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A B S T R A C T

Fe0 impregnated graphene has shown promising candidature for removing both organic and inorganic con
taminants from aqueous solutions. The current study investigates and fills some of the missing gaps in their large- 
scale environmental applicability, including- contaminants removal from complex water matrices, simultaneous 
separation of multiple contaminants, and continuous water filtration possibilities. Both metals and dyes were 
chosen of varying ionic behavior to broaden the scope of the work.

One-step graphene oxide (GO) delamination and iron reduction were performed to prepare Fe0 impregnated 
graphene (GOI) composite. Results have shown growth of smaller spherical Fe0 nanoparticles (< 50 nm) on 
graphene with good dispersion and preserved redox state. XPS analysis of reaction precipitate confirmed that 
GOI could reduce CrO4

2- to less toxic Cr(III) through reductive sorption. Removal capacities in batch mode were 
Ni (30.5 mg/g) < Cr (49.8 mg/g) < Cd (93.7 mg/g) < As (143.6 mg/g) in mono-metallic system. In a multi- 
metallic system, efficient total metal removal capacity (>340 mg/g) and continuous filtration efficiency (85 
mg/g) was observed. GOI composite has also shown efficient removal and continuous separation of cationic 
methylene blue (81.3 mg/g), anionic methyl orange (79.7 mg/g), and zwitterionic rhodamine-B (31.7 mg/g). 
Electrostatic attraction on heterogeneous GOI surface, redox transformation, complexation, and co-precipitation 
with generated iron-oxy-hydroxide were major contaminant removal mechanisms. Results conclude a good 
potential of GOI composite in the separation of multiple pollutants from environmental matrices and continuous 
filtration of contaminated waters.

1. Introduction

The tremendous increase in world population intensified agricultural
and industrial activities resulting in the release of hazardous pollutants 
in water bodies. Freshwater scarcity and unavailability of safe drinkable 
water are causing ecosystem imbalance and posing severe impacts on 
human health. Simultaneous contamination of water bodies with mul
tiple pollutants is a major challenge among the scientific community, 
which requires immediate attention and innovative solutions.

Nanotechnology has bloomed in several sectors, and in the last two 
decades, researchers have vastly explored the potential of nanomaterials 

in environmental applications. Their unique properties, i.e., nanoscale 
size range, high specific surface area and surface tunability, make them 
highly reactive adsorbents to capture a wide range of pollutants (Das 
et al., 2017). In the series of emerging nanomaterials for environmental 
applications, graphene has apprehended the scientific community’s 
attention (Perreault et al., 2015). Graphene is a 2D carbon sheet with all 
the atoms exposed on the surface in case of most ideal one atom thick 
layers, resulting in the highest surface material. (Sur, 2012; Dideikin and 
Vul, 2019) Due to its chemical stability, optical transparency, mechan
ical strength, electron mobility, and very high specific surface area; the 
application of graphene widened from electric industries to biomedical 
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g) and Cr(VI) (94.70 mg/g) and its ability to form a stable in-situ reac
tive zone for continuous removal over 96 h. The study revealed a syn
ergistic removal mechanism and highlighted xanthan gum’s role in
enhancing rGO/nZVI stability for aquifer applications (Liu et al., 2022).
Jha et al. developed a waste biomass derived graphene oxide-nano
zerovalent iron (GO-nZVI) composite for antibiotic removal which
achieved 91 % and 92 % degradation efficiencies for tetracycline and
ciprofloxacin, respectively in water, with non-toxic degradation prod
ucts confirmed via microbial assays (Jha et al., 2024). However, critical
scientific gaps still exist if real environmental applicability is considered,
which are listed below-.

(i) Continuous column separation of toxic metal species and dyes of
varying ionic nature has not been explored.

(ii) Treatment possibilities of waters contaminated with multi- 
metallic species in both batch and column mode have not been
investigated so far.

(iii) Detailed analysis of the impact of environmental parameters and
removal of monometallic species, multi-metals, and dyes from
various water matrices (river water, groundwater, and seawater)
is missing in the literature.

All the highlighted gaps have prime value in ascertaining broad 
environmental applicability and are the focus of the current study.

Here, we have explored sorption behavior and reactive transport of 
dyes and metals of varying ionic nature in the presence of graphene 
oxide-elemental iron nanocomposite (GOI). Studied contaminants 
include- metal cations (Ni2+, and Cd2+), oxy-anions (AsO2

- , and CrO4
2-) 

and cationic methylene blue (MB), anionic methyl orange (MO), and 
zwitterionic rhodamine-B (RB) dyes. Experiments were also performed 
in multi-metals contaminated water solutions. Detailed mechanistic in
sights were obtained via thorough surface characterization of reaction 
precipitates using XPS, pXRD, DLS, FTIR, and HRTEM, in addition to 
non-linear kinetic, isotherm, and column transport modeling. The 
impact of solution pH and various natural water matrices, i.e., river 
water, groundwater, and seawater, on the sorption behavior of GOI 
nanocomposite was also evaluated to justify the environmental appli
cability of the composite.

