltration bed was self-
sterilizing which means that it entirely eliminated up to 100% of the filtered bacteria cells within short
periods of contact time. What is more, the low-temperature thermal regeneration allowed recovering the
assumed properties. In general, the obtained results indicate a breakthrough in designing hybrid-structured
filtration beds that can be easily synthesized and safely used for drinking water decontamination.

infrastructure.” Consequently, since 1892, Escherichia coli
bacteria remains the primary indicator of water fecal

Sustainable production of clean drinking water poses a challenge
for developing countries. Therefore, polluted surface and ground
waters are constantly being used for everyday life." In 2017, at
least 2 billion people used water sources contaminated with
faeces that readily transmitted diseases such as diarrhea, cholera,
dysentery, typhoid, or even polio.> In general, the use of
contaminated tap water sources is estimated to cause at least
485 000 diarrhoeal deaths per year.* The contamination may be
caused by physical, chemical and microbiological agents such as
bacteria, protozoa, viruses, and parasites.” Their presence in tap
water is related to deficiencies or even a lack of sanitary
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contamination.”®’

The aforementioned problems may be solved by the use of
advanced water treatment technologies. Unfortunately, their
application in third-world countries is hindered because of the
required developed infrastructure. Therefore, the point-of-use
filtration technologies can be promising in such places
because their successful application accounts for the interplay
of simplicity and efficiency.® It is likely that the most universal
and efficient filtration system may require using nano-
technological solutions.” Nanomaterials are excellent adsor-
bents, catalysts and biosensors.>*'*** Their bactericidal and
bacteriostatic properties are known for many years too.'*'>*
Consequently, they can be involved in removal of various types
of waterborne microorganisms.

Activated carbons (C) and their granular counterparts are
widely used in traditional and novel filtration systems because of
their nonspecific activity in removing both inorganic and organic
matter.'>'® Recently, an emphasis is given to modify carbons with
nanosilver (Ag) to enable more specific removal of bio-
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contaminants. Ag-impregnated granular activated carbons (C/Ag)
gained a lot of attention in point-of-use (POU) cleaning of tap
water for drinking and domestic use because of good disinfecting
properties'” against, for instance, E. coli bacteria.’®* Other solu-
tions involved ceramic disks," anion resin, zeolite, sand and
fibreglass filtration beds*® coated with Ag nanoparticles. These
were effective against microbiological contamination but caused
a release of nanosilver into the filtrate.” In other approaches,
they were not tested in flow-type systems.’ Even though some
nanomaterials were effective against E. coli, S. typhimurium, S.
dysenteriae and V. cholerae bacteria,* only the anion resin bead
showed sufficient stability.®

Our recent studies have shown that it is possible to obtain
interesting biological properties of graphene family materials
by anchoring graphene oxide (GO) or reduced graphene oxide
(RGO) with ceramic oxide, and noble metals.”* We proved that
RGO/AL,05-M (where M = Ag, Au, or Pd) nanostructures are
efficient adsorbents for bacteria cells such as E. coli, S. aureus,
Bacillus sp., and Sarcina sp. The best application potential for
water filtration showed RGO/Al,O;/Ag nanocomposite. It was
both biocidal and biosorptive due to the electrostatic attraction
of bacterial cells.* The follow-up study compared the bioactivity
of RGO/Me,0,-Ag (where Me,O), = Al,O;, TiO,, SiO, or ZnO,)
structures and proved that the presence of Me,O, in nano-
composite provides a specific matrix for the internally
embedded Ag nanoparticles.”® What is more, by choosing the
appropriate ceramic oxide for anchoring Ag nanoparticles to
RGO surface, it is possible to control the efficiency of the
nanocomposite.* It is worth noting that the studies involved in
situ reduction of GO to RGO via a chemical reaction between
metal alkoxide and terminal functional -OH groups present at
theGO surface. Finally, we have revealed that Al,Oj; is present in
bactericidal RGO/Al,03;—-Ag nanocomposite as an amorphous,
highly porous layer covalently bonded to GO surface.*>*

