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Abstract:

The present work describes comparative studies of Methylene blue, Methyl orange, and Calcon-
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monitored by a UV-Vis spectrophotometer with A, of 664 nm for MB, 590 nm for MO, and 550
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and 83.7% for CCA in the presence of sunlight. It’s worth to mention that, the novel photocatalyst
core iron oxide prepared by agro-waste extract under dual function concept, where extracted
medium used for the preparation of the core shell Fe3Oy4, and its biochar residue employed for
the carbonization. Hence, the method developed more on green chemistry protocol, and the
inexpensive catalyst used for dye adsorption phenomenon dominates than the dye degradation.
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1. Introduction lutants are dye [15], which is derived from synthetic with
complex structures [16]. The organic dyes broadly classified

Environmental pollution, especially water contamination,  into cationic, anionic, and non-ionic, azo dyes containing

is one of the major problems, and it is serious concern as
they interfere with public health and environmental qual-
ity [1-5]. The wide range of chemical discharges from
pharmaceuticals [6], disinfection [7], and by-products from
various industries (paper, dyes, cosmetic, food, etc.) leads
pollution[8]. One of the research areas was influenced enor-
mously in the natural remediation of water [9, 10], due to
its universal solvent nature, and achieving quality of water
in the present days are challenging [11, 12]. The Lack of
fresh-water resources occurs due to the huge discharge of
pollutants into the water bodies, which has made it challeng-
ing for the treatment in the last decade [13, 14]. Among
the effluents, one of the major contributions of organic pol-

azo groups (-N=N-) have emerged as a special class of the
synthetic dyes that are extensively used in the textile indus-
tries. These dyes are usually carcinogenic and toxic, directly
affecting the aquatic ecosystem, photosynthesis, and stop-
ping aquatic growth, and also disruption of the reproductive
process, causing health issues [17, 18]. Literature reported
that up to 20% of the dyes used in textile industries are
dumped into the environment, producing mutagenicity into
aquatic life and human health [19]. Methylene blue (MB)
is a cationic dye derived from the phenothiazines tricyclic
family, employed as a drug molecule, and extensively used
in the textile industries as a blue colorant. But more expo-
sure to the MB is also dangerous to aquatic life and human,
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due to skin allergic, and cardiovascular and sensory organs
[20]. MO (Methyl orange) is an anionic azo dye; it is also
dangerous to aquatic life and the environment. Hence it
must be treated before being discharged into the environ-
ment [21]. MO is resistant to degradation and soluble in
water; take it out from aqueous medium is a difficult task
employing present water treatment techniques. But if not
properly treated, these dyes before entering into the fresh-
water system, cause severe aquatic and environment living
beings [22]. CCA is a naphthylazo dye used as an indicator
for complexometric titrations. It behaves as an anionic dye,
and soluble in ethanol or basic conditions.

The major contribution of water pollution is caused by un-
treated dye waste produced from various industrial activ-
ities. The Present scenario has an urgent requirement of
sustainable technology for the treatment of dye effluent
to safeguard water [23]. Thus, in the literature reported
various techniques for the treatment of wastewater to min-
imize public health and environmental issues. There is a
wide range of techniques reported, including electrochemi-
cal and photocatalytic combined treatments, sonochemical,
photo-catalytic degradation, electrochemical, biodegrada-
tion, nano-filtration, adsorption process, oxidation, chem-
ical coagulation or flocculation, chemical precipitation,
ozonation, reverse osmosis, cloud point extraction, ion-
exchange, and ultra-filtration [24]. The Adsorption method
differs from other techniques, gave efficiently remove the
colorant from the concentrated effluent. To remove contam-
inants from the complicated waste, adsorption is the utmost
preferred and efficient approach emerged for water pollution
treatment [25]. Several research groups discovered efficient
noble adsorbents, such as zeolites [26], activated carbon
[27], chitosan [28], clay minerals [29], and functionalized
polymers [30], etc., have improved steadily over the last
decade. This is because the cost-effectiveness and quality
of the adsorbent are directly involved in the efficient separa-
tion. Unfortunately, many of these adsorbents showed de-
merits of expensive and inefficiency. Recently, researchers
reported nano—adsorbents derived from agro-waste are inex-
pensive such as citrus limon wood waste [31], orange-peel
powder [32], and litchi peel [33] are emerged as a very
good adsorption properties for the removal of metal ions.
The solid-liquid separation of often related with only NPs
was avoided by such advanced type of adsorbent—-magnetic
nano adsorbent with the help of an external magnetic field.
High adsorption could be achieved for the new adsorbent
because of increased surface-to-volume ratio with other
physicochemical properties such as easy synthesis, recycle
and modified through coating and functionalization, inex-
pensive, eco-friendliness, and lack of secondary pollutants.
Recently reported dyes removal from the waste water using
activated carbon of walnut shell [34], and its MNPs loaded
[35].

