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adsorption
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This study explores the enhanced adsorption performance of activated carbon felt (ACF) for Cu(ll)
and Cd(ll) ions, achieved using a dual-synergistic approach combining MnO coating and plasma
treatment. ACF’s intrinsic properties, including a high surface area (~1000-2000 m?/g), large porosity,
and excellent mechanical stability, make it a promising material for environmental applications.
However, its limited surface functional groups hinder its adsorption efficiency for heavy metals.
Conventional acid treatments, though effective in introducing functional groups, compromise ACF’s
structural integrity and pose environmental hazards. The non-thermal plasma method addresses
these challenges by introducing oxygen-rich functional groups and MnO species without using harmful
chemicals, preserving the material’s mechanical and morphological properties. This study addresses
key challenges in adsorption technologies, such as inefficiencies in multi-contaminant systems and
adsorbent degradation through plasma-aided modifications. The synergistic modification enhances
adsorption performance by leveraging mechanisms such as ion exchange, complexation, and co-
precipitation. Adsorption experiments revealed maximum adsorption capacities of 163.39 mg/q for
Cu(ll) and 214.59 mg/g for Cd(Il), with an extended equilibrium time of 720 min at pH 5. This research
highlights the significance of plasma-aided modification strategies for developing sustainable

and efficient heavy metal adsorbents, contributing to advancements in wastewater treatment
technologies.

Keywords Adsorbent material, Plasma surface engineering, Activated carbon felt, Environmental
remediation, Water treatment

Heavy metals, such as copper (Cu(II)) and cadmium (Cd(II)), pose significant environmental and health risks
due to their persistence and toxicity, even at trace concentrations. Cu(II) is known to cause gastrointestinal and
liver damage, while Cd(II) is a potent carcinogen associated with kidney and bone damage'. The World Health
Organization (WHO) has set strict guidelines for their concentration in water, recommending a maximum of
5.0 ug/L for Cd(II) in natural waters and 3.0 mg/L for Cu(II) in inland waters, with a more stringent limit
of 0.05 mg/L for drinking water. Consequently, effective removal of these contaminants from wastewater is
essential for protecting aquatic ecosystems and public health?.

Several treatment methods have been developed to mitigate contamination from mining runoff, industrial
discharges, and agricultural runoff, including adsorption, chemical precipitation, ion exchange, and membrane
filtration. Among these, adsorption is the most widely used due to its simplicity, cost-effectiveness, and high
efficiency. Unlike chemical precipitation, which generates large waste volumes, or ion exchange, which is
expensive, adsorption offers a more sustainable and scalable solution®. The process relies on surface interactions
between adsorbents and contaminants, where adsorbents such as activated carbon*®, carbon felts®, zeolites?,
and biochar® are commonly employed. However, powdered adsorbents often face challenges like inefficient
regeneration and difficult recovery®.

Recent advancements in adsorption technology have introduced Activated Carbon Felts (ACF), which
have proven particularly effective in removing Cu(Il) and Cd(II) from wastewater®!%!1. ACFs offer several
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advantages, including a high surface area, excellent porosity, and the ability to modify surface properties to
enhance adsorption capacity. Surface modification techniques, both chemical and physical, have been employed
to improve the efficiency of ACFs. These modifications introduce functional groups that facilitate stronger
interactions with heavy metal ions, thereby increasing adsorption efficiency. Despite their potential for large-
scale applications, ACFs require further optimisation to address challenges related to regeneration and long-
term stability®!2.

Surface modification techniques for ACFs can be broadly categorised into mechanical, chemical, and
physical methods. Mechanical methods enhance surface area but may compromise the structural integrity of the
material. Chemical modifications, such as treatment with nitric acid (HNO3) or sulfuric acid (H,SO,), introduce
functional groups that improve adsorption but can degrade the ACF structure. Physical treatments, such as non-
thermal plasma treatment, modify surface properties without affecting the bulk material'>!4. Plasma treatment
offers a dry, reagent-free alternative that enhances adsorption but has shown limited effectiveness in isolation.
Combining plasma treatment with chemical activation has been shown to improve adsorption capacity, though
further optimisation of parameters such as power, gap distance, and treatment duration is needed!®!>.

In this study, we addressed the existing research gap by investigating the deeper mechanisms of surface
modification of ACFs through the combined use of KMnO, coating and plasma treatment. Our approach not
only enhances the removal efficiency of Cu(II) and Cd(II) ions from water but also provides insights into the long-
term stability and regeneration of adsorptive sites. However, the presence of phosphates and divalent cationic
species reduced their adsorptive effectiveness. Recycling tests confirmed that the modified ACFs remained
effective for up to five cycles, with a removal efficiency of at least 60%. Utilising a fixed bed column for adsorption
testing and employing micro and spectroscopic methods, we assessed the performance of the modified ACFs in
heavy metal removal. The novel integration of plasma treatment allowed for a detailed examination of chemical
changes within the ACFs, revealing the synergistic effects with KMnOj that significantly improved performance.
The findings highlight the potential of surface-modified ACFs for sustainable industrial wastewater treatment
and robust environmental remediation, although further optimisation is necessary to improve performance
under varying conditions.

Experimental section

Materials

Activated carbon felt made from polyacrylonitrile (ACF) was bought from Korea Activated Carbon Felt Ltd.
(South Korea); potassium permanganate (KMnO,), sodium hydroxide (NaOH) (solid pellets) and hydrochloric
acid (HCI) were acquired from Samchun Pure Chemical Co. Ltd. (Korea). Cadmium nitrate and copper nitrate
were purchased from Junsei Chemicals (Korea). All the procured reagents were of analytical grades and were
commissioned without any further procedures.

