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In this contribution, we report the synthesis of a poly(4-vinylpyridine)-reduced graphene oxide-
magnetite (P4VP-rGO-Fe;0,) organo-magnetogel (OMG), designed for high-performance pollutant
adsorption. In the OMG, rGO and Fe;0O, nanoparticles are in situ encapsulated during the chemical
cross-linking of the 4-vinylpyridine polymer. The adsorption performance of OMG was evaluated using
three model water pollutants, viz., organic dyes, heavy metal ions, and waterborne pathogens. The
equilibrium adsorption capacity exceeded 400 mg/g for the organic dyes. Beyond dye removal, the
OMG also adsorbed heavy metal ions, such as AsO, -, PbZ, Cr,O,? and Cd? ions, with removal
efficiencies exceeding 60% and adsorption capacities exceeding 200 mg/g. The OMG also exhibited
remarkable antibacterial activity against E. coli and S. Typhi, with almost zero viability for S. Typhi. The
OMG promises a broad-spectrum applicability in wastewater treatment, offering a sustainable and

efficient solution for water decontamination.

Industrial effluents, agricultural runoffs, and untreated domestic wastewater
contaminate the water bodies, degrade water quality, and pose significant
health risks and aquatic damage. In developing countries, this issue is further
aggravated due to the lack of stringent regulations to control the discharge of
contaminants into water bodies. According to the UN-Water, the inter-
agency of the UN responsible for work on water and sanitation, ~3.5 million
people die each year due to inadequate water supply, sanitation, and
hygiene. One major contributor to water contamination is the textile
industry, which discharges organic pollutants such as azo, reactive, and
disperse dyes'™”. Industrial discharges and mining releases heavy metals®”
such as lead (Pb), cadmium (Cd), chromium (Cr), mercury (Hg), and
arsenic (As) into water bodies. Pollutants often detected in water bodies,
such as microplastics'®", pharmaceuticals'>", pesticides', and endocrine-
disrupting compounds"’, have already left their footprints in the food chain
and human bodies'*". Waterborne pathogenic bacteria are also a cause for
critical concern. For example, pathogens such as Salmonella enterica serovar
Typhi (S. Typhi)** and Escherichia coli (E. coli)"’ can cause typhoid fever and
gastrointestinal illnesses. Therefore, addressing the water contaminants has
received significant attention, driving the development of improved water
treatment technologies such as adsorption, advanced oxidation processes,

membrane filtration, photodegradation, etc™™*. To this end, various
adsorbents, such as advanced porous materials like mesoporous silica®™
with exceptionally high surface areas, metal-organic frameworks”™*,
covalent organic frameworks™*™*, biochar””*, and polymers'"*~**, have
been employed to remove a wide range of pollutants.

Adsorption of contaminants onto gel adsorbents is an effective tech-
nique for treating contaminated wastewater’*” . Polymer-based
organogels’*"* are solid or semi-solid materials formed by cross-linking
polymer chains in organic solvents. This results in a 3-D gel network with
high mechanical strength and tunable properties. In a previous study, we
reported the synthesis of organogels derived from poly(styrene-block-4-
vinylpyridine)”' and poly(N-isopropylacrylamide-block-4-vinylpyridine)™.
These organogels demonstrated notable capabilities, including adsorption
specificity towards anionic dyes, heavy metal anions, and antibacterial
activity. Building on these findings, this study presents the development of a
chemically cross-linked poly(4-vinylpyridine)-reduced graphene oxide-
magnetite (P4VP-rGO-Fe;0,) OMG that encapsulates magnetite (Fe;O4)
nanoparticles and reduced graphene oxide (rGO) as functional compo-
nents. While P4VP-based materials such as block copolymers and hydrogels
loaded with nanoparticles have been explored, the current study introduces
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Fig. 1 | Chemical crosslinking of the P4VP
homopolymer and encapsulation of rGO-Fe;0,
composite. Scheme for synthesizing P4VP-rGO-
Fe304 organo-magnetogel.
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an OMG composed of homopolymeric P4VP gel network, encapsulated
with rGO and Fe;O, nanoparticles. This formulation results in a soft yet
porous OMG, with a surface area of ~189.561 m?/g. The P4VP-rGO-Fe;O,
OMG combines the unique properties of both organogels and magnetogels,
offering distinct advantages over the individual systems. In contrast to
magnetogels, which often lack sufficient functional groups for specific
adsorption, the P4VP-rGO-Fe;O, OMG benefits from the tunable chem-
istry of the gel network, allowing the incorporation of functional groups for
tailored applications.

Results and discussion

Synthesis and characterization of the OMG

The first step in preparing the P4VP-rGO-Fe;0, OMG is the ball-milling of
a 3:1 ratio mixture of rGO and Fe;O, for 6 h to obtain a composite of rGO-
Fe;0,. Next, 10 wt% 4-vinylpyridine, 2 wt% of rGO-Fe;0, composite, and
200 mg of 1,12-dibromododecane (DBD) were dissolved in dimethylfor-
mamide (DMF). After thorough mixing by sonication, the solution was
degassed through three freeze-pump-thaw cycles. Chemical crosslinking
was achieved by heating the polymer solution at 70 °C for 4 h under an inert
atmosphere, forming the P4VP-rGO-Fe;O, gel network. The synthesis
scheme for the P4VP-rGO-Fe;0, OMG is illustrated in Fig. 1. Gelation was
not observed at lower concentrations of 4-vinylpyridine. Details of the
preliminary gelation studies are provided in the supplementary information
and the Fig. SI. The same methodology was used for preparing P4VP
organogel, P4VP-rGO organogel, and P4VP-Fe;O, magnetogel. The gel
encapsulated with Fe;O, is termed magnetogel.