In the literature, the well-reported efficiency of the dye
degradation processes can be speed-up by using photocatal-
ysis, it is a semiconductor material enable to absorbing
light photon and accelerating reaction [36]. Among var-
ious materials discovered, Fe3O; is one of the emerging
photocatalysts used in the photocatalytic dye degradation
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application [37]. Because of its inexpensive synthesis, no
secondary pollutants production, n-type semi-conducting
having a band gap of E,=2.1 eV [38]. Further, Fe304 and its
composite materials are potentially demonstrated in various
fields and processes such as sensors, biomedical, adsorp-
tion, super capacitor, Li-ion batteries, solar cells, hydrogen
production, and dye degradation as a photocatalyst [39-43].
In the last few decades, MNPs have been attracted to a
greater extent by the researchers, due to their additional
magnetic attraction, enables easy separation in the reac-
tion as an external magnet [44]. Various synthetic routes
have been reported for the preparations of MNPs in the
literature, are solvothermal, hydrothermal, co-precipitation,
and electrothermal methods [45]. These methods employed
chemicals, surfactants and reducing agents [46, 47]. Many
of the preparation methods employed hazardous chemicals,
which are of concern to the environment [48]. Hence, in
recent years, researchers are exploring alternative synthetic
routes, which are inexpensive, non-toxic, and eco-friendly
[49]. Fe3O4 possesses a wide range of surface function-
alities, and it has shown numerous applications in both
synthesis and dye degradation studies (Table 1). The func-
tionalized iron oxide NPs are a kind of material achieved
by the coating on the surface of the iron oxide. Especially
the adsorption of the dye takes place on the surface of the
heterogeneous catalyst due to the interaction between the
dye and the catalyst surface, this will happen because of
the various interactions, either electrostatic and/or Vander
Waals [50, 51]. Another important aspect is the negative
enthalpy, and loss of entropy also leads to the dye to adsorb
on the surface of the catalyst [52]. The controlling mecha-
nism of the adsorption phenomenon is a chemical reaction,
diffusion control, or the mass transfer coefficient technique
is employed to determine the kinetic models [53]. The type
of kinetics adsorption on the adsorbent material is decided
on the operating conditions of full-scale batch process [54].

In this work, agro-waste lemon peel ash extract medium
was employed for the synthesis of Fe3O4 NPs, and bio-char
left over after the filtration was employed for the functional-
ization through the hydrothermal method, thereby achieving
“one source with two functions.” The resultant Fe304 NPs
was functionalized by carbonization and sulfonation gave
magnetic carbon-based solid acid (FezO4 @C-SO3H). The
method employed eco-friendly, inexpensive, and non-toxic
alternative methods achieved magnetic NPs. The physic-
ochemical properties of the prepared MNPs were charac-
terized using various techniques. The comparative studies
were performed using Fe304, Fe304@C, and Fe304@C-
SO3H for the dye degradation of MB, MO, and CCA. The
mesoporous carbon largely covering the surface of the
Fe304 core, not only stabilizes the Fe304 MNPs against
aggregation and oxidation of the Fe304 MNPs, but also
coordinates grafting with SO3H groups as a Bronsted acid
for many practical applications. The dye removal studies
revealed that, the catalyst was a more active site to adsorb
MB and decolourized at a faster rate of 95.63%, 82.55% for
MO, and 88.53% for CCA. Further, a faster rate of adsorp-
tion of the dye compared to sun-light was noticed with the
microwave irradiation method. To enhance the adsorption

2252-0236[https://doi.org/10.57647/j.ijc.2024.1403.29]


https://doi.org/10.57647/j.ijc.2024.1403.29

Shekhanavar et al.

1JC14 (2024) -152429 3/13

Table 1. A List of Fe304 based composite material prepared and used for the dye degradation.

Fe; 04 functionalised Dye Medium/condition % of degradation [Ref]
MR 58.0 [55]
F6304(Pd/HAP/ FG304) MO HzOz/I‘t 63.2 [55]
MY 65.2 [55]
Porous Fe3O4 NPs/PVP Xylenol orange H,0,/US 94.0 [56]
4-nitrophenol 80.0 [57]
Fe304/Si0;-Pr-s-Ag MB NaBHy/rt 75.0 [57]
MB 75.0 [57]
Fe3;04,@Nb@Mo MO H,0,/UV/US 60.0 [58]
Fe3;O4 NPs Reactive orange 107 H,0,/US 93.3 [59]
MO 94.0 [60]
Fe;04@Zn0O Eriochromsch warz T 57.0 [60]
Eosin T H,0,/US 42.0 [60]
RB 34.0 [60]
Fe304,@Mn30y4 MB Mangane/rt 93.0 [61]
Congo red 79.0 [61]
Fe3;04 @Ni NPs MB H,O/UV 89.0 [62]
RB 81.0 [62]
Fe3;04@n-NH; MB 80.0 [63]
MO NaBHy/rt 79.0 [63]
Fe3;04@n-NH; MB H,O/UV 91.9 [63]
MO 82.5 [63]
MB H,O/UV 92.3 [64]
Fe;04@TiO, MO 82.5 [64]
MB 95.9
Fe;0,@C-SOsH MO Sun light/ MWI 82.5
CA [present work] 83.7