Experimental procedure for fabrication of modified ACF

Preparation of MnO-PT-ACF [modified ACF

The ACF material was first washed with a 1:1 mixture of hot water and ethanol to remove surface impurities,
then dried at 65 °C for 24 h and cut to 120 mm x 20 mm dimensions. It was pre-treated with KMnO,, oxidation
by soaking and stirring for 1 h at room temperature. Next, the KMnO,, /ACF was subjected to plasma treatment
by placing it in a 3 mm gap of the DBD reactor, with O, (20 mL/min) and Ar (5 L/min) gas flows and varying
reactor parameters as shown in Fig. 1. Initially, various plasma treatment parameters were tested with a 0.1 M
KMnO, concentration, adjusting power between 50 W and 200 W and exposure times from 20 s to 10 min to
optimise the adsorption of Cu(II) and Cd(II). After determining the optimal plasma treatment conditions for
the KMnO, concentration, further studies were conducted using concentrations ranging from 0.01 to 1.0 M. In
this study, the unmodified adsorbent is referred to as Untreated ACF (Raw), the adsorbent treated with KMnO 4
and dried is called MnO (MnO-ACF), the plasma-treated ACF is designated as PT-ACEF, and the adsorbent pre-
treated with KMnO,, and plasma is labelled as MnO-PT-ACE, collectively referred to as modified ACF in the
manuscript.

Plasma equipment details

The experimental device for atmospheric plasma surface modification of ACE which is a non-thermal RF-
plasma power supply equipped with the power of 220VAC, Single phase 50 ~60 Hz; RF frequency 13.56 MHz
(Atmospheric process plasma, South Korea). Model name: Q-MyPL Auto 150-220,225 A is selected as the
reactor in the dielectric barrier discharge device. Its effective radius (containing material part) is 150 mm, and
the discharge gap is 3 mm.

Batch adsorption studies

The evaluation of Cu(II) and Cd(II) adsorption capacity on the modified adsorbents was conducted using batch
adsorption tests. Solutions were prepared by diluting stock solutions (1000 mg/L) of Cu(II) and Cd(II) to a
concentration of 20 mg/L in 50 mL polyethylene Falcon tubes. A fixed adsorbent dosage of 0.5 g/L was used, and
pH was adjusted between 2 and 8 using 0.1 M HCl and 0.1 M NaOH. After a reaction time of 720 min, samples
were filtered through 0.45 pm discs and analysed for Cu(II) and Cd(II) concentrations using inductively coupled
plasma-optical emission spectroscopy. For the kinetic study, samples were taken at intervals (5-1440 min) from
a 250 mL initial solution of 20 mg/L Cu(II) and Cd(II). The adsorption capacity, Qt (mg/g), was calculated using
the appropriate equation based on the synthesised adsorbent at time “t” and the concentration of the metal ions
as shown in Eq. (1).
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Fig. 1. Schematic representation of the experimental process for pre-treated MnO-coated plasma surface
modification of activated carbon felt (modified ACF).

Herein, Ct is the concentration of Cu(II) and Cd(II) adsorbate in mg/L at time t; V is the volume of the reaction
(L), and m is the mass (g) of the adsorbent. In the thermodynamic experiments, a thermostatic water bath
maintained precise temperature control at 298 K, 308 K, and 318 K with a constant pH of 5. Isothermal studies
were conducted with initial concentrations ranging from 10 to 200 mg/L. All experiments were conducted in
duplicate sets, and the average values were considered and reported.

Impact of co-existing ions and regeneration studies

The potential of modified Activated Carbon Felt (ACF) was evaluated for the adsorptive removal of Cu(II) and
Cd(II) ions. The study used a 0.5 g/L dosage of modified ACF in a 50 mL solution of 20 mg/L concentration of
the metals. The adsorption efficiency was tested at pH 5, with varying metal ion concentrations of 1, 25, 50, and
100 mg/L. These ions included potassium (K*), nitrates (NO, "), sodium (Na*), sulfates (SO 42’), calcium (Ca*?),
chlorides (Cl7), magnesium (Mg"?), and phosphates (PO 43’). The adsorption-desorption conditions were
optimised, focusing on nitric acid regeneration through a sonication-assisted pickling process. In this method,
0.5 g/L of modified ACF was immersed in a 250 mL metal solution for 720 min at 298 K to reach equilibrium.
Following this, the adsorbent was regenerated using sonication for 5 to 60 min, with nitric acid concentrations
ranging from 1 to 15%. The optimal conditions for the regeneration process were established, and over five cycles
of adsorption-desorption were applied to assess recyclability. The parameters were chosen based on relevant
literature, experimental feasibility, and the aim to maximise treatment effectiveness while ensuring practical,
real-world relevance.

Column studies

For continuous column flow studies, a 5.5 cm column with a 3 cm bed height was packed with plasma-modified
ACF in a quartz tube. A flow rate of 0.5 mL/min was maintained, and Cu(II) and Cd(II) solutions were set at
5.0 mg/L concentrations. Aliquots were collected daily until the metal ion concentration reached exhaustion.
The residual metal concentrations in the effluent were measured using ICP-OES.