Figure S2 shows the '"H NMR spectra of the P4VP polymer and the
crosslinked P4VP organogel, recorded under identical instrumental con-
ditions. In the P4VP organogel, the chemical shifts (§) for the pyridine ring
protons were observed at § = 7.7-8.5 ppm, and the § for the aliphatic -CH,
groups occur at 1.1-2.8 ppm. For the P4VP organogel, additional chemical
shifts at § =4.5-5.07 ppm (-(CH.),-N) confirm the bridging between the
pyridine group of the vinylpyridine and DBD. We performed scanning
electron microscopy (SEM) imaging in the environmental SEM (ESEM)
mode to observe the gel morphology and the distribution of the rGO, Fe;O,,
and their nanocomposites within the P4AVP network. The ESEM images of
the P4VP organogel, P4VP-rGO organogels, P4VP-Fe;0, magnetogel, and
P4VP-rGO-Fe;04 OMG are shown in Fig. 2a-d, respectively. The P4VP
organogel shows a homogeneous surface (Fig. 2a); adding rGO and Fe;0,
resulted in their homogeneous distribution within the gel matrix, indicating
the successful encapsulation of rGO and Fe;O, into the gel network.
Figure 2e shows the area chosen for EDX imaging and the respective
colour-coded elemental mapping; the colours blue, green, and brown
represent elements carbon, oxygen, and iron, respectively. The ele-
mental mapping confirms the uniform distribution of the constitu-
tional elements, corroborating the homogeneous encapsulation of
rGO-Fe;0, composites within the OMG. Figure 2f shows photo-
graphs of knife-cut pellets of the gels.

The magnetic properties of the Fe;04 and the P4AVP-rGO-Fe;0, OMG
were evaluated using vibrating sample magnetometry (VSM) (Figure S3);
both the samples exhibited superparamagnetic behaviour. For Fe;O, the
coercivity (Hc) at B = 0 was 0 Oe, and the intrinsic coercivity (Hci) atm =0
was 11.79 Oe, indicating negligible resistance to demagnetization typical of
superparamagnetic nanoparticles. The saturation magnetization (Ms) was
1.09 emu for a 20 mg sample, corresponding to a specific magnetization of
54.72 emu/g, which is lower than ~92 emu/g for bulk magnetite*>** due to
nanoscale size effects, surface spin disorder, or due to nonmagnetic com-
ponents. The retentivity (Mr) was 0.017 emu, reflecting minimal residual
magnetization. Similarly, the P4VP-rGO-Fe;0, OMG exhibited very soft
magnetic behavior with Hc = 0 Oe, intrinsic coercivity Hci = 6.54 Oe, and a
much lower Ms of 0.16 emu for 16 mg (9.69 emu/g) because of dilution by
the nonmagnetic P4VP gel matrix and rGO. The OMG retentivity was low
at 0.001 emu. The combination of low coercivity, low remanence, and
moderate Ms in both Fe;O, and the P4VP-rGO-Fe;04 OMG confirms the
superparamagnetic nature of the Fe;O, nanoparticles.

Small-angle X-ray scattering (SAXS) studies
Results obtained from small-angle X-ray scattering (SAXS) measurements
for the pure components of rGO, Fe;O,, P4VP organogel, and the ternary
OMG are shown in Fig. 3a. The scattering data of the binary systems, P4VP-
rGO, P4VP-Fe;0,4, and rGO-Fe;0, composite, are shown in Fig. 3b. Details
of the data fitting models are provided in the supplementary information. In
Fig. 3a, the scattering profile of P4VP organogel shows two length scales,
with a change in the slope at g~0.013 A™'. The model fitting using
Fisher-Burford (FB) yields an R, of 20.3 A for each subunit of the gel and a
fractal dimension, Dy of 2.7, suggesting a mass-fractal-like structure. How-
ever, the obtained Dy is much higher than the typical diffusion-limited
cluster aggregation (DLCA) and reaction-limited cluster aggregation
(RLCA) but is closer to the ballistic-particle cluster aggregation (BPCA).
Simulations show that in BPCA, particles/clusters are spread out in space.
Collisions occur when particles move together as a cluster, causing them to
coalesce and form a dense cluster”. The number of nearest neighbors in
BPCA is much higher than the DLCA, reaching a fully coalesced state much
faster”. In the PAVP-rGO-Fe;04 OMG, the Porod exponent obtained in the
low-g regime is higher than 3, suggesting the presence of larger inhomo-
geneities with fractal morphologies. These large inhomogeneities represent
highly compact and densely cross-linked regions within the gel network®”.
For rGO, unlike the structure reported in the literature, a clear mid-q
cut-off is observed at g~0.07 A™* with an equivalent R, of ~52A. A g
dependence for rGO is obtained, which implies high surface roughness,
compactness, and crumpled morphology™. For Fe;O4 nanoparticles using
the spherical form factor combined with a fractal model, a mean radius of
52.1 A particles with a broad size distribution is obtained. The linearity
observed in the low-g region is fitted with a slope of 3.06, suggesting a
compact surface fractal-like morphology. The scattering obtained for P4VP-
rGO-Fe;0, OMG is similar to the P4VP-organogel but very different from
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Fig. 2 | Morphology, elemental mapping and photographs of the gels. ESEM images (a) P4V(P organogel, b P4VP-rGO organogels, ¢ P4VP-Fe;0, magnetogel, and (d)
P4VP-rGO-Fe;0, OMG, e enlarged area of d chosen for EDX and the respective elemental mapping, and f photographs of all the gels.

the individual components of rGO and Fe;O4 nanoparticles. The R, of the
subunit of OMG increased from 21.3 A to 51.5 A plausibly to accommodate
more rGO and Fe;0, nanoparticles inside the gel network. The Dfobtained
from the FB fitting is marginally lower compared to the typical dimension of
a BPCA cluster, but much higher than that of the fractal dimension of a
DLCA cluster. This suggests that the gel network slightly expands to
accommodate rGO and Fe;0, nanoparticles within the OMG network than
the pristine P4AVP organogel network.