2. Materials and methods

2.1. Materials and chemicals

All purchased chemicals and materials were at least of analytical 
grade. For synthesis- FeCl3⋅6H2O, Ethanol, NaBH4, H2SO4, H2O2, and 
KMnO4 were purchased from Merck. Graphite powder was procured 
from Loba Chemie Pvt. Ltd. India. Studied contaminants, i.e., K2Cr2O7, 
NaAsO2, Ni(NO3)2⋅6H2O, CdCl2⋅2H2O, methyl orange, and methylene 
blue, were obtained from Merck, whereas Rhodamine-B was supplied by 
Sigma Aldrich (US). Other chemicals involve NaNO3, NaCl, CaCl2, 
Na2SO4, HCl, NaOH, NaHCO3, and H3PO4, which were supplied by 
Merck. All stock solutions were prepared with 18.2 MΩ Milli-Q water.

2.2. Synthesis of graphite oxide bulk

Modified Hummers method was used to prepare graphene oxide 
(Shukla et al., 2017). In brief, 1 g of graphite powder was mixed with 
0.5 g NaNO3 and added to 23 mL of H2SO4 in an ice water bath. In slow 
stirring mode, 3 g of KMnO4 was added to the system, and shaking was 
continued for the next 2 h. After that, the cold mixture solution was 
transferred to a 35 ◦C water bath and further stirred for 30 min. Then 46 
mL of water was added, and the temperature was maintained at 98 ◦C. 
To terminate the reaction, 10 mL of H2O2 and 140 mL of water were 
added to the system. The dark yellow-colored mixture was filtered and 
washed with 5 % HCl. Then the obtained graphite oxide powder was 
repeatedly washed with water and dried in a vacuum at 60 ◦C.

devices and environmental pollution remediator cum sensors (Perreault 
et al., 2015; Shen et al., 2015).

Graphene oxide (GO) and graphene-based nanomaterials have been 
explored as adsorbents, photocatalysts, contaminant monitoring elec-
trodes or building blocks for filtration membranes (Plastiras et al., 2021; 
Nadres et al., 2016; Fanourakis et al., 2020). Graphene surfaces can 
provide efficient support to anchor various functionalities or to grow 
nanoparticles (Badhulika et al., 2015). In addition, various functional 
groups on GO sheets, i.e., OH, –COOH, C-O, etc., are hydrophilic in 
nature, resulting in suspension stability in aqueous media and providing 
nucleation sites for nanoparticles leading to well-dispersed particles on 
GO surface (Kruk and Warszyński, 2021). Therefore, graphene-based 
nanocomposites are at the forefront of environmental materials (Gupta 
et al., 2024). Redox-sensitive nanoparticles (RSNPs) such as Fe0 can 
have electron transfer on the surface, which can result in reductive 
sorption of contaminants or organic degradation due to generated free 
radicals (Raman and Kanmani, 2016; Khandelwal et al., 2021; Khan-
delwal et al., 2023).

But prevention of self-aggregation and preservation of redox-state of 
RSNPs is crucial to ensure their enhanced electron transferability and 
reactivity for pollutants (Guan et al., 2015). Growth of RSNPs such as 
Fe0 can result in initial storage of Fe0 released electrons in GO layers and 
their later mobilization either to iron nanoparticles again or to the 
pollutants (Xing et al., 2020; Aher et al., 2019). This GO mediated 
electron storage and release can result in a multifold increase in the 
reactivity of Fe0. Therefore, researchers have so far explored the po-
tential of graphene oxide- elemental iron nanocomposite (GOI) in 
reductive sorption and degradation of a wide range of pollutants, 
including radionuclides, toxic metals, dyes, antibiotics, and other 
organic pollutants (Wang et al., 2015; Ren et al., 2019; Fan et al., 2017; 
Masud et al., 2020; Zhu et al., 2015; Li et al., 2015).

For example, in 2012, Zhang et al. have shown the possibility of 
decolorization for methyl orange within 30 min of interaction time using 
Fe-graphene composite (Zhang et al., 2012). Further, Wang et al. have 
shown removal of orange IV azo dye with 3-D graphene-Fe composite 
and suggested the possibility of both adsorption and redox reaction in 
the system (Wang et al., 2015). Further research on dye removal with 
graphene iron showed Fenton degradation as a possible mechanism for 
cationic methylene blue (MB) degradation using nZVI assembled on 
Fe3O4-reduced graphene oxide (RGO) composite. 98 % of MB (50 mg/L) 
removal was achieved at pH = 3 with 0.8 M H2O2 and 0.1 g/L composite 
(Yang et al., 2015). The requirement of acidic pH of the solutions limits 
the applicability in natural water bodies. Removal of other dyes such as 
Rhodamine B (RB) and Acid Red 18 was also investigated with different 
graphene-based Fe0 composites (Xu et al., 2018; Mehrabi et al., 2019). 
But all these studies were performed in batch mode, limiting the un-
derstanding of the possibilities of continuous column separation of dyes. 
Also, the impact of environmental parameters and removal in natural 
matrices is still not well explored and crucial to ascertain real environ-
mental applications. Similarly, in the field of toxic metals removal, in 
2013, Jabeen et al. first reported the possibility of Pb2+ ions removal. 
They confirmed reductive sorption as a possible removal mechanism for 
graphene-nZVI composite. Further, the removal of both metal oxyanions 
and cations has been explored with various graphene-iron composites 
(Kumarathilaka et al., 2016; Li et al., 2016; Cao et al., 2018; Das et al., 
2020). Removal of some of the toxic metals and radionuclides has also 
been investigated from complex water matrices (Yao et al., 2019; Pan 
et al., 2024). For instance, Ren et al. fabricated PVDF-GO-nZVI mem-
branes via electrospinning, achieving efficient removal of Cd(II) (100 %) 
and TCE (82 %) through gravity-driven filtration. The addition of GO 
improved membrane hydrophilicity, enhanced filtration flux, and 
enabled nZVI immobilization, preventing aggregation (Ren et al., 2019). 
Recently, Liu et al. explored the remediation of groundwater nitrate 
(NO3 -N) and hexavalent chromium (Cr(VI)) using reduced graphene 
oxide-supported nanoscale zero-valent iron (rGO/nZVI). They demon-
strated the material’s high adsorption capacities for NO3 -N (18.03 mg/ 
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It is essential to understand adsorbents’ sorption behavior and 

