Cobalt-Iron alloy nanoparticles impregnated partially graphitized
carbon adsorbent from metallized bagasse for organic pollutants
removal
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Here, we report a highly efficient adsorbent obtained from the carbonization of metallized bagasse. The material is
characterized using FESEM, HRTEM, PXRD, zeta-potential and VSM techniques. The material shows an impressive adsorbent
property for anionic dyes, pharmaceutical (paracetamol) along with commercially used ‘hair dye’. Further, pH triggered
adsorption of Methylene orange (MO), Congo red (CR), Amido black (AB), and paracetamol were studied and results show
an impressive adsorption capacity of 1102.9, 1253.9, 877.2, 227.8 mg/g respectively. It is seen that under experimental
conditions, adsorbent shows ultrafast adsorption kinetics where ~96% AB dye gets adsorbed in just 5 min, 93% of CR
adsorption in 5 min and ~89% of MO adsorption in 5 min. Also, we could observe fast adsorption rate for commercially used
‘hair dye’ and paracetamol drug. Interestingly, in just 5 min, 95% of hair dye adsorption is seen and ~84% drug removal with
maximum adsorption capacity of , recyclibility of the adsorbent demonstrates the practical benefits of the material for waste

water remediation.

1. Introduction

Presently, water pollution has become most critical challenging
issue among researchers, environmentalists and to the society.
The surface water is contaminated by release of various
industrial and domestic water contaminants such as synthetic
dyes and pharmaceutical drugs. These dyes come out as
contaminants in the effluents from textile, leather, paper, paint
industries or personal hair coloring. 1 On the other hand, the
easy accesses to self-medication of pharmaceutical compounds
around the globe have made the pharmaceuticals as one of the
newly emerging pollutant directly discharged into the aquatic
environment. 23 The dyes and pharmaceutical waste presence
in the water bodies is toxic, undesirable, causes exasperation to
aquatic-lives, inhibit photo-synthesis process and thus the
treatment of dye/ pharmaceutical wastewater has become a
critical problem to be answered.

~90% of the commercial dyes are highly unwelcome due to
their toxic/carcinogenic nature, and high LDso value (2 g/kg). 45
Azo dyes, the major organic pollutants from different industries,
are potentially carcinogenic, stable and recalcitrant in nature.
Azo dyes have azo bonds (-N=N-) in their chemical structure
with functional groups such as —OH and -SOsH. Thus, disposal
of such dye contaminated wastewater possesses serious
environmental and human health threats. 7 Congo Red (CR),
Amido Black (AB) and Methyl Orange (MO) are the common
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anionic azo dyes of industrial applications. CR and AB shows
carcinogenic and mutagenic properties®® and the acute
exposure of MO can cause vomiting, increased heart rate,
cyanosis, shock and tissue necrosis in humans. 11

In addition, hair coloring is the common activity as a fashion
status to enhance the hair appearance. The hair color is stable
against the air, light, friction and chlorinated water. 12 The direct
discharge of the hair dye by the end-user without any
treatment is a forewarning but a disregarded issue. Hair dye
chemicals have been suggested as possible carcinogens or
mutagens. 13-15

Another serious worldwide pollution problem is caused due
to the pharmaceutical products. Paracetamol (N-acetyl-p-
aminophenol), under different trade name like Calpol, Panadol,
Acet etc., is a popular drug used worldwide for humans and
animals with analgesic and antipyretic properties used to treat
fever and head/minor-aches. ¢ Paracetamol shows adverse
effect such as hepatotoxicity, Stevens-Johnson syndrome and
toxic epidermal necrolysis. 1718 Even a low concentration of
pharmaceuticals can lead to aquatic toxicity, genotoxicity and
endocrine disruption and also can develop resistance in
pathogenic microbes. 1°

Thus, we have selected azo dyes [Congo Red (CR), Amido
Black (AB), Methyl Orange (MO)], GARNIeR™ hair color and
Paracetamol as a pharmaceutical waste for the present study.

Various compelling techniques have been proposed and
implemented for the dyes and pharmaceutical waste removal
such as biological treatment, nanofiltration, membrane
separation, chemical flocculation, chemical oxidation,
adsorption and electrochemical method, etc. 20 Amid all,
adsorption is considered to be one of the leading techniques
with an easy operation, high separation efficiencies, cost
effective, and thus become the pivot of present water
purification research.