We analyzed the binary gel systems to understand the role of individual
components in Fig. 3b. The scattering intensity of each binary system is
completely different from the scattering of the individual components, and
the linear superposition of scattering data from each component cannot be

considered. This implies strong interactions between the components, and
suitable models must be used for the data fitting. The binary mixture of
Fe;0,4 nanoparticles encapsulated within the P4VP organogel shows an
explicit mid-g cutoff with a linear build-up in the scattering intensity in the
low-q regime. The scattering data fitted with the spherical form factor with a
broad size distribution gives a mean radius of 51.9 A, which is very close to
the mean radius of pure Fe;O, nanoparticles. Since there is no clear cutoff in
the higher-g regime, which is related to each subunit of the gel network, it
might be stated that the subunit of the gel network has been expanded to
accommodate more Fe;O, nanoparticles inside the network. The Dyof these
binary components is observed to be 2.75, which is very close to the
dimensionality of the P4VP organogel network but smaller than the surface
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Fig. 3 | SAXS curves of the gels and their respective 10t
constituents. SAXS data of (a) P4VP organogel,
rGO, Fe;0, nanoparticles, and the ternary OMG,
b binary system of P4VP-Fe;0, magnetogel, P4VP-
rGO organogel, and rGO-Fe;O, composite. The
solid black lines represent the model fitting of scat-
tering data.
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fractal structure of pure Fe;0,4 nanoparticles. Thus, the result suggests that
in the presence of Fe;O, nanoparticles, P4VP gels maintain their gel net-
work structure, only exhibiting subunit expansion to accommodate more
nanoparticles in the network.

In the case of P4VP-rGO organogel, the scattering contribution from
the subunit of the P4VP organogel and from the individual rGO building
block completely disappeared in the SAXS data of their binary mixture.
However, the linearity in the low-q is 2.59, which is similar to the Dy of the
P4VP organogel network. This implies that the P4VP-rGO organogel
maintains the branching of its gel network in larger dimensions, even in the
presence of rGO. It might be possible that while interacting with rGO, which
also possesses a large layer structure, the phase boundary between these two
components was lost entirely, leading to the disappearance of the scattering
cutoff in the mid-q from the individual subunits. On the other hand, the
scattering from the rGO-Fe;O,4 nanoparticles system is dominated by the
scattering features of Fe;O, nanoparticles. The ball milling of rGO and
Fe;0,4 nanoparticles reduces their size while maintaining the surface fractal-
like morphology similar to that of the Fe;O, nanoparticles. Different
parameters obtained from the fittings are listed in Table S1.

Dye adsorption Studies

The dye adsorption properties of the gels were studied using a 2 wt% gel
pellet and aqueous solutions containing 0.1 g/L dye. UV-vis spectra were
recorded for all the gels after the dye solution was kept in contact with the
gels for 60 min. The chemical structure of the model dye pollutants is
provided in Fig. S4, and the details of the UV-vis peak maxima for all the
dyes are provided in the supplementary information. The UV-vis spectra of
the dye solutions after 60 min of contact with the gels are presented in
Fig. 4a-h. P4VP organogel is a cationic gel; thus, its adsorption is highly
selective towards anionic dye molecules. This selectivity is evident in
Fig. 4f, g, where the adsorption of cationic dyes such as malachite green
(MG), neutral red (NR), and alcian blue (AB) by the P4VP organogel is
almost nil. In contrast, anionic dyes like methyl orange (MO), methyl red
(MR), bromocresol green (BG), and eosin blue (EB) exhibit significantly
higher adsorption, suggesting a much higher affinity between the proto-
nated pyridine groups of P4VP and negatively charged dye molecules.
Among the P4VP-rGO and P4VP-Fe;0, gels, the P4AVP-rGO organogel
demonstrates better adsorption. This enhanced adsorption in P4VP-rGO
arises from electrostatic attraction, hydrogen bonding, and the m-m
interactions”””". In the case of P4VP-Fe;O, magnetogel, the dye removal
occurs via surface charge interactions and complexation.

Compared to all other gels, the P4VP-rGO-Fe;O4 gel exhibited
superior adsorption capability for both anionic and cationic dyes. The dye
solutions kept in OMG appeared almost water-like within 60 min of contact
with the gel (Fig. 4a-g). The exceptional dye adsorption performance of
OMG can be attributed to the electrostatic interaction between the dye
molecules and OMG; the large surface areas of rGO and Fe;O,, along with
their intrinsic contribution, further enhance the dye uptake. The supple-
mentary video S. Video 1 shows the action of the P4VP-rGO-Fe;0, OMG

towards the adsorption of the MG dye. Note that no separate magnetic
pellets were added to the dye solution. Instead, the magnetite encapsulated
within the gel allows it to respond to the magnetic field generated by a
standard laboratory magnetic stirrer. Under the influence of this field, the
gel pellets exhibit rotational motion, facilitating enhanced interaction with
the dye solution without the need for additional magnetic components.
Remarkably, the gel demonstrated excellent structural integrity, with-
standing continuous stirring at 1000 rpm for several hours without any signs
of degradation or fragmentation. This robust performance highlights the
P4VP-rGO-Fe;0, OMG’s mechanical stability and suitability for repeated
adsorption-desorption cycles under dynamic conditions. The presence of
magnetite in the gel simplifies the recovery of the gel pellets from the
desorbed solution (S. Video 2), thereby enabling easy recovery of the
adsorbent using an external magnetic field. The photograph of the dye
solutions before and after adsorption by the P4VP-rGO-Fe;O, OMG is
shown in Fig. 4i. Notably, the adsorption studies utilized only a minimal
amount of the gel (2 wt%), highlighting the OMG’s efficiency. Increasing the
OMG quantity could further reduce the required adsorption time, as evi-
denced in the supplementary video S. Video 1, where the dye adsorption of
MO was drastically reduced to ~30 min for a 3wt% pellet of OMG.
Adsorption studies were also performed using mixtures of anionic and
cationic dyes Fig. 4h. Unlike the P4VP gel, which is selective for anionic dyes,
the OMG can adsorb both cationic and anionic dyes at the same rate, similar
to the adsorption in individual anionic and cationic dye solutions.