This study explores an application potential of a novel
multifunctional carbon-supported bioactive hybrid nano-
composite filtration bed (see Fig. 1). The work aimed at
designing the most efficient nano-composition, obtaining it via
one-pot approach with zero-waste, and examination to how
extend surface modification of activated carbon (C) with gra-
phene oxide (GO) and bioactive Al,03/Ag nanocomposite
particles (NCP) enhances material's biological activity and water
decontamination efficiency. We have carried out the filtration
process in static and dynamic close-to-real conditions, which
involved tests on both model and natural waterborne microor-
ganisms. Moreover, to check if the adsorptive properties are
somewhat specific to the type of bacteria strain and/or affects
the surface-adsorption efficiency, we have used simulated
mixtures of coccobacillus and staphylococci cells. The results
showed the superior activity of the designed C/GO/NCP in water
decontamination from waterborne bacteria.

2 Materials and methods
2.1. Synthesis of the C/GO/NCP filtration bed

The granular activated carbon (C), graphene oxide (GO), and

bioactive Al,0O3/Ag nanocomposite particles (NCP) were

18510 | RSC Adv, 2021, 11, 18509-18518

View Article Online

Paper

assembled into a hybrid nanocomposite structure using facile
in situ zero-waste surface decoration via one-pot sol-gel
approach. The procedure of C/GO/NCP's synthesis can be
described as follows: the 150 cm® reactor equipped with
a magnetic stirrer was filled with 100 cm® of isopropanol and
added with 0.01 g of GO flakes. The mixture was subsequently
homogenized for 1 minute in the periodical working mode (1 s
work/1 s brake) using a Sonics Vibra-Cell ultrasonic homoge-
nizer. Next, 0.2 g of aluminum triisopropoxide was added and
the reaction mixture was stirred for 30 minutes with 200 rpm.
Subsequently, 20 cm? of separately prepared silver acetate water
solution (0.09 g/20 cm?®) was added to the GO-containing
mixture and the stirring process was continued for additional
15 minutes. In a final step, 9.78463 g of activated carbon was
soaked in 50 cm?® of isopropanol and then added to the main
reaction mixture followed by stirring for 30 minutes with
200 rpm. After this time, the mixture was poured into the flat
crystallizer and left overnight at 25 °C to let the solvent fully
evaporate. The reference sample of C/Al,O3/Ag was prepared
using the abovementioned approach and by skipping the
middle step of GO addition to the reaction mixture. After drying,
the samples were calcinated at 300 °C for 1 hour in a muffle
furnace. The temperature was chosen based on our previous
research.”®

Chemical reagents used in the synthesis (isopropanol, ethyl
alcohol, aluminum triisopropoxide and silver lactate) were
purchased from Sigma Aldrich (Gillingham, Dorset, UK) and
used as received. Graphene oxide (GO) flakes were received from
the Institute of Electronic Materials Technology (Wolczynska
133, 01-919 Warszawa, Poland) and were synthesized from
natural graphite flakes using the modified Hummer's method.
The sample of granular activated carbon widely used in the
commercial POU systems was obtained from the UST-M Sp. z
0.0. Company (Piaskowa 124A, 97-200 Tomaszow Mazowiecki,
Poland).

2.2. Characterization of the morphology and structure

Analysis of C/GO/NCP's morphology and the structure was
carried out at an accelerating voltage from 3.0 to 15.0 kV using
LEO 1530 (Zeiss, USA) scanning electron microscope (SEM).
Before analysis, samples were directly spread on the surface of
the sticky carbon tape and then coated with a thin carbon layer
using a BAL-TEC SCD 005 sputter coater.

2.3. Analysis of physical properties and porous structure

The physical properties and porous structure of the samples
were analyzed using the physical nitrogen sorption method,
using the Quadrasorb-SI (Quantachrome Instruments, Ger-
many) equipped with Flo Vac degasser. The adsorption and
desorption process was carried out in a liquid nitrogen bath
at —195 °C. The Brunauer-Emmet-Teller method (BET) was
used to determine the specific surface area (Sggr). The total
pore volume (Vpore) and average pore size (Dpore) Parameters
were analyzed using the Barret-Joyner-Halend (BJH) method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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New filtration system showed:

-Selective activity against waterborne bacterial strains and self-sterilizing properties.
-Increased antibacterial properties of activated carbon by ~4% (higher antibacterial activity).
-Over 99% efficiency in bacteria elimination after 72-hours of contact.

