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Cyanide and phenol are considered the major toxic pollutants in coke-oven wastewater. Cyanide, at a pH

less than 10, is converted to HCN gas (pKa = 9.2). Hence, cyanide treatment requires strongly alkaline

conditions, i.e., a pH of more than 10; however, at such a high pH, the viability of microbes is not

feasible. Therefore, to overcome this incompatibility, a sequential nano-bio treatment system was

developed, integrating a novel carboxymethyl cellulose-polyvinylpyrrolidone-stabilized nanoscale zero-

valent iron doped with palladium (CMC-PVP-nZVI/Pd) nanocomposite, followed by bio-treatment using

R. pyridinivorans strain PDB9T N-1. The first nanostage was operated at pH 12 to stabilize cyanide (CN−)

and initiate its removal, while the subsequent biostage was operated at a pH of 7.4 to achieve the

complete removal of phenol. To prevent the atmospheric oxidation of nZVI and to improve its reusability

and electron mobility, it was doped with palladium and conjugated with CMC and PVP. The synthesised

nanomaterials were characterized using XRD, FTIR spectroscopy, FESEM, EDX, and XPS analyses. Results

revealed that about 99% of cyanide was removed with an initial dose of 100 mg L−1 at 30 °C using the

nanocomposite, followed by the complete biodegradation of the remaining phenol (300 mg L−1). The

cyanide removal efficiency of the nanocomposite was 1.8-fold higher than that of the bare nZVI. Overall,

the cyanide removal process followed a pseudo-2nd-order kinetics model, revealing a chemisorption

nature with a superior sorption capacity of 93.37 mg g−1. The intraparticle diffusion model showed that

exterior mass transfer primarily governed the cyanide removal. Additionally, the nanocomposite exhibited

strong reusability, demonstrating the efficacy of the proposed sequential nano-bio system.
1. Introduction

Steel plant industries generate vast amounts of wastewater
primarily from coke oven plants, varying in the range of 0.3 to 4
m3 per ton of coke production.1,2 In general, coke-oven waste-
water contains high levels of phenol (ranging from 150 to
2000mg L−1) and cyanide (ranging from 0.1 to 0.6 kilograms per
ton of coke), signicantly surpassing the standard limits for
phenol at 1 mg L−1 and cyanide at 0.2 mg L−1.3,4 Cyanide
inhibits the cytochrome oxidase enzyme system and,
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subsequently, the mitochondrial electron transport chain and
adenosine triphosphate (ATP) formation, thus causing serious
human health hazards.5,6 Similarly, phenolic compounds cause
signicant human health and environmental damages due to
their acute toxicity and carcinogenic nature.7,8 Thus, cyanide
and phenolic compounds are listed as priority pollutants by the
United States Environmental Protection Agency (USEPA).6,9

Conventional treatment methods such as chlorination,
photocatalysis, electrolysis, and membrane ltration are oen
not cost-effective and typically result in only the partial degra-
dation of pollutants, leading to the formation of harmful
secondary intermediates. Among biological treatment methods,
reactors based on the activated sludge process are most
frequently utilized for this wastewater.7,10 In general, several
studies have reported cyanide biodegradation, with most
experiments conducted at neutral or sub-alkaline pH (<10).
However, at pH values below 10, cyanide (CN−) is converted to
hydrogen cyanide (HCN) gas,11 and the authors of these studies
oen did not verify whether cyanide removal occurred through
microbial degradation or volatilization as HCN.11,12 Therefore,
industrial wastewater containing cyanide must be maintained
Nanoscale Adv., 2026, 8, 973–988 | 973
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at an alkaline pH above 10 (pKa = 9.2) to prevent HCN gas
formation.13 Nonetheless, at pH levels higher than 10, microbial
viability and effective cyanide biodegradation are limited.14 To
address these challenges, the present study adopted a two-stage
sequential nano-bio treatment strategy. In the rst stage,
a nanocomposite was applied under alkaline conditions for
rapid cyanide removal. This was followed by pH adjustment and
aeration, aer which a bacterial strain was grown at a pH of 7.4
to completely degrade phenol and remaining intermediates.
Such combined approaches are now increasingly recognized for
their ability to merge redox catalysis and biological oxidation,
resulting a safer and more comprehensive remediation.15

Nanoscale zero-valent iron (nZVI) has emerged as a prom-
ising candidate for on-site remediation of toxic heavy metals,16

halogenated hydrocarbons,17,18 and other pollutants.19 Its
appeal lies in its nontoxicity, high reactivity, rapid kinetics, and
large specic surface area, which collectively enable efficient
contaminant removal from water.20–23 However, several chal-
lenges limit its effectiveness. In particular, nZVI particles
readily agglomerate due to their nanoscale size and intrinsic
magnetic properties,24,25 leading to a transition from the nano-
scale to the microscale. This agglomeration diminishes their
specic surface area, mobility, and overall reactivity.26,27

Secondly, nZVI is highly reactive and can readily interact with
water and oxygen, which reduces its long-term effectiveness. To
address these challenges, several strategies have been devel-
oped. A common approach to prevent particle aggregation
involves using ecofriendly biopolymers such as chitosan and
carboxymethyl cellulose (CMC). CMC, in particular, is
a nontoxic, biodegradable polymer that forms a protective
coating around nZVI particles. This coating generates electro-
static and steric repulsion forces, which keep the particles
apart, thereby enhancing their stability and dispersion in
water.28,29 The CMC stabilization process enables nZVI to
remain suspended for longer durations, thereby increasing its
contact time with environmental contaminants and enhancing
remediation efficiency. Similarly, polyvinylpyrrolidone (PVP),
a conductive polymer, has attracted attention as a modifying
agent because of its distinct properties, including low scattering
loss and sufficient charge storage capacity. The pyrrole group of
PVP allows it to interact with other molecules, form complexes
with salts, and act as a stabilizer, which improves particle
dispersion and may also contribute to redox reactions involving
nZVI. Consequently, PVP was employed in this study to enhance
both the efficiency and stability of nZVI. However, due to the
high reactivity of nZVI, oxidation readily occurs upon exposure
to air or water, producing a core–shell structure with metallic
iron at the core and iron oxides on the surface. CMC and PVP
together facilitate a well-stabilized hybrid network that
enhances nanoscale reactivity and extends the catalyst life-
time.30 Another strategy for enhancing nZVI's performance is
the deposition of secondary metals such as Pd, Pt, or Ni onto its
surface. Recent advances indicate that modied or doped nZVI
systems exhibit superior degradation efficiency via the syner-
gistic activation of oxidants and electron transfer.31,32 This
modication increases the availability of electrons for contam-
inant reduction, thereby improving nZVI's reactivity. Among
974 | Nanoscale Adv., 2026, 8, 973–988
these, Pd has been widely recognized as the most effective
catalyst due to its excellent chemical stability and superior
catalytic activity.33 When Pd4+ ions are introduced, they impede
the oxidation of iron particles by accepting electrons to reduce
to Pd2+, thereby protecting nZVI from oxidation and facilitating
the formation of Fe–Pd bimetallic nanoparticles.34 According to
recent reports, oxygen-promoted redox pathways and partial
denitrication systems can further increase the effectiveness of
oxidative transformation.35,36 In certain cases, this modication
also improves nanoparticle stability under aerobic conditions
by further inhibiting surface oxidation.23