capacity in separating contaminants under continuous filtration mode to 
ascertain real environmental applications (De Gisi et al., 2016). A col
umn of dimension 11.5 cm x 0.65 cm was sequentially filled with quartz 
sand (1.5 g), sand-composite mixture (900 mg sand + 100 mg com
posite), and quartz sand (1.5 g). A piece of sponge was added at both the 
ends of the tightly packed column. All three contaminant systems 
studied in batch mode were used to understand the reactive transport of 
metals and dyes in continuous columns containing the composite as a 
fixed adsorbent bed. The influent concentration of each contaminant 
was kept at 10 mg/L. At first, columns were utterly saturated with water 
then contaminated waters were passed against the gravity at a flow rate 
of 0.5 mL/min using a peristaltic pump. Columns containing quartz sand 
have served as blanks for the experiments. Effluents were collected in 15 
mL tubes and analyzed for released metals and dyes concentrations. 
Obtained experimental data were further modeled using the Thomas 
column transport model to get details of continuous filtration rate and 
separation efficiency (Chowdhury et al., 2013). Model details are pro
vided in the supplementary information.

2.7. Material regeneration and secondary contaminant leaching tests

The regeneration and reuse potential of the GOI composite for toxic 
metals and dyes was evaluated through multiple adsorption–desorption 
cycles. For metal regeneration, the spent composite was washed with a 
pH = 3 acidic solution, while methanol was used for dye desorption and 
material recovery. The regenerated composite was then reused in sub
sequent adsorption cycles to assess its removal efficiency. To investigate 
secondary contaminant leaching, spent adsorbents containing sorbed 
metals and dyes were exposed to simulated rainwater (pH = 4.5), and 
the desorbed fraction was analyzed. Additionally, the stability of the 
composite was assessed by monitoring the release of iron ions during 
performed batch and column experiments.

3. Results and discussion

3.1. Characterization of Fe0 impregnated graphene

HRTEM images showed that bulk GO sheets (Fig. 1a) were delami
nated to graphene and also fragmented after sonication and Fe0 nano
particles growth on the surface (Fig. 1b). These particles were very small 
and spherical in nature with a very thin or invisible layer of oxide shell. 
Observation was further supported with the TEM-EDS analysis and 
elemental mapping in Fig. S1 showing Fe/O ratio = 0.86 which is high 
compared to iron oxides (Zhu et al., 2017). Most of the particles were of 
diameter < 50 nm and were well dispersed on graphene surface in Fe0 

impregnated graphene (GOI) nanocomposite. After the interaction with 
contaminants a clear and thick oxide shell generated confirming the 
surface transformation (Zhu et al., 2017).

pXRD spectra (Fig. 1d) has shown that characteristic d 001 peak of 
GO at 11.6◦ disappeared after Fe0 growth which suggest a drastic 
decrease in the interlayer spacing of GO (Mehrabi et al., 2019). Char
acteristic peak of Fe0 at 44.8◦ was appeared in GOI composite while 
other peaks associated with crystalline iron oxide phases were absent, 
supporting the successful redox-state preservation of Fe0 in GOI com
posite (Khandelwal et al., 2020). Graphene sheets generally act as po
tential electron storing agents which can capture released electrons from 
Fe0 and later supply them back thereby helps in preserving and 
enhancing the reactivity of the composite (Zhang and Xi, 2011). FTIR 
spectra in Fig. 1e highlight GO associated peaks for C=C, C=O, C-OH 
and C-O stretching along with new peak at 590 cm 1 for Fe-O stretching 
in GOI nanocomposite (Huan et al., 2012). Further, zeta potential 
analysis at varying pH showed negative charged surface of GO with no 
point of zero charge. In contrast, after Fe0 growth surface turned positive 
with a point of zero charge at pH = 7.4 (Fig. 1f). Whereas, without 
addition of acid and base the composite showed negative zeta potential 
at working pH of 6.5 in 0.01 M NaNO3 background solution (Fig. 1g), 

2.3. Synthesis of GO and GOI composite

Graphite oxide powder (1 g) was added to 4:1 ethanol–water solu-
tion and sonicated to 30 min for proper delamination of sheets and GO 
generation. After that, FeCl3⋅6H2O was added in 1:1 Fe-GO mass ratio to 
the suspension, and sonication continued further for 30 min as opti-
mized in earlier publications for other iron composites (Khandelwal 
et al., 2023; Khandelwal et al., 2020). To assure homogeneous interac-
tion and sorption of iron ions on GO sheets, the suspension was further 
stirred for 30 min. 0.94 M NaBH4 was then added to the mixture drop-
wise at a 4.5 mL/min flow rate under vigorous stirring. After comple-
tion, the mixture was further stirred for 20 min to assure complete 
reduction (Khandelwal et al., 2021; Ren et al., 2018). The obtained black 
color precipitate was separated and washed repeatedly with water and 
ethanol before vacuum drying.