-Water flux maintained at the level of 4.5-7.5 cm3/min pristine materials and 5.4-6.1 cm3/min

after regeneration.

-filler properties and
regeneration

-Effectiveness of elimination of bacterial cells over 99% after regeneration (for 60 minutes of

filtration).

Fig. 1 Schematic presentation of research approach and expected feasibility.

2.4. Preparation of the model bacterial strains

Model bacteria strains were prepared as follows: the Escherichia
coli, Staphylococcus aureus, Bacillus sp. bacterial strains, ob-
tained from the private collection of the Biology Department,
Faculty of Building Services, Hydro and Environmental Engi-
neering, Warsaw University of Technology, were cultured on an
agar medium (Merck, USA) in Petri dishes for 24 hours at 37 °C.

2.5. Preparation of the waterborne bacterial strains isolated
from the natural environment

Waterborne bacterial strains were isolated from surface water
samples. Microorganisms were cultured on a standard nutrient
agar medium (Nutrient LAB-AGAR™, Biocorp) for 48 hours at
26 °C. Pure bacteria strains were obtained using the reduction
culturing technique and as such, were used for further studies.

2.6. Analysis of preferential sites for bacteria adsorption

The qualitative analysis of preferential sites for adsorption of
bacteria cells (coccobacillus and staphylococci bacteria mixtures)
on the sample's surface was investigated using scanning elec-
tron microscope LEO 1530 (Zeiss, USA) at an accelerating
voltage of 3.0 and 5.0 kV. After the incubation, the cells were
harvested and transferred into filtered (0.2 pm sterile syringe
filter, Whatman, USA) dechlorinated tap water, to obtain a cell
density of ~10> to 10° cells per cm®. Bacteria suspension was
then incubated at 37 °C for 5 minutes. Subsequently, C/GO/
Al,0;/Ag and C/Al,03/Ag nanocomposites were soaked in 200 pl
of each suspension of bacteria prepared in tap water and then
incubated at 37 °C for 30 minutes. Bacteria to nanomaterial
ratio was set as 5 x 107> g : 200 cm’. After this time, 100 pl of
20% (v/v) aqueous glutaraldehyde solution was added to the

© 2021 The Author(s). Published by the Royal Society of Chemistry

suspension and the bed was allowed to sediment. After 1 hour,
the supernatant was gradually changed to 500 ul of 20, 40, 60,
80, and finally 98% (v/v) ethanol/water solution. Before SEM
studies, the obtained samples were dried, deposited onto
a sticky carbon tape and coated with a thin carbon layer.

2.7. Analysis of potential antimicrobial properties

2.7.1. Disk diffusion method. The biological activity of the
samples was studied using a disk diffusion method against
both model and waterborne bacteria strains isolated from the
natural environment. The bacterial strains were spread in
a form of lines on the surface of Petri dishes with solid nutrient
agar (Nutrient LAB-AGAR™, Biocorp). Tested samples were
placed directly onto the lines with a respective distance between
each other. Such prepared plates were then incubated for 48
hours at 26 °C. Petri dishes were then photographed. The
photographs were used for measuring the growth inhibition
zones around the exanimated samples. The final result of the
growth inhibition zone was calculated as an average from ten
repetitions, added with standard deviation.

2.7.2. Filtration process. Based on the results of the disk
diffusion test, four bacteria strains were selected for the filtra-
tion process. These were two sensitive (W7 and W8) and two
resistant (W6 and W9) to developed beds. Immediately before
the filtration test, a fresh bacterial suspension was prepared by
introducing the appropriate amount of previously selected
bacteria into 5 liters of dechlorinated tap water. The number of
bacteria (CFUs cm ?) in initial suspension was 7.5 x 10° for
fresh hybrid nanocomposites, and 3.0 x 10% for regenerated
materials. The samples and pristine activated carbon (used here
as a reference) were rinsed with a small amount of distilled
water before using in the filtration test. Afterward, they were