Results and discussions

Optimisation of plasma surface modification parameters

Experiments with different plasma power (watts) and exposure times to determine the optimum plasma
parameters and validate the optimal KMnO, concentration for Cu(II) and Cd(II) adsorption on modified ACE.
It is apparent from the results, which are presented in Fig. 2a,b, that the maximum adsorption of the heavy
metals was accomplished with a plasma power of 150 W and a 5-minute exposure duration for the adsorption
of Cu(II) and Cd(II). Increasing the plasma power over longer exposure durations may provide larger discharge
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Fig. 2. Adsorption capacities of Cu(II) and Cd(II) on modified ACF with (a) plasma power variation, (b)
plasma exposure time, (c) concentration of KMnO, and (d) OES spectra of active plasma species.

effects of plasma species, which could also cause the ACF’s overall porosity structure to be over-etched and
collapsed'®. These findings agree with prior studies on ACF plasma treatment, highlighting that different
applications and target pollutants have considerably different plasma specification needs!”~'?. The incorporation
of oxygen-containing functional groups, the opening of micropores, and the increment of surface roughness
are all the results of the plasma treatment that are attributable to the enhancement in adsorption capacity??!.
Figure 2c showed that 0.1 M of KMnO, pre-treatment, significantly improved the adsorption capacity of plasma-
treated ACF compared to concentrations ranging from 0.01 M to 1 M. This might be due to a lack of active sites
available for surface oxidation to effectively produce enough reactive species to modify the ACF surface with
MnO species?>?2. Conversely, the excessive KMnO, concentrations can lead to redox reactions at the surface,
potentially causing ACF structure dissolution or deterioration, resulting in loss of structural integrity, reduced
surface area, and reduced adsorption capacity®. The optimum plasma parameters, which include 0.1 M KMnO,,
pre-treatment, 5 min of exposure duration, and 150 W of power, provide crucial results for effectively removing
heavy metals.

Optical emission spectroscopy from the plasma sheath was used to identify prominent electroactive species
involved in the surface modification of the ACF after MnO pre-treatment. According to Fig. 2d, atmospheric
nitrogen, along with Ar and O,, effectively embeds functional groups on carbon surfaces, indicating the creation
of nitrogen-rich electroactive species in the plasma. The plasma-enhanced surface modification of the ACF is
driven by the presence of singlet oxygen and the metastable Ar* species, which are primarily abundant in the
plasma sheath, according to the OES spectra®.

Mechanism of plasma reaction

Modified ACF undergoes a series of surface modification processes by plasma that enriches the material’s surface
and core with functional groups. The overall reaction mechanism is illustrated in Fig. 3. The first step is assumed
to be (i) Formation of defects - The modified ACF structure experiences defects due to active plasma species,
reactive oxygen and nitrogen species, free electrons, Frenkel-pair defects, and interstitial atom vacancies,
enhancing its reactivity and surface characteristics, which are depicted in equations (2 to 5)*>%. Secondly, (ii)
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Fig. 3. Schematic anticipated illustration of the reaction of plasma species with ACF coated with MnO

(modified ACF).

Breaking of mbonds - plasma treatment causes n bonds in modified ACF structure to rupture due to high energy
electrons and reactive species, potentially creating new reactive sites on the modified ACF surface. Followed
by (iii) Creation of dangling bonds and reduction of MnO species - Plasma treatment reduces MnO species
on modified ACF surfaces to Mn,0, and MnO,, forming reactive sites and functional groups, resulting in
increased dangling bonds?’. These dangling bonds act as fresh sites for further reactions, as shown in equations
(5 to 11). Finally, (iv) Creation of oxygen and nitrogen-containing functional groups - Plasma reactive species
lead to the creation of oxygen-containing functional groups, such as hydroxyl (-OH) and carbonyl (-C=0),
as well as nitrogen-containing functional groups, such as amine (-NH,) and nitrile (-C=N). The abundant
MnO species on the modified ACF surface facilitate these reactions, further promoting the formation of Mn-
based functional groups®. Plasma treatment and MnO pre-treatment coating activate oxidation, modifying
ACEF surface, producing functional groups, breaking m bonds, reducing MnO species, and introducing defects,
improving ACF’s reactivity and adsorption capability. Additionally, the equations from (2 to 11) are conjectured
to comprehend the chemical processes that are taking place!®?°.

e+ HO — H" +20H 2

Art + Hs0 — H,OT + Ar 3)

20H + O — Hy0- (4)

3 HyO2 + 30H — Mnt?/Mn™ +3 OH, + H>0 (5)
MnOy + 5¢ + 8HT — Mn™ 4+ 4H,0 (6)
MnOy + 3¢~ + 4H' — MnO; + 2H>0 7
MnOj + ¢~ + OH  — MnOj;~ (8)

MnOs + Mn™ + H20 — Mny0s 4+ 2H" ©)
MnOs + Mn'? + 2H,0 — Mn3O4 +4H" (10)
MnOs + Mn*? + 2H,0 — MnOOH +2H™ (11)

Characterisations of plasma surface modified ACF

The X-ray Photoelectron Spectroscopy (XPS) analyses were conducted to discern structural and chemical
modifications in Activated carbon felt (ACF), as presented in Fig. 4. Examination of survey peaks in Fig. 4a
unequivocally indicates the successful origination of Mn peaks after the modification process®. A detailed
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Fig. 4. XPS analysis of raw and modified ACFs (a) survey peaks of ACF before and after modification;
deconvoluted peaks of (b) C1s+K2p; and (c) Ols.

