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ABSTRACT - REZUMAT

Adsorption of AR114 onto humic acid-modified Fe304 nanoparticles

In this study, Fe304 and humic acid-modified Fe304 (Fe304@HA) magnetic nanoparticles were synthesized and used
for the removal of Acid Red 114 (AR114) dyestuff from aqueous. The batch adsorption method was used for the
experiments. The magnetic nanoparticles, synthesised by an inexpensive and environmentally friendly precipitation
process, were characterised by FTIR, SEM-EDX, BET surface area, and XRD analyses. The optimum pH values
determined for Fe304 and Fe304@HA were the original pH (6.4) and 4, respectively. The equilibrium state was reached
after 60 minutes for both adsorbents. The values for Fe304 and Fe304@HA were determined as 3.4 mg/g and 3.1 mg/g,
respectively, when 10 mg/l initial dyestuff concentration and 2 g adsorbent were used. The results obtained in the
adsorption experiments performed for both adsorbents were compatible with the Freundlich isotherm and pseudo-
second-order kinetic model. Fe304 was found to be more efficient than Fe30O4@HA in terms of reuse and Fe304 can be
used 5 times without any significant loss of adsorption capacity. The results showed that Fe304 and Fe304@HA can be
environmentally friendly alternative adsorbents for the removal of hazardous azo dyestuffs from water, and have
regeneration possibilities.
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Adsorbtia AR114 pe nanoparticule de Fe304 modificate cu acid humic

In acest studiu, Fe30y4 si nanoparticulele magnetice Fe304 modificate cu acid humic (Fe304@HA) au fost sintetizate si
utilizate pentru indepartarea colorantului Acid Red 114 (AR114) din solutie apoasa. Pentru experimente a fost utilizata
metoda de adsorbtie in loturi. Nanoparticulele magnetice, sintetizate printr-un proces de precipitare ieftin si prietenos cu
mediul, au fost caracterizate prin analize FTIR, SEM-EDX, suprafatd BET si XRD. Valorile optime ale pH-ului
determinate pentru Fe304 si Fe304@HA au fost pH-ul initial (6,4) si, respectiv, 4. Starea de echilibru a fost atinsa dupa
60 de minute pentru ambii adsorbanti. Valorile qg pentru Fe3Oy4 si Fe304@HA au fost determinate la 3,4 mg/g si,
respectiv, 3,1 mg/g, atunci cand a fost utilizatd o concentratie initialé de colorant de 10 mg/l si 2 g adsorbant. Rezultatele
obtinute in experimentele de adsorbtie efectuate pentru ambii adsorbanti au fost compatibile cu izoterma Freundlich si
modelul cinetic de pseudo-ordin doi. Fe3Oy4 s-a dovedit a fi mai eficient decat Fe304@HA in ceea ce priveste
reutilizarea, iar Fe304 poate fi utilizat de 5 ori fara nicio pierdere semnificativa a capacitatii de adsorbtie. Rezultatele au
aratat ca Fe304 si Fe304@HA pot fi adsorbanti alternativi ecologici pentru indepéartarea colorantilor azoici periculosi din
apd si au posibilitati de regenerare.

Cuvinte-cheie: Acid Red 114, adsorbtie, indepdrtare a culorii, Fe304, acid humic, nanoparticule magnetice

INTRODUCTION

Colour prevents light permeability in receiving envi-
ronments, negatively affects photosynthetic activity,
and can cause toxicity in aquatic organisms [1].
Today, methods such as physicochemical processes,
membrane systems, and advanced oxidation pro-
cesses are applied to remove the colour from
wastewater [2], while one of the most effective ones
is adsorption. In adsorption applications, it is impor-
tant that the adsorbent used is low-cost, can be eas-
ily removed from the water environment, is suitable
for reuse, and can be regenerated.