Adsorption capacity

The equilibrium adsorption capacity of the P4VP, P4VP-Fe;0,4, P4VP-
rGO, and P4VP-rGO-Fe;0, gels was calculated using Eq. 1. Figure 5a shows
the equilibrium dye adsorption capacities (Qeo 4ye)) Of the gels (a) P4VP,
(b) P4VP-Fe;0y, (c) PAVP-rGO, and (d) P4VP-rGO-Fe;0, for the anionic
MO dye after 24 h of contact with the gels. The MO adsorption, the equi-
librium adsorption capacity Qemso dye) Was found to be 196, 222, 303, and
444 mg/g, respectively, for the P4VP, P4VP-Fe;0,, P4VP-rGO, and P4VP-
rGO-Fe;0, gels. A similar trend is noted for all the other dyes investigated in
this study. Figure 5b shows that the adsorption capacity of P4VP organogel
is ~195 mg/g for all the anionic dyes. Note that we have not provided the
equilibrium adsorption capacity for MG, NR, and AB for P4VP, as P4VP is
selective towards anionic dyes only. The P4VP-rGO organogel followed
MO > MR > EB >MG >BG >NR > AB, highlighting the enhanced inter-
actions introduced by the rGO sheets. The P4VP-Fe;0, magnetogel showed
adsorption capacities for EB > MO > MR > BG > MG > NR > AB. Finally,
the P4VP-rGO-Fe;O, OMG showed a preferential sequence of MO =
MG > EB > NR>BG > MR > AB, reflecting the combined action of rGO
and Fe;O, in enhancing the adsorption capacity. Figure 5¢ shows the dye
removal efficiency (%) of the P4VP-rGO-Fe;0, OMG for all the dyes
investigated in the study. The removal efficiencies are calculated based on
Eq. 2. Even after 10 cycles, MO achieves over 95% dye removal, while EB,
BG, MR, MG, NR, and AB exceed 92%, 91%, 89%, 88%, 93%, and 86%,
removal efficiencies respectively.
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Fig. 4| Time-evolution of the UV-vis spectra of the different dyes and the photograph of the dye solutions. UV-vis spectra of the dyes adsorbed by the four types of gels for
a contact time of 60 min (a-h) and (i) photograph of the dye solution before and after adsorption by the P4VP-rGO-Fe;0, OMG.

Adsorption kinetics and adsorption isotherms

Next, we determined the dye adsorption kinetics of all the gels. The rela-
tionship between adsorption capacity and time describes the rate at which
dyes are adsorbed into an adsorbent. We applied three classical models: the
Lagergren pseudo-first-order, Ho and McKay pseudo-second-order, and
Weber-Morris intra-particle diffusion models to determine the adsorption
kinetics. The selection of the kinetic model for the dye adsorption by the
P4VP-rGO-Fe;0, OMG was determined based on the R-squared (R?)
values, which indicate the goodness of fit for each model. Table. S2 presents
the R? values obtained for the pseudo-first-order, pseudo-second-order, and
Weber-Morris intra-particle diffusion models. Among these models, the
pseudo-first-order kinetic model fits the data well, exhibits the highest R’

value, and best describes the adsorption behavior of the P4AVP-rGO-Fe;O,
OMG. Thus, the adsorption process is primarily governed by physisorption,
characterized by weak van der Waals forces and rapid and reversible
adsorption dynamics. The poor fit of the pseudo-second-order model
suggests the limited role of chemisorption for all the dyes. Similarly, the
Weber-Morris intra-particle diffusion model does not fit the data well. The
kinetic study thus confirms that the P4VP-rGO-Fe;O4 OMG can rapidly
adsorb, and the process is reversible, implying the possibility of faster
adsorption and ease of regeneration of the adsorbent.

Information on the adsorption mechanisms and surface properties of
adsorbents can be obtained from the adsorption isotherms. We utilized
three commonly applied models, the Langmuir and Freundlich and the Sips
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isotherms, to assess the adsorption behavior. The Langmuir model,
described mathematically by Eq. 8, assumes monolayer adsorption on a
homogeneous surface with a finite number of identical binding sites having
equal energy and enthalpy. In contrast, the Freundlich model described by
Eq. 9, accounts for adsorption on a heterogeneous surface, with binding sites
exhibiting varying affinities and energies. The Sips model described by Eq.
10 combines the Langmuir and Freundlich isotherms, capturing both
monolayer adsorption behavior and surface heterogeneity. In our study, the
adsorption isotherms were generated by analyzing the equilibrium rela-
tionship between the equilibrium concentration (C,), and the equilibrium
adsorption capacity (Q,) of the gels. The experimental data were plotted
against all three models and fitted with the respective isotherms. The Sips
model provided a better fit for the dye adsorption data for all the dyes,
indicating that the adsorption process primarily occurs via monolayer
adsorption on a heterogeneous surface. If n = 1, the adsorption is linear with
a homogeneous surface (reduces to the Langmuir model); if n < 1, then the
adsorption is favorable, and the surface heterogeneity increases. We
obtained n <1 in our fits, indicating the adsorption on a heterogeneous
surface. The fitted values obtained for the Langmuir, Freundlich, and Sips
adsorption isotherms are provided in Table. S3.

Understanding the thermodynamics of the adsorption process pro-
vides information on the affinity of the adsorbent for the adsorbate and the
feasibility of an adsorption process. Here, we calculated the thermodynamic
parameters (Egs. 11 and 12) for dye adsorption for two cationic and two
anionic dyes by the P4VP-rGO-Fe;0, OMG. AH and AS were obtained
from the slope and the intercept of the fits to the Van't Hoff equation (Eq.
13). The thermodynamic parameters calculated for all the dyes are tabulated
in Table S4. The AG values are negative for all the dyes at all temperatures,
reflecting a spontaneous adsorption process, and the adsorption is

thermodynamically favorable. Moreover, as the temperature is raised from
30 to 60 °C, AG values were found to be increasingly negative for all the dyes,
implying spontaneous adsorption at higher temperatures. The AH and AS
values were positive at all temperatures for all the dyes. Positive values of AH
imply that the adsorption process is endothermic. Positive values of AS
imply that the degree of disorder during the adsorption at the solid-liquid
(gel-dye solution) interface process is increasing. Among the four dyes
chosen for the thermodynamic studies, MO shows the most negative AG
value, implying it has the highest spontaneity of adsorption.