Based on these principles, a carboxymethyl cellulose-
polyvinylpyrrolidone-stabilized nanoscale zero-valent iron/
palladium (CMC-PVP-nZVI/Pd) nanocomposite was syn-
thesised, characterised, and used for cyanide removal from its
phenolic mixture. The cyanide-treated effluent was subse-
quently subjected to biological treatment using the R. pyr-
idinivorans strain PDB9T N-1 for the degradation of phenolic
compounds. The overall efficiency of this sequential nano-bio
process was assessed through several kinetic and thermody-
namic models. The mechanism of pollutant removal was thor-
oughly discussed as well, and the reusability capacity was
systematically investigated.

2. Materials and methods
2.1. Chemicals

In this research, all chemicals and reagents used were of
analytical reagent grade (AR). Chemicals such as ferric chloride
tetrahydrate (FeCl3$4H2O), sodium borohydride (NaBH4), and
potassium hexachloropalladate (K2PdCl6) were sourced from
Merck, India. Polyvinylpyrrolidone (PVP), carboxymethyl cellu-
lose (CMC), and phenol crystals (C6H5OH) were sourced from
SRL India.

2.2. Methods

2.2.1. Synthesis of nZVI. Nano-zero-valent iron (nZVI)
synthesis was carried out according to a modied procedure
reported in the literature.37 In brief, in a three-neck ask,
a NaBH4 solution was prepared by adding 4.53 g of NaBH4 to
75 mL of distilled water. Then, the solution was slowly added to
300 mL of a solution containing 4.5 g of FeCl3$4H2O. Mean-
while, N2 gas was continuously purged to remove oxygen, and
the mixture was stirred mechanically. The ow rate was main-
tained at approximately 0.5 mL per second. Following the
addition of NaBH4, the mixture was stirred for an extra 30
minutes to ensure a complete reaction between ferric chloride
and sodium borohydride. The Fe3+ reduction took place as
stated in the following reaction:

4Fe3+ + 3BH4
− + 9H2O / 4Fe0 + 3H2BO3− + 12H+ + 6H2 (1)

The procedure was carried out until the formation of a black
nZVI precipitate. Then, the solution was centrifuged for 10
minutes at 12 000 rpm. The obtained nZVI NMs were washed
three times with 100% ethanol, dried at 100 °C, and preserved
in an airtight container to prevent further oxidation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2.2. Synthesis of CMC-nZVI. Firstly, the CMC stock solu-
tion was prepared by adding 0.2 gm of CMC to 50mL of a NaHCO3

(1 mM) solution. The CMC stock solution was agitated at 150 rpm
using an orbital shaker at 25 °C for 60 min; then, it was placed in
the refrigerator overnight to ensure full dissolution and hydra-
tion.25 For the preparation of CMC-coated nZVI, from the stock
CMC solution, 37.5 mL was added to 262.5 mL of the FeCl3 solu-
tion (15 g L−1). Aer 30 min, 75 mL of the previously prepared
NaBH4 (60.4 g L−1) solution was added to the reaction mixture in
a three-neck ask until the black-coloured precipitate formed.

2.2.3. Synthesis of PVP-nZVI. For preparing the PVP-nZVI
nanocomposite, rst, a PVP solution was prepared by adding
0.25 gm of PVP to 50 mL of distilled water (5 g L−1). From it,
45 mL of PVP was taken and mixed with 255 mL of the FeCl3
solution (15 g L−1). Then, aer 30 min, 75 mL of the NaBH4

solution (60.4 g L−1) was added and stirred thoroughly until the
formation of a black precipitate. Here, the ratio of PVP was
taken as 0.6 g L−1 of the total solution.

2.2.4. Synthesis of CMC-PVP-nZVI. In this work, 37.5 mL of
the CMC stock solution (0.4 g L−1) and 45 mL of PVP (0.6 g L−1)
were added to 217.5 mL of FeCl3 (15 g L−1). The obtained
reaction mixture was stirred at 500 rpm for 30 min for complete
dissolution; then, 75 mL of NaBH4 (60.4 g L−1) was added and
stirred again until the formation of a black precipitate. Then,
the precipitate was separated by centrifugation of the solution
for 10 minutes at 12 000 rpm. The CMC-PVP-nZVI NPs were
washed three times with 100% ethanol, dried at 100 °C and
preserved in an airtight container.

2.2.5. Synthesis of CMC-PVP-nZVI/Pd. The synthesis of
CMC-PVP-nZVI was done as described above. For palladiumdoping,
the above-synthesizedCMC-PVP-nZVI samplewasmixedwith 10mL
of ethanol, followed by the addition of 10 mg of potassium hexa-
chloropalladate (K2PdCl6). Then, the solution was sonicated for
20min. CMC-PVP/nZVI/Pdwas centrifuged at 12 000 rpm for 10min
and dried at 60 °C. The prepared NMs were kept under vacuum
overnight and then stored in a sealed container.