deconvolution of Cls+K2p spectra unravelled intriguing insights. The emergence of K2p at ~292.85 eV and
~295.6 eV, accompanied by a relatively stronger peak area of C= O at ~ 287.7 eV, denotes a synergistic modification
induced by KMnO,, molecules and plasma treatment®'. In Fig. 4b, the O1s spectra unveil compelling evidence
of structural alterations. The appearance of additional peaks along with C-OH/C=0 and H-OH for K-OH at
~531.0 eV and for Mn-O at ~529.7 eV substantiates the reduction of Mn species and the formation of new
chemical species in the presence of plasma. These findings underscore the intricate interplay between KMnO,
and plasma treatment, providing a nuanced understanding of the modifications occurring in ACE.
Furthermore, Fig. 5a shows the FTIR results for the modifications of adsorbent materials at various
parameters. It was evident that the pre-treatment with MnO species and then plasma treatment had significant
variations in the vibrational stretching of the functional groups on the adsorbent material. Notably, the FTIR
spectrum exhibited intense peaks after plasma treatment in comparison to only MnO coating owing to the
-OH group stretching vibrations that appeared in the range of 3800-3400 cm™’, suggesting the introduction of
hydroxyl (-OH) groups onto the adsorbent surface that was accredited to the improved adsorption of Cu(II) and
Cd(I1)?. Secondly, C = O stretching vibrations detected in the range of 2350 -2200 cm™" are allegedly responsible
for increasing the adsorption capacity of the modified ACF and the C-O group®?. The appearance of ester or
etheric carbonyl group (C-O) vibrations in the region of 1800-1530 cm™ was prominent evidence in the graph
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Fig. 5. Graphs of (a) FTIR spectra, (b) plots of BET surface adsorption and (c) XRD graph for ACE, MnO-
ACEF, and modified ACF.

indicating successful modification of the carbon skeleton structure of modified ACF by the addition of oxygen
from the plasma species®*. These findings suggest that the surface modification process involving MnO and
plasma treatment has successfully introduced oxygen-rich functional groups such as hydroxyl, carbonyl, and
ether/ester functional groups, making the material a promising candidate for boosted up adsorption of Cu(II)
and Cd(II). Based on the data in Table S1, it is evident that atmospheric pressure plasma impacts the physical
characteristics of adsorbents. The raw ACF was very porous in nature, with a surface area of 836.6 m*/g; however,
after plasma treatment, there was a small decrease in surface area, which can be ascribed to surface defects
imparted by high-power collisional plasma molecules.

Furthermore, the MnO-ACEF treated material was observed to reduce the highest amongst the group with a
surface area of 588 m?/g, which is suspected to be due to the clogged pores of the porous ACF material due to
deposition of MnO particles. Lastly, the modified ACF had 692 m*/g, indicating the clogged pores were exposed
to high-power plasma particles, which resulted in more porous surface characteristics in the material. According
to the IUPAC classification, the BET adsorption-desorption graph in Fig. 5b showed a pattern that resembled
type II isotherm, which denotes multilayer adsorption that is reversible and suggests the presence of meso- and
macropores in the adsorbent material®!, Therefore, it is certain that the plasma treatment was quite efficient in
increasing surface area, presumably because of the production of surface defects and new pores. On the other
hand, the MnO pre-treatment, which involves a chemical reaction, reduced the surface area.

Combining pre-treatment with MnO and plasma treatments resulted in moderate surface area, with
structural modifications examined through X-ray diffraction analysis. Referring to Fig. 5c, the XRD study
showed no distinct crystalline Mn species peaks before plasma treatment and MnO coating, suggesting non-
crystalline manganese species in the material, but significant changes were observed after plasma treatment.
The reduction of the manganese species and subsequent generation of the Mn,0, and MnO crystalline phases
indicated the plasma treatment promoted the successful transformation of Mn species. The highly energetic
characteristics of the plasma treatment process trigger a series of chemical reactions on the material surface,
culminating in structural and functional changes®. The MnO coating significantly enhanced the reduction of
manganese species in the modified ACF material, with plasma treatment playing a crucial role in initiating the
redox process. The spectrum revealed six distinct peaks at 20 =11.4°, 21.4°, 25.4°, 31.5°, 35.7°, 41.3°, and 57.9°.
The broad peak at 21.4° corresponds to amorphous carbon and the (101) reflection of tetragonal MnO,, while
the other five peaks are assigned to tetragonal MnO, (JCPDS reference card number 18-0802). These results
align with previous research on the impact of plasma treatment on material properties®. Thus, conclusively,
XRD analysis helps to gain valuable insights into the structural changes induced by the plasma treatment and
MnO coating process, confirming the successful reduction and crystallisation of the Mn species.

The investigations conducted by FE-SEM showed invaluable insights into the morphological changes
of the ACFs under various treatments. As seen in Fig. 6a,b, it can be observed that the surface of raw ACF
exhibited a remarkably smooth surface, which revealed a pristine, unaltered structure characterised by a lack of
surface irregularities. In the next stage, upon coating the ACF with MnO (MnO-ACEF), there was a noteworthy
transformation observed from the smooth surface coating; there was a smooth formation of spherical spheres
onto the surface, as observed in Fig. 6¢,d. The deposition of MnO significantly alters the surface chemistry of
ACE, resulting in a distinct change in surface morphology after plasma treatment. Also, it was found that small
pits and broken surfaces on modified ACF surfaces were due to plasma’s disruptive effect, as shown in Fig. 6e.f.
Pre-treatment with MnO and plasma resulted in significant modifications to the surface morphology of the
fibre. As shown in Fig. S1, EDX mapping revealed the elemental composition of the treated fibre, confirming
the presence of carbon (75.84%), nitrogen (4.78%), oxygen (11.39%), and manganese (7.98%). These changes
highlight the impact of the pre-treatment on the material’s surface properties®’. Conclusively, these FE-SEM
results underscore the dynamic changes in ACF morphology throughout the experimental process. The
transformation from a smooth surface to the formation of evenly coated spherical spheres of MnO molecules
that were exposed to the high-power disruptive effects of plasma resulted in the subsequent surface reduction of
MnO, molecules, which reformed into oxygen-rich species within the surface layers.
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Fig. 6. SEM image of (a, b) raw ACF, (¢, d) MnO ACF and (e, f) modified ACE