phenomenon, an equilibrium isotherm, thermodynamics
kinetics adsorption study of MB as Fe3O04@C-SO3H and
other precursors MNPs were established.

2. Experimental

2.1 Preparation of lemon peel water extract

Fresh lemon is collected from the local and is peeled. The
peels were washed with tap water then by distilled water to
remove the dirt particles, and then dried on open sunlight
and burnt on a Bunsen burner to get lemon peel ash. The
obtained 10 g of finely powdered ash was soaked in 100
mL of dd (double distilled) water, suspended, and stirred at
rt for 1 h. The suspension was dark brown in colour, then
the suspension was filtered to get a Water Extract of Lemon
Fruit Shell Ash (WELFSA), and it was directly used for the
preparation of iron oxide NPs [65].

2.2 Preparation of Fe;04 using WELFSA

3.0 g of FeS04.7H,0 and 3.2 g of FeCl;.6H,O were
weighed separately and taken in a 250 mL beaker, added
50 mL of dd water. To this reaction, a mixture added 10
mL of WELFSA, then stirred for about 45 min at 90 °C
for about 45 min, added cooled to attain it then basified
with the addition of NH4OH solution dropwise till black
precipitate formation stopped, and then allowed to settle
down. The black precipitate formed was held by an external
magnet, and washed several times with dd water followed
by ethanol. The obtained residue was calcinated in a muffle
furnace at 700 °C for about 5 h, and stored in an air-tight

container for further use.

2.3 Synthesis of Fe;0,@C

The bio-char residue after the filtration presents from the
lemon peel ash extract taken 10 g in a 500 mL beaker, and
added 100 mL of dd water, and continued stirring at rt for
1h. Added 3 g of the above prepared Fe;O4 NPs, and the
resultant solution was dispersed in an ultrasonic bath for
about 30 min. Then the whole solution was transferred to
a 100 mL Teflon-lined stainless-steel autoclave, and kept
at 180 °C in an oven for 10 h. The carbonized material
is magnetically attracted washed with water and ethanol
thoroughly, and dried at 70 °C in an oven under vacuum for
10 h gave powder product denoted as Fe3O4 @C.

2.4 Synthesis of Fe;0,@C-SOs;H

Above prepared Fe;0,@C (1.5 g) weighed in a 50 mL
beaker, and 10 mL of Con. H,SO4 was added to this and
stirred at rt. After 45 min of stirring, the solution was
transferred into a Teflon-lined autoclave and kept at 160
°C in an oven for about 12 h. After cooling to rt, the black
solid held by an external magnet, washed with hot dd water,
and ethanol for 2-3 times, dried at 60 °C in an oven under
vacuum for 12 h, and denoted as Fe;04@C-SO3H.

2.5 Solid acid titration

The iron oxide functionalized sulfonic acid was titrated by
acid-base reaction method. Briefly, 25 mg of the catalyst
was taken in a 50 mL of (0.01 M) NaOH solution in a 100
ml conical flask, this reaction mixture was kept at rt for
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about 2 h. Then, the catalyst was filtered by using the strong
magnet and washed with dd water (5 mL) for about two
times. After that, the filtrate was titrated to neutrality using
a 0.01 M HCI using phenolphthalein as an indicator. The
total acid group on Fe304@C-SO3H MNPs was found to
be 0.47 mmol/g.

2.6 Reduction of 4-nitrophenol

The prepared catalysts (Fe304@C-SO3H) reduction proper-
ties is examined in the presence of sodium borohydride and
4-nitrophenol (4-NP) at rt. Typically taken 2 mL of aqueous
4-NPs (0.15 mM) and 100 uL of aq. NaBH4 (50 mM) in a
4 mL quartz cuvette, and added 1 mg of Fe;04@C-SO3H.
The cuvette was placed in a UV-Vis spectrophotometer, and
the progress of the reaction was monitored at different time
intervals.

2.7 Reduction of methylene blue dye

Fe3;04@C-SO3H NPs in the presence of NaBHy was used
to study the reduction of MB dye at rt (28-30 °C). Briefly,
in a 4 mL quartz cuvette, aqueous solution of 2 mL MB
(10 ppm) and 100 uL of NaBHy4 (30 mM) were placed and
1 mg of catalysts added. The cuvette was placed in a UV-
Visible spectrophotometer and progress of the reaction was
monitored at different time intervals.

