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Abstract

The present study reports an easy conversion of waste iron rust into nanosized iron adsorbents. These iron nanoparticles were
applied for the eradication of Crystal violet (CV) by the adsorption method from aqueous solution. Both the synthesised
nanoparticles (IRNPs@PI and IRNPs@Ja) had different shapes and sizes as shown by scanning electron microscope (SEM), their
elemental composition mainly comprised of “Fe”, “O”, “C” and “Cl” as per the energy dispersive X-ray spectroscopy (EDS). By
using Fourier transform infrared spectroscopy (FTIR), many functional groups on the surface of nanoparticles were examined,
revealing a complex surface chemistry. The XRD analysis showed that the nanoparticles were amorphous in nature. The
synthesised adsorbents (Iron nanoparticles) were found efficient for dye adsorption. The highest value of adsorption percentage
was found to be 85.50 % and 89.91 % using IRNPs@PI and IRNPs@Ja, respectively. The adsorption data of CV using IRNPs@PI
fitted best with Langmuir adsorption isotherm while using IRNPs@Ja the adsorption data fitted best with Temkin isotherm.
However, pseudo-second-order kinetics was followed best using both the nanoparticles.
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1. Introduction from iron rust, thus recycling the waste iron rust with no
Nanotechnology has been proved to be successful nowadays in  economic importance into a valuable product. The adsorption
several fields (Khan et al., 2021). It is proving itself highly of CV dye was achieved using synthesized nanoparticles.
efficient in environmental remediation also. Several researches Furthermore, this study also reports effects of different
has been done upon the utilization of different type of operational parameters on the adsorption efficiency.
nanomaterials for the remediation of air, water and soil

pollution (Linley and Thomson 2021; Qian et al., 2020; Sharma 2. Materials and methods

et al., 2018). Nanoparticles have extremely small size and 2.1. Chemicals and reagents

higher size to surface area ratio which provide them higher The entire inventory of analytical-grade chemicals and reagents
reactivity, and they possess some unique characteristic unlike used in this project was provided by Thermo Fisher. These
their bulk materials (Das et al., 2019; Zhang et al., 2019). Due chemicals and reagents were utilized without purifying further.
to their unique qualities the use of nanoparticles is increasing

day by day. Different type of nanomaterial like carbon based 2.2. Synthesis of adsorbents

nanomaterials: activated carbon (Nazir et al., 2021), carbon Iron nanoparticles utilized in this study were synthesised as
nanotubes, graphene (Wang et al., 2019), metallic described in our previously reported work (Rawat and Singh,
nanoparticles: iron nanoparticles (Pasinszki and Krebsz, 2020), 2023). Briefly, the iron extraction was done by leaching of 1g
copper nanoparticles (Khani et al., 2018), silver nanoparticles rust with 10 mL HCI (3M). The obtained leachate containing
(Parmar et al., 2019), gold nanoparticles (Mishra et al., 2020) dissolved iron was filtered and diluted 50%. Then aqueous
and metal oxide nanoparticles: copper oxide nanoparticles extract of dried leaves of Jatropha and Plumeria was added in
(Akintelu et al., 2020), iron oxide nanoparticles (Leonel et al., the leachate drop by drop separately. The extraction of dried
2021) zinc oxide nanoparticles (Kumar et al., 2019), titanium  Plumeria and Jatropha leaves was done for the synthesis of
oxide nanoparticles (Abdulhameed et al., 2019), have been nanoparticles by following the method of Rawat and Singh
most commonly studied to treat waste water. (2021). The addition of leaf extract in leachate was
Iron nanoparticles are among the most frequently applied accompanied with strong continuous stirring and addition of
metallic nanoparticles (Hao et al., 2021). Zerovalent iron and NaOH solution was also done to raise the pH of reaction
iron oxides both types are reported to be effective for the mixture to 6. A sudden change in colour of leachate to intense
adsorption, catalysis, and antimicrobial activity (Kaur et al., black was noticed upon addition of extract which represents the
2021; Chatterjee et al., 2020). Iron nanoparticles can be easily reduction of iron into zerovalent iron nanoparticles. Through
synthesised by green chemical route using the extract of plants centrifugation, the synthesised nanoparticles were washed and
as an eco-friendly reducing agent. This method of synthesis is removed from the suspension. Distilled water was utilised prior
facile, harmless for environment and economically efficient to the use of ethanol to wash the nanoparticles. Thereafter, the
(Elgarahy et al. 2021; Xiao et al., 2020). In this study, we have nanoparticles were dried and grounded into fine powder and
reported fabrication of iron nanoparticles using iron extracted stored in an air tight tube. Iron nanoparticles synthesised using
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Jatropha was termed as IRNPs@Ja and those synthesised using
Plumeria were termed as IRNPs@PI, both the nanoparticles
were used for the adsorption of CV dye.