Among different adsorbents,2t
magnetic composites show higher efficiency for the adsorption
process due to its high porosity and surface area which touches
to high adsorption capacity. In addition, due to magnetic
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property, it could be easily separated from reaction mixture.
Among different metal oxide, iron22-26, manganese, 7 zinc 27 and
nickel> 28 oxides are more explored as compared to the cobalt
or cobalt-containing mixed metal oxides. Zhao et al. reported
porous Fe(OH);@cellulose hybrid fibers for effective removal of
Congo Red with maximum adsorption capacity of 689.6 mg g1.
29 Mou et al. had reported hydrothermal synthesis of porous
FesO, magnetic nanoparticles based on dimethylacetamide
(DMAc)/ethanolamine (ETA)/ azobis(isobutyronitrile) (AIBN)
with maximum adsorption capacity of 46.7 mg.g! for methyl
orange. 24 Li et al. had reported ionic liquid-based approach to
synthesize cellulose-rich adsorbent aerogels from corn stalks.
The prepared adsorbent shows absorption capacity of 549 mg
g1 for Congo red. 3° Mohanta et al. had reported synthesis of
cobalt oxide nanoparticles (CONP) using a modified self-
propagator combustion method triggered by sucrose as the
fuel. 31 The CONP shows maximum adsorption capacity of
238.10 mg g1 for malachite green. Hara et al. have reported
synthesis and application of iron(l1l) oxyhydroxide monoliths for
the adsorption of Congo red with maximum adsorption capacity
of 467 mg g1. 32 Mateo del Rio et al. had reported Co particles
embedded MOF@Carbon hybrid magnetic adsorbent for Congo
red. The Co-based material showed maximum adsorption
capacity of 180 mg g1. 33

Herein, we report the synthesis of cobalt-iron alloy
impregnated partially graphitized layered carbon derived from
cobalt-iron pre-treated bagasse via carbonization method. The
synthesized material shows higher dye active surface area,
faster adsorption kinetics and higher adsorption capacity
towards industrial anionic dyes (CR, MO, AB), hair color and
paracetamol, an analgesic and antipyretic drug. The higher
adsorption capacity, reusability of the adsorbent material made
them suitable for real-time application.

2. Experimental details
2.1 Adsorbent synthesis

Bagasse was collected, cleaned and powdered as per our earlier
report. 34 20ml of equimolar (0.25M) Fe(NOs);.9H,0 and
Co(NO3)3.6H,0 aq. solution (S.D. Fine Chemicals, India) each
were mixed in a 250 mL beaker and kept for 30 min to attain an
equilibrium. 5 g powdered bagasse was soaked in a mixed
solution of Fe3* and Co3* ions and stirred well at 250 rpm for 3h
and left undisturbed for 24h at 30 °C. The soaked bagasse was
dried at 60°C for 12h in a hot air oven. The dried Co-Fe soaked
bagasse was kept in a quartz tube furnace for carbonization. The
target temperature (900°C) for carbonization was achieved at a
heating rate of 10 ‘C.mint under N, atmosphere. The furnace
was maintained at 900°C for 1h and then allowed to cool down
to room temperature under N, flow. The obtained composite is
named as CFC-1 in the manuscript. Also, control samples only
with Fe3*, Co3* ions and without any metal ions; were also
synthesized under same reaction conditions for comparative
studies. Controlled samples are named as CF (with Fe3*), CC
(with Co3*), CFC-0 (no metal ions) respectively further in the
manuscript.

2.2 Characterization

Surface morphology of the samples was studied using Thermo
Scientific™ Talos™ F200S High-Resolution Transmission Electron
Microscopy (HRTEM) working at 200kV. Powder X-ray
diffraction pattern (PXRD) (Rigaku X-ray diffraction ultima-IV,
Japan) was recorded over a range of 5° to 70° with a scan speed
of 1° mint using Cu-K, radiation. Zeta potential was done in
aqueous solution using Omega Cuvete Z with Litesizer 500
(Anton Paar). The room temperature magnetic hysteresis (M-H)
loops were recorded using a vibrating sample magnetometry
(VSM) system (ADE, EV7 model) with a maximum field of 18000
O.. Based on the Barrett-Joyner-Halenda (BJH) model, pore size
distribution plots were recorded from the desorption
isotherms. Prior to the measurement, the samples were
degassed at 150°C under vacuum for 12h. UV-Vis absorption
studies were carried out with Perkin Lambda 365
spectrophotometer using 10 mm quartz cuvette.