2.2.6. Preparation of the R. pyridinivorans strain PDB9T N-
1 inoculum. The R. pyridinivorans strain PDB9TN-1 utilized for this
research was rst isolated in our laboratory from the local paper
pulp wastewater and identied using the 16S rRNA technique.7,38

The pure culture was grown in an optimized mineral salt medium
(MSM) with a phenol concentration ranging from 300 to
2000 mg L−1. MSM was composed of 0.4 g per L KH2PO4, 2.64 g
per L K2HPO4, 0.6 g per L NaNO3, 0.17 g per LMgSO4$7H2O, 0.037 g
per LCaCl2, and 0.003 g per L FeCl3.7The pHof the culturemedium
was kept at 7.4. The R. pyridinivorans strain PDB9T NS-1 cells were
grown in a shaker incubator at 180 rpm and 30 °C. The pure
cultures of R. pyridinivorans strain PDB9TNS-1 were harvested (with
an OD at 600 nm of 1.5) by centrifugation for 10 minutes at
8000 rpm and then used for the phenolic degradation experiments.
2.3. Experimental procedure

2.3.1. Cyanide removal experiment using the synthesised
NMs. The cyanide removal experiments using the synthesized
NMs were conducted in the batch shake ask operational mode.
In this study, cyanide solutions of varying concentrations (20 to
© 2026 The Author(s). Published by the Royal Society of Chemistry
100 mg L−1) were placed in a 100-mL conical ask with 2 g L−1

of the NMs for the cyanide removal experiment. The concen-
tration of phenol in the mixed substrate system was xed at
300 mg L−1. Nitrogen gas was purged for 5 minutes before the
addition of NMs to each experimental ask. The pH of the
sample was raised to 12.0 using a 1 MNaOH solution in order to
prevent cyanide losses due to HCN gas formation. The reaction
was performed by constant stirring at 300 rpm, and samples
were collected at regular intervals up to 2 h. These collected
samples underwent centrifugation at 12 000 rpm, and the
supernatant was collected to determine the remaining cyanide
concentration using the colorimetric method at 578 nm, as
outlined in the literature.39 The efficiency of cyanide removal
was calculated as follows:

Removal Efficiency of CN�ð%Þ ¼ C0 � C

C0

� 100 (2)

where C0 is the initial CN− concentration.
2.3.2. Phenol removal using R. pyridinivorans strain

PDB9T N-1. Because the CN− removal experiment was conducted
under anaerobic conditions and at a pH of 12, aer the removal
of cyanide, the treated sample was readjusted to a pH of 7.4 by
gradually adding HCl (1 M) and ensuring a sufficient oxygen
supply by aerating with an aqua pump. The 48-h cultured R.
pyridinivorans strain PDB9TN-1 was centrifuged at 8000 rpm, and
the biomass was collected. Subsequently, 300 mL of the centri-
fuged bacterial biomass with an initial OD600 nm of 1.786 was
added to the cyanide-treated experimental conical ask. Then,
the experimental asks were kept in a bacterial incubator shaker
at 180 rpm and 30 °C for 24 h. Samples were periodically with-
drawn to determine the remaining phenol concentration.
2.4. Analytical method

The cyanide and phenol concentrations were assessed using the
PBA method (pyridine-barbituric acid) and 4-amino antipyrine
method, respectively, as outlined in standard methods.38 The
developed colours of cyanide and phenol were analysed calori-
metrically at 578 nm and 510 nm, respectively, using a UV-Vis
spectrophotometer (Evolution 220, Thermo Fisher Scientic,
USA). The size distribution, shape, and structure of different
synthesized NMs were analyzed by X-ray diffraction (XRD). XRD
analysis was conducted using Rigaku Ultima (Japan) by varying
the 2q value between 20° and 90° with X'Pert High Score so-
ware. Fourier transform infrared (FTIR) spectroscopy was used
to detect the functional groups present on the surface of the
NMs using KBr pellets (Thermo Fisher Nicolet 10 spectrometer,
USA). FTIR measurements were performed within the 400–
4000 cm−1 wavenumber range. To examine the structural and
morphological congurations of the NMs, the FE-SEM method
was utilized (Zeiss Gemini Sigma 300, UK). Using the same Zeiss
Gemini Sigma 300 instrument, energy-dispersive X-ray spec-
troscopy (EDX) was performed to evaluate the compositional
purity. X-ray photoelectron spectroscopy (XPS) was used to
analyze the surface composition of the nanocomposite using an
imaging photoelectron spectrometer (Thermo Escalab, USA),
model no. PHI 5000 Versa Probe III.
Nanoscale Adv., 2026, 8, 973–988 | 975
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2.5. Regeneration experiments

Aer the CN− removal reaction, the NMs were centrifuged at 12
000 rpm for 10 minutes and dried at 60 ⸰C. Then, the dried
NMs were dispersed in a solution of hydrochloric acid (0.1 M).
The mixtures were agitated for 120 minutes. To determine the
reusability of the NMs, the regeneration experiments of the
composites were performed 3 times with HCl; then, the sorbent
was cleaned with distilled water till the supernatant had
a neutral pH, conrming that there was no acid content on the
NMs, which were utilized for the next regeneration cycle.
3. Results and discussion
3.1. Characterization

3.1.1. XRD analysis. X-ray diffraction (XRD) was used to
analyze the crystal structure of the synthesized NMs. As shown
in Fig. 1(a), the XRD patterns of both nano-zero-valent iron
(nZVI) before and aer use were analyzed at 2q values varying
from 10° to 80°. The peak seen at 44.76°, related to the 110
plane, shows that iron (Fe) is present, indicating a high level of
crystallinity that matches the crystal structures of a-Fe2O3 and
g-Fe2O3, which aligns well with JCPDS le no. 1-1267 for
iron.12,37,40,41 A very small diffraction peak can be observed
Fig. 1 (a) XRD characterization of nZVI before and after cyanide
uptake. (b) FTIR characterization of nZVI and the CMC-PVP-nZVI/Pd
nanocomposite before and after cyanide uptake.