2.4. Characterization of composites

After synthesis, materials were characterized for (i) morphology and 
composition using high-resolution transmission electron microscopy 
(HRTEM) and EDS, (ii) surface area and pore size distribution using 
Brunauer Emmett-Teller (BET) method and density functional theory 
(DFT), respectively, (iii) zeta potential using electrophoretic mobility 
and DLS, (iv) crystallinity and phases using pXRD, (v) surface func-
tionality using FTIR spectroscopy and (vi) surface composition using X- 
ray photoelectron spectroscopy (XPS). Detailed information about 
sample preparation and instrumentation is provided in the supplemen-
tary information.

2.5. Batch sorption experiments for initial efficiency evaluation

Solutions (20 mL 0.01 M NaNO3) containing mono and multi-ionic 
metal species and different dyes (C0 = 20 mg/L, pH = 6.5) were reac-
ted for 12 h with 20 mg of adsorbent at 200 RPM and 25 ◦C. Three 
different experimental systems were as following- (i) solutions 
contaminated with mono-ionic metal species, i.e., CrO4

2-, AsO , Ni2+ and 
Cd2+, (ii) multi-metal contaminated solutions containing both metal 
cations and oxy-anions, and (iii) solutions containing organic dye of 
varying ionic nature, i.e., cationic methylene blue (MB), anionic methyl 
orange (MO) and zwitterionic rhodamine-B (RB) After the interaction, 
reaction mixtures were centrifuged, and solutions were analyzed for 
metals concentration using ICP-OES and dyes using UV–Vis spectro-
photometer. Kinetic tests were performed by varying the interaction 
time (0–12 h), and data were fitted with non-linear pseudo-first, pseudo- 
second, and general order kinetic models (Moussout et al., 2018; Saucier 
et al., 2015). Similarly, contaminants concentration was varied (10–100 
mg/L) by keeping adsorbent mass and interaction time constant to 
analyze maximum sorption capacities. Obtained data were fitted with 
non-linear Langmuir, Freundlich, and Sip isotherm models to get further 
insights into the nature of sorption (Ayawei et al., 2017). To assess the 
impact of pH on sorption, the initial solution pH was varied from 3 to 9. 
Further, river water, synthetic groundwater, and synthetic seawater 
(compositions given in Table S1 and Table S2) were spiked with 20 mg/L 
concentration of contaminants and reacted with composite to evaluate 
their efficiencies in complex natural matrices. After the interaction, re-
action precipitates were collected and thoroughly characterized for 
change in morphology, crystallinity, and surface functionality to visu-
alize involved removal mechanisms. XPS analysis was performed to 
confirm reductive sorption of toxic metal species. Details of various ki-
netic and isotherm models, XPS sample analysis, and physicochemical 
parameters of used aqueous matrices are provided in the supplementary 
information.

2.6. Continuous separation of contaminants: Column experiments



suggesting heterogeneous charge distribution on the surface and possi
bility of electrostatic attraction of both metal cations and oxi-anions. 
Further, zeta potential of < -20 mV justifies suspension stability and 
therefore high reactivity of the GOI composite (Paszkiewicz et al., 
2016). BET-N2 adsorption–desorption isotherm analysis (Fig. S2) 
showed a drastic increase in surface area (51.15 m2/g) and pore volume 
(0.093 cc/g) after the delamination of bulk GO having surface area of 
4.26 m2/g and pore volume of 0.004 cc/g, and Fe0 growth.

3.2. Surface electron transfer and contaminants removal mechanisms

After interaction with the contaminants GOI composite reaction 
precipitates were thoroughly characterized for change in surface 
morphology, elemental distribution, crystallinity, functionality, charge 
and redox distribution of surface species. HRTEM image in Fig. S3 show 
generation of a thick oxide shell on nZVI spheres after removal of toxic 
metals. In addition, elemental mapping and line scan data showed ho
mogeneous presence of Cr, As, Ni and Cd on the surface of GOI com
posite suggesting their sorption on the surface. pXRD data after multi- 
contaminants removal showed absence of Fe0 peak and generation of 
intense iron oxide peaks supporting electron transfer in the system 
(Fig. 1d). Similarly, FTIR peak associated with Fe-O stretching at 590 
cm 1 disappeared after the multi-metals sorption and new Fe-O 
stretching at 570 cm 1 and 630 cm 1 generated corresponding to 
magnetite (Fe3O4) and γ-Fe2O3 (maghemite) respectively (Stoia et al., 
2016). Further intense peak at 805 cm 1 which corresponds to bulk 
hydroxyl group bending in goethite (α-FeOOH) justifies iron oxidation 
and iron oxy-hydroxide generation (Liu et al., 2017). All the observa
tions justified intense electron transfer on the surface of GOI composite. 
In addition to morphology, crystallinity and surface functionality, zeta 
potential of the composite has decreased to < -12 mV suggesting 
involvement of electrostatic attraction in the contaminant removal 
process. This decrease in zeta potential to below 20 mV also suggests 
the self-sedimentation probability of the particles after contaminants 
removal.