2.3 Dye adsorption study

All the adsorption experiments were carried out at STP. 50 ppm
of Congo red (CR), Methyl Orange (MO), and Amido Black (AB)
dye solutions were used as adsorbates and CFC-0, CF, CC and
CFC-1 materials were used as adsorbents. In order to find the
optimal pH for dye adsorption study, the dye solutions were
adjusted to pH 2-10 using 0.1 M HCl or 0.1 M NaOH solution as
required. For the adsorption study, the optimized quantity of
adsorbent (6 mg, see 3.2.2) were added to 50 ppm dye solution
at an optimal pH and sonicated for 2 min. The solution was then
stirred at 250 rpm for a particular time. Meanwhile, as a time
dependent experiment, 2 ml of the dye solution was removed
at different time intervals and the adsorbent (CF/CC/CFC-1) was
separated using an external magnet. However, as CFC-0 is non-
magnetic in nature, the solution was centrifuged up to 5000
rpm for 15 min. The clear solution was taken in a 10 mm quartz
cuvette to measure the amount of left-over dye using UV-Vis
absorption spectrophotometer at Aaps 618, 463 and 496 nm for
AB, MO, and CR respectively. Equation 1 and 2 were used to
calculate percentage dye removal and adsorption efficiency
respectively.

Dye removal (%) = % x 100 (1)
Co—ColV
o= 2

Coand C; (mg/L) are the concentration of the dye solution at
initial (t=0) and time ‘t". C. represents the equilibrium
concentration of dye solution; V is the volume (L) of the
aqueous dye solution and W (g) is the weight of the adsorbent
used. The kinetic study was carried out and analyzed using
Pseudo-first order and Pseudo-second order model fitting using
respective mathematical equations are given as equation S1
and S2 in SI, respectively. Additionally, the isotherm study was
carried out for AB, MO and CR using 100-600 ppm of dye
solution in order to calculate the maximum adsorption capacity
(gm) of the adsorbent. Langmuir isotherm and Freundlich



isotherm models were used to study the adsorption behavior of
CFC-1 and using respective mathematical equations (equation
S3 and S4 of SI).

2.4 Paracetamol adsorption kinetic study

6 mg CFC-1 was added to the 15 ml of 10 ppm of paracetamol
solution at optimized pH as method described in section 2.3.
The mixture was sonicated for 2 min and stirred at 250 rpm.
Kinetic study was performed by collecting the drug solution at 5
min interval and measured absorbance at 243 nm to calculate
its concentration as mentioned in the adsorption study (section
2.3). Isotherm study was also carried out using 50-250 ppm of
drug solution. Further, maximum adsorption capacity of CFC-1
was calculated as per the equations using different isotherm
models (equation S3 and S4 of SI).

3. Result and Discussions
3.1 Adsorbent characterization

In an aqueous solution of Co3* and Fe3* ions, the Co3* and Fe3*
ions are homogenously mixed due to the similar ionic radius.
The coordinating capability of oxygen of -OCH3/-C=0/Ph-OH
functional groups from sugar and lignin moieties, allows
homogenous distribution of Co3*-Fe3* throughout the bagasse
with the different oxygen functional groups which further lead
to the formation of homogeneous distribution of nanoparticles
upon carbonization. 34-36