976 | Nanoscale Adv., 2026, 8, 973–988
around 2q z 35°, indicating the presence of a small amount of
iron oxides on the particle surface,29,40 also veried by EDX
analysis (26.71%). The presence of this thin amorphous oxide or
hydroxide shell surrounding the metallic core (discussed later)
supports the characteristic of the core–shell morphology of
nZVI, where a reactive Fe0 core is naturally enclosed by an FeO/
Fe2O3/FeOOH surface layer that limits further oxidation while
still allowing electron transfer during redox reactions.42,43

However, the absence of any additional prominent ferric oxide
peaks conrms that bulk Fe2O3 formation does not occur.
Fig. S1, given in the SI, shows the XRD spectrum of the CMC-
PVP-nZVI/Pd nanocomposite. The use of CMC and PVP in the
nanocomposite disrupts the normal arrangement of iron
atoms, causing X-rays to scatter in different directions. This
leads to a signicant decrease in the distinct peak of nZVI,
indicating the amorphous nature of the CMC-PVP-nZVI/Pd
nanocomposite. The XRD patterns of Pd in the CMC-PVP-
nZVI/Pd are not detectable, likely due to the low Pd content
and the well-dispersed nature of Pd within the CMC-PVP-nZVI/
Pd framework. At 34.9°, a small peak is observed, corresponding
to the mild oxidation of the outer layer of nZVI.29,40 These
ndings align well with the previously reported literature.40,44

Aer cyanide uptake, an extra peak is observed in the nZVI
sample (Fig. 1(a)) and also in the CMC-PVP-nZVI/Pd composite
(Fig. S1), corresponding to iron cyanide [Fe4(Fe(CN)6)3] at a 2q
angle of 35.41°, indexed to the 440 plane,12 which conrms the
reductive sorption of cyanide on the nZVI surface. The FeO peak
at 44.8° vanishes aer the reaction (Fig. 1(a)), which suggests
that the nZVI is completely used for cyanide reduction.20

3.1.2. FTIR analysis. Fig. 1(b) displays the FTIR spectrum of
nZVI ranging from 4000 to 500 cm−1. The peak at 3433 cm−1 is
associated with the OH stretching vibration andmight be due to
H2O, and the peak at 1636 cm−1 is partially attributed to the
O–H bending vibration of FeOOH.45 The mild peak at 1067/
1054 cm−1 suggests the existence of a very small amount of g-
FeOOH lepidocrocite. Fig. 1(b) demonstrates the FTIR spectrum
of the CMC-PVP-nZVI/Pd nanocomposite. In the nano-
composite, CMC is effectively attached to the nZVI surface via
carbonyl (COO–) and hydroxyl (–OH) groups. The presence of
COO– and –OH groups results in the formation of longer peaks
at 1638 cm−1 and near 3398 cm−1, respectively, compared to the
fresh nZVI. This observation conrms that CMCmolecules have
been anchored onto the Fe surface through coordination with
hydroxyl and carboxyl groups, as illustrated in Fig. 1(b).20 The
very mild band at 687 cm−1 corresponds to the symmetric
stretching due to the presence of some Fe–O NMs.46 Aer being
supported with Pd nanoparticles, the peak at 3433 cm−1 is
somewhat shied towards lower wavenumbers, suggesting
hydrogen bonding and charge redistribution between the Fe0/
Pd surface and the polymeric coating.33 Moreover, the peak at
597 cm−1 indicates the existence of Pd particles.47 The increased
intensity of the vibration at 1638 cm−1, corresponding to the CO
stretching in the CMC-PVP-nZVI/Pd sample, suggests the pres-
ence of carbonyl stretching from the pyrrolidone group attached
to the nanocomposite. This indicates that PVP has been
successfully bonded to Fe through Fe–N interactions.48,49 Aer
the adsorption process, the FTIR spectra of the nZVI and CMC-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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PVP-nZVI/Pd composite were analysed. The presence of the N–H
stretching vibration at 3431 cm−1 in nZVI aer cyanide uptake
(Fig. 1(b)) indicates the existence of amine.12 Another peak is
observed in the treated nZVI at 1384 cm−1, which is attributed
to the C^N stretching vibration, suggesting cyanide sorption
on the surface of nZVI.50

3.1.3. FE-SEM analysis. Fig. 2(a) demonstrates the eld-
emission scanning electron microscopy (FE-SEM) image of
nZVI. From the gure, it can be seen that nZVI is spherical with
Fig. 2 FE-SEM characterization of the synthesized NMs and R. pyridini
idinivorans strain PDB9T N-1, and (d) magnified image of R. pyridinivoran
nZVI/Pd.

© 2026 The Author(s). Published by the Royal Society of Chemistry
an average size of 500 nm (ref. 51) and likely to form chain-like
aggregates or multiple spherical particles because of the
magnetic attraction between the particles, thereby forming
larger, micron-sized particles. Other studies have also observed
similar structures of nZVI aggregates.52,53 Fig. 2(b) illustrates the
FE-SEM image of the CMC-PVP-nZVI/Pd nanocomposite. The Fig.
2(b) demonstrates that the nanocomposite (CMC-PVP-nZVI/Pd) is
smaller, spherical, and well-dispersed with an average size of
181 nm, whereas nZVI is larger, agglomerated, and irregularly
vorans strain PDB9T N-1: (a) nZVI, (b) CMC-PVP-nZVI/Pd, (c) R. pyr-
s strain PDB9T N-1. EDX characterization of (e) nZVI and (f) CMC-PVP-
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clustered.54 Furthermore, the composite (CMC-PVP-nZVI/Pd)
reveals that the nZVI composites form chain structure-like
beads due to the presence of CMC46 and PVP.55 Additionally,
the size of the nanoparticles decreases gradually due to the
addition of CMC.56 Fig. 2(c) illustrates the FE-SEM image of the R.
pyridinivorans strain PDB9T N-1. As shown in the gure, the
strain PDB9T N-1 does not form a spore and grows as a smooth
rod-coccus morphological structure (sometimes irregular). The
observation is well matched with Rhodococcus sp., as reported in
the literature.57 Fig. 2(d) demonstrates a higher magnication
image of the R. pyridinivorans strain PDB9T N-1, which reveals
a smooth rod-coccus morphological structure.

3.1.4. EDX analysis. The elemental composition of the
nanomaterials was analyzed using energy-dispersive X-ray
Fig. 3 (a) Full-survey and deconvoluted (b) C 1s, (c) O 1s, (d) Pd, and (e)