RSC Adv, 2021, 11, 18509-18518 | 18511
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introduced into filtration columns in a form of a loosely packed
bed of 100 mm high and 10 mm diameter. Then, the previously
prepared suspension was introduced to the filtration columns
in a 5 cm® portion, and the obtained filtrate was collected into
measuring vessels. It was essential to ensure that the bed does
not dry out or become air locked. The filtrates were collected
every 15 minute period, up to 120 minutes. The dilution series
were made from each filtrate, and then bacteria were cultured
on a standard nutrient agar medium (Nutrient LAB-AGAR™,
Biocorp) for 48 hours at 26 °C, using a pour plate technique. The
number of bacteria was evaluated using the direct counting
method and was calculated as a number of colony forming units
(CFU) per 1 cm? of water. Measurements of flow velocity (V) were
carried out periodically for each of the tested beds. The values
were then calculated as a ratio of filtrate volume to the gained
time.

2.7.3. Analysis of self-sterilizing properties. To evaluate the
ability of the samples to eliminate adsorbed bacteria cells after
the filtration process via self-sterilization, about 0.5 g of wet
filter material was transferred into test tubes with sterile tap
water and vigorously shaken. The obtained bacterial suspen-
sions were then cultured using a pour plate technique. Each
analysis was repeated after 72 hours of contact time while
materials were stored at ambient temperature and in non-sterile
conditions.

2.7.4. Regeneration. We have also evaluated the possibility
of reusing the filtration bed via thermal regeneration. The used
bed was subjected to thermal treatment at 105 °C for 24 hours
and the filtration process was repeated with the same procedure
as described above. The only difference in the procedure was
the filtration time, which was reduced to 90 minutes due to the
observed bed breakthrough point. Quantitative tests were
carried out after 0 and 72 hours of storage at ambient
conditions.

3 Results and discussion

3.1. Materials characterization in terms of morphology,
structure and potential bioactivity

The obtained C/NCP and C/GO/NCP nanocomposite filtration
bed were thoroughly characterized before further evaluation for
biological activity. Firstly, we analyzed the morphology of the
activated carbon sample (see Fig. 2a) which was used as the
carrier for chosen nanomaterials. The SEM images showed
a highly porous surface with many longitudinal capillaries. As
expected, in the C/NCP nanocomposite, the C pores were filled
with NCP (see Fig. 2b) with the presence of ~200 nm Ag
nanoparticles (white spots on SEM images). Not surprisingly,
the SEM images of the C/GO/NCP filtration bed revealed the
presence of GO flakes with micro-scale sizes (see Fig. 2¢). We
have also observed that NCPs have had a tendency to agglom-
eration in larger G cavities, but also on the relatively sharp edges
of the GO flakes. This effect was also observed in earlier studies
on GO/NCPs*?*** and it could be explained by the greater
possibility of the attachment of NCP precursor to the exposed
area of the GO carrier. This effect could have influenced the

porosity.
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To quantitatively verify the porosity of samples, we have used
physical nitrogen sorption analysis. The obtained results were
summarized in Fig. 2d. Results of the specific surface area Sggr
indicate that C/GO/NCP and C/NCP beds adsorbed relatively
more nitrogen in comparison to the reference C sample. The
Sger 0of C/NCP was ~21% and ~5.6% higher when compared
with C/GO/NCP and C, respectively. The observed increase in
Sger parameter for surface-modified carbon is strongly related
to the evolution of surface area caused by the presence of
attached nanoparticles.

On the other hand, a slight decrease in Sggr of C/GO/NCP
and a large decrease of V.. concerning C/NCP bed is caused
by the presence of GO/NCP on the surface, which most likely
has closed some amount of open pores present in pure C. At
a first glance, this effect could result in a decrease in a perfor-
mance of the filtration bed. However, the true performance
could be verified only in a dynamic condition of the filtration
process.