Impact of pH

The impact of pH on the adsorption capabilities of Cu(II) and Cd(II) using modified ACF is depicted in Fig. 7a.
The raw and modified ACF’s pHzpc (zero-point charge) is shown in Fig. S2. After plasma surface modification,
the modified ACF from pH 2 to pH 8 has a positive surface charge, which modulates ion exchange and
electrostatic interaction®-. pHzpc 8 facilitates species adsorption through both positive and negative surface
charges, whereas between 4 and 6 pH, there is competition between protons and metal ions, increasing affinity
for Cu(Il) and Cd(II). Thus, pH 5 is optimal for metal removal due to abundant active sites created by oxygen-
rich functional groups'*4°. At pH levels above 5, precipitation dominates, reducing metal ion adherence to
adsorbent.

Conversely, pH levels below 5 show intense competition between H* and Mn?* species, reducing adsorption
effectiveness. The electrostatic attraction between Cd(II)/Cu(Il) and Mn?* decreases surface positive charge,
reducing metal repulsion. High solution pH strengthens this attraction, decreasing adsorption efficiency. In
conclusion, pH greatly influences the optimal adsorption condition at pH 5, while lower and higher pH values
lead to decreased efficiency due to competition with H* ions and metal ions and precipitation, respectively.

Contact time and initial concentration effect

Adsorption kinetics explain the solute’s rate of adsorption as well as the adsorbates’ duration of residence on
the solid-liquid interface. These offer perceptions of the adsorption process’s dynamics. Popular kinetic models
are pseudo-first-order (PFO), pseudo-second-order (PSO), and Weber-Morris intraparticle diffusion (IPD)
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Fig. 7. Batch adsorption studies for 20 mg/L of Cu(II) and Cd(II) on 0.5 g/L dose of modified ACF for
720 min, pH 5, at 298 K respectively; (a) pH studies; (b and ¢) Contact time studies; and (d and e) Isotherm
modelling plots between the concentrations of 10-200 mg/L (f) Vant-Hoft’s plot.

models***!. PFO implies that adsorption sites are occupied in proportion to empty sites, PSO chemisorption
includes electron exchange, and the Weber-Morris intraparticle diffusion model looks at rate-limiting processes.

The adsorption kinetics for various ACF treatments are shown in Fig. S3. The most effective method involves
sequential modification of KMnO,, pre-treatment and plasma surface modification, while sole KMnO,, dipping,
or plasma treatment alone is less effective. The combined treatments (KMnO, + plasma) improve the adsorption
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(Q) =Q, (1—e—kt) (Qt) = 17ig80¢ Qi) = KiatZ + C
Qe Qe K, kiq C
Metals | Qc, exp (mg/g) | (mg/g) |k, (/min) | R? (mg/g) | (g/mg min) | R? (mg/g) | (mg/g) | R?
Cd(II) | 38.020 37.700 | 0.00592 0.9834 | 38.381 | 1.534E-4 0.9855 | 1.120 5.602 0.8268
Cu(Il) |36.120 36.872 | 0.00371 0.9821 | 37.252 | 8.811E-5 0.9842 | 1.101 2.695 0.9282

Table 1. Kinetic parameters table used for metal ions adsorption onto modified ACF at a dosage of 0.5 g/L
and pH 5.0 for Cu(II) and Cd(II) at 298 K. In this context, Q,, exp and Q,, 7y represent the experimentally and
theoretically predicted equilibrium adsorption capacities of the metal ions (mg/g); k, and k, correspond to the
PFO and PSO models, respectively, while R? denotes the correlation coefficient.

Langmuir Freundlich .
— 9maxbCe L Temkin
e = “pepoCe ge = Kr +CZ ge = Bin (K1) + Bln (C.)
Qax K, n (L/g)
Metals | (mg/g) | (L/mg) | R? K, (mg/g) (L/mg)'" | (L/g) |R? K, (L/mg) | B (J/mol) | R
Cd(II) | 214.590 | 0.092 0.9850 | 38.521 2.700 0.9948 | 101.990 13.990 0.8933
Cu(Il) | 163.390 | 0.047 0.9681 | 18.268 2.267 0.9728 | 24.052 1.846 0.9780

Table 2. Brief description of isotherm models used for both metal ions adsorption onto modified ACF at

a dosage of 0.5 g/L and pH 5.0 for Cu(II) and cd(II) at 298 K. Here, C denotes the metal ion concentration

at equilibrium (mg/L); qe and qmax represent the equilibrium and maximum adsorption capacities of the
metal ion (mg/g), respectively. The coefficients K, K}, and K correspond to the Langmuir, Freundlich, and
Temkin isotherm models, respectively. Parameter n is a constant that describes the linearity of the Freundlich
adsorption isotherm related to the adsorption heat in the Temkin isotherm. Additionally, R%s the correlation
coefficient.

efficiency for Cu(II) and Cd(II) due to embedding functional groups on carbon surfaces, validating the dual-
modification process for heavy metal removal in water remediation. Thus, Fig. 7b,c shows the results of an
investigation into the adsorption kinetics of Cu(II) and Cd(II) onto modified ACF utilising different contact
times. The study reveals the mechanisms of adsorption and the influence of Mn?* ions on the adsorption process.
The graph’s trend shows that up until 600 min, the occupancy of the active adsorption sites grew; afterwards, it
seemed to be gradually reaching equilibrium. Thus, the anticipated equilibrium time was fixed to be 720 min
for further studies.