2.8 Materials

Chemicals were purchased from Avra and sd-fine and were
directly used without purification. The lemon fruit (Cit-
rus limon) peel was collected from Belagavi, Karnataka,
India. The XRD data was recorded using PAN analytical
(X-pert PRO). The surface morphology and elemental map-
ping were analysed using EDS by TESCAN and Bruker
[(MIRA 3 (FESEM) and Quantax 200 (EDS), Evactron XEI
(plasma cleaner)]. TG-DTA was recorded by NETZSCH
(STA 2000). The magnetic properties were determined by a
Vibrating Sample Magnetometer (VSM).

3. Result and discussion

In this work reported greener protocol synthesis of Fe3O4
NPs starting with FeCls and FeSOy in the presence of agro-
waste Water Extract of Lemon Fruit Shell Ash (WELFSA)
as a catalytic solvent medium. The method developed
showed inexpensive and chemical-free synthesis gave free-
flowing Fe3O4 MNPs. Further, the mesoporous carbon is
fabricated on the surface of iron oxide, where it is stabi-
lized Fe3O4 against aggregation and also prevents oxidation
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and extended to coordinated or grafted with SO3;H as a
Bronsted acid. Lemon peel ash biomass waste was used
as a carbon source for the synthesis of the novel magnetic
carbon-based solid acid by a hydrothermal method. To in-
crease the acidity of the catalyst, the sulfonation was done
by sulfuric acid at 180 °C in a sealed Teflon-lined autoclave
gave Fe304@C-SO3H (Fig. 1). The obtained magnetic cat-
alyst Fe304@C-SO3H was characterized by various spec-
troscopic and microscopic techniques such as SEM-EDX,
XRD, FT-IR, VSM, TGA and XRF. (Manuscript submitted
for the publication).

3.1 Removal of dyes monitored using UV-Vis.

To demonstrate the application of the prepared acid cata-
lyst present work studied dyes removal of selected three
dye namely MB, MO, and CCA.The photodegradation/ad-
sorption without catalyst and starting material catalyst com-
ponents such as Fe304, Fe304@C, and Fe;04@C-SOsH
screened, respectively. The preliminary study revealed that
without a catalyst there was no dye degradation/adsorption
was noticed; the optimized Fe3O4 (10 mg) showed a limited
amount of dye degradation, and with the Fez;04 @C (10 mg),
moderate dye degradation/adsorption was observed, but in
the case of surface modification evidenced for the high-
est dye degradation/adsorption (Figs. S1-S3), respectively.
After completion of the experiment, the dye solution was
collected by using syringe filter, and subjected to the ESI-
MS. The mass spectra analysis revealed that only methylene
blue peak appeared in the spectrum, and no other fragmen-
tation peaks noticed. This directly revealed adsorption of
the dye take place on the surface of the modified catalyst,
so that, we studied adsorption isotherm kinetics. The sys-
tematic studies performed in the presence of FezO4 under
sun light exposure and monitored by UV-Vis absorption is
tabulated in Table 2. Photodegradation of an aqueous solu-
tion of MB was carried out spectrophotometrically at A 664
nm using 10 mg of the catalyst (Fe304@C@SOsH) added
to a solution, and exposed to sunlight, drawn experimental
test solution, filtered of catalysts after every 30 min, and
collected UV-Vis absorbance (Fig. 2).

Moreover, to change the rate of the degradation in another
method, MW irradiation method also performed for MB
dye in the presence of catalyst (10 mg). Briefly, MB dye
solution was taken in an RB flask, and exposed to MWI
for 14 min at the power of 480 W, and each 2 min interval
was taken sample for UV-Vis absorption collection, and
combined interval time up to 14 min is shown in the Fig. 3.

FeCl, 6H,0 ) & /
WELFSA @ el
FeS0,.TH,0

H.50,

Hyérethermal

Surface modified catalyst

Figure 1. Pictorial representation of Fe304@C-SO3H preparation.
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Catalyst I order II order Intra particle size (IP)
qe(mg g~ 1)=03 qe(mg g~ 1)=58.82 C (mg/g) =3.1
Fe304 ki min~!) x 1073=11.2 K, (min~!) x 1073=0.017 k;y (g mg~! min~'/2)=1.3
R% =-0.280 R? =0.9996 R%=0.8
qe(mg g=1)=0.8 qe(mg g1 )=58.8 C (mg/g) =7.3
Fe;04 @C k; min~!) x 1073=13.5 K, (min~!) x 1073=0.014  k;y (g mg~! min—1/2)=0.9
R% =-0.257 R? =0.994 R? =0.84
qe(mg g~ )=1.1 qe(mg g~ 1)=57.80 C (mg/g) =9.6
Fe304 @C-SO3H  kj (min~!' ) x 1073=16.4 K, (min~' ) x 1073=0.017 k;; (zmg~! min~1/2)=1.1
R% =0.730 RZ =0.994 R2 =0.84