978 | Nanoscale Adv., 2026, 8, 973–988
spectroscopy (EDX), as shown in Fig. 2(e and f). The primary
elements identied in nZVI were iron (Fe), oxygen (O), and sodium
(Na), with weight percentages of 72.40%, 26.71%, and 0.89%,
respectively (Fig. 2(e)), indicating the formation of nZVI, which is
in good agreement with a previous report in the literature.12 Here,
the presence of aminor Na peakmight be due to the use of NaBH4

during synthesis, where residual Na+ ions remained weakly asso-
ciated with surface hydroxyl or carboxyl sites even aer washing
and drying. Furthermore, in the EDX analysis of the CMC-PVP-
nZVI/Pd nanocomposite, the main elements detected were iron
(Fe), carbon (C), oxygen (O), and palladium (Pd), with weight
percentages of 53.36%, 18.63%, 26.61%, and 1.39%, respectively,
conrming the existence of palladium and the incorporation of
CMC and PVP in the nanocomposite, as illustrated in Fig. 2(f).
Fe 2p XPS spectra of the CMC-PVP-nZVI/Pd nanocomposite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.1.5. XPS analysis. To further investigate the chemical
composition and elemental states of the developed CMC-PVP-
nZVI/Pd nanocomposite at the molecular level, XPS analysis
was carried out. The results are illustrated in Fig. 3(a–e). Fig. 3(a)
shows the survey spectrum of the CMC-PVP-nZVI/Pd nano-
composite, conrming the presence of carbon, oxygen, Pd, and
Fe as the major constituent elements. The high-resolution C 1s
XPS spectrum of the CMC-PVP-nZVI/Pd nanocomposite can be
deconvoluted into three peaks at binding energies of approxi-
mately 284.2 eV, 285.1 eV, and 287.6 eV, corresponding to C–C/C–
H, C–C–O, and C–C]O/O–C–O bonds, respectively, as shown in
Fig. 3(b).58 These signals generally arise from the hydroxyl,
carboxyl, and pyrrolidone groups of CMC and PVP, which
Fig. 4 (a) Efficiency of cyanide removal using individual NMs and the CMC
R. pyridinivorans strain PDB9T N-1, (c) impact of cyanide concentration o
temperature on the efficiency of cyanide removal, (e) thermodynamic pr
CMC-PVP-nZVI/Pd and PVP-Pd-nZVI after 3 cycles.*Error bars denote t

© 2026 The Author(s). Published by the Royal Society of Chemistry
indicate that the polymers are chemically bound to the Fe surface
through Fe–O–C and Fe–N linkages. This coordination not only
stabilizes the nanoparticles but also facilitates charge delocal-
ization between the Fe and Pd sites, thereby improving electron
transfer during redox reactions.42,59,60 As depicted in Fig. 3(c), the
high-resolution O 1s spectra can be tted with three character-
istic peaks located at approximately 530.8 eV, 531.7 eV, and
532.5 eV, corresponding to C]O, C–OH/C–O, and C–OO−/O–C–O
functional groups, respectively.61 The additional shoulder at
536.3 eV can be attributed to adsorbed oxygen from air contam-
inants and moisture. These oxygenated species conrm the
coexistence of polymeric oxygen groups and surface iron oxides
or hydroxides, forming a thin passivation layer that protects the
-PVP-nZVI/Pd nanocomposite, (b) biodegradation profile of phenol by
n its removal by the CMC-PVP-PD-nZVI nanocomposite, (d) effect of

ofile of cyanide removal by the nanocomposite, and (f) regeneration of
he standard deviation of three independent experimental runs.
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Fe0 core and provides reactive sites for pollutant reduction. As
shown in Fig. 3(d), the deconvoluted XPS spectrum of Pd exhibits
two distinct peaks at 335.2 eV and 340.4 eV, corresponding to the
Pd 3d5/2 and Pd 3d3/2 orbitals, respectively. These characteristic
binding energies conrm that Pd is present in the metallic zero-
valent state (Pd0).62 Further, a slight negative shi in the Pd
binding energy relative to the standard Pd0 (335.6 eV) suggests
electron donation from Fe0 to Pd, implying a synergistic Fe–Pd
coupling that enhances catalytic activity. The Fe 2p prole
(Fig. 3(e)) shows two peaks centered at binding energies of
710.6 eV and 723.9 eV, corresponding to Fe(II), while the peaks at
712.9 eV and 726.2 eV are attributed to Fe(III).63 The presence of
Fe(II) and Fe(III) oxides may result from oxidation processes
occurring during sample storage or testing. Additionally, the
doublet peaks observed at binding energies of 718.9 eV and
707.8 eV correspond to Fe(0) 2p1/2 and Fe(0) 2p3/2, respectively,
conrming that the metallic Fe core remains intact. The simul-
taneous presence of Fe(0), Fe(II), and Fe(III) signals supports the
formation of a core–shell Fe0/Fe-oxide structure, where the
polymer coating and Pd nanoparticles collectively improve
structural stability, electron conductivity, and the accessibility of
reactive sites within the nanocomposite, demonstrating the
effective formation of the CMC-PVP-nZVI/Pd nanocomposite.
3.2. Cyanide removal performance of the synthesized NMs

The cyanide reduction performance of the synthesized NMs is
presented in Fig. 4(a). As shown, bare nZVI achieved only 49.65%
cyanide removal at an initial dose of 100 mg L−1 within 2 h. The
incorporation of CMC into nZVI signicantly improved the
performance, increasing cyanide removal to 76.42%. A further
enhancement was observed with PVP-nZVI, which achieved
87.43% removal. The highest efficiency was obtained using the
PVP-Pd-nZVI nanocomposite, reaching 99.82% removal. Inter-
estingly, when CMC was introduced into the PVP-Pd-nZVI system
(CMC-PVP-nZVI/Pd), the removal efficiency slightly decreased to
89.44%. This reduction can be attributed to the CMC biopolymer
coating, which acts as a protective barrier that shields nZVI,
thereby slowing its oxidation and deactivation and also partially
limiting its reactivity. CMC creates electrostatic and steric forces
that push individual nZVI particles apart, thereby maintaining
their stability and improving their dispersion in water.28,29 It also
provides the sustained release of nZVI over time, extending its
longevity.53 However, despite these advantages, CMC did not
enhance cyanide removal. This reduced efficiency may be
attributed to the blocking of nZVI reactive sites by CMC mole-
cules, which serve as stabilizing and coating agents, thus
hindering cyanide adsorption and subsequent reduction. In
addition, the reductive sorption of cyanide by CMC-PVP-nZVI/Pd
was suppressed due to electrostatic repulsion between the
negatively charged COO− groups of CMC and the negatively
charged CN− ions.20,64 In contrast, PVP signicantly improved
cyanide reduction byminimizing particle aggregation, increasing
the available surface area, and enhancing the electron transfer
rate. Further, PVP polymers contain a pyrrole group, which can
interact with other molecules, enhancing dispersion and poten-
tially participating in the redox reactions of nZVI.
980 | Nanoscale Adv., 2026, 8, 973–988
The incorporation of Pd-doped PVP into nZVI markedly
increased cyanide removal efficiency. This improvement is
attributed to the ability of Pd4+ ions to prevent the further
oxidation of iron particles by accepting electrons and being
reduced to Pd2+. This process inhibits nZVI oxidation and
facilitates the formation of Fe–Pd bimetallic nanoparticles.34,65

These results demonstrate that PVP-Pd is an effective polymer
for enhancing cyanide removal by nZVI. Subsequently, the
cyanide-treated sample was subjected to phenol degradation
(300mg L−1) using the R. pyridinivorans strain PDB9T, achieving
99.88% phenol removal within 16 h, as shown in Fig. 4(b).