The FESEM analysis was performed for the surface
morphology characterization of CFC-1. Figure 2 (a, b) are the low
and high magnification images of CFC-1 respectively. The FESEM
confirms the homogeneously embedded nanoparticles in the
layered carbon whereas the control sample CFC-0 has only
layered carbon as reported in our previous study. 3¢ The
crystallographic structure of as prepared CFC-1 is analyzed by
PXRD and displays in Figure 2c. The intense peaks at 26= 45.1°
and 65.6° corresponds to the (011) and (020) plane of bcc-CoFe
alloy (space group Im3m, a: 2.849 A in CFC-1 (reference code:
96-152-4168) which in consistent with previous
literatures. 37-38 PXRD of CFC-1 shows sharp peaks suggesting
the crystalline nature/crystallites in the material. The small peak
at 26= 35.6° in the pattern is corresponding to the presence of
cobalt ferrite. 3 The small peak at 26= 26.3° and 43.9°
corresponds to the (002) and (100) respectively for the graphitic
carbon formed with an interlayer spacing of ~3.4+0.2 A.
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Figure 2: (a, b) FESEM image of CFC-1, scale bar: (a) 1 um (b) 100 nm. (c) PXRD of CFC-1,
(d) Magnetic hysteresis curve of CFC-1. The inset is a magnified view of the magnetization

versus field curves.

The formation of graphitic structure is interesting and could
be explained on the basis of role of cobalt and iron. Carbon has
temperature dependent solubility in the Co and Fe ~0.6-0.7 at%
at 900 °C. Upon heating to 900 °C, Co and Fe tend to form a
stable metallic alloy CoFe due to the high miscibility over the
vast temperature range as supported by the Co-Fe phase
diagram with simultaneous following carbon reduction of their
respective oxides to give CoFe alloy. During the alloying and
carbon reduction reaction, the carbon diffuses into the alloy
particles. The temperature dependency of carbon solubility
leads to the carbon segregation from the bulk toward surface
during cooling and catalyzed the growth of graphitic layers.
However due to the very low carbon solubility in Co or Fe as
compared to high mutual solubility of Co into the Fe and vice-
versa, the carbon precipitate out as defected graphitized layers
with similar mechanistic way as reported. 3¢ 39 |n addition, the
peaks that could be assigned to unreduced Fe and Co precursor
or non-alloyed Fe/Co is not observed.

The successful magnetic separation of the adsorbent by
applying an external magnetic field from the reaction mixture is
a very expedient and potent method to recover adsorbent and
essential for the real time application. The magnetic property of
CFC-1 is investigated by VSM at 300 K. Figure 2d presents the
magnetization hysteresis curve of CFC-1. The hysteresis curve of
CFC-1 showed that the saturation magnetization (M) is 94.7
emu g1 at 300 K which is much higher than the 0.01 emu g of
control sample reported earlier. 34 It is worth noted that such
simple synthesis of carbon supported CoFe alloy show
saturation magnetization much higher than the reported values
of 17.78 emu/g for cobalt oxide 3! 71.3 emu/g for Fe30423 59.12
emu/g for Fes0424 39.1 emu/g for CoFe,0,%° 48.5 emu/g for
cementite/iron porous carbon?! and 6.1 emu/g for cl-CS-
pP(MA)/GO-Fes0,4. 26 27.49 emu/g for FesC/Fe/C magnetic
hierarchical porous carbon 42 and 59.20 for CoFe;0,/rGO 43
which is enough to separate adsorbent from the reaction
mixture. The values of coercivity (H.), remanence (M), and



squareness ratio (ratio between M, and M) are 273 O, 4.9 emu
g1 and 5.0% respectively. The low squareness ratio suggested
the material is in super-paramagnetic state at room
temperature. 34 44-47

The TEM characterization was used to study detailed surface
morphology of the CFC-0 and CFC-1 material. The HRTEM of the
control sample (CFC-0) suggested the layered structure (Figure
3a). The absence of the graphitized layers suggested amorphous
nature of the CFC-0 which is further supported by diffused ring
SAED pattern (Figure 3b) and broad peaks in PXRD as reported
earlier. 34 CFC-1 shows the polydisperse CoFe alloy particles of
approx. 20-120 nm in size dispersed throughout the layered
carbon structure (Figure 3c). The carbon layer is partially
graphitized (interlayer spacing of 3.2-4.0 A, Figure S1) which is
further corroborated by PXRD, due to the partial solubility of
carbon in Co/Fe or CoFe at high temperature and dissolution
from bulk while cooling as explained above. The CoFe alloy
nanoparticles are well embedded in the carbon layer structure
(Figure 3 c-e). HRTEM image of CoFe alloy nanoparticle shows
the d-spacing of 2.0 (+0.1) A (inset of Figure 3e) corresponds to
the (011) crystal plane for CoFe alloy bcc structure, which is
further supported by PXRD (Figure 2c). 48 Selected area electron
diffraction (SAED) pattern of CFC-1 shows characteristic
diffraction spots for different planes of graphite and CoFe alloy
and thus confirms the formation of CoFe@C composite (Figure
3f).