Further to check the catalytic activity of prepared solid acid
employed another dye MO without a catalyst is performed
under sunlight exposure. The progression of the dye degra-
dation was monitored using UV-Vis at 464 nm withdrawing
ImL of the test solution after each 30 min interval of time
(Fig. S4). Then the degradation experiment directly taken
MO dyes in the presence of Fe304@C-SO3H each 30 min
interval time (Fig. S5). Finally, the third CCA dye was
taken for the comparative photodegradation studies, in the
presence of a catalyst and reaction was monitored in every
30 min interval at A, 550 nm. (Fig. S6). This study
revealed that ,the faster rate of the dye adsorption noticed
under MWI is due to heating and absorption of radiation by
the reaction medium activate catalysts. Further dye CCA
and MO sample also performed under MWTI for up to 12
min exposure to MWI, and reaction was monitored by UV—
Vis absorption maximum of CCA at 550 nm (Figs. S7 and
S8).

3.2 Reduction of 4-nitrophenol

The reduction catalytic activity of the prepared Fe;O4 @C-
SO3H was performed against 4-nitrophenol in the pres-
ence of hydride source NaBHy at rt using a UV—Vis spec-
trophotometer. The electrochemical potential of 4-NP (Eg
4NP/4AP) = -0.76 V and that of NABH4 (Eo H3BO3/BH;)
=-1.33 V the reduction process is thermodynamically pos-
sible but kinetically not favourable because of the mutual
repulsion of the negative ions such as nitrophenol and BH, .
Therefore, the reaction required catalyst [66, 67]. Fig. 4a

Absotbance (a.u)

T
500

wavelang th (nm)

Figure 2. UV-Vis Profile for MB in the presence of a catalyst.

shows the UV-Vis absorbance spectra of 4-NP alone and
4-NP with NaBHy4 solutions. The absorption peaks at 360
nm and 420 nm correspond to the aqueous solution of 4-NP,
which appeared due ton — 7* and T — 7* transitions [68].
The 4-NP solution is light yellow in colour and it changes to
greenish yellow upon adding NaBH4. The change in colour
shifts the position of the absorption peak from 319 nm to
400 nm (Fig. 4b). Upon the NaBH,4 addition to the 4-NP
solution absence of catalysts shows no reduction of the 4-
NP observed. In contrast addition of Fe304@C-SO3H NPs
decreases the intensity at A5, 360 nm. At the same time,
a new absorption peak at 400 nm emerged, which corre-
sponds to 4-AP (Scheme 1). To facilitate 4-NP reduction
reaction with NaBHy in the presence of Fe;04@C-SO3H
NPs. Firstly, both 4-NP and NaBH, were adsorbed on the
surface of Fe;04@C-SO3zH NPs, where the electron trans-
fer takes place. This is the redox reaction, where 4-NP
accepts the electron, and NaBHy donates it [68]. To study
the effect of NaBH,4 on 4-NP reduction, experiments were
performed by varying NaBH4 (50mM) volume from 100
UL to 300 puL using 2 mL of 4-NP (0.15mM) and 1 mg
of Fe;04@C-SO3H (Fig. 4¢). It was observed that as the
volume of NaBHjy increases from 100 uL to 300 puL, the
percentage of 4-NP to 4-AP conversion also increases with
a marginal difference from 93% to 96%, respectively, in
about 10 min.

Mhsohance (a.u)

T T T T T
300 400 500 500 700

waveleng th (nm)

Figure 3. UV-Vis Absorption spectra of MB under MWL
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Absorbanc e

094

0.8

NaBH,
1004
— 200u!
—— 300u!

4NP-2 ml (0.15mM)
NaBH - 50 mM

074

0.6

ANP-Reduction (%)

0.5

Catalyst- | mg
T

04

Waweknath (i)

T T T
L] 5 10 15 20

Time (min)

Figure 4. a) UV-Vis spectra of solutions, 4-NP and 4-NP in NaBH4 without catalysts (Reaction condition: 4-NP=2 mL
(0.15 mM), NaBH4= 100 L (50 mM)). b) Time-dependent UV-Vis spectra of 4-NP reduction in NaBH4 with catalysts
(Reaction conditions: 4-NP=2 mL (0.15 mM), NaBHs= 100 uL (50 mM), catalyst=1 mg). c) Effect of volume of NaBH,4
on the reduction of 4-NP in Fe304@C-SO3H NPs using NaBH4.