3.3. Phenol degradation performance by Rhodococcus
pyridinivorans PDB9T N-1

The phenol degradation efficiency of the obtained effluent aer
nanotreatment was evaluated at an initial phenol concentration
of 300 mg L−1 over a reaction period of 24 h at pH 7.4. The
phenol concentration decreased gradually with time, as shown
in Fig. 4(b), reaching 8.32% removal at 2 hours, 46.6% at 10
hours, and 99.88% total degradation by 16 hours. The biological
stage was initiated only aer complete cyanide removal
(<0.1 mg L−1), ensuring that Rhodococcus pyridinivorans PDB9T
N-1 was not exposed to inhibitory cyanide levels. The consistent
increase in the degradation efficiency and the near-complete
removal within 16 hours demonstrate the high catalytic
activity, adaptability, and robustness of R. pyridinivorans in the
postdetoxied effluent.

3.4. Effect of the initial cyanide concentration on its removal

The study evaluated the performance of the CMC-PVP-nZVI/Pd
nanocomposite at different initial cyanide concentrations
ranging from 20 to 200 mg L−1 while keeping other parameters
constant. Almost complete cyanide removal was observed when
the initial concentration was below 40 mg L−1. However, as the
cyanide concentration increased, the removal efficiency gradu-
ally declined. For example, the efficiency decreased from 100%
to 58.6% as the initial dose increased from 40 to 200 mg L−1, as
shown in Fig. 4(c). This reduction in efficiency at higher cyanide
concentrations can be attributed to the limited availability of
active binding sites on the CMC-PVP-nZVI/Pd
nanocomposite.12,66

3.5. Effect of the temperature and thermodynamics of
cyanide removal

Experiments were conducted to examine the effect of the
temperature on cyanide removal under xed conditions (initial
cyanide concentration = 100 mg L−1, pH = 12, contact time = 2
h) at four different temperatures (293, 298, 303, and 313 K), as
presented in Fig. 4(d). The results indicated that the cyanide
removal efficiency increased with rising temperature. This
enhancement can be attributed to the disruption of internal
bonds within the adsorbent's active sites, which improves the
availability of reactive sites for cyanide binding. Moreover, the
higher temperature lowers the solution's viscosity, thereby
facilitating cyanide sorption onto nZVI.12,63 Remarkably, almost
complete removal (>99%) was achieved at 303 K. The impact of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the temperature on the sorption dynamics of cyanide can be
analysed using thermodynamic principles, where DG°, DH°,
and DS° denote the Gibbs free energy, enthalpy, and entropy,
respectively. The values of these thermodynamic parameters
were computed using the following equations:

DG˚ = − RT ln kd (3)

kd ¼ qe

ce
(4)

In this context, kd represents the adsorption equilibrium
constant, T represents the temperature in Kelvin, and R is the
universal gas constant (8.314 J mol−1 K−1).

DG˚ = DH˚ − TDS˚ (5)

The van't Hoff equation is obtained by combining eqn (4)
and (5), as shown below:

ln kd ¼ DS�

R
� DH�

RT
(6)

The slope of the thermodynamic plot of 1/T vs. ln kd yielded
a positive enthalpy change (DH°) of 99.80 kJ mol−1. Fig. 4(e)
reveals that the cyanide removal process is endothermic.
However, when the temperature was raised to 313 K (Fig. 4(d)),
more water molecules desorbed, and the increased molecular
energy weakened the attractive forces between them, which
subsequently decreased the sorption rate.67 The Gibbs free energy
changes (DG°) at different temperatures were determined to be
−105.86,−107.67, and−109.78 kJmol−1, as presented in Table 1.
The negative DG° value indicates that cyanide removal is
a spontaneous process, with chemisorption likely being the
dominant mechanism. The positive entropy change (DS°)
suggests an increased degree of disorder at the solid–liquid
interface, which may result from structural reorganization as
cyanide ions bind to the active sites of the nanocomposite.
3.6. Regeneration and recycling of the nanocomposite

Reducing the production cost of adsorption materials is crucial,
and regenerationmethods play an important role in this regard.
Acid washing is a widely used technique to restore NMs by
removing their passivation layer.68 Aer four regeneration
cycles, the CMC-PVP-nZVI/Pd nanocomposite maintained
a high cyanide removal efficiency of 81.25% (Fig. 4(f)), likely due
to the protective CMC coating on nZVI. This demonstrates that
CMC-PVP-nZVI/Pd is a cost-effective material for treating
cyanide-contaminated water. In contrast, the regeneration
Table 1 Thermodynamic parameter values for the degradation of
cyanide using CMC-PVP-nZVI/Pd

Temperature (K) Kd

DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(J mol−1 K−1)

293 15.125 −105.86 99.8 361.659
298 24.5 −107.67
303 49.5 −109.78

© 2026 The Author(s). Published by the Royal Society of Chemistry
efficiency of PVP-nZVI/Pd was only 60.6%, lower than that of the
complete CMC-PVP-nZVI/Pd composite, conrming that the
CMC coating enhances the stability and longevity of nZVI.

Although the PVP-nZVI/Pd composite exhibited the highest
cyanide removal efficiency (99.82%), its catalytic activity
rapidly declined upon reuse due to aggregation and oxidation.
The addition of CMC led to a slight decrease in performance
(89.44%). This decline is mainly due to the partial coverage of
reactive Fe0 sites by CMC molecules, which act as stabilizing
agents and restrict the direct contact between Fe0 and cyanide
ions. Moreover, the negatively charged carboxyl (–COO−)
groups of CMC may repel cyanide anions (CN−), further
limiting adsorption and reduction. Despite this reduction in
the initial efficiency, the incorporation of CMC provided
substantial benets in terms of stability and recyclability. The
CMC coating prevented oxidation, minimized particle aggre-
gation, and maintained catalytic activity over several reuse
cycles. Hence, a clear balance emerged. While PVP-nZVI/Pd
was more efficient in a single treatment, the CMC-PVP-nZVI/
Pd composite offered greater durability and operational reli-
ability, making it more suitable for long-term and cost-
effective wastewater treatment.