Magnetic nanoparticles are one of the most important
adsorbents developed in recent years. Some of their
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advantages are having large surface areas, high
magnetic properties, high removal efficiencies, and
easy and fast separation of adsorbent from solution
(via magnetic field). In addition, adsorbed pollutants
can be separated from magnetic nanoparticles and
the adsorbent can be reused [3]. In recent years,
iron-based nanoparticles have been widely used in
environmental applications. Pan et al. [4] demon-
strated the effectiveness of organic acid coatings on
the Fe304 surface in preventing nanoparticles from
aggregating in solution and metal adsorption. In vari-
ous studies, Fe30O4 has been used by modifying it
with organic substances such as chitosan, humic
acid and alginate for the removal of pollutants [5, 6].
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Rashid et al. [7] stated that the coating of natural
organic materials on the magnetic nanoparticle sur-
face can show lower toxic effects and more environ-
mentally friendly properties. Such thin coatings can
prevent aggregation and autoxidation that can be
encountered with the use of magnetic nanoparticles
alone. In addition, when magnetic nanoparticles are
coated with natural organic matter, the potential in
adsorption capacity and the selectivity of the
nanoparticle increase. Humic acid (HA) is a natural
organic macromolecule that is abundant in the world.
The high reaction activity of HA is a result of its
unique amorphous structure. This is due to the pres-
ence of large polycyclic aromatic hydrocarbons and
many carboxyls, ether and amino groups in its skele-
ton [6]. These substances in their structure can show
complex properties with types of metal oxides [7].
However, separating HA from the aquatic environ-
ment is difficult. For this reason, adsorption with a
combination of HA and iron oxide is a promising
approach, and the magnetic separation method can
be used to separate adsorbents from the water envi-
ronment. HA is stable at low pH (pH<3) but dissolves
at pH>3. This limits the pH range of adsorption.
Fe3O4@HA is formed by a bond formed between the
Fe ions of Fe304 and the carboxylate groups of HA
[8]. By modifying Fe304 with HA, adsorption can be
applied in a wider pH range. As a result of the HA
coating on Fe3Qy4, a reduction in the particle size of
the adsorbent is expected [8, 9].

In recent years, there have been adsorption studies
on the removal of various pollutants using Fe3O4@HA
in various studies [6-8, 10-12].

One of the studies in which the adsorbent obtained
by coating Fe304 with humic acid was used for colour
removal and it was used for the adsorption of methy-
lene blue (MB) from aqueous solutions. They deter-
mined that humic acid-coated Fe3zO4 performed
higher MB adsorption than Fe30O4 alone. It was deter-
mined that the adsorption was compatible with the
pseudo-second-order kinetic model, the adsorption
isotherm was compatible with the Langmuir model,
and the maximum adsorbance amount was 0.291
mmol/g [6]. Rashid et al. synthesized humic acid-
coated magnetic nanoparticles and used them for
phosphate removal in aqueous media. The optimum
pH of 6.6 and maximum adsorption capacity were
determined as 28.9 mg/g. Adsorption behaviours
were found to be compatible with Freundlich
isotherm, Adsorption kinetics were compatible with
the pseudo-second-order model [7]. Koesnapardi et
al. evaluated phenol adsorption with HA-coated
Fe304 coated with HA at different rates in their study.
The optimum pH 5.0 for phenol adsorption is consis-
tent with the pseudo-second-order kinetic model, the
adsorption isotherm is compatible with the Langmuir
model, and the maximum adsorbance amount is
0.45 mol/g was determined [8]. Peng et al. synthe-
sized Fe3z04/HA nanoparticles and used them for
Rhodamine B dye removal from aqueous solutions.
Rhodamine B adsorption takes less than 15 minutes
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to reach equilibrium. It is compatible with the Langmuir
adsorption model and its gmax is 161.8 mg/g. The
optimum pH was determined as (2.53) [12]. However,
as a result of the literature search, no study was
found on the removal of AR114 from aqueous solu-
tions. In this study, Fe304 and humic acid-modified
Fe304 (Fe3O4@HA) magnetic nanoparticles were
synthesized and used for the removal of Acid Red
114 (AR114) dyestuff from aqueous.

MATERIAL AND METHOD
Preparation of Fe304 and Fe304@HA

FeCl3-2H20 and FeCly4H2O (2/1 mol) were dis-
solved in 50 mL of distilled water. During the prepa-
ration of Fes04@HA, 0.2 g of HA was also added.
The solution was stirred rapidly (40°C) for 15 min-
utes. Then, by slowly adding NH3, the pH was
increased above 11 and ferritin was precipitated. In
the next step, it was treated with argon gas, and
reflux was made at 80°C with continuous stirring for
2 hours. Finally, the separation of Fe304 or Fe304@HA
from the aqueous solution was accomplished with a
strong magnet. The magnetic nanoparticles obtained
were washed with distilled water several times and
dried at 80°C for 4 hours in an oven [13].