3.3 Reduction of methylene blue

The photocatalytic activity of the prepared catalysts has
been assessed against MB reduction by NaBHy4 at rt us-
ing UV-Vis. Fig. 5 shows the UV-Vis spectrum of MB
reduction using Fe304@C-SO3H in the presence of NaBHy.
Here, the absorption band for MB was obtained at 665 nm
and 290 nm due to the transition of n — 7* and * — 7*
transition [68]. The addition of NaBH4 into the MB dye
does not alter the intensity of the absorption peak at 667 nm.
From these observations, it was corroborated that NaBH4
alone does not reduce MB. This was owing to the high re-
duction potential difference between MB and NaBHy4 [69].
However, upon addition of catalysts to the solution of MB
and NaBH, a gradual decrease in the intensity at 665 nm
was observed (Scheme 2), which directly reflects the reduc-
tion of MB dye, and complete reduction takes place in about
6 min (Fig. 5b). Bhosale et al., [70] and Zheng et al., [71] re-
ported a similar observation with Fe3O4 and FezO4 @Si0,
in the presence of NaBH,. As the reduction of MB takes
place, the intensity at 660 nm decreases, concurrently, a new
peak at 350 nm emerges, and its intensity increases with
time owing to the formation of leuco MB [72]. The effect
of NaBHy, its concentration, and the catalyst was studied
using 2 mL MB (10 ppm) solution, and the progress of the
reduction reaction was monitored by UV-Vis. The mixture
of MB and 100 uL of NaBHy (30 mm) without catalysts
shows a negligible (13%) reduction of MB dye (Fig. 5a).
However, MB in the presence of 2 mg catalysts without
NaBH, shows a 25% of the decrease in the intensity at 665
nm in about 6 min, which corresponds to the adsorption of
dye on the catalyst [73]. Furthermore, the MB reduction (2

mL, 10 ppm) was carried out at 100 uL and 200 uL. NaBH4
(30 mM) using 1 mg of the catalysts. In the case of 100 uLL
of NaBHy, in 2 min (Fig. 5a).

3.4 Adsorption and photocatalytic experiments

The MB removal from the aqueous solution by adsorption
depends on the amount of adsorbent, pH, and time. The
effect of these parameters was studied by using Fe;04@C-
SO3H on MB, MO, and CCA dye. The adsorption of MB
on Fe3O4@C-SO3H was carried out at rt in the dark and
natural pH 5. About 10 mg of adsorbent was added to 100
mL of 3.12 x 10-2 M MB solution and stirred at about 300
rpm by magnetic stirrer and noted time as initial. After a
fixed interval of time, 1 mL of aliquot was taken by the
syringe, and filtered to remove catalyst particles. The con-
centration of the MB was predictable by using UV-Vis of
the characteristic absorption peak of MB at 664 nm. Also,
the pH of the dye solution was adjusted to the desired value
using 0.1 M NaOH or 0.1 M HCI.

The amount of MB adsorbed was calculated from the fol-
lowing equation

<

q= (Co_ce) €Y)

m
where ¢ is the amount of dye adsorbed/unit weight of
Fe304@C-SO3H (mg/g)

C, — initial concentration of MB (mg/L)

C, — concentration of MB in solution at equilibrium time
(mg/L)

V — volume of solution (L)

OH o
. NaBH, Fe,0,@C-SO;H L
| — [ ]
i RT T
NO, NH,

Scheme 1. Catalytic reduction of 4-NP to 4-AP using Fe304@C-SO3H.
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Figure 5. a) Time-dependent UV-Vis spectra of MB reduction in NaBH, with Fe304@C-SO3H (reaction condition: MB =
2 mL (10 ppm), NaBH4= 100 uL (30 mM), catalyst=1 mg). b) Kinetic study of MB reduction using 10 ppm MB solution.

m — weight of Fe304@C-SO3H NPs (mg)
adsorption% = (Cy — C;) X —— (2)

where Cy and C; are the initial and final concentrations of
the MB solution.

The photocatalytic experiment was carried out in the pres-
ence of sunlight. Briefly, taken 100 mL of MB dye (3.12
x 1072 M) in 10 mg the catalysts (Fe304@C-SO3H) was
exposed to sunlight up to 3 h. Before going to sunlight
exposure, the suspension was stirred in the dark for about
30 min to achieve adsorption/desorption equilibrium. The
photodegradition rate for each experiment is calculated by
using the following equation.

photodegradation rate% = (Cp —
In dark condition weak interaction was observed and in pres-

ence of the sunlight strong interaction of MB and Fe;04 @C-
SO3H was encountered. Thus, sun light was used for the

100d ° Fes04@c@sosu
o Fe304 9
Fe30,4@C ° &

804 =
=
2
-]

9

< 60+
i °
)
] °
= 40
e Qo
B o S

204 o

o
° 2
0«
T T T T T T
0 50 100 150 200 250
Time(min)

Figure 6. Percentage photocatalytic degradation of MB v/s
time.

degradation of MB dye. The absorption peaks of MB ex-
hibited at 292 nm and 664 nm in UV-Vis, respectively. The
peak in UV region is because of absorption of the n-7*
transition of the aromatic ring, while peak in visible region
is due to absorption of n-7* transition with -N=N- group
present in the MB (Fig. 5b).