After materials characterization, we were not entirely
convinced about the expected performance of C/NCP and C/GO/
NCP nanocomposite beds in the filtration process. Therefore,
we have moved to biological investigations to challenge them
with various types of bacteria. This part concentrated on finding
the most efficient composition for the filtration bed and further
verification of this performance in the model and close-to-real
conditions. Firstly, we investigated the antibacterial properties
of filtration beds in model conditions. For this purpose, few
grains of C/NCP, C/GO/NCP filtration beds, and C (reference
sample) were placed directly on agar-filled Petri dishes with
linearly cultured bacteria then incubated. After incubation, the
viability of model bacteria was calculated (see Fig. 3a) on basis
of the growth inhibition zones (shown in Fig. 3b-d). We have
noticed that all bacteria exposed to the reference C sample
showed 100% viability. The viability was, however, reduced by
both C/NCP and C/GO/NCP up to even 100%. The strongest
bacteria viability reduction was observed in case of Bacillus sp.
(92-100%) while S. aureus possessed the highest resistance to
investigated hybrid nanocomposite (38-45% of viability reduc-
tion). It was also noted that the viability of model bacteria
strains was 6.5-8% higher for C/GO/NCP filtration bed in
comparison to C/NCP.

In the next step of the study, we have investigated the anti-
bacterial properties in close-to-real conditions on waterborne
bacteria isolated from natural surface waters. The so-called
reduction culturing resulted in obtaining 12 pure bacteria
strains, further designated by ‘W letter.

We carried out the preliminary analysis for the simulated
coccobacillus/staphylococci  cells mixture and verified the
adsorption properties of beds toward chosen bacteria cells
using SEM. The images of the obtained bio-adsorption prop-
erties for C/NCP and C/GO/NCP filtration beds were presented
in Fig. 4a and b, respectively. We noted that bacteria cells were
randomly attached to the surface of both nanocomposites and
have created clusters of cells with similar morphologies. The
high magnification SEM images revealed both normal and
disrupted morphology of various cell types.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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d) Sample SBET (mz g-l) spore (mZ g.l) vpore (cm3 g.l) Dpore (nm)
C 796.6 40.5 0.047 3
C/Al,0,/Ag 1006.1 96.1 0.107 3
C/GO/Al,0,/Ag 948.2 89.2 0.099 4

Fig.2 Characterization of the morphology for (a) granular activated carbon and (b) C/Al,O3/Ag (C/NCP) (c) C/GO/AlL,O3/Ag (C/GO/NCP) hybrid
nanocomposite beds. Ag nanoparticles are visible here as bright spots and GO flakes — as light grey areas. (d) Physical properties of the obtained
materials such as Brunauer—Emmett—Teller surface area (Sget), pore surface area (Spore), Pore volume (Vpore), and mean pore size (Dpore), Ob-

tained using physical nitrogen sorption analysis.

Subsequently, we have moved into the disk diffusion tests
which were performed using the same procedure as in the case
of model bacteria strains to show the bacteria growth inhibition
zones. Images obtained for natural waterborne bacteria in
presence of C, C/NCP, and C/GO/NCP hybrid nanocomposite
filtration beds were presented in Fig. 4c—e, respectively.

The results showed that W3, 4, 6, and 9 strains exhibited
resistance to C/NCP while W7, & and 12 strains were most
sensitive to tested materials (see Fig. 4d). Also, the introduction
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of GO did not improve the biological activity of the hybrid
nanocomposites. In case of W12 strain, its presence even low-
ered the biocidal activity of the beds. It is generally accepted
that GO immobilizes bacteria cells mostly due to the aggrega-
tion on their cell wall and further damage by sharp-edged
nanoflakes.>®?° However, in case of our nanocomposites, GO
flakes more likely acted as an adhesive to C grains (see the SEM
images, Fig. 2 b and c) then attached via sharp edges.

E. coli

S. aureus

Bacillus sp.

Fig. 3 Characterization of the model biological properties of developed hybrid nanocomposites against selected model bacteria strains. (a) The
quantitative assessment of the antibacterial efficiency for developed filtration hanocomposites. Zero viability was marked with an asterisk (¥).
Photographs of Petri dishes showing growth inhibition zones in presence of the (b) granular activated carbon (C), (c) C/ALO3/Ag (C/NCP) and (d)
C/GO/ALL,O3/Ag (C/GO/NCP) hybrid nanocomposite for Escherichia coli, Staphylococcus aureus and Bacillus sp.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Characterization of close-to-real biological properties of developed hybrid nanocomposites against selected waterborne bacteria strains
isolated from the natural environment. SEM images of bio-adsorption properties of (a) C/Al,O3/Ag (C/NCP) and (b) C/GO/AlL,Oz/Ag (C/GO/NCP)
nanocomposites carried out in static conditions for simulated coccobacillus/staphylococci cells mixture. Photographs of Petri dishes showing
growth inhibition zones in presence of the (c) granular activated carbon, (d) C/NCP and (e) C/GO/NCP hybrid nanocomposite. (f) The quantitative
assessment of the antibacterial efficiency for developed filtration nanocomposites. Zero viability was marked with an asterisk (*).