Regeneration, recycling and gel stability studies
The regeneration and reuse of adsorbents are crucial conditions for sus-
tainable industrial scaling and reduction in secondary contamination. The
P4VP-rGO-Fe;0, OMG was specifically evaluated for its regeneration
capability. After adsorbing the dyes, the gel was immersed in 5 mL of ethanol
solution for 15 min and repeated until UV-vis spectroscopy confirmed that
all detectable dye was effectively desorbed. The gel was then subjected to
repeated adsorption experiments to assess its reusability. Regeneration and
reuse tests were conducted over 10 cycles using both anionic and cationic
dyes to validate the performance of the P4VP-rGO-Fe;0;s OMG.
Remarkably, the P4VP-rGO-Fe;O0, OMG retained nearly 85% of its original
dye removal efficiency even after multiple cycles, as illustrated in (Fig. 5¢).
To assess the structural integrity of the OMG following 10 adsorption-
desorption cycles, FTIR analysis was conducted after several washes post-
adsorption (Fig. S5). The spectral features of OMG before and after reuse
reveal that the OMG maintains its chemical structure with minimal
degradation. The characteristic absorption bands attributed to C-N
stretching (~1100 cm™') and C =N stretching (~1650 cm ') remain in the
OMG even after adsorption, indicating the retention of these functional
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Fig. 6 | Well diffusion assay and total viability count. Well diffusion assay (a, b)
and the total viability count (¢, d) for E. coli and S. Typhi. Fluorescence microscopy of
E. coli (e, f) and S. Typhi (g, h) stained with fluorescent cell viability marker (live/

dead assay; acridine orange (AO) and propidium iodide (PI) staining). Green
fluorescence (AO) represents live cells, while red fluorescence (PI) represents
dead cells.

groups, which are very crucial for adsorption. Additionally, the
aromatic C-H stretching band (~3450 cm™') persists with only a
slight peak shift, suggesting the structural framework of the gel
remains largely intact. The absence of significant shifts, peak
broadening, or the emergence of new peaks further confirms the
chemical stability of the OMG after repeated use.

The pH dependence of the adsorption process was evaluated using one
anionic dye, MO, and one cationic dye, MG. The adsorption experiments
were conducted at varying pH values after 60 min of contact time with the
OMG, and the resulting UV-vis absorption spectra are shown in Fig. S6
(panel a for MO and panel b for MG). In the OMG, the bridging between
pyridine and DBD forms a supramolecular network structure stabilized by
electrostatic interactions. The pH-dependent adsorption behavior of MO
and MG by the OMG is significantly influenced by the composite nature of
OMG, which contains pyridinium groups, rGO, and Fe;O,. MO is an
anionic azo dye, and MG is a cationic triphenylmethane dye. Both dyes
display maximum adsorption at pH 3, with a gradual decline in removal
efficiency as pH increases (Fig. S6). A similar trend, for MO and MG,
indicates that the adsorption mechanism involves more than simple elec-
trostatic interactions. Under acidic conditions, the OMG network becomes
more protonated, enhancing hydrogen bonding potential and promoting a
compact network structure. rGO imparts m-electron-rich domains that
facilitate strong m—mt stacking interactions with the aromatic rings of both
MO and MG. Additionally, functional groups such as -OH and -COOH on
rGO and surface hydroxyl groups on Fe;O, can form hydrogen bonds and
participate in polar interactions with the dye molecules. The positively
charged pyridinium groups further contribute to - interactions rather
than repulsion in the case of MG. At higher pH, partial deprotonation of
these functional groups reduces the overall affinity of the OMG for both
dyes. Collectively, the enhanced adsorption at low pH is driven by a com-
bination of m-m stacking, hydrogen bonding, and OMG network-dye
compatibility effects, rather than pure electrostatics.

Heavy metal removal studies

We also determined the adsorption efficiency of the gels towards heavy
metal ions, such as arsenic (AsO, "), lead (Pb*), chromium (Cr,0O,*"), and
cadmium (Cd?*). The removal efficiencies exceeded 60% for the P4AVP-rGO-
Fe;0, OMG (Fig. 5d). The CsHsNH™ cations in P4VP facilitate strong
electrostatic interactions with heavy metal ions such as AsO, ™~ and Cr,0;,",
and the divalent cations such as Pb” and Cd* can co-ordinate with the

nitrogen in the pyridyl groups of P4VP forming a metal-ion complex. rGO
and Fe;O, contribute to a high surface area and abundant oxygenous
groups’’, enhancing metal ion binding, and iron-based adsorbents are
known to remove heavy metals’. The removal efficiency for the AsO,~ ion
was 44% with the P4VP organogel and 78% with P4VP-rGO-Fe;0, OMG,
while for lead (Pb*), it increased from 37 to 64%. Chromium (Cr,O,*")
adsorption follows a similar trend, rising from 58% with P4VP to 73% with
P4VP-rGO-Fe;04 OMG, and cadmium (Cd”*) with 54% to 77%. Among
these materials, P4VP-rGO-Fe;O, exhibits the highest overall adsorption
performance. We also calculated the equilibrium adsorption capacity of the
OMG for the heavy metal ions (Qegmetat ions)) (Fig. 5€). The Qepnetal ions) was
found to be 234, 220, 202, and 225 mg/g for the AsO*~, Pb*, Cr,0,”, and
Cd* ions, respectively. To further assess the practical applicability of the
OMG, adsorption studies were performed using a mixed solution con-
taining As, Pb, Cd, and Cr ions, for a total concentration of 100 ppm. After
treatment with OMG, the final concentration of heavy metals was reduced
to ~32 ppm, corresponding to an overall adsorption efficiency of ~68%.
These results demonstrate the capability of OMG to effectively remove
multiple heavy metal ions simultaneously from aqueous systems.