Furthermore, three models were employed to forecast the adsorption’s kinetics. Cu(II) and Cd(II) adsorption
on modified ACF was found to fit the pseudo-second-order (PSO) model, revealing a chemisorption process
that contributes to the emergence of strong chemical interactions between the metal ions and the ACF external
surface, as shown in Table 1. The obtained Q. values are closely related to theoretical Q. values, and the R?
value is less than 14142, The Weber-Morris model of intraparticle diffusion (IPD) revealed the involvement of
electron transfer and formation of stable bonds between modified ACF and contaminant metals, supporting the
assumption that Mn?* ions on the modified ACF surface can act as binding sites, promoting rapid chemisorption
through the formation of complexes with metal ions*>#*. Although the IPD model predicts that adsorption
occurs mostly within the pores, the presence of Mn?* ions provide more active sites and facilitates metal ion
accessibility to the modified ACF intraparticle pores, enabling faster adsorption. This all indicates the creation
of strong bonds during the chemisorption process due to the Mn?* ions, which contributes to a better removal
efficiency of Cd(II) and Cu(1I)3340:45:46 The adsorption process is further aided by the rapid intraparticle diffusion
within the modified ACE which allows efficient usage of the surface area available. Conclusively, the findings
of this investigation amply validate that the adsorption of Cu(II) and Cd(II) onto modified ACF conforms to
the pseudo-second-order model, signifying chemisorption accompanied by the creation of strong bonds. The
presence of Mn?* ions on the modified ACF surface serves as active binding that promotes access within the
intraparticle pores, enhancing adsorption through intraparticle diffusion, as confirmed by the IPD model.

Figure 7d, e reveals essential adsorption isotherms that determine interactions between adsorbent and
adsorbate, optimal adsorption capacity, and molecule distribution. Common models are Langmuir, Freundlich,
and Temkin isotherms*”*3. The Langmuir model assumes monolayer adsorption on a surface with identical
sites, leading to a hyperbolic isotherm. The Freundlich model describes adsorption on heterogeneous surfaces
with varying affinities, resulting in a logarithmic isotherm. The Temkin model accounts for interactions between
adsorbate and adsorbent, assuming a linear decrease in the heat of adsorption with coverage, resulting in a linear
isotherm at moderate concentrations®.

Table 2 shows that the Q__maximum adsorption capacities of Cu(II) and Cd(II) on modified ACF were
163.39 and 214.59 mg/g, respectively. The study reveals substantial metal ion adsorption capacity, with Mn**
species creating more active sites for binding, following the Langmuir model, but with potential heterogeneity
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and secondary forces. The modified ACF surface may have influenced adsorption, but reduced R? values suggest
adsorption heterogeneity. The Langmuir model fits experimental data, while Freundlich predicts favourable
adsorption®’.

The Temkin isotherm model reveals surface heterogeneity and energetics of the adsorption process. The
equilibrium binding constants (K (L/mg)) for Cu(II) and Cd(II) were 24.05 and 101.99 respectively, indicating
the modified ACF’s significant affinity for the metal ions. The parameter B (J/mol), representing heat of adsorption,
was 13.99 for Cd(II) and 1.846 for Cu(II), suggesting different levels of adsorption strength. These findings
support the assumptions of the Temkin model, which reasonably describes the adsorption process for both metal
ions on the modified ACF. The Langmuir and Temkin adsorption models explain adsorption behaviour but are
not as effective as the Freundlich models in modifying ACF’s diverse adsorption affinity®!. Recent studies on the
adsorption of Cu(II) and Cd(II) from aqueous solutions have investigated various adsorbents, as summarised in
Table 3. Among them, the modified ACF exhibits heterogeneous adsorption affinity due to its diverse functional
groups. This characteristic highlights its versatility in removing heavy metals, particularly Cu(II) and Cd(II),
under varying pH and dosage conditions.

Thermodynamical aspect of adsorption
The thermodynamics of the adsorption process for Cu(II) and Cd(II) utilising modified ACF were investigated
and are plotted in Fig. 7f using the standard Gibbs free energy change (G°), enthalpy change (H®), and entropy
change (S°), insights into spontaneity, heat effects, and change in disorderliness with rising temperature were
assessed. The thermodynamic parameters for Cd(II) and Cu(II) adsorption on modified ACF were calculated
and shown in Table S2. AG® values ranged from — 32.35 to -38.04 kJ/mol for Cd(II) and from — 30.55 to -33.88 kJ/
mol for Cu(II). The negative values indicate spontaneous adsorption, supported by similar findings with MnO,
and the presence of active sites, including the Mn?* ions, on the ACF surface, enhancing metal ion binding®>**.
The positive AH® values of 52.64 kJ/mol and 19.02 kJ/mol for Cd(II) and Cu(II) respectively, on modified
ACF indicate an endothermic process where environmental energy is involved>»>. Heat energy overcomes
energy barriers, and Mn?" ions enhance strong bond formation and chemisorption, contributing to the
reaction’s endothermic nature. Adsorption onto modified ACF shows an increase in disorder, indicated by
positive AS° values for the Cd(II) =286.03 J/K.mol and Cu(II) = 166.53 J/K.mol. Various mechanisms, including
chemisorption and complex formation, contribute to this disorder. Positive AS® readings demonstrate increased
entropy, resulting from faster movement of Cu(II) and Cd(II) ions at higher temperatures. This implies higher
mobility and entropy during adsorption®!.