The formation of CoFe alloy on carbon supported layer is
confirmed in details by high-angle annular dark-field (HAADF)
elemental mapping (Figure 4). The HAADF image of CoFe@C
confirms the homogeneously distributed CoFe alloy
nanoparticles are embedded in carbon layer matrix (Figure 4a).
Co and Fe elemental mapping, Figure 4b and 4c respectively
confirms the formation of CoFe alloy nanoparticles which is in
accordance of PXRD, HRTEM and SAED analysis. The lower
contrast of O mapping (Figure 4d) suggests a very small amount
of oxide present which is further supported by small peak at 26
= 35.6° for cobalt ferrite in PXRD and adsorbed atmospheric
oxygen on the sample. The low amount of oxygen is also
supported by EDAX of CFC-1 (Figure 4h). N and C elemental
mapping confirms that carbon layer has low amount of hetero
atom doping (Figure 4 e,f). Figure 4g is an overlap image of
HAADF and Co, Fe, O, C and N elemental mapping confirms the
presence of CoFe alloy well embedded in the carbon layer.

A

Figure 3: (a) HRTEM image of CFC-0, (b) SAED pattern of CFC-0 (c-e) HRTEM images of

CFC-1 (f) SAED pattern of CFC-1. Scale bar: (a) 50 nm, (b) 5 1/nm, (c) 500 nm, (d) 50 nm,
(e) 10 nm, inset: 1 nm (f) 5 1/nm.

3.2 Adsorption study

3.2.1 Effect of pH

pH study is carried out by maintaining the pH of the solution.
The anionic dyes show higher adsorption over CFC-1 at lower
pH. Maximum adsorption of CR dye was 97.4% at pH=3 which
decreased at pH=10 to 89.7% (figure S2a). MO dye, shows
maximum adsorption of 97.5% over CFC-1 at pH 3 while it
decreases to 69.9% at pH 10 (Figure S3a). Similarly, AB dye
98.6% of adsorption at pH=3 (figure S4a) and 60.7% adsorption
at pH=10. Interestingly, we also found that even the
paracetamol drug and the hair dye showed the maximum
adsorption at pH=3. Figure S5a and S6a show the 72% of hair
dye and 95.2% adsorption for paracetamol respectively over
CFC-1 at pH3.

To explore the higher adsorption of anionic dyes at lower pH
as compared to the higher, we had performed the surface
charge analysis of the CFC-1 adsorbent by the zeta potential
measurements in a wide pH range (pH 3-10). The mechanism of
the dye adsorption could be expressed based on the pH of zero-
point charge (pH,pc) of an adsorbent (figure 5a). At the pH 3, 5,
7, 8, 10, the CFC-1 materials surface shows charges like +29.4, -
11.3, -21.9, -22.1, and -27.2mV respectively. As the surface of



adsorbent bear positive charge at pH=3 (+29.4) and dye surface
possess negative groups, the adsorption of anionic dyes MO, CR,
AB and paracetamol is higher at pH=3. Also due to high negative
charge at pH=10 (-27.2), we could observe the least adsorption
of anionic dyes onto CFC-1 due to electrostatic repulsion. The
pHzpc is found to be 4.4 (figure 5a), where below this pH, the
adsorbent shows positive charge and above this pH, adsorbent
shows negative charges. For eg. MO dye, electrostatic attraction
between SOs;~ groups and protonated sites on CFC-1 takes place
and the adsorption is favorable. In the present study, the
paracetamol drug, the adsorption is favorable due to the
electrostatic attraction between hydroxyl group present on the
drug molecule and protonated sites on CFC-1 composite at
pH=3. 4% However, we can see adsorption is at basic conditions
for paracetamol, which could be from 1- tinteractions between
benzene ring of carbon and the drug. Thus, electrostatic
interaction of positively charged surface of CFC-1 and negatively

charged dyes and drug molecules are responsible for the higher
adsorption at pH=3 along with the -t interactions.