The degradation of MB is more efficient in the presence of
functionalized catalyst Fe304 @C-SO3H (95.98%) than that
of iron oxide alone (34.46%) and FezO4@C gave 67.56%
adsorption shown at absorption maximum 664 nm (Fig. 6).
These studies revealed that, the prepared surface functional-
ized iron oxide had dye adsorption properties, and it served
as a hazardous organic dye decolourization.

3.5 Adsorption kinetics

3.5.1 Effect of contact time

The effect of contact time for the removal of MB dye was
presented in Fig. 7. The percentage adsorption of MB on
Fe304@C-SO3H NPs in dark and light condition performed
using 100 mL of 2 ppm MB dye solution. In the dark, the
adsorption rate found to be slow, and about 40.56% MB is

60 —e— Light reaction|
—s— Darkreaction

w0 AQIOrprion
5 & B

w
=)
M

bt
=]
M

=

T L) T ¥
20 40 &0 80 100 120

Time (min)

Figure 7. Percentage adsorption of MB in dark and light
reaction condition.
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Fe,0,@C-S0,H

Leucomethylene blue

Scheme 2. Catalytic reduction of MB to LMB.

removed, while in the presence of light reaction condition
gave 95.98%. There is a fast change in the rate of adsorption
because initially, all the adsorbent sites are vacant, and
solute concentration gradient is very high. After some time,
there is a decreased number of vacant sites of adsorbent
and dye concentration, which can cause the low rate of
adsorption. The decreased adsorption indicates the possible
monolayer formation of the MB on the adsorbent surface.

3.5.2 Effect of pH

As shown in Fig. 8, the sharp increase amount of MB ad-
sorbed noticed pH 1 to 3. At pH 5, SO3H group would be
deprotonated, exposing more negative charges, and other
side more cationic MB present involved strong electrostatic
interaction. Above pH 9, the amount of MB adsorbed re-
mained constant. The lowest amount of MB adsorbed at pH
1- 3, was due to the competition of cationic MB with H
ions in an acidic solution.

Adsorption kinetic for the MB onto the catalysts surface was
explored by applying pseudo-first-order and pseudo-second-
order models. The models are expressed by equations 4 and
5, respectively.

k
log(ge —q;) = logg, — ﬁf 4)
t 1 1
— =4 — (5)
q: h qe

where ¢, (mg/g) and ¢, (mg/g) are the amount of MB ad-
sorbed at time ¢ (min) in equilibrium, respectively.

K; (min~!) is the pseudo-first-order rate constant, h
[mg/(g.min)] is the initial adsorption rate in the pseudo-
second-order equation and can be calculated as & = K»q>.
K>g (mg.min) is the pseudo-second-order rate constant. The

® Degradation

% of degradation

Figure 8. Effect of pH on MB adsorption.

Pseudo second-order plot has higher linearity with R> close
to unity compared to the pseudo first-order model, the best
fit for pseudo second order kinetic resulted and shown in
(Table. 2).

Pseudo 1* order kinetics and pseudo 2" order kinetics are
presented in Figs. 9 and 10.

3.5.3 Intraparticle diffusion

The intra diffusion particle of MB on Fe304, Fez;04@C,
Fe3;O4 @C-SO3H NPs in light & dark condition. Here the
intra particle diffusion is immatter of the quantity of the
catalyst by increase in the quantity the rate constant is found
to be same and it is mentioned in the supporting information
as Fig. S12.

The calculated amount of MB adsorbed (g, cq1c) of pseudo-
second-order model showed values close to the experimen-
tal values (ge exp). Therefore, the adsorption process is best
fitted to the pseudo-second-order model, and the complexa-
tion reaction could be the rate-determining step.

3.6 Adsorption isotherm
3.6.1 Langmuir isotherm

To study the adsorption capacity of the Fe304@C-SOzH
NPs on MB, Langmuir isotherm was monitored in the pres-
ence of dark and light reaction condition at rt as shown in
Fig. 11. This model was a theoretical concept and only ap-
plicable to monolayer formation on the outer surface of the
adsorbent considered. Thus, the Langmuir model is equi-
librium distribution of metal ion between solid and liquid
phase and it is expressed as,

c
de = q;nKL~Te +K.C. (6)

gm and Ky, are the constants of Langmuir equation

The linear form of Langmuir isotherm

= = L + iKLCe @)
qe CIm qm

where C,= is the equilibrium concentration (mg/L),

q.=is the amount of MB adsorbed (mg/g),

qm=1s the extreme quantity of adsorption (mg/g),

K} = is sorption equilibrium constant (L/mg).