To evaluate the textural properties of the OMG, we performed nitrogen
adsorption-desorption measurements, and the corresponding isotherm
data are shown in Figure S7. The BET surface area was calculated to be
189.561 m*/g, with a pore volume of 0.984 cm®/g, a pore radius of 2.49 nm
and an average pore width of 4.90 nm. These values indicate a mesoporous
structure in the OMG that facilitates not only surface adsorption but also the
entrapment, efficient diffusion and access of the pollutants into the interior
of the OMG matrix.

Antibacterial activity studies

The zone of inhibition and the total viable count as a function of the P4VP-
rGO-Fe;0, OMG concentration for E. coli and S. Typhi, are shown in Fig.
S8 and S9, respectively. In both bacterial species, 200 mg of gel pellets
exhibited the most potent antibacterial effect, significantly inhibiting bac-
terial growth compared to all other concentrations. 200 mg of OMG is
chosen for further antibacterial studies. Figure 6a, b shows the zone of
inhibition on standard plate count agar and the total viable count colonies
on Fig. 6¢, d for E. coli and S. Typhi, respectively. A maximum zone inhi-
bition of 28 + 2 mm is measured for both E. coli and S. Typhi. Here, we used
ampicillin, an antibiotic, as a control, and the corresponding zone of inhi-
bition was measured to be about 15+1mm. A distinct difference in
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Fig. 7 | Action of the OMG towards pollutants.
[lustration of the adsorption of various pollutants
by the OMG.
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susceptibility for the two bacterium was observed, while E. coli plates still
exhibited colony formation, no colonies were detected on the S. Typhi plates.
This indicates that S. Typhi is more susceptible to the OMG than E. coli. The
enhanced inhibition could be attributed to differences in the bacterial cell
wall structure and permeability or to the nature of interaction with the rGO-
Fe;04 composites in the gel.

To further assess the antimicrobial activity of the P4VP-rGO-
Fe;0, gel, a live/dead assay using acridine orange (AO) and propidium
iodide (PI) staining was performed. AO stains live cells green, while PI
stains dead cells red by entering cells with damaged membranes. The gel
was removed after bacterial exposure, and the suspension was cen-
trifuged at 3000 rpm for 10 min. The supernatant was discarded, and
the pellet was washed with sterile phosphate-buffered saline (PBS). The
pellet was resuspended in 1 mL of PBS, and AO and PI were added at
final concentrations of 10 pg/mL and 5 pg/mL, respectively. The mix-
ture was incubated at room temperature in the dark for 15 min to ensure
dye penetration. A 10 pL sample of the stained suspension was placed
on a glass slide, covered with a coverslip, and analyzed under a fluor-
escence microscope. Green fluorescence indicated live cells, while red
fluorescence signified dead cells. A minimum of 200 cells per sample
was counted to calculate the live-to-dead cell ratio. The live/dead images
of E. coli and S. Typhi exposed to P4VP-rGO-Fe;0, OMG are shown in
Fig. 6e, f and Fig. 6g, h, respectively. Both the bacterial samples show
negligible green fluorescence, indicating the non-survival of the
bacteria.

E. coliand S. Typhi are prominent water-borne bacteria associated with
water contamination. The effectiveness of the P4VP-rGO-Fe;0, OMG in
killing E. coli and S. Typhi can be attributed to its components. The pyr-
idinium groups in P4VP possess inherent antibacterial properties, primarily
by disrupting bacterial cell membranes through ionic interactions. The
electrostatic attraction between the positively charged quaternary pyr-
idinium ions and the negatively charged bacterial phospholipid layer,
combined with the penetration of the hydrophobic vinyl chains into the
bacterial membrane, destabilizes the membrane structure, resulting in
bacterial death’*”°. Fe;O, particles enhance the antibacterial activity by
generating reactive oxygen species (ROS), and the extent of ROS production
increases proportionally to the Fe;O, content’””. ROS produced by graphene
is also harmful to lipids and proteins in bacteria’. In the presence of ROS,
the bacteria can no longer proliferate as the lipids and proteins are
deactivated”. Molecular dynamics simulations™ have shown that graphene

can penetrate bacterial cell membranes by physically cutting through and
inserting itself into the lipid bilayer. This results in the extraction of the
phospholipid molecules from the bacterial cell membrane, resulting in loss
of bacterial viability due to the strong interaction between membrane lipids
and graphene. However, in our case, the antibacterial activity contribution
from graphene arises solely from ROS, as the graphene sheets are not freely
suspended but are instead encapsulated within the polymer network. The
encapsulation of rGO and Fe;O, within the P4VP gel creates a potent
antibacterial material to effectively target and kill E. coli and S. Typhi.

In P4VP-rGO-Fe;0, OMG, ~2 wt% of the total formulation corre-
sponds to the rGO-Fe;O4 composite. Based on this, 200 mg of the OMG
contains ~4 mg of the rGO-Fe;O, composite. Given that the composite was
prepared using a 3:1 weight ratio of reduced rGO to Fe;O4, the actual Fe;O,
content within the 200 mg of OMG will be 1 mg. Furthermore, the OMG
immobilizes the rGO-Fe;O4 composite, potentially reducing nanoparticle
leaching and environmental exposure risks compared to freely dispersed
nanoparticles. Nevertheless, comprehensive ecotoxicological assessments,
including toxicity tests on representative aquatic species, systematic toxicity
evaluations in line with international frameworks such as OECD guidelines
for testing chemicals and emerging nanomaterial risk assessments, are
essential for future work to fully validate the environmental safety of the
P4VP-rGO-Fe;0, OMG for real-world water treatment applications.