3.2.2 Dosage study

The optimization of the amount of adsorbent is a key step
for the dye adsorption study. Initially, the adsorption of MO dye
was carried out by taking 2, 4, 6 mg of the adsorbent for 15 ml
of 50 ppm dye solution, described as dosage study at optimized
pH (figure 5b). It is noted that 6 mg of an adsorbent could
adsorb 99.5% of MO dye, in 30 min. As the amount of adsorbent
increases, the percentage of adsorption also increases, which is
due to the availability of higher adsorption sites on the surface
of CFC-1 material. Hence, 6 mg adsorbent was chosen and kept

same for all other dyes further in the manuscript, in order to
nullify the mass effect.
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Figure 4: (a) HAADF image of CoFe-1. Elemental map of (b) Co, (c) Fe, (d) O, (e) N, (f) C(g) Overlap image of a-f. Scale bar: (a-g) 200 nm (h) EDAX of CoFe-1.

(b) 100

©
o

(=]
o

-
o

Dye adsorption (%)

[=2]
o

: 50
3 4 5 6 7 8 9 10 2 3 4 5 6
pH Dosage (mg)

Figure 5: (a) effect of zero-point charge, (b) dosage study using CFC-1, pH=3, error +2-
2.7% 50 ppm MO dye

3.2.3 Kinetic study
Congo Red adsorption:

In order to describe the kinetic study, figure 6a shows the
percentage removal of CR dye at pH=3 using CFC-1 composite

at different time intervals. Percentage dye removal at different
time intervals is depicted in figure 6a, where 93.1% of the dye
gets adsorbed onto CFC-1 in just 5 min of time which is much
higher than the control samples CFC-0 (31.9%), CF (16.1%) and
CC (27.1%) under similar reaction condition in 5 min (Figure S7).
In addition, CR adsorption on CFC-1 are higher than recent
reported values 75% in 6 min22 ~50% in 5 min 2> 85% in 15 min
8. The inset of figure 6a shows that change in color of CR dye
from pH=7 to pH=3, which arises due to the structural change in
CR at pH=3. 27.50-52 After 5 min, CFC-1 shows adsorption capacity
of gsmin=116.4 mg/g for CR dye (Figure S2c). In order to describe
whether the kinetic model fits pseudo-first order or pseudo-
second order model, the plots of In(ge-gt) vs t and the plots of
t/qg: vs t were plotted. The kinetic experiment revealed that the
CR dye adsorption follows pseudo-second order with R2: 0.999
(figure 6b, table S1), whereas R? value for pseudo-first order
kinetics is 0.638 (figure S2d).



Methyl Orange adsorption:

Figure 6d shows the percentage removal of dye at pH=3 using
CFC-1 composite at different time intervals. It is seen that,
89.1% of MO gets adsorbed in 5 min and 97.2% removal in 30
min which is comparable and higher than the CFC-0 (4.4%), CF
(25.2%) and CC (15.0%) (Figure S8 SI) and with the reported
literatures. The adsorption capacity increases with increase in
time and reaches to gsomin=121.6 mg/g (Figure S3c). The fitting
of the In(ge-qt) vs t and t/q: vs t plots were performed to
elucidate the kinetic order of the adsorption process (figure S3d
and 6e respectively). For pseudo-second order kinetics, the
correlation coefficient, R? is calculated to be 0.999, higher that
pseudo-first order model (Figure S3d). Hence the adsorption of
MO dye over CFC-1 adsorbent agrees to follow pseudo-second
order, a chemisorption process.

Amido Black adsorption

Figure 6g outlines the percentage adsorption of AB dye at
different intervals of time carried out with CFC-1 composite, at
pH=3. Amido black adsorption is faster than MO. According to
figure 6g, in the 15t min of adsorption process, 68.5% of AB dye
is removed and 95.8% of the dye removal is observed in just 5th
min. Moreover, the adsorption rate is 4-11 times faster as
compared with the control sample CFC-0 (8.8%), CF (25.2%) and
CC (18.9%) (Figure S9). This ultrafast dye adsorption process
also bears high adsorption capacity of gsmin=120.0 mg/g as seen
in figure S4c. The plots of pseudo-first order and pseudo-second
order (figure S4d and 6h respectively) reveals that the
adsorption follows Pseudo-second order with R2:0.988, which is
higher to that of pseudo-first order whose correlation factor,
R2:0.946 (Table S1). Thus, the kinetics of AB adsorption follows
chemisorption process, which also supports Langmuir isotherm.