3.7. Kinetics of cyanide removal using the CMC-PVP-nZVI/
Pd nanocomposite

3.7.1. Pseudo-rst and second-order kinetic models. The
analysis of reductive sorption kinetics is crucial for under-
standing both the rate and controlling mechanisms of the
reductive sorption process, including mass transfer and physi-
cochemical reactions.69,70 The pseudo-rst-order kinetic model
effectively describes the rate of physisorption, highlighting the
dependence of the process on the availability of unoccupied
sites on the adsorbent surface.38,71 This model is based on the
Lagergren equation and is expressed as follows:

ln (qe − qt) = ln qe − K1t (7)

In eqn (7), qt is the reductive adsorption capacity at a given time
t and qe is the equilibrium adsorption capacity. Here, the
constant K1 is the rate of adsorption. In contrast, the kinetics of
chemisorption can be explained using the pseudo-second-order
model. The simplied representation of the pseudo-second-
order model can be expressed as follows:

t

qt
¼ 1

K2qe2
þ t

qe
(8)

where K2 is the adsorption rate constant. Fig. 5 shows the
kinetics of cyanide removal using the CMC-PVP-nZVI/Pd nano-
composite. The pseudo-second-order model ts well with the
experimental data, which shows a very high R2 value of 0.99
compared to the pseudo-rst-order model, as shown in Fig. 5(a
and b). The larger R2 value of the pseudo-second-order model
indicates that chemisorption plays a major role and is domi-
nant over the physical adsorption process for cyanide removal.
In the solution, the free sites on the adsorbent surface share or
exchange electrons with the cyanide ions in the chemisorption
process,69,71 thereby aiding in the removal of cyanide. The
Nanoscale Adv., 2026, 8, 973–988 | 981

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00920k


Fig. 5 Analysis of cyanide reductive sorption kinetics utilizing the CMC-PVP-nZVI/Pd nanocomposite: (a) pseudo-first-order model, (b) pseudo-
second-order model, (c) intraparticle diffusion, and (d) Elovich model.
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theoretical cyanide reductive sorption capacity calculated using
the pseudo-second-order model is 93.37 mg g−1, closely
matching the experimentally observed value of 89.44 mg g−1.

3.7.2. Intraparticle diffusion model. The intraparticle
diffusion model provides a deeper understanding of the mass
transfer mechanism in porous adsorbents, describing the
interactions between the adsorbent and adsorbate during the
reductive sorption process.38 The intraparticle diffusion behav-
iour of an adsorbent is described by the Morris and Webber
model, and its linear representation is shown as follows:

qt = K3t
1/2 + C1 (9)

where the constant K3 represents the rate of intraparticle diffu-
sion. According to this model, if the plot of qt vs. t

1/2 is linear, it
indicates that the intraparticle diffusion process is the primary
mechanism controlling reductive sorption. In the case of multi-
linear curves in the data set, the whole process is governed by
more than one stage. In the present study, the appearance of
a multilinear regression pattern indicates that cyanide removal
involves two stages, as illustrated in Fig. 5(c). The initial stage
represents the external mass transfer of cyanide from the solu-
tion phase to the solid–liquid interface of the CMC-PVP-nZVI/Pd
nanocomposite. The second stage involves the diffusion of
cyanide into the internal pores of the CMC-PVP-nZVI/Pd nano-
composite. A steeper slope and a higher correlation coefficient in
the rst stage indicate a faster adsorption process, suggesting
that the cyanide removal rate is largely governed by external mass
982 | Nanoscale Adv., 2026, 8, 973–988
transfer. In the second stage, the lower slope shows that the
intraparticle diffusion process is very slow and insignicant for
the removal of cyanide, as shown in Fig. 5(c). A similar observa-
tion is also well explained in the literature.38,70 Additionally, the
K3i value for cyanide removal is greater than K3ii, demonstrating
that external mass transfer is the rate-limiting step, withminimal
intraparticle diffusion.72 This is in line with other reports,69,72

wherein a lower K2 value than K1 has been reported.
3.7.3. Elovich model. The Elovich model is primarily inu-

enced by highly active heterogeneous surface functional groups,
which are closely associated with the chemisorption process.
According to this model, the adsorption rate decreases expo-
nentially as the amount of the adsorbate increases.73 The Elovich
model also indicates that both the diffusion process and the
reaction rate play signicant roles in controlling the reductive
sorption. The equation used in the model is as follows:

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (10)

where the initial adsorption velocity is denoted by a (mg g−1 h−1)
and the chemisorption surface coverage parameter and activa-
tion energy are denoted by b (g mg−1).69 In this study, a and b are
used to represent the initial rate constant of surface coverage and
chemisorption activation energy, respectively. Fig. 5(d) presents
the qt vs. ln t graph. The slope of the line represents

1
b
, and the

intercept corresponds to
1
b
ln ðabÞ; the calculated b value is

0.0939, as presented in Table 1. The lower b value observed in this
© 2026 The Author(s). Published by the Royal Society of Chemistry
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study suggests that the chemisorption process has high feasi-
bility. Similarly, the a value of the adsorption rate is calculated to
be 29 319.26 mg g−1 h−1 with an R2 of 0.96. This suggests that the
reductive sorption of cyanide on the CMC-PVP-nZVI/Pd nano-
composite is primarily driven by chemisorption rather than
physisorption, which is further conrmed by the rapid cyanide
reductive sorption process.74 Hence, it can be concluded that
cyanide removal on the CMC-PVP-nZVI/Pd nanocomposite
probably occurs according to surface exchange reactions until the
available sites on the surface are saturated.