The P4VP-rGO-Fe;0, organo-magnetogel demonstrates excep-
tional potential as a multifunctional material for environmental
remediation, addressing pollutant-contaminated water treatment. An
illustration of the adsorption of the various pollutants by the OMG is
provided in Fig. 7. In contrast to powder-based adsorbents that demand
filtration for adsorbent recovery, the magnetic property of the OMG
enables simple one-step separation after use. Additionally, unlike many
framework materials that rely on complex synthesis protocols or
expensive precursors, the OMG can be prepared under ambient con-
ditions using a scalable and cost-effective process. With model dye
pollutant adsorption capacities reaching as high as 444 mg/g, the P4VP-
rGO-Fe;0, OMG stands out as a top contender in handling pollutants.
The gel effectively removes at least 60% of the toxic heavy metal ions,
such as lead, arsenic, chromium, and cadmium. The antibacterial
activity of the P4VP-rGO-Fe;O, OMG is remarkable, exhibiting nearly
complete eradication of S. Typhi bacteria. The combined attributes in
OMG, broad-spectrum adsorption, magnetic recoverability, chemical
stability, ease of regeneration, and scalable production, make the P4VP-
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rGO-Fe;04 OMG a promising next-generation material for a sustain-
able and efficient water treatment strategy.

Methods

General information

4-Vinylpyridine (98%, Sigma- Aldrich) was purified by passing it through an
alumina column to remove the inhibitor. The initiator, 2,2’-azobis(2-
methylpropionitrile) (AIBN, 98%, Sigma-Aldrich), was recrystallized from
methanol before use. DBD (98%, Sigma-Aldrich) was used as the cross-
linker. Graphite powder, sulfuric acid (H,SO,), potassium permanganate
(KMnOy), sodium nitrate (NaNO;), hydrogen peroxide (H.O,), DMF,
ferric chloride (FeCls), ferrous sulfate (FeSO,), and ammonia solution 25%
(NH,OH) were sourced from Merck. Sodium arsenite (NaAsO,), potas-
sium dichromate (K,Cr,O), lead(II) nitrate (Pb(NOs),) and cadmium
chloride hemi-pentahydrate (CdCl, 2.5H,0) were used for heavy metal
removal studies. The structure of the dyes used for the dye adsorption
studies is provided in Fig. S4. All solvents and dyes were used as received.

Synthesis of reduced graphene oxide (rGO)

GO was prepared by exfoliating graphite flakes using a modified Hummers
method*™*". Typically, 5 g of graphite flakes and 2 g of NaNOj; were added to
20 mL of concentrated H,SO, in a round-bottom flask. The reaction flask
was maintained in ice-cold conditions. 3 g of KMnO,4 was slowly added into
the reaction flask, taking precautions to keep the flask below 20 °C. The
reactants were continuously stirred, and a purple-green mixture was
obtained. The flask was then maintained at 35 °C and was continuously
stirred for 12 h, yielding a dark brown paste. 50 mL of water was added to
this paste and oxidized for another 96 h. The reaction was terminated by
adding 50 mL of water and 5 mL of H,O, (30%) solution. The resulting
graphite oxide was dispersed in DI water and exfoliated using a probe
sonicator to prepare the rGO dispersion®.

Synthesis of magnetite (Fe;0,)

Fe;0, particles were synthesized by aging a stoichiometric mixture of ferric
chloride hexahydrate (FeCls6H,O) (5406 g) and ferrous sulfate (FeSO4)
(2.702 g) dissolved in 200 mL distilled water in a beaker. The mixture was
heated to 60 °C and stirred continuously under a nitrogen atmosphere. After
1h, 12mL of ammonia (30%) solution was added. The solution colour
changed from brown to black. The black precipitate was washed repeatedly
with water and dried for 24 h.

Synthesis of poly(4-vinylpyridine) (P4VP) homopolymer

P4VP was synthesized via solution-free radical polymerization by dissolving
4-vinylpyridine and AIBN in DMF in a round-bottom flask; schematic of
the synthesis is given in Fig. 1. The reaction was carried out at 70 °C for 24 h
under an inert atmosphere. The P4VP polymer was precipitated from cold
diethyl ether and repeatedly washed using a cold water/hexane mixture to
remove the unreacted monomers. The resultant polymer was stored under a
vacuum.

Dye adsorption experiments and reusability of organogels

Dye adsorption studies were conducted using OMG pellets in solu-
tions containing anionic, cationic, and mixed anionic-cationic dyes.
The gel pellets, each weighing 20 mg, were prepared by cutting sec-
tions from the bulk organogel. The anionic dyes used in this study
were MO, MR, EB, and BG. The cationic dyes were NR, AB, and MG.
All dye solutions were prepared at a concentration of 0.1 g/L. The
adsorption process was monitored by measuring the UV-Vis
absorption spectra at 15-min intervals after introducing the orga-
nogel into the dye solution. The remaining dye concentration in the
solution was quantified based on the UV-vis data. To evaluate
regeneration, the dye-loaded organogel was soaked in 5mL of etha-
nol for 10 min to remove the dye. The organogel was then dried and
reused for multiple dye adsorption and removal cycles to validate its
reusability. Equilibrium adsorption experiments were carried out to

ensure adsorption equilibrium. The equilibrium adsorption capacity
(Qe dyes» mg/g) was determined using the relation®"**,

Qedye: = (CD’;Z_CE) xV (1)

where C, and C, are the initial and equilibrium dye concentration, respec-
tively, V is the volume of the dye solution, and m is the weight of the
adsorbent.

The dye removal efficiency (R, %) was calculated using Eq. 2. After
removing the P4VP-rGO-Fe;O,4 organogel from the dye solution, it was
soaked in a mixture of ethanol for 15 min to desorb the dye and washed with
water and followed by dye adsorption. This adsorption-desorption proce-
dure was repeated 10 times to evaluate the reusability of the organogel.