Isotherm study

To investigate the maximum adsorption capacity (qm) of the
adsorbent, isotherm studies have been carried out using
different concentrations of the adsorbate CFC-1. Figure 6c, 6f
and 6i reveals the Langmuir model of CR, MO and AB adsorption
respectively and figure S2e, S3e and S4e describes the
Freundlich adsorption model of CR, MO and AB respectively. It
is known that in Langmuir isotherm, the adsorbate molecules
cannot interact each other but gets confined onto the surface
of the adsorbent in a monolayer, which is also called as
homogenous adsorption whereas, Freundlich model is based on
the multilayer adsorption of adsorbate molecules, also called as
heterogenous adsorption. 53 It is found that the R2 value for MO
dye is 0.986 for Langmuir model and 0.729 for Freundlich
model, which clearly shows that the adsorption follows
Langmuir isotherm for MO dye. Further the R2 value for CR is
0.996 for Langmuir model and 0.861 for Freundlich model. For
AB, Langmuir and Freundlich isotherm model shows R2 value of
0.931 and 0.887 respectively. The different factors related to
isotherm models are tabulated in table S1. For MO, CR and AB
dye, the gm value is found to be 1103.0 mg/g, 1254.0 and 877.2
mg/g respectively. These values are compared with recent
reports and tabulated in table S2. Hence, we could conclude

that CFC-1 bears very high maximum adsorption capacity for
MO, CR and AB dye by following Langmuir isotherm model, a
homogenous monolayer adsorption.

Removal of hair dye

Hair coloring is very common and simple to use these days
without any expertise. After wash, the hair color gets drained
without any pretreatment. Due to the high stability of these hair
dyes at environmental conditions, it is necessary to take a
serious action towards the treatment of the waste hair colors,
which could otherwise lead to a severe threat to water bodies
and aquatic life. We have chosen GARNIeR color naturals (3.16
burgundy), a product of L'Oréal India Pvt. Ltd for this work. The
hair dye was used as per the instructions given in leaf. In order
to study the adsorption, first effect of pH on adsorption of dye
over CFC-1 was studied at different pH ranges (pH 3-10) using
0.1M HCI or 0.1M NaOH. At pH=3, the maximum adsorption
could be seen to be 72.0% and at pH=10, 16.6% adsorption was
seen in 5 min (figure S5a). Further the kinetic study was carried
out at pH=3 due to maximum adsorption by CFC-1 and the
percentage adsorption with time is depicted in figure 7a. The
inset shows the hair dye at pH=9 (as obtained), further adjusted
at pH=3 and after adsorption. As seen in figure S7b, at Amax=500
nm, the absorbance value decreases with time and at 5t min,
95.5% dye adsorption with an efficiency of 29.8 mg/g could be
achieved (figure 7c). Moreover, the kinetic study carried out
follows pseudo-first order with higher value of Rz being 0.995
(figure 7b) as compared to pseudo second order with R? value
of 0.894. (figure S5c), a process of physisorption. Overall, it is
seen that fast and high adsorption of hair wash waste could be
achieved using CFC-1 composite and thus useful for practical
application.

Adsorption of paracetamol

Paracetamol (4'-hydroxyacetanilide, N-acetyl-p-aminophenol)
is @ common analgesic and antipyretic drug. Easy access and
self-medication have made the Paracetamol as one of the
pollutants that are commonly discharged into the aquatic
environment and could be detected easily in surface waters,
wastewater, and drinking water throughout the world. The CFC-
1 was mixed with 10 ppm solution of paracetamol (maintained
at pH3) in 1:2.5 (w/v) ratio. This solution was sonicated for 2 min
and stirred vigorously at 250 rpm. At every 5 min intervals of
time, 2 ml solution was taken out and the CFC-1 is separated
using an external magnet. Further, the absorbance is measured
using UV-Vis spectrophotometer and the concentration of the
drug solution is calculated. Figure 7d shows the time dependent
sorption study of paracetamol where 83.5% adsorption was
seen in 5% min and 94.2% removal could be achieved in 60t
min. After the linear fitting of the plots In(ge-q:) vs t and the
plots of t/q: vs t, the results show that the adsorption of
paracetamol follows pseudo-second order kinetic model (figure
7e). Isotherm analysis was carried out with the concentration of
paracetamol ranging from 50-250 ppm to calculate maximum
adsorption capacity of CFC-1 for paracetamol. We found that
the maximum adsorption capacity of CFC-1 towards
paracetamol is 227.8 mg/g by following Langmuir adsorption