Adsorbate and adsorption experiments

C.l. Acid Red 114 (AR 114), used as the adsorbate,
was obtained from Sigma-Aldrich. AR114 is mainly
used for dyeing textiles such as wool, silk, jute
and leather [14, 15]. The molecular formula is
C37H28N4010S32Na, and it is a dark red powder dye
in the diazo chromophore group. Batch adsorption
experiments were carried out in an orbital shaker and
at constant agitating speed (200 rpm) at room tem-
perature (25°C). In the adsorption studies, firstly, the
effect of different pH values (4, 7, 9 and original
pH (6.4)) was evaluated. Subsequent adsorption
experiments were carried out at optimum pH. The
effect of contact time (with samples taken after 0, 1,
5, 15, 30, 60, 90, 120 and 150 minutes) and the effect
of initial dyestuff concentration (with 4, 6, 10 and 15
mg/l initial dyestuff concentration) were determined
for both adsorbents. pH adjustment in the dyestuff
solution was made with 0.1 N NaOH and 0.1 N HCI.
The adsorbent was separated by a strong magnet,
then colour measurement was performed in a spec-
trophotometer. While working at natural pH (original
pH), no pH correction was made in the sample. The
adsorption capacity (q;, mg/g) in the adsorption
experiments was determined by the following equa-
tions (equation 1). Where, C, (mg/l) is the initial
AR1142 concentration, Ce (mg/l) is the AR114 con-
centration in solution at equilibrium, m(g) is the
adsorbent mass, and V (l) is the solution volume.
Co— Ce)V
qt = M (1)

m

Damasceno et al. studied previously the dye adsorp-
tion of Fe3O4 and the interaction between the dye
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molecules and Fe304 [16]. The interaction between
the dyestuff and Fez3O4@HA can be explained as
dye molecules are trapped between the OH groups
of HA in the structure of Fe304@HA nanoparticles as
shown in figure 1.

Fe,0,@HA

Fig. 1. Interaction between AR 114 dye
molecules and Fe304@HA nanoparticles

Desorption and reuse experiments

After the adsorption experiments, the desorption pro-
cess was applied to the contaminated adsorbents. In
the desorption application, 0.1 g of contaminated
adsorbent was added to 50 ml of 9/1 (v/v) methanol/
acetic acid solution and shaked. Then the adsorbent
is magnetically separated from the solution. The pro-
cess was repeated until the amount of dyestuff in the
solution was less than 0.002 mmol/L. Finally, the
adsorbent was washed with distilled water and dried
in an oven [17]. Reuse studies were carried out for
Fe304 and FezO4@HA at optimum pH conditions
and within 60 minutes of contact time. Reuse studies
were investigated with 7 repetitions.

Analysis

BET surface area was determined with the
Quantachrome Quadrasorb Sl instrument based on
the nitrogen (N2) gas adsorption technique. SEM-
EDX examination was performed with the FEI
Quanta FEG 250 model device. In the Bruker Vertex
70 FTIR ATR brand device, descriptive information
about the bonds in the structures of the adsorbents
was obtained with the ATR technique. XRD analyses
were performed on the Panalytical Empyrean instru-
ment. Colour parameter analyses were performed
according to the maximum absorbance method by
the Thermospectronic Aquamate Spectrometer.
Accordingly, scans were made in the spectrometer at
wavelengths between 400 nm and 700 nm and the
wavelength with the highest absorbance was deter-
mined. Colour analyses were performed at 522 nm
for AR114.

The pHpzc was determined by adjusting the 0.01
mol/I NaCl solution to different pH values (with 0.1 N
NaOH and 0.1 N HCI). It was shaken at room tem-
perature for two days with the lid closed after 0.01 g
adsorbent was added. Once the shaking process
was completed, the pH values were measured [18].
The pHpzc was accepted as where the initial pH
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value and the final pH value were equal and record-
ed as 4 for Fe304 and 7 for Fe304@HA. HAs mainly
consist of phenol, carboxylic acid, enol, quinone and
ether functional groups, but they can also contain
sugar and peptides. Phenol and carboxylic groups
are more common in HAs structures. The structure of
the HA molecule consists of hydrophilic parts con-
taining the OH group and hydrophobic parts contain-
ing aliphatic chains and aromatic rings. Phenol and
carboxylic groups are responsible for the weak acid
behaviour of HAs. Quinones are electron-accepting
groups and are responsible for the production of
reactive oxygen species. Quinones are reduced to
semiquinones stabilized by their aromatic ring, as
well as to the more stable hydroquinone. The main
properties of HAs, such as solubility, pH dependence,
interaction with hydrophobic groups, and metal chela-
tion, depend on their structure, namely amphiphilici-
ty, and the different functional groups that make up
each molecule. The pHpzc value of FesO4@HA is
estimated to vary due to the stated structural proper-
ties of HA.

RESULTS AND DISCUSSION

Characteristics of Fe304 and Fe304@HA

According to the morphological evaluation based on
SEM images, it is seen that Fe304 and Fe304@HA
have similar appearances (figure 2, a and b). However,
when the images were examined in detail, it was
determined that the aggregation tendency was high
in FezO4 and low in Fe3O4@HA. It can be seen that
Fe304@HA did not have a uniform regular structure.
Similar results were obtained in the literature [18, 19].
As a result of EDX, the % distribution of the chemical
structure of Fe304 and Fe304@HA was evaluated.
Accordingly, Fe304 