The dye removal efficiency (R, %) of the organogel was calculated using
the following equation™,

C.—C
i f

2

. @

i

R% = 100 x

where C; and Cyare the initial and final concentrations (mg/L) of the dye in
the solution before and after adsorption.
The Lagergren pseudo-first-order kinetics is given by,

4Q, _

r=k(Q.-Q) ®)

Here, Q; is the amount of adsorbate adsorbed at time t (mg/g), Q. is the
amount of adsorbate adsorbed at equilibrium (mg/g), k; is the pseudo-first-
order rate constant (min™"') and ¢ is the time (min). The integral form of
Eq. 3, can be expressed as,

n(Q, — Q) = InQ, — kit 4)
The Ho and McKay pseudo-second-order kinetics follows,

4Q, _

dr kl(Qe - Q:)z ®)

Here k; is the pseudo-second-order rate constant (g mg ™' min™"), and
the linear form of Eq. 5, can be written as,

t 1 i t ©)
& \kQ) Q
The Weber-Morris model is given by,
Q=kt"+B @)
Here, k; is the intra-particle diffusion rate constant (mg/g.min"®) and B
(mg/g) is the intercept.
The expression for the Langmuir, Freundlich and Sips isotherms are

given in Eq. 8, Eq. 9 and Eq. 10.

1

=g XCot o 0
Qc B Qm ¢ KLQm
1
nQ, = o InC, + InKp )
q = EsCS (KSC“)Z (10)
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npj Clean Water| (2025)8:66


www.nature.com/npjcleanwater

https://doi.org/10.1038/s41545-025-00496-w

Article

where C, is the equilibrium dye concentration, Q, is the equilibrium
adsorption capacity, Q,, is the maximum adsorption capacity, Ky, Krand Kg
are the Langmuir, Freundlich and Sips adsorption constants, and 1/n infers
how favourable the adsorption process is.

The Gibbs free energy AG (kJ/mol), enthalpy (AH) (kJ/mol), and
entropy (AS) (J/K.mol) are related by,

AG = AH — TAS (11)

AG = —RT Ink, (12)
By combining Eq. 11, and Eq.12, we get the linear form of the Van't
Hoff equation

AH AS

Ink, = — o2 L 20
e =" Rr T RT

(13)

Here, R is the ideal gas constant (8.314 J/K-mol), T is the temperature,
K, is the equilibrium constant.

Zone of inhibition (ZOI) assay and total viable count

The antimicrobial activity of P4VP-rGO-Fe;O, gel was evaluated using the
zone of inhibition (ZOI) assay at different concentrations (50, 100, 150, and
200 mg) against E. coli and S. Typhi. A bacterial suspension standardized to
10°~10° CFU/mL was uniformly spread on nutrient agar plates using sterile
cotton swabs. Wells ~6 mm in diameter were created on the agar, and each
was loaded with the gel at the specified concentrations. The plates were
incubated at 37°C for 24h to promote bacterial growth and allow for
assessment of the antimicrobial effects. After incubation, the clear zones
around the wells were measured in millimeters to determine the extent of
bacterial growth inhibition. The antimicrobial effectiveness of the P4VP-
rGO-Fe;O4 composite was tested against E. coli and S. Typhi, both sourced
from a microbiological repository. Bacteria were cultured in Luria Bertani
Broth (LB) at 37°C for 18-24 h. The cultures were adjusted to a con-
centration of 10°~10* CFU/mL by measuring the optical density at 600 nm
(ODsoo) and confirming via serial dilution and agar plating.

Techniques

The molecular weight (61 KDa) and polydispersity (1.32) of the poly(4-
vinylpyridine) (P4VP) were determined using a Waters Acquity Advanced
Polymer Chromatography (APC) system, here DMF was used as the eluent
at a flow rate of 0.5 mL/min. Proton nuclear magnetic resonance (‘"H NMR)
analysis was performed on a JEOL 400 MHz spectrometer, using CDCl; as
the solvent. The morphology and elemental composition of the organogel
and powder samples were analyzed using a ThermoFisher Scientific Quattro
S field emission environmental scanning electron microscope (ESEM),
which is operated jointly by the Helmholtz-Zentrum Hereon and the Jiilich
Center for Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum
(MLZ).In ESEM mode, the water-vapor partial pressure in the chamber was
set to 100 Pa to avoid charging. A circular backscattered detector (CBS) was
used, and the images were taken at an acceleration voltage of 12kV and a
probe current of 1.2 nA. In high vacuum mode, the samples were previously
sputter coated with 5 nm Pt/Pd 80/20. Here, the images were taken at 22 kV
and 35 pA with an Evenhart-Thornley secondary electron detector (ETD).
In addition, energy-dispersive X-ray spectroscopy was carried out for
mapping elemental composition with a ThermoFisher EDS UltraDry-Si-
drift detector (60 mm?) at a take-off angle of 40° with an energy resolution of
127 eV Mn Ka at an e-beam emission current of 500 pA. An acceleration
voltage of 12 kV and a probe current of 1.1 nA was used, resulting in a count
rate of 15 keps and a dead time of 5% during 15 min of integration. SAXS
measurements were carried out using the laboratory-based SAXS beamline
KWS-X (XENOCS XUESS 3.0 XL) at JCNS MLZ. The experiments utilized
Excillum MetalJet D2+ MetalJet X-ray source with a liquid metal anode,
operating at 70 kV and 3.57 mA, emitting Ga-Ka radiation with a wave-
length of 1.314 A. The gel samples were placed in glass capillaries with a

2mm inner diameter at room temperature (~25°C). The sample-to-
detector distances varied from 0.5 m to 1.70 m, corresponding to a scattering
vector g range of 0.003 to 1 A™". The collected SAXS patterns were nor-
malized on an absolute scale, azimuthally averaged to derive intensity
profiles, and corrected by subtracting the background. Dye adsorption, gel
stability studies and heavy metal removal studies were carried out using a
UV-vis-NIR spectrophotometer (JASCO V-670, Japan) and an atomic
absorption spectrometer (iCE-FIOS, Thermo Scientific), respectively. The
room temperature magnetic properties of Fe;04 and the P4VP-rGO-Fe;0,
OMG were measured with a Lakeshore 7410S vibrating sample magnet-
ometer (VSM). The Brunauer-Emmett-Teller (BET) surface area, pore
volume, and pore size distribution were measured using a Quantachrome
Instruments gas sorption analyzer (version 5.23) equipped for automated
surface area and pore structure analysis.

Data availability

Data is provided within the manuscript or supplementary information files.
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