Next, we analyzed obtained results in terms of reducing
bacteria viability. The obtained results were compared quanti-
tatively and presented in Fig. 4f. After taking a brief look, one
would notice that granular activated carbon did not disturb the
viability of any of the investigated bacteria strains. Viability of
W7, W8 and W12 bacteria were however strongly interrupted by
both C/NCs and C/GO/NCP nanocomposite, which reduced it to
48-63%, and even 0% in case of W12 strain and C/NCP. When
an impact of nanocomposite on the tested strains was observed,
in 3 out of 4 cases introduction of GO deteriorated the anti-
bacterial effect (about 3-9%). The viability of W4, W6 and W9
strains was not affected by any of the investigated samples.

We have also noted that the growth inhibition zones around
the grains were not uniform, and this may indicate uneven Ag"
ions diffusion from C/NCP and C/GO/NCP grains into the agar
substrate. It should be stressed here that agar tests may not
appear fully relevant with non-soluble samples or larger grains,
like in our case. Therefore, we made a case that agar tests have
given us only preliminary information on the potential bioac-
tivity of designed filtration beds, and we should move into more
advanced investigations. The principal rule of the disk diffusion

18514 | RSC Adv, 2021, 11, 18509-18518

method is that bioactive substance needs to diffuse into an agar
base to enable inhibition of bacteria growth. In the case of
metallic nanoparticles and nano-oxides, these are mostly metal
ions. However, the potential antimicrobial activity is due to the
diffusion of their ions after oxidation.'®***3'-3¢

To this end, we have obtained enough information on
materials properties and their potential bioactivity. However,
most credible verification of the performance of filtration beds
could be done only in a water-flow system. Therefore, the next
part of the study relates to investigations carried out under
dynamic conditions. Most importantly, the filtration beds
regeneration approach gave the final answer on a real applica-
tion potential of C/NCP and C/GO/NCP nanocomposite beds.

3.2. Verification of materials’ properties in the filtration
process and regeneration approach

To finally verify the application potential of the developed
hybrid nanocomposite filtration beds, we have carried our water
decontamination tests in filtration columns. We filled them
with fresh and regenerated C/GO/NCP and C/NCP beds before
and after regeneration. The designed filtration system was able

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to mimic dynamic water flow conditions during filtration.
Therefore, we were also able to check crucial filtration param-
eter which is the flow velocity (V).

The gentle pouring of the grains enabled the creation of
a loosely fixed filtration bed with no damage to the structure of
grains. In general, we have shown that modification of C with
GO/NCP and NCP slightly increased the flow velocities (V) i.e.,
maximal (V;,ax), minimal (V,,;,) and average (V) values in both
modification cases (see Fig. 5a). More specifically, the surface
modification of C with GO/NCP caused a higher increase of flow
velocities in comparison to C/NCP. We suspect this phenom-
enon may be caused by aggregation of single GO nanoflakes
into bigger agglomerates. Gurunathan et al.*® and Liu et al.*®
confirmed this tendency. It is worth to note that measured flow
velocity values were maintained after the regeneration process,
although they decreased slightly in both cases.

To evaluate if the bio-adsorption properties of C/GO/NCP
and C/NCP hybrid nanocomposites toward bacteria cells are
maintained concerning materials testing in dynamic flow
conditions, we carried out a filtration process. The results of
bacteria removal obtained as a function of time for fresh and
regenerated nanocomposites were presented in Fig. 5b and c,
respectively. The C/GO/NCP and C/NCP nanocomposites
showed a superior efficiency (near 100%) in eliminating
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bacteria cells from the filtrated suspension. The fresh C/GO/
NCP sample showed slightly better effectiveness over the C/
NCP and held over 99% efficiency in bacteria elimination
during 120 minutes (see Fig. 5b). The high capability in elimi-
nating the bacteria cells from filtered suspension was also
preserved in case of regenerated materials (see Fig. 5¢). Due to
the nearer breakthrough point, we decided to reduce the
filtration time to 90 minutes. Also, in this case, the C/GO/NCP
nanocomposite showed slightly lower efficiency then C/NCP.
This nanocomposite showed an efficiency of 99.8-99.9%
throughout the whole filtration process.