Since elemental iron nanoparticles have the redox potential of 0.44 
V for Fe2+/Fe0, they can reduce the chromium which has a much higher 
redox potential of + 1.36 V for CrO4

2-/Cr(III) couple. Arsenic used in the 
study had reduced form i.e. As(III). Whereas, redox potential of nickel 
(Ni2+/Ni0 = -0.24 V) and cadmium (Cd2+/Cd0 = -0.40 V) were com
parable to iron and therefore could be removed through complexation 
and co-precipitation mechanism. (Khandelwal and Darbha, 2021) 
Further, to confirm the redox transformation of the contaminants, XPS 
was performed. Results in Fig. 2 a-h show the XPS survey scan and 
narrow range fittings for different contaminants. XPS survey scan in 
Fig. 2a shows the presence of C, Fe, and O on the surface of GOI com
posite. Zoom in image in Fig. 2b for Fe2p region showed presence of 
intense peaks in the range 700–740 eV due to different Fe-O structures 
suggesting the presence of iron oxides on the surface of GOI composite 
(Zhang et al., 2018). Further, presence of a peak at 706.9 eV corre
sponding to Fe0 in GOI composite (Martindale and Reisner, 2016) 
(Fig. 2b) which disappeared after the sorption of contaminants sug
gesting oxidation of GOI and active surface electron transfer (Hu et al., 
2019). Measurements and sample handling in aerobic atmosphere can 
lead to surface Fe-O species in XPS. However, observations from pXRD 
where no Fe-O associated crystalline mineral phase was observed and 
XPS where Fe-O peaks were present, suggest that the GOI composites 
were having a very thin amorphous iron-oxide shell on nZVI surface 
before interaction with contaminants.

Adsorbate specific removal mechanisms were further delineated 
through peak deconvolution in narrow range. Peak fitting in Cr2p region 
show (Fig. 2c) two different peaks at 577.1 eV and 579.8 eV corre
sponding to Cr(III) and Cr(VI), respectively (Biesinger et al., 2004). 
Surface characterization confirms dominant reduction of Cr(VI) to Cr 
(III) and also presence of some amount of Cr(VI) on GOI surface.

After interaction with chromium, FTIR spectra showed broadening of
590 cm 1 peak of GOI and 688 cm 1 peak corresponding to asymmetric 
Fe-O stretching appeared (Liu and Zhang, 2014). New band at 880 cm 1 

was due to FeOOH (Fig. 3b). pXRD spectra (Fig. 3a) showed a decrease 
in Fe0 peak and increase in the intensity of 350 Fe2O3 and 330 Fe3O4 

Fig. 1. HRTEM images of (a) GO, (b) GOI and (c) GOI after sorption of metals (inset- showing oxide shell over Fe0), (d) pXRD, (e) FTIR, (f) zeta potential at varying 
pH in DI water and (g) zeta potential in 0.01 M NaNO3 for adsorbents.



peaks. Observations further confirmed partial oxidation of GOI surface 
and removal of chromium through both sorption and reductive co- 
precipitation.

Arsenic used in the study was in form of As(III), a reduced form. After 
the removal GOI composite showed As3d5/2 peak at 45.0 eV binding 
energy assigned to As(III)-O (Fig. 2d). pXRD spectra showed presence of 
270 strong FeOOH peak in addition to above stated iron oxide peaks. 
Similarly, FTIR spectra was observed to be very different than GOI with 
the presence of several –OH associated peaks at 880 cm 1, 1010 cm 1 

and 1632 cm 1 due to goethite (Lou et al., 2019; Liu et al., 2014) with 
less intense 690 cm 1 peak and a shifting in 570 cm 1 peak (Fig. 3b). 
Based on all these observations, arsenic removal can be attributed to its 
complexation with iron-oxy-hydroxides and co-precipitation on GOI 
surface. Whereas, even though intense oxidation of Fe0 was observed in 
presence of Ni2+ and Cd2+as confirmed by the absence of 44.60 Fe0 peak, 
generation of intense iron oxide peaks in pXRD spectra (Fig. 3a), both 
nickel (Ni2p3/2 at 855.9 eV binding energy) and cadmium (Cd3d5/2 at 
405.3 eV binding energy) have shown presence of Ni(OH)2 and Cd(OH)2 
as dominant surface species on GOI as observed by XPS (Fig. 2e-f), 
suggesting no reduction (Zhu et al., 2017). This can also be supported 
with their comparative redox potential to iron. Similarly, FTIR spectra 
showed only 580 cm 1 and 630 cm 1 Fe-O stretching after nickel and 
cadmium removal (Fig. 3b). All these observations justify the removal of 
nickel and cadmium dominantly involved electrostatic attraction and 
coprecipitation with iron-oxyhydroxides on GOI surface. Since we only 
observed slight thickening of oxide shell of Fe0 on GOI surface in pres
ence of arsenic and chromium, it can be speculated that sorption/ 
complexation and coverage of GOI surface with these adsorbates and 

thick iron oxyhydroxide layer (around 1.5 nm as shown in Fig. 1c inset) 
was resulting in blocking of further electron transfer from the Fe0 core.