2.3. Characterizations of the adsorbents

Synthesized both adsorbents were analysed by SEM and EDS
(Model: JSM 4490, JEOL, Japan) to investigate the
morphology and elemental composition, respectively. Utilizing
FTIR (Model: NICOLET 6700, Thermo Fischer Scientific,
USA), surface functional groups of the nanoparticles were
analysed using XRD (Model: D8 Advance Eco, Make: Bruker,
Germany) to determine the crystalline nature of adsorbents. The
zero point charge (pHzpc) of the adsorbents was also identified
using the method of pH drift as discussed in the study of Shukla
et al. (2020). The pHzc is a significant analysis for the
adsorbents, it determines the behaviour of adsorbents at
different pH values. The surface of adsorbent does not carry
any charge at pH equals to the value of pHzpc (Bhan and Singh,
2022) and below it adsorbent is positively charged, whereas, at
pH above pHzc the adsorbent surface remains negatively
charged (Mashkoor and Nasar, 2020).

2.4. Adsorption of CV dye

The test to determine the adsorption efficiency of the
synthesised adsorbents was employed over the aqueous solution
of CV dye. Erlenmeyer flasks of 250 mL capacity were brought
in use to perform all adsorption experiments. In a flask, 10
mg/L dye solution (50 mL) and a known concentration of

adsorbent were taken, then the flask was shook for a definite
time period at neutral pH and 25 °C after which separation of
adsorbent was done from the dye solution. UV-Visible
spectrophotometer (117, Systronics) was used to determine the
remaining dye concentration at 580 nm. Adsorption of CV was
optimized by altering the adsorbent quantity, concentration of
adsorbate, adsorption time (from 0 to 300 min), pH 2 to 10 and
temperature 25 to 55 °C. Adsorption % and adsorption capacity
g: (mg/g) were determined by the use of eq. (1) and (2).

C
£ % 100 €))

Adsorption % =
0

%4
q: (mg/g) = (Co — Ct)a (2)
Where V is the adsorbate volume (L) and m is the adsorbent
mass employed in the study (g/L), C, and C, are the respective
CV concentrations (mg/L), prior and post adsorption.

2.5. Adsorption isotherms, kinetics and thermodynamic
Three adsorption isotherms were applied for the analysis of CV
adsorption namely Langmuir, Freundlich and Temkin
adsorption isotherm to analyse adsorption data. The linear
equations for the isotherms are given in Table 1. Degradation
data was also studied by the application of adsorption kinetics,
intraparticle diffusion model and thermodynamics. Linear
equations for these models have been provided in the Table 1
(Badeenezhad et al., 2019; Singh et al., 2016; Chowdhury et al.,
2021; Saruchi et al., 2019).

Table 1. Adsorption isotherm, Kinetics and thermodynamics models used to analyse the adsorption data of CV in this
work

Models studied Used linear equations

Parameters

Langmuir Isotherm
C. 1 C.

+
qe QO b QO

Qo = maximum adsorption capacity, mg/g,
b (L/mg) = adsorption rate

. . 1
R_ = dimensionless factor= R, =

(1+bCyp)

Freundlich Isotherm 1
Inq, = InKy + (;) InC,

Ke (mg/g (L/mg)"™ = Freundlich constant, denotes
adsorption capacity (mg/g (L/mg)*™)
n = Freundlich constant

Temkin Isotherm g. = BInK, + BInC,

B = Temkin isotherm constant
Ky= Temkin isotherm constant

Pseudo-First-order ky k; (min™") = pseudo-first-order kinetic constant
Log (g — q¢) = logq. — (m) t
Pseudo-second-order t 1 + < 1 ) k, (9/(mg min)) = pseudo-first-order kinetic constant
9 (Kq8)  \q.
Intraparticle k24 ki@ (mg/g min™?) = intraparticle diffusion constant
diffusion models Qe =t +
Thermodynamics qe AH*(kJ/mol) = enthalpy change
K. = C, AS° (kJ/mol K) = entropy change
AS°  AH° AG*(kJ/mol) = Gibbs free energy change
l?’lKC = T - RT

AG® = —RTInK,

“Where g, and C, stand for equilibrium adsorption capacity and dye concentration, respectively, t stands for time, R
stands for the universal gas constant (8.314 J/mol K), and T stands for absolute temperature (K).”