3.8 Stabilization mechanisms

To prevent the aggregation of nZVI particles and enhance their
catalytic activity and conductivity, various stabilization strate-
gies have been developed, with carboxymethyl cellulose (CMC)
being one of the most effective. The stabilization process
involves several critical stages. The overall mechanism of
sequential cyanide and phenolic removal by the CMC-PVP-nZVI/
Pd nanocomposite and R. pyridinivorans strain PDB9T is illus-
trated in Fig. 6. In the initial stage, CMC, a water-soluble poly-
mer derived from cellulose, adsorbs onto the nZVI surface,
forming a protective coating. This coating acts as a physical and
electrostatic barrier, preventing particle aggregation and
shielding nZVI from the rapid oxidation and deactivation
caused by direct exposure to the surrounding environment. The
incorporation of CMC also helps reduce the dissolution rate of
nZVI. By forming a protective coating, CMC not only enhances
the reduction capacity of nZVI but also enables the sustained
Fig. 6 Detailed mechanism of sequential cyanide and phenol removal b
PDB9T.

© 2026 The Author(s). Published by the Royal Society of Chemistry
release of reducing agents over an extended period, thereby
improving the longevity of nZVI.75 Similarly, PVP is employed as
a conductive polymer due to its superior charge storage capacity
and low scattering loss49. The PVP coating signicantly
enhances the stability and reactivity of nZVI particles, resulting
in improved pollutant removal efficiency.76 Furthermore, the
unique structure of PVP, characterized by rigid pyrrole groups,
promotes the formation of complexes with various inorganic
compounds, underscoring its suitability for polymeric nano-
material synthesis, as illustrated in Fig. 6.77 In this study, PVP is
employed as both a highly conductive material and a stabiliser
to synthesise stable and efficient nZVI. The introduced Pd4+

ions prevent further oxidation of iron particles by accepting
electrons and reducing to Pd2+, thereby protecting nZVI from
oxidation and facilitating the formation of Fe–Pd bimetallic
nanoparticles.29 Palladium not only enhances the reactivity of
nZVI but also inhibits atmospheric oxidation on its surface.18,41

The overall mechanism of cyanide removal by the CMC-PVP-
nZVI/Pd nanocomposite involves Pd-assisted reductive chemi-
sorption. Initially, the XRD peak at 35.41° (440 plane) indicates
that CN− ions are chemisorbed onto Fe0 active sites, forming
transient Fe–CN surface complexes (Fe4[Fe(CN)6]3).12

Fe0 + CN− / Fe − CN

(surface complexation/chemisorption) (11)

The FTIR spectra further support this mechanism. Aer
cyanide uptake, nZVI exhibits an N–H stretching band at
y the CMC-PVP-nZVI/Pd nanocomposite and R. pyridinivorans strain

Nanoscale Adv., 2026, 8, 973–988 | 983
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3431 cm−1, conrming the formation of amine groups,12 and
a distinct C^N stretching band at 1384 cm−1, conrming
cyanide sorption and partial reduction.50 The N–H signal reveals
that CN− undergoes reductive transformation to less-toxic amine
species, facilitated by Pd catalysis. During synthesis, K2PdCl6
(Pd4+) serves as the palladium precursor and is spontaneously
reduced by Fe0 through a two-step reduction process:78–80

Fe0 + Pd4+ / Fe2+ + Pd2+ (12)

Fe0 + Pd2+ / Fe2+ + Pd0 (13)

This reduction leads to the deposition of bimetallic Pd0

nanoparticles on the Fe0 surface, forming a bimetallic Fe–Pd0

structure.81 This is well agreement with the XPS analysis,
wherein the deconvoluted XPS spectrum of Pd exhibits two
distinct peaks at 335.2 eV and 340.4 eV, corresponding to the Pd
3d5/2 and Pd 3d3/2 orbitals, respectively. These characteristic
binding energies conrm that Pd is present in the metallic zero-
valent state (Pd0).62

Consequently, the CMC-PVP-nZVI/Pd nanocomposite
exhibits the highest cyanide removal of 99% at an initial dose of
100 mg L−1. Following cyanide removal, the ltered sample is
subsequently utilized for the next phase of phenol degradation.
The degradation of phenol is caused by the phenol mono-
oxygenase enzyme of Rhodococcus pyridinivorans N-1, which
converts phenol into hydroquinone. The hydroquinone is then
subjected to an oxidation reaction to generate protocatechuic
acid by hydroquinone carboxylase. Later, the protocatechuate is
converted to beta-carboxy cis–cis muconate by a ring-ssion
reaction catalysed by the protocatechuate dioxygenase enzyme
system. This is followed by several decarboxylation and oxida-
tion reactions to generate TCA cycle intermediates, ultimately
leading to complete mineralization into CO2 and H2O.7 This
enzymatic sequence transforms phenol into less-toxic inter-
mediates and nally into harmless end products.
4. Conclusion

In this study, the synthesized nanomaterials (NMs) were char-
acterized and evaluated for cyanide removal. The FTIR and XPS
analyses conrmed that the functional groups, such as
hydroxyl, carbonyl, and pyrrolidone groups, of CMC and PVP
chemically interacted with the Fe/Pd surface through Fe–O–C
and Fe–N linkages. This coordination improved electron delo-
calization between Fe0 and Pd, increased the accessibility of
active sites, and enhanced the overall redox reactivity of the
nanocomposite. The coating of polymers also provided both
steric and electrostatic stabilization that successfully inhibited
nZVI aggregation, as conrmed by FE-SEM analysis. The stabi-
lized CMC-PVP-nZVI/Pd nanocomposite achieved more than
99% cyanide removal at an initial concentration of 100 mg L−1

at 30 °C, demonstrating 1.8-fold higher efficiency than bare
nZVI. Kinetic studies revealed that cyanide removal by CMC-
PVP-nZVI/Pd followed a pseudo-second-order model, indi-
cating a chemisorption mechanism with a high sorption
capacity of 93.37 mg g−1. While PVP-nZVI/Pd exhibited the
984 | Nanoscale Adv., 2026, 8, 973–988
maximum cyanide removal efficiency, the CMC-PVP-nZVI/Pd
nanocomposite showed superior regeneration performance,
highlighting the role of CMC in enhancing the stability and
longevity of nZVI. This balance between the initial efficiency
and durability underscores its practical value, providing
a sustainable and reusable solution for continuous industrial
wastewater treatment. Thermodynamic analysis further
conrmed the spontaneity of the sorption process (negative DG
°) and its endothermic nature (positive DH°). In parallel, the
isolated strain Rhodococcus pyridinivorans PDB9T demonstrated
effective phenol removal from partially treated wastewater.
Together, this sequential nano-bio treatment system presents
a promising, economical, and environmentally sustainable
strategy for treating hazardous industrial effluents.
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