Zeta potential values for reaction precipitates (Fig. 3c) containing 
varying adsorbates were quite different which can further support the 
deduced removal mechanisms. For example, after chromium removal, 
zeta potential of GOI composite turned to positive (+7 mV) due to its 
reduction in Cr(III) and precipitation as Cr(OH)3 with ferrihydrites. 
Whereas As(III)-O complexation with GOI surface resulted in increased 
negative zeta potential of 40 mV. In contrast, electrostatic attraction 
and coprecipitation of cationic metal species Cd2+ and Ni2+ resulted in 
positive zeta potential of GOI composite. (Khandelwal and Darbha, 
2021).

Similarly, for dyes, in case of MB and RB, 44.80 Fe0 peak intensity 
decreased (Fig. 3d) and iron-oxide associated peaks generated around 
330 (magnetite), 350 (Fe2O3), 430 (maghemite) and 270 (FeOOH). MB 
reduction to leuco-methylene blue and its co-precipitation with iron- 
oxy-hydroxide as reported in earlier works (Khandelwal et al., 2021; 
Sun et al., 2015). At the same time, Fe0 associated peak completely 
diminished in presence of MO with the generation of intense 300 and 350 

iron-oxide peaks. Since Fe0 can reduce the dye molecules, it breaks the 
chromophore by decomposing the –N=N- bond resulting in the decol
orization of the solution of MO (Han et al., 2015). Therefore, we also 
obtained only 570 cm 1 and 630 cm 1 Fe-O stretching in the FTIR 
spectra of GOI composite after MO removal (Fig. 3e). Zeta potential of 
dye reaction precipitates have shown a decrease in negative potential 
after MB removal and increased negative zeta potential (Fig. 3f) after 
removal of MO and RB. This can be attributed to cationic nature of MB, 
and anionic nature of MO.

Fig. 2. (a) XPS survey scan for GOI composite before and after sorption of metals, and high-resolution spectra for (b) Fe2p (c) Cr2p, (d) As3d, (e) Ni2p3/2 and (f) 
Cd3d5/2 region.



3.3. Remediation of mono and multi-metallic contaminated solutions: 
Batch mode

Preliminary experiments for sorption of various metal cations and 
oxy-anions with GO and GOI composite showed their limited removal 
with GO (<10 mg/g) compared to GOI composite (>17 mg/g) sug
gesting presence of limited sorption sites on GO and its limited affinity 
for toxicants than synthesized GOI nanocomposite (Fig. 4a). Removal 
kinetics data in Fig. 4b confirmed very fast interaction of both cationic 
and anionic species with GOI composite. Sorption equilibrium for As and 
Cd was achieved within 5 min of interaction whereas it was 3 h for Ni 
and Cr. Out of fitted kinetic models (Table S4 and Fig. 4b), based on R2 

values, both pseudo second order model and general order model 
showed a good fit but non-linear least square errors (NLLS) i.e. RMSE 

and MRE values suggest better fit of general order model in most cases 
with the derived reaction order n > 7 justifying ultrafast interaction of 
contaminants with the composites (dos Reis et al., 2021). Obtained 
fitting parameters for different kinetic models are provided in Table S4. 
These results also justify the earlier interpretations obtained by thor
ough surface characterization of reaction precipitates in section 3.2.

Water bodies generally have contamination with multiple metal 
cations and oxi-anions, therefore, it is essential to test simultaneous 
removal of multiple species and total contaminant removal capacity of 
the composite (Gautam et al., 2015). To deduce the same, sorption 
isotherm experiments were performed in both mono and multi-metal 
contaminated solutions. Results in Fig. 5a and 5b show that Ni2+ and 
CrO4

2- nearly achieved a plateau with increasing initial concentration. In 
contrast, As and Cd have shown continuous increase in sorption capacity 

Fig. 3. (a, d) pXRD, (b, e) FTIR and (c, f) zeta potential of GOI composite before and after the sorption of metallic species and dyes, respectively.

Fig. 4. (a) sorption capacity of GO and GOI composite in multi-metallic solutions, and (b) removal kinetics for GOI composite.



of composite with increasing contaminant concentration, suggesting 
heterogeneous sorption in both mono and multi-metallic solutions 
(Ayawei et al., 2017). In most of the cases, sorption isotherm data was 
well fitted with Sip isotherm model confirming heterogeneous nature of 
adsorbent surface (Tiwari et al., 2019). Removal capacity of the com
posite for all ionic species increased in multi-metallic system compared 
to mono-metallic system suggesting multi-layer stacking of different 
contaminants on GOI composite. Maximum sorption capacities 
(Tables S3 and S4) obtained from Sip model were Ni (30.5 mg/g) < Cr 
(49.8 mg/g) < Cd (93.7 mg/g) < As (143.6 mg/g) in mono-metallic 
system. The order of removal in multi-metallic system remained same 
with sorption capacities Ni (31.9 mg/g) < Cr (57.9 mg/g) < Cd (101.1 
mg/g) < As (152.7 mg/g). Calculated non-linear least square (NLLS) 
errors are provided in Tables S3 and S4. In most of the cases, obtained 
error values were < 5 %.