2.6. Regeneration of the adsorbents
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separated from dye solution and then they were dispersed in
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distilled water for 2 h and then removed, dried overnightand SEM analysis of the adsorbents showed irregular shaped
reused in second cycle for adsorption of CV. In similar way, particles that were clumped together and no separate particle

the adsorbents were utilized for five times. was recognised (Fig. 1a and 1b). After adsorption of CV, the
size of particles increased and separate particles of different

3. Results and discussion shapes and sizes were visible (Fig. 1c and 1d).

3.1. Characterization of adsorbents
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Fig. 1 SEM image of a) IRNPs@PI and b) IRNPs@Ja before adsorption and c) IRNPs@PI and d) IRNPs@Ja after CV
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Fig. 2 EDS analysis of a) IRNPs@PI and b) IRNPs@Ja, c) FTIR analysis and d) XRD analysis of IRNPs@PI and
IRNPs@Ja

EDS analysis of iron nanoparticles shows the presence of Fe, nanoparticles immediately after synthesis may get oxidised
O, C and CI as main elements of them (Fig. 2a and 2b). Iron in oxidative environment, therefore formation of iron oxide
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on the surface of nanoparticles may take place. Presence of
“CI” might occur due to improper washing and presence of
“C” shows the coated phytochemicals of the leaf extracts
over the nanoparticles. The pHzc of IRNPs@Pl and
IRNPs@Ja was found to be 6.03 and 6.85, respectively and
the graph for pHzpc has been shown in Fig. 2c. Similar
functional groups were visible on the surfaces of both
adsorbents in FTIR examination following their synthesis
and application for adsorption (Fig. 2d). Main functional
group that were identified were —OH, -NH, -C-C-, -CN, -C-
O-C-, -C=C- and -C=0. A broad peak that appeared near 500
cm™ represents the stretching of bond between metal and
oxygen depicting the occurrence of Fe-O bond
(Karpagavinayagam and Vedhi, 2019). The XRD analysis of
both the nanoparticles lacked defined sharp peaks (Fig. 2e)
that denotes the amorphous nature of the particles. In
previous studies, other researchers also observed the green
synthesis of iron nanoparticles with amorphous nature
(Beheshtkhoo et al., 2018; Yi et al., 2019).

3.2. Study of CV adsorption

3.2.1. Effect of adsorbents concentration

The increment in the concentration of adsorbent was up to
2.5 g/L to remove 10 mg/L concentration of CV, at neutral

pH and 25°C. As Fig. 3a depicts the adsorption % of CV
increased from 58 % to 87 % when the increment in
concentration of IRNPs@PI was done upto 1.0 g/L, whereas,
adsorption percentage was increased from 53 % to 86 % on
increasing the concentration of IRNPs@Ja upto 1.5 g/L.
Furthermore increment in concentration of adsorbents
resulted in decrease of adsorption. Percentage of adsorption
significantly depends on the concentration of adsorbents as it
determines the active sites for the adsorption. Therefore, CV
adsorption was increased when concentration of IRNPs@PI
and IRNPs@Ja increased upto 1 and 1.5 g/L, respectively
(lgwegbe et al., 2019). However, nanoparticles tend to get
agglomerate at higher concentration which causes increase in
their particle size, overlapping of active adsorption sites and
sedimentation, which consequently decreases the adsorption
(Mittal et al., 2020; Verma and Singh, 2022). Fig. 2a also
depicts a decrease in qg; value (adsorption capacity) of both
the adsorbents as their concentration was increased for
adsorption, similar observation for g, value was also reported
by (Vidovix et al., 2022) that may occur due to saturation of
active site. About 1 g/L and 1.5 g/L concentration of
IRNPs@PI and IRNPs@Ja, respectively, was used as
optimum concentration for further adsorption study.
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Fig. 3 Demonstration of a) adsorbent concentration effect, b) pH effect, and initial CV concentration effect on
adsorption using ¢) IRNPs@PI and d) IRNPs@Ja (inset graphs shows g, values of adsorbents)

3.2.2. Effect of pH

Understanding the effects of pH on adsorption is crucial
because it controls surface charge of the adsorbents and how
the adsorbate is ionised (Uddin and Baig, 2019). The

adsorption of CV was noticed to increase in higher pH. CV
adsorption was increased from 73.05% to 96.62 % by
IRNPs@PI and from 61.95 % to 94.39 % by IRNPs@Ja on
increasing pH 2 to 9 (Fig. 3b). CV is a basic dye which is
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positively charged and at basic pH, the adsorbents acquires
negative charge that attracts the oppositely charged dye
molecule more. Hence the CV adsorption was increased at
higher pH using both the adsorbents. Prajapati and Mondal
(2020) also similarly reported an increase in adsorption of
cationic dye (methylene blue) at basic pH.