Co-existing ions studies

The influence of various ions on Cu(II) and Cd(II) adsorption onto modified ACF was investigated. Specifically,
the influence of cationic groups (potassium, calcium, magnesium, and sodium) and anionic groups (nitrates,
sulfates, phosphates, and chlorides) on the adsorption efficiency of Cu(II) and Cd(II) was scrutinised. Anionic co-
existing species impacted the removal of Cu(II) and Cd(II), as shown in Fig. S4a, b. Anionic species, particularly
phosphates, negatively affected the adsorption of Cu(II) and Cd(II). The negative charge of phosphate groups can
form complexes with metal ions, reducing their availability to bind to active sites on the modified ACF surface.
As shown in Fig. S4c,d, different cations negatively affected adsorption. Mg(II) and Ca(II) had a greater impact
on Cd(II) adsorption than Cu(II). Magnesium and calcium, divalent cations, compete with negatively charged
surfaces for adsorption sites, inhibiting Cd(II) adsorption. Their higher charge density reduces electrostatic
attraction, resulting in lower adsorption capacity'?. The results emphasise the significance of the presence of
phosphate groups and divalent cations, particularly Mg(II) and Ca(II), which have a substantial implication
on the efficiency of adsorption by decreasing the number of available adsorption sites and interfering with the

Conditions

Metal ions | Adsorbents Q,... (mg/g) | [pH & dosage (g/L)] | Ref.
AC-thiourea 12.10 7 & 0.5 13
EO ACC 157.34 7.5&0.5 50
CMOF-199 113.30 5 &0.75 st

Cd(11) MBC 54.70 6 &2.0 52
P/Mg-engineered biochars | 113.90 5.6 & 4.0 3
ZIF — 8@PAN nanofiber 102.00 7.5 &0.4 54
Modified ACF 214.59 5&0.5 This study
PTh/MnO, 60.79 6&2.0 »
NM-ACFF 23.13 6&0.2 2

ou(m) IDA-OAC 84.51 5 & 0.02 5?
Fe;0,-MnO,-EDTA 46.39 6 &0.2 7
SA/CMC-ZFN 63.29 5&0.5 8
Modified ACF 163.39 5&0.5 This study

Table 3. Literature reports on extensive comparison of the adsorption capacities (Q,) for Cu(II) and Cd(II)
using various adsorbents.
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electrostatic interaction between the metal ions and the surface of the modified ACEF, thereby influencing the
adsorption process of Cu(II) and Cd(II).

Regeneration and recyclability studies

Traditional methods like rotation and centrifugation have limitations in mass transfer during recycling processes.
Sonication offers faster transfer, efficient reactions, and improved dispersion, accelerating recycling studies’®.
Thus, regeneration of adsorbed sites of modified ACF through sonication was used for effective adsorption. The
study yielded results shown in Fig. S4e-f pointing that regeneration can be achieved by sonicating 3% nitric
acid and rinsing with distilled water, restoring adsorption sites on modified ACE and accelerating metal ion
removal by disrupting adsorbed species and facilitating their release from the ACF matrix®’. Figure S4f shows
the test results for different time intervals. Thus, 15 min of sonochemical disruption effectively regenerated
and desorbed Cu(II) and Cd(II) ions from modified ACF*®. As observed from Fig. S5, the modified ACF was
washed with distilled water to neutralise the pH and ensure optimal adsorption performance for over 5 cycles™.
Efficient desorption of Cu(II) and Cd(II) ions reveals the potential for continuous adsorption-desorption cycles,
increasing sustainability and cost-effectiveness. This study concludes that with 3% nitric acid, sonication, and
washing, the modified ACF can be reused for up to 5 cycles by breaking metal adsorbate bonds and releasing
Cu(II) and Cd(II) from the surface.

Column studies

To assess breakthrough performance, the modified ACF’s adsorption capability was tested using three models
(Thomas, Adams-Bohart, and Yoon-Nelson). The Thomas model was used to analyse the breakthrough curves
during adsorption. Fig. S5a,b shows a strong fit and provides insights into equilibrium-driven processes and
adsorption kinetics. Table 4 presents important parameters: rate constant (K, ) for Cd(II) was 0.023 and for
Cu(1I) was 0.0220 (L/mg.day), and adsorption capacity (Qp,) for Cd(II) was 0.217 mg/g and for Cu(II) was
0.233 mg/g. The Thomas model confirms the reversible nature of the adsorption process and accurately assesses
the adsorption performance of the modified ACF in the column configuration without axial dispersion®.

As seen in Fig. 8a,b, the Thomas model showed that the adsorbate’s adsorption process depended on
initial concentration, contradicting the Adams-Bohart model. This suggests that factors other than adsorbent
concentration and capacity control the adsorbent rate. Additionally, the Yoon-Nelson model revealed
information about the interaction between the adsorbate and adsorbent, including internal and external mass
transfers®!. Fitting this model to breakthrough curves provided insights into the dynamic behaviour of the
adsorption process.

The 50% breakthrough time for adsorption was found to be 46 days and 51 days for Cd(II). and Cu(II),
respectively. Table 4 presents the data of the breakthrough curve evaluation indicated by the equation variable
and the sum square error for each model. Thomas and Yoon’s models showed excellent agreement with theoretical
values, which were validated by low error levels®>®%. Plasma treatment enhances the adsorption efficiency of ACF
by increasing surface area and introducing functional groups, allowing selective adsorption of contaminants like
Cu(II) and Cd(II). Plasma treatment is an environmentally friendly, cost-effective, and sustainable alternative to
traditional hazardous chemicals, potentially leading to advancements in adsorption technology.