model depicted in (figure 7f). Ruiz et al reported the half uptake
in 59 min which is 88% slower than the present study. 1¢ Laldd
et al. reported maximum sorption of paracetamol to be 261.0
mg/g using activated carbon with half uptake in ~206 min which
is ~71% slower than present study. °* Lucas et al. reported gm
value to be 356.2 mg/g using super activated carbon produced

by KOH activation of biomass waste. 4 These reports are
comparable and quite higher, however, the kinetics for the
adsorption is much slower as compared to our results and
regeneration of adsorbent is difficult as earlier reported
adsorbent were non-magnetic in nature.
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Figure 6: (a) CR dye removal efficiency with time (inset: optical image of CR at pH 7, 3 and after adsorption, (b) Pseudo-second order kinetic model, (c) Langmuir isotherm of CR, (d)
MO dye removal efficiency with time (inset: optical image of MO before and after adsorption), (e) Pseudo second-order for MO, (f) Langmuir isotherm for MO, (g) AB dye removal
efficiency with time (inset: optical image of AB before and after adsorption), (h) Pseudo-second order kinetics, (i) Langmuir isotherm for AB.
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Figure 7: (a) Removal efficiency of hair dye with time (inset: hair dye before and after adsorption), (b) Pseudo-first order kinetics, (c) effect of contact time with adsorption capacity,
(d) Removal efficiency of paracetamol with time, (e) Pseudo-second order kinetics, (f) Langmuir isotherm model for paracetamol.



3.3 Adsorption and regeneration studies

Reusability of the adsorbent material is very much important for
economic and environmental benefit. At first, after the
adsorption of dye, adsorbent (CFC-1) was recovered using an
external magnet. The collected adsorbent was treated with
ethanol and sonicated for 1h followed by 1 hr stirring. After the
desorption process, the adsorbent was dried at 200°C for 6 hrin
order to remove all the moisture content. This process of
adsorption and desorption is carried out for five consecutive
cycles at optimal pH of each dye/paracetamol and the
dye/paracetamol removal efficiency is calculated for each cycle
using UV-Vis absorption spectrophotometry. As the adsorption
was reversible, the regeneration process was favorable. It was
seen that even in the fifth cycle, reused CFC-1 could adsorb ~83-
89% dye and ~68% of paracetamol (figure 8).

To confirm that adsorption over CFC-1 doesn’t lead to any
chemical changes to the dyes which will confirm the reusability
of the recovered dye. The recovered dyes were characterized by
UV-Vis spectrophotometry in ethanol solution using 10 mm
quartz cuvette. The almost same absorption maximum values in
UV-Vis absorption spectra of the recovered dyes confirm that
no chemical change/degradation happens to the dye molecules
(Figure S10-S12). The adsorption and regeneration studies
suggest that the CFC-1 composite shows high efficiency,
reusability and recovery of the adsorbed dye/paracetamol and
thus confirms its real time applicability.
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Figure 8: Adsorption of dyes/paracetamol over CFC-1 in different regeneration cycles.

Conclusions

In conclusions, the cobalt-iron alloyed partially graphitized
carbon composite (CFC-1) with synergistic properties for the
removal of organic anionic dyes, hair dye and pharmaceutical
drug; has been synthesized successfully. The CFC-1 exhibited
high magnetic property compared to the reported values of
magnetic adsorbent. The fast and higher adsorption of

dyes/paracetamol over CFC-1 as compared to its control
samples CFC-0, CC, CF suggest the role of synergetic effect of
cobalt-iron alloy. The kinetic and isotherm study of adsorption
were using different models. The faster and higher adsorption,
easy recovery of the adsorbed dyes/paracetamol, reusability
and no structural changes in the adsorbate molecules suggest
that the developed magnetic adsorbent is a potential candidate
of real time application for large scale study.
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