Nevertheless, in case of C/NCP, it was closer to 99.99%. The
observed differences are not significant and can be the result of
methodology limitations. It is also worth to mention that
oxygen functional groups located at edges of GO such as
carboxyl, hydroxyl and epoxy, participating in bacterial cell
disruption, could be thermally degraded in the regeneration
process and may have contributed as well.*®>%373%

Satisfied with the results on bacteria removal during the
filtration process, we have moved into verifying of potential
concerns about the possibility of secondary contamination.
This effect appears in case of filtration beds (mostly carbons)
that efficiently remove bacteria but do not reduce their
viability.*>*° The possibility of bacteria settling on the surface of

b) 1 Reference 2 C/Al,0s/Ag = C/GO/AI,0s/Ag

100 000
10000

1000

Log (CFU cm®)

8

10

45 60 90
Time (minutes)

d ) WOh ®72h
S 1000000
£
©
£ 100000
=
Z 10000
o
g 1000
o0
e 100
[
Qo
o) 10 § §
-
noo 1 A I\ AN A AN
-
@ 0ol ol pe® e ®
»e! c|™ CIG°|P~ CIN.LOa CIGOIN,O;

Fig. 5 Results from the filtration process carried out in close-to-real conditions. (a) Maximum (V,,,,,), average (V,,), and minimum (V,,,;,) flow
velocities measured during the filtration process for C/Al,Osz/Ag (C/NCP) and C/GO/Al,Os/Ag (C/GO/NCP) filtration nanocomposites in
comparison with the reference granular activated carbon (C). The efficiency of the filtration process showing collected bacteria of colony-
forming units (CFUs) per cm® of (b) fresh and (c) regenerated filtration nanocomposites at each time-point of the process. A number of CFUs per
cm? for each filtration nanocomposite revealed for filtrates collected at the time of the ongoing filtration process. (d) Number of CFUs per 1 gram
of dry matter obtained for fresh and regenerated filtration nanocomposites after 0 and 72 hours of contact time.
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filtration beds is being utilized in so called biologically active
carbon filter beds.” Due to organic matter on the porous
surface of activated carbon, it is an excellent source of nutrients
and energy for microorganisms. Therefore, it creates a good
base for their growth.*>** Bacteria living on the surface of acti-
vated carbon decompose organic contamination and cause its
bio-regeneration.”* However, we have made the case that
potentially pathogenic bacteria may be detached and flushed
away with filtrate and for that reason, it creates a severe health
safety hazard.***

The post mortem biological tests carried out on nano-
composites after the filtration process unequivocally confirmed
the superior activity of the nanocomposites. The percentage
efficiency of the filtration process is presented in Fig. 6a. The
number of colony forming units (CFUs) per gram of dry matter,
obtained for the fresh hybrid nanocomposites and the regen-
erated samples after 72 hours of contact time are shown in
Fig. 6b. We compared the obtained results with the samples
taken immediately after the filtration process and then calcu-
lated percentage efficiency.

As shown in Fig. 6b, the C sample absorbed a lot of bacterial
cells. That is why we have concluded that its bacteria removal
efficiency, observed in a filtration process, resulted only from its
adsorption capacity. Both C/GO/NCP and C/NCP nano-
composites showed remarkable efficiency in eliminating
bacterial cells absorbed on their surface. However, nano-
composite that was not enriched with GO flakes adsorbed
almost 3.5 times more bacteria concerning the rest of the
samples. Even though both nanocomposites reduced the
number of adsorbed cells by the same order of magnitude, C/
NCP was revealed to be much more effective (99.99 vs.
99.73%, respectively). If it would be due to a lack of nutrients,
we should observe similar efficiency for all investigated mate-
rials. However, the unmodified C has shown only 95.03% of
bacteria deactivation efficiency. This could also partly confirm
our earlier assumptions about the reduction of porous space of
granular activated carbon by GO nanoflakes. C/NCP hybrid
nanocomposite also retained the desired biological activity to
a greater extent, as it adsorbed less of bacterial cells and
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successfully neutralized them after a direct contact time of 72
hours (99.59% of efficiency). The same cannot be said about the
nanocomposite modified with GO flakes, for which the effi-
ciency was only 94.92% (less than for granular activated
carbon), and the level of bacteria absorption was higher.