Characterisations for after adsorption of Cu(ll) and cd(ll)
Figure 8c shows a decrease in peak intensity of Mn** and Mn?* after adsorption of Cu(II) and Cd(1I), indicating
their role in the adsorption process. MnO coating on ACF substrate confirmed by XRD analysis, demonstrating
adhesion of Mn species*’. The FE-SEM analysis shown in Fig. 8d-e elucidated prominent surface changes on the
ACEF after adsorption. Images of the modified ACF treated with MnO-PT revealed a relatively homogeneously
coated layer of MnO and pits filled with MnO,. Figure 8f-i indicates the formation of solid scales on the surface,
indicating a complex interaction between the modified ACF and Cu(II) and Cd(II) ions. These scales affect
solution pH during adsorption, causing chemisorption or surface precipitation. Modified ACF surface exhibits
metal oxide precipitation, phase transition, and co-precipitation, enhancing adsorption capacity.

The XPS survey peaks in Fig. 9a present several key findings. The peaks of Cu(II) and Cd(II) confirm the
successful binding of heavy metals to the modified ACFE. The peaks of Mn3p, Mn3s, Mn2p, Cls, and Ols also

Adams-Bohart Yoon-Nelson
Thomas I c, -
oy |(E)- in () -
z
%.THM — K1 Cot KapCot — KapNo (U_O) Kynt — tKy N
Gy Ky Qpy Ny T

Metals | (mg/L) | (L/mg day) | (mg/g) | R? K, (L/mgday) | (mg/cm®) | R? Ky (/min) | (day) | R?
Cd(r) |5.189 0.023 0.217 0.933 6.691E-09 15.609 0.915 | 0.000084 46 0.927
Cu(Il) | 4.768 0.020 0.233 0.896 6.117E-09 15.173 0.824 | 0.000064 51 0.896

Table 4. Column studies of Cu(II) and Cd(II) ions on modified ACF for breakthrough adsorption capacities
and model parameters. (C, and C ;= Concentrations of the adsorbate in the outlet and in the inlet, respectively;
K= Thomas constant; Q,,= maximum adsorption capacity (mg/g); m =mass of the adsorbent (g); K, ;=
Adam-Bohart’s constant, N,= adsorption capacity of the adsorbent per unit volume of the bed, Z=bed height;
U, =superficial velocity; t=operating time; T=breakthrough time; K, = Yoon-Nelson’s constant)
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Fig. 8. (a and b) Column modelling data; after adsorption graphs (c) XRD analysis (d-i) FE-SEM images of
Cd(IT) and Cu(II) onto modified ACF respectively.

indicate the involvement of these elements in the adsorption process. Deconvolution of the Cls+K2p spectra
in Fig. 9b reveals sharp peaks at ~284 eV sp?C and ~285 eV sp’C, suggesting different carbon states. The peak
at ~ 287 eV indicates the presence of C=0O, while the peaks at ~293-296 eV confirm the presence of potassium
(K) from KMnO,, which reduces after adsorption. The Cls spectral peaks show a decrease in the functional
groups C=0 and spZC indicating their involvement in chemical adsorption. In the case of Cu(II) adsorption,
hydroxide formation suggests the precipitation of Cu(OH),, aligning with surface complexation. Deconvolution
of the O1s spectra in Fig. 9c shows distinct peaks corresponding to various oxygen-containing functional groups,
including Mn-O, Mn-OH, K-OH, and H-OH. The increased peak areas of Mn-O, Mn-OH, K-OH, and H-OH
after Cd(II) and Cu(II) adsorption indicate the involvement of Mn and K species, as well as hydroxyl groups, in
enhancing the adsorption capacity. Figure 9d reveals the dominance of Mn** and Mn?* states in the adsorption
process. Overall, the adsorption mechanism involves sp2C, C=0, Mn*%, and Mn?* in surface complexation
and precipitation. Conclusively, Fig. 10 represents the adsorption mechanism of Cu(II) and Cd(II) onto the
modified ACE which is suggested to entail a complex interplay of ion exchange, co-precipitation, H-bonding,
and complexation processes. This is corroborated by the high Q. values, extended equilibrium time, and active
involvement of MnO and oxygen-rich species observed in the XPS, XRD, and FE-SEM analyses®?.

Conclusions

In this study, plasma treatment combined with a 0.1 M KMnO, coating significantly enhances the adsorption
efficiency of modified ACF for heavy metals, offering improvements in surface properties with MnO-active
and oxygen-rich species. The synergistic effect of plasma and KMnO,, pre-treatment markedly boosts the
removal of Cd(II) and Cu(II), presenting plasma treatment as an eco-friendly alternative to hazardous chemical
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modifications. The adsorption kinetics and isotherm experiments reveal high capacities (Q, ) for Cu(II)
(163.39 mg/g) and Cd(II) (214.59 mg/g), involving complex mechanisms such as complexation, ion exchange,
and co-precipitation. While the modified ACFs are effective for heavy metal removal, their performance decreases
in the presence of phosphates and divalent cations but maintains over 60% eficiency after five recycling cycles,
suggesting potential for long-term use. Compared to related studies, this work provides a more comprehensive
understanding of surface modification mechanisms and demonstrates the synergistic benefits of combining
plasma treatment with KMnO,, which enhances both performance and sustainability. Future studies can be
focused on optimising treatment parameters and further investigating the long-term stability and regeneration
capabilities of the modified ACFs under various environmental conditions.
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Fig. 10. Anticipated Cu(II) and Cd(II) adsorption mechanism onto modified ACE

Data availability
The datasets used and analysed during the current study are available from the corresponding author (Prof.
Janardhan Reddy Koduru) on a reasonable request.
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