3.2.3. Effect of CV concentration and adsorption time
CV concentration was enhanced up to 50 mg/L, whose
outcomes have been shown in the Fig. 3c and 3d. The
increase in concentration of CV resulted in the decrease of
adsorption percentage from 85.50 % to 65.7 % using
IRNPs@PI and 89.91 % to 61.1 % using IRNPs@Ja. An
increment in pollutant concentration, with constant
concentration of adsorbent causes the available pollutant
molecules to surpass the active adsorption sites responsible
for adsorption. The remaining un-adsorbed dye in the
solution decreases the adsorption percentage (Deb et al.,
2019; Joshi et al., 2019). The inset graphs show the variation
in g; value at different concentration of CV which shows that
the value of q; was increased with an increasing the CV
concentration. Maximum g, of IRNPs@PI was 32.8 mg/g and
that of IRNPs@Ja was found 30.5 mg/g at 50 mg/L. The
higher value of g; at higher CV concentration may result
from the higher mass transfer driving force (Reghioua et al.,
2021; Singh et al., 2019).

An impact of adsorption time on CV adsorption were studied
along with the above study. Adsorption was rapid and
significant using both the adsorbents in initial 60 min after

that the removal percentages were found lesser and slower
(Fig. 2c and 2d). In initial stage of adsorption, all the active
adsorption sites are vacant which allows a large amount of
dye to get adsorbed; therefore, in the starting of process the
adsorption was fast. As most of the active sites get covered
by dye molecules the adsorption slows down due to low
driving force towards adsorbents and an equilibrium state
was achieved at around 180 min (Liu et al., 2019; Mansour et
al., 2022a).

3.2.4. Effect of temperature

As the Fig. 4a and 4b shows the adsorption of CV was
increasing with an increase in operating temperature using
both the adsorbents. The increasing adsorption trend
represents an endothermic adsorption reaction. Previous
literature also reports endothermic adsorption of dye over
iron nanoparticles (Wang et al., 2021).

3.3. Adsorption isotherm, Kinetics and thermodynamics
Plots for all the adsorption isotherms have been represented
in Fig. 4c to 4e, and table 2 gives the values of their different
parameters along with their respective R%. On comparing R?
value for all isotherms the adsorption of CV using
IRNPs@PI was found followed best by Langmuir isotherm
(R?*= 0.963), while adsorption using IRNPs@Ja was best
followed by Temkin isotherm (R?*= 0.990). The maximum
adsorption capacity (Qo) of IRNPs@PI and IRNPs@Ja was
33.55 mg/g.
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Fig. 4 Demonstration of temperature effect on adsorption of CV using a) IRNPs@PI and b) IRNPs@Ja and c), d) and
e) plot of Langmuir, Freundlich and Temkin isotherm, respectively.
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Table 2 Values of adsorption isotherm parameters for CV adsorption

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm
Parameters Values Parameters Values Parameters Values
Qo (Mg/g) 33557+1.2  Kg(mg/g(L/mg)¥™)  10.285+0.8 B 6.525+0.3
IRNPs@PI b (L/mg) 0.002+ 0.0003 n 2.712+0.2 A (L/g) 4.482+0.01
R. 0.973+0.05 R’ 0.932+0.05 R’ 0.941+0.003
R’ 0.9630.05
Qo (Mg/g) 33557+1.2  Kg(mg/g(L/mg)¥")  2.668+0.05 B 6.587+0.08
IRNPs@Ja b (L/mg) 0.002+0.0003 n 10.209£0.3 A (L/g) 4.370+£0.6
R. 0.974+0.04 R? 0.970+0.02 R? 0.990+0.05
R’ 0.989+0.02

Fig. 5a to 5f shows the plots for pseudo-first-order kinetic, provided in Table 3. The CV adsorption data of IRNPs@PI
pseudo-second-order kinetic and intraparticle diffusion and IRNPs@Ja was found to fitted best with Pseudo-second-
model and values of their respective parameters and R? is order kinetics.