Given that in the case of hybrid nanocomposite with RGO we
obtained similar or even worse results. One needs to consider if
its presence is beneficial or even necessary. Obviously, a key
factor for future application, especially for filtration systems of
developing countries, might be the cost. Although the RGO
price was relatively high initially, over the years, it constantly
drops.*® Secondly, eliminating one of the compounds simplifies
the structure of such nanocomposite and, therefore, clarifies
the synthesis route. Also, the nanotoxicity of nanocomposites is
not just a sum of compounds, and rather a synergic effect is
observed. The nanotoxicity of graphene has been noticed in
many studies,*”*® which in total speaks against this compound.
However we need, to remember that in the case of photo-
catalytic nanoparticles, e.g., TiO,, the presence of RGO may be
more than desirable. It was found that RGO can enhance the
separation of the electron-hole pairs and inhibit the charge
recombination. What is more, RGO supported materials could
be driven photocatalytic in visible and near-infrared light.
Therefore, superior antibacterial properties of such RGO/
photocatalytic NPs which are active in daylight may be
observed.”

4 Conclusions

Opportunities for nanomaterials used in sustainable water
purification technologies attract particular interest due to their
proven antibacterial activity, also against many potentially
pathogenic strains. Apart from various nanomaterials that are
being extensively studied in recent years, development of both
effective and sustainable tap water filtration technology
remains a challenge. Our study considers multifunctional
carbon-supported bioactive hybrid nanocomposite beds for
efficient water decontamination from microorganisms. The
results have shown that it is possible to design effective
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Fig.6 Percentage efficiency of the filtration process in (a) eliminating and (b) immobilizing bacterial cells (after 72 h of contact time) for fresh and
regenerated C/Al,O3z/Ag (C/NCP), and C/GO/AlL,O3/Ag (C/GO/NCP) filtration nanocomposites in comparison with the reference granular

activated carbon (C).
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nanofiltration beds using facile in situ surface decoration via
a sol-gel approach. The obtained nanocomposites were effec-
tive against both model bacteria strains, as well as waterborne
microorganisms in close-to-real static and dynamic filtration
conditions. Introduced bacteria tended to create bigger clusters
with the cells of the same morphology and accumulate in thin
pores and on the edges of the base material. In static condi-
tions, obtained hybrid nanocomposites were active biologically
only against some of the waterborne strains, which was rather
due to the diffusion of Ag" ions to the agar base, than the
adsorption of the cells into the porous structure.

Novel multifunctional carbon-supported bio-active hybrid C/
AL,O3/Ag (C/NCP) and C/GO/Al,0;/Ag (C/GO/NCP) nano-
composites, obtained with zero-waste one-pot technology,
showed superior activity against waterborne bacterial strains,
which were supported by self-sterilizing properties. The nano-
composites' features include over 99% efficiency in bacteria
elimination after 72 hours of contact, water flux maintained at
the level of 4.5-7.5 cm® min ™" for pristine materials and 5.4-6.1
em® min~" after regeneration as well as the effectiveness of
elimination of bacterial cells of over 99% after regeneration (for
60 minutes of filtration).

We did not notice bacteria resistance in the filtration
process. Both of the obtained hybrid nanocomposites showed
extraordinary capacity in neutralizing microorganisms' cells in
the filtrated suspension, giving almost 100% efficiency
throughout the 120 minutes of the ongoing process. Also, the
improvement of bioactivity was accompanied by the increase of
flow velocity. What is more, we fully or partially recovered the
desirable properties of synthesized hybrid nanocomposites
using the low-temperature thermal regeneration. The developed
hybrid nanocomposite filtration beds were comprehensively
verified and compared with the literature data (Table S8.1, see
ESIT). On this basis, we conclude that this is the best available
solution.
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