Total metal removal capacity for GOI composite was found to be 
343.6 mg/g emphasizing GOI as a potential sorbent for simultaneous 
removal of multiple contaminant species. Attributing to surface pro
tonation and positive zeta potential in acidic pH, GOI composite has 
shown increased removal of CrO4

2- and a slight decrease was observed for 
Cd2+ and Ni2+ (Fig. 5c) (Zhang et al., 2020). Removal of chromate ions 
decreased significantly at alkaline pH due to electrostatic repulsion. 
Removal of arsenic had no significant impact of solution pH due to its 
oxidation and strong complexation with iron-oxy-hydroxides (Sherman 
and Randall, 2003).

Circum-neutral pH was found to be optimum with highest total ca
pacity to remove contaminants justifying environmental applicability of 
the composite. Finally, sorption of metal cations and oxy-anions was 
evaluated in different complex environmental matrices. Results in 
Fig. 5d show efficient removal of all ionic species from different waters. 

The order of total metal sorption capacities was 0.01 M NaNO3 (76.8 
mg/g) > river water (73.2 mg/g) > groundwater (69.6 mg/g) > sea 
water (62.9 mg/g). All ionic species followed the same order of removal 
capacities in these matrices. A slight decrease in the removal in these 
matrices can be attributed to presence of other major competitive ionic 
species in the system covering the sorption sites on GOI composite. 
Arsenic removal had no significant effect of water matrices with > 99 % 
removal in all waters due to its strong and selective complexation with 
iron-oxy-hydroxides.

3.4. Batch sorption of organic dyes

Graphene has the potential to sorb dye molecules and with addition 
of Fe0 nanoparticles contributing to electron storage and release on the 
surface, GOI composite can reduce or degrade the dye molecules (Wang 
et al., 2015). Kinetic data in Fig. 6a showed instantaneous attraction and 
removal of dyes of different ionic behavior. Compared to cationic MB 
and anionic MO, a slight slower removal was observed for RB. Complete 
decolorization was observed for all dyes within 30 min of interaction 
with GOI composite. A good fit of data was observed with general order 
kinetic model and parameters are provided in Table S5. Further analysis 
of maximum sorption capacities using sorption isotherm modelling in 
Fig. 6b and Table S5 showed MB (81.3 mg/g) > MO (79.7 mg/g) > RB 
(31.7 mg/g). Efficient and faster removal of both cationic MB and 
anionic MO further supports heterogeneous nature of GOI surface.

GOI composite further showed efficient removal of all dyes in a wide 
pH range with optimum 100 % removal at circum-neutral pH (Fig. 6c). A 
slight decrease in removal at acidic pH for MB and at both acidic and 
alkaline pH for MO was observed. RB removal remained unaltered at all 
studied pH. Dye removal was 100 % in all complex water matrices 

Fig. 5. Effect of initial contaminant concentration and sorption isotherm modelling in (a) mono and (b) multi-metallic solutions, effect of (c) solution pH and (d) 
complex water matrices on the total metal sorption capacity of GOI composite.



(Fig. 6d). Complete decolorization of river, ground and sea water jus
tifies the wide-scale applicability of the composite. Immediate and ul
trafast interaction of dye molecules with the GOI composite and high 
dye sorption capacity suggested the potential of the material in 
continuous water decolorization.

3.5. Reactive transport and continuous column retention of contaminants

Present study, for the first time, delineates the column retention 
behavior of contaminants and in-turn continuous water filtration ca
pacity of GOI nanocomposite. Results in section 3.4 showed wide scale 
applications of GOI composite in removing both inorganic and organic 
contaminants from complex water matrices. These batch sorption 
studies showed faster removal kinetics with high sorption capacities of 
GOI composite for contaminants justifying its potential in continuous 
water filtration. To test it, column transport experiments were per
formed (Tables S3–S6). Compared to blank sand column, composite 
containing columns have shown very high retention of metals and dyes 
(Fig. 7a-c).

In the studied pore volume range, release of contaminants was 
increased with time. As observed in batch mode experiments, in both 
mono and multi-metallic systems, Ni2+ released earlier compared to 
other ions. In presence of dyes, elution order was as following- MO, RB 
and MB. Experimental data obtained from column transport were fitted 
well with the Thomas model (Patel, 2019). Column retention efficiency 
in mono-metallic solutions (Table S3) was Ni (16.4 mg/g) < As (21.2 
mg/g) < Cd (22.2 mg/g) < Cr (37.8 mg/g). While in multi-metal 
contaminated solutions retention efficiencies (Table S4) order changed 
to Ni (15.8 mg/g) < As (19.4 mg/g) < Cr (24.2 mg/g) < Cd (24.4 mg/g). 
In case of multi-metallic solutions, a slight decrease in individual metal 
retention capacity compare to mono-metallic solutions and column 
saturation (C/C0 > 0.8) was observed which can be attributed to 
competitive sorption of metals, faster Fe-O layer thickening and con
sumption of active sites.