The values of ¢, and K; were calculated from the slope and

intercepted Langmuir plot of 1/q eV/s 1/C, (Table 3).

3.6.2 Freundlich isotherm

Freundlich isotherm was performed in the presence of dark
and light reaction condition at rt as shown in Fig. 12. Fre-
undlich isotherm is valid for the heterogeneous surface of
an adsorbent for both monolayer and multilayer adsorption.
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Figure 9. Pseudo first order kinetics of MB on:
condition.

a) Fe3Oyq4, b) Fe304@C, and c) Fe304@C-SO3H NPs in light & dark
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Figure 10. Pseudo 2™ order kinetics of MB on: a) Fe304, b) Fe304@C, and c¢) Fe30,@C-SO3H NPs.
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Figure 12. Freundlich isotherm of MB on: a) Fe30y4, b) Fe304@C, and c¢) Fe304 @C-SO3H NPs in light & dark condition.

The Freundlich isotherm equation is expressed as,

1/n
ge = KrC./ ®)
where Kr = Freundlich isotherm constant (mg/g),
n=adsorption intensity, C,=the equilibrium concentration of
adsorbate (mg/L), g, = the amount of metal adsorbed per
gram of the adsorbent at equilibrium, (mg/g). The linear

form of Freundlich isotherm is

1
Ing. =InK+ —InC, )
n

The values of n and Kr were calculated from the plot of
Ing, v/s InC, (Table 3).

The adsorption mechanism on the surface modified cata-
lyst is depicted in the supporting data as Fig. S9. This
mechanism well revealed that the formation of the electro-
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Table 3. Isotherm model fitting results for MB isotherm adsorption on catalyst.

Catalyst Freundlich Langmuir
KF (mg/g)/(mg/L)n = 59.67 qm (mg/g) =88.49
Fe304 1/n=0.58 Kz (L/mg)=2.09
R?=0.95 R? =0.922
KFr (mg/g)/ (mg/L) n =56.33  q,, (mg/g) =95.238
Fe304 @C 1/n=0.60 Kz (L/mg) =1.590
R2=0.976 R? =0.944
KFr (mg/g)/ (mg/L) n =58.49  q,, (mg/g) =91.743
Fe304 @C-SO3H 1/n = 0.604 Kr (L/mg) =1.8474
R? = 0.9600 R? =0.9304
Table 4. Summary of this study.
Catalyst Source Dye Time % of Degradation
Without catalyst Sunlight Methylene Blue 300 min. 3.5
Fe3z04 Sunlight Methylene Blue 240 min 34.46
Fe;04,@C Sunlight Methylene Blue 240 min 67.56
Fe;04@C-SO3H Sunlight Methylene Blue 240 min 95.98
Without catalyst Sunlight Methyl Orange 240 min. 54
Fe;04@C-SO3H Sunlight Methyl Orange 240 min. 82.55
Fe;04@C-SOsH Sunlight Calcancarboxylic acid 240 min. 83.7
Fe3;0,@C-SO3H  Microwave Methylene Blue 2 min. 92.03%
Fe3;04@C-SO3H  Microwave Calcancarboxylic acid 4 min. 77.15%
Fe;04@C-SO3H  Microwave Methyl Orange 4 min. 78.17%
static interaction, pi to pi-interaction, and hydrogen bonding
formation leads to hold the dye on the catalyst surface [74].  Acknowledgement

3.7 Adsorbent product was characterization by LC-MS

After sunlight exposure, the reaction sample was concen-
trated to reduce the volume, and resulted sample subjected
to liquid chromatography—-mass spectrometry (HR-MS).
The reaction sample of the MB dye was analysed, and the
data shown in Fig. S13. The prominent peak at 330.9 Da,
which is the molecular weight of the MB, was obtained after
4 h exposure to sunlight of the MB dye in the presence of
the catalysts. This revealed the catalysts surface is active
and in negative charge, capable to adsorb positively charged
dye like MB faster instead of the degradation of the dye.
The degradation profiles are appended in the supporting
data.

4. Conclusion

In the present work, we demonstrated our previously
prepared surface functionalised iron oxide MNPs
(Fe304@C-SO3H) employed to toxic organic dyes removal
studies. The comparative study of MB, MO, and CCA dyes
in both sunlight and MWI was performed, and summarized
results were presented in Table 4. Herein noticed efficient
dye adsorption on the surface of the modified catalyst with
the primary and secondary electronic interactions assumed,
and well mentioned in the mechanism. Further required
adsorption phenomenon, equilibrium isotherm, and
thermodynamics kinetic study of the MB was established.
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