2
: (b)
0.5 Jgf Sy i X
~~ - — -— - N -~
) — T Tl 0 :
s 03 ] e10mgL ' #10mg L
% 15 | ®20mgL ®20 mg/L
225 | x40mg/L %40 mg/L ~—
35 *50 mg/L *50mg/L
=J.J T T T T T
0 60 60 120 180 240
40 :
35 | *10meL | ¢10mgL (d)
30 | @20 mg/L 1 20 mg/L :
25 | A30mg/L 1 a30mgL . »
& 20 | 40mgl £20 | x40 mg/L +
1 %50 mg/L 15 %50 mg/L rs
10 | -'
5 P
7Y
0 60 120 0 60 120 180 240 300
¢ t
35
35 T
S T Tomer e . X X ) 10 mg/L . .
30 | @20mg/L 30 |@20mg/L X
25 | 430 mg/L X% x % 25 |430mg/L x X x X
%40 mg/L X X A A A %40 mg/L x A A A
20 | xsomegLx A o ° § % lxsomerx X A
R ° e o *50m e o ©
15 ¥ o 15 & ; ® ]
°
10 o ¢+ o+ 0 10 | ° e o+t 00
|8 | uw
¥
0 ‘ ‘ - 0 ‘ ‘ ‘
0 5 10 15 20 0 5 10 15 20
tl/l tl/l

Fig. 5 Pseudo-first-order kinetics plots for a) IRNPs@PI and b) IRNPs@Ja, pseudo-second-order Kinetics plots for c)
IRNPs@PI and d) IRNPs@Ja, intraparticle diffusion model plots for ) IRNPs@PI and f) IRNPs@Ja

The regression line did not cross the origin in the adsorption process was not primarily caused by the
intraparticle diffusion model plot, indicating that the intraparticle diffusion model.
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Table 3 Values of kinetics parameters for CV adsorption

Pseudo first order kinetics

Pseudo second order

Co(mg/l)  q.(mglg)  ki(min®)  R® g (mgig) kznf?,ﬁ;')‘g R?
10 2.836612 0.003257 0.7993 9.21659 0.016825 0.9997
20 8.910457 0.005428 0.9707 18.28154 0.006381 0.9997
IRNPs@PI 30 15.03142 0.004429 0.912 23.31002 0.002556 0.9978
40 25.30463 0.004516 0.985 28.40909 0.001204 0.9981
50 25.02649 0.002779 0.95 37.59398 0.000675 0.9915
10 3.88508 0.002475 0.9557 9.363296 0.009743 0.9995
20 8.061206 0.003951 0.9596 17.69912 0.006293 0.9993
IRNPs@Ja 30 15.67112 0.003734 0.9734 23.64066 0.002711 0.998
40 22.29462 0.003257 0.981 29.5858 0.000944 0.9921
50 28.64178 0.003126 0.9928 35.46099 0.000645 0.9861

Plot for thermodynamics has been shown in Fig 6a and
values of AH®, AS° and AG® have been provided in Table 3.
The positive AH® value for both the adsorbents represents

endothermic adsorption of CV and negative AG® value
represents the spontaneous behaviour of the reaction.
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Fig. 6 a) Thermodynamics plot, b) regeneration of adsorbents
Table 4 Parameters of thermodynamic
Temperature (K) AG’ (KJ/mol) AH’ (KJ/mol) AS° (KJ/mol K)
IRNPs@PI 298 -20.2362+ 0.3 0.0133+00.01 0.0679+0.002
308 -20.9158+0.6
318 -21.5953+1.5
328 -22.2749+0.6
IRNPs@Ja 298 -18.9958+ 1.3 0.0133+00.01 0.0637+0.009
308 -19.6337+0.6
318 -20.2716+0.9
328 -20.9095+0.02
3.4. Regeneration of adsorbents Rawat and Singh, 2022). Furthermore, some of the

Recycling of the adsorbents decreases their adsorption
efficiency to some extents as depicted in Fig. 6b. The
adsorption percentage of CV using IRNPs@PI decreased
from 85.50 % to 76.58 %, and by using IRNPs@Ja, the
adsorption percentage was reduced from 89.91 % to 59.34 %
in the fifth cycle. During recycling, some amount of
adsorbent may get lost due to the process of washing which
can reduce the adsorption efficiency (Mansour et al., 2022b;

adsorption sites may get denature or get covered by pollutant
resulting in a decrease in adsorption efficiency.

4. Conclusion

A successful conversion of an iron waste such as iron rust
into valuable iron nanoparticles, iron rust is commonly
produced by the corrosion of iron utilities. These
nanoparticles had good efficiency for the adsorption of CV
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from water. Adsorption capacity of both the nanoparticles
(Qo) was found to be 33.5 mg/g. The adsorption process was
endothermic and it was favoured by higher pH. The
nanoparticles were successfully recycled for five cycles;
however, during the process of recycling the adsorption
efficiency of IRNPs@Pl was better in comparison with
IRNPs@Ja. Synthesis of nanoparticles using waste makes the
process less costly. A utilization of plant extracts in green
synthesis of nanoparticles, further reduces the cost of
synthesis of nanomaterials and made it environmental
friendly process.
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