Total metal retention efficiency or breakthrough capacity was 
observed to be 84 mg/g suggesting very high continuous metal filtration 
capacity of GOI composite. Similarly, for dye contaminated waters, 
continuous retention efficiency order (Table S5) was MO (24.4 mg/g) <
RB (32.2 mg/g) < MB (39.8 mg/g). Overall, a good retention of both 
metals and dyes justifies the continuous contaminant filtration capacity 
of the GOI composite and its candidature in water and wastewater 
treatment applications.

3.6. Regeneration and reuse possibilities and secondary contaminant 
leaching

Material stability, secondary contamination due to release of sorbed 
pollutants and constituent ions and regeneration or reuse possibility are 
the key factors to be considered while exploring field-scale applications. 
Therefore, regeneration and reuse of composite was explored for toxic 
metals and dyes. Washing with a pH = 3 solution was done for regen
eration in case of metals while methanol was used to recover dyes and 
regenerate material.

Results showed that composite maintained removal capacity above 
80 % in three studied cycles in case of chromium and arsenic while 
capacity decreased nearly up to 50 % in case of cadmium and nickel. In 
all three cycles, release of metals in wash at acidic pH was observed to be 
comparatively less than the sorbed amount (Fig. S4). For instance, 
arsenic showed < 10 % release in both mono and multi-contaminant 
solutions confirming strong chemisorption of contaminants on com
posite surface.

In case of dyes (Fig. S5), material showed > 80 % removal in all three 
cycles suggesting high reusability. Also, methylene blue showed < 10 % 
recovery in all methanol wash cycles whereas recovery % increased to 
nearly 50 % and 70 % in third cycle for MO and RB, respectively. This 
suggests possible degradation of MB and initially supplied RB and MO 
followed by strong adsorption and desorption of RB and MO on the 
surface in later cycles by generated iron oxy-hydroxides and graphene.

Fig. 6. Effect of (a) interaction time and (b) initial contaminant concentration with kinetic and sorption isotherm modelling, respectively (c) solution pH and (d) 
complex water matrices on dyes removal capacity of GOI composite.



Secondary release of sorbed dyes and toxic metals in the environ
ment from spent nano-adsorbents can pose serious disposal concern and 
to explore the same, contaminant containing spent materials were 
interacted with rain water (Fig. S6a). Except arsenic which showed 6.6 
% and 1.5 % desorption in mono and multi-metallic spent adsorbents, all 
other metals showed < 0.5 % desorption in rain water, suggesting strong 

binding with minimal possibility of secondary contamination. In case of 
dyes, desorption was observed to be < 10 % (Fig. S6b). Release of 
constituent ions from the sorbent can pose another challenge of material 
stability. Therefore, release of iron ions was monitored during all the 
performed batch and column experiments. In all the cases of performed 
batch and column filtration tests (Fig. S7) except pH = 3, dissolution was 
found well below 2 mg/L (prescribed safe limit). Even at pH = 3, the 
release was observed to be only around 6.9 mg/L (Fig. S8), corre
sponding to 0.69 % of the total catalyst used. This suggests minimal loss 
of the composite at acidic pH. It can be attributed to metals reduction 
with simultaneous oxidation of iron to insoluble iron-oxy hydroxides. 
Results confirm high material stability, reusability and strong binding 
capacity of the material along with minimal secondary desorption and 
leaching in rain water.

4. Conclusions: Environmental applications perspective

The study concludes GOI composite as a potential adsorbent for the
removal of both organic and inorganic contaminants from varying 
environmental matrices. GOI composite can also handle multi-metal 
contamination with the efficiency reaching to > 340 mg/g. Synthesis 
of bulk graphene is cheaper and easy in comparison to single layer 
graphene therefore simultaneous bulk-graphene delamination and iron 
growth can be an affordable option in terms of scalability. GO surface 
helped in good dispersion of Fe0 particles and also preserves their redox 
state in GOI composite which also showed very high electron transfer 
potential. GOI can participate in the removal of contaminants through 
various mechanisms ranging from reductive sorption of chromium to 
complexation of arsenic and co-precipitation with formed iron- 
oxyhydroxides. Fenton oxidation in the system may occur and result 
in degradation of organic contaminants including dyes. In presence of 
GOI composite, continuous column retention of both metals and dyes 
was higher than blank sand columns. In multi-metal contaminated so
lutions, total continuous filtration capacity was 84 mg/g. This suggests 
that the material is capable in continuously filtering 84,000 L of water 
containing 1 mg/L of total metals concentration with 1 kg of the com
posite. Cost analysis (Table S6) suggests that the water purification cost 
will be approximately 2800 L/USD.

The GOI composite demonstrated high stability and reusability, 
maintaining over 80 % removal efficiency in multiple regeneration cy
cles for chromium, arsenic, and dyes. Minimal secondary desorption of 
metals and dyes in rainwater suggests strong contaminant binding, 
reducing the risk of secondary pollution. These findings highlight the 
potential of GOI composite for long-term practical applications in water 
treatment. Research efforts should be made in developing green 
methods for the bulk scale synthesis of GO followed by one-step syn
thesis of GOI composite. Therefore, current study confirms the potential 
of GOI composite in continuous water filtration at laboratory scale 
which should be further investigated and optimized at field scale reactor 
setups for real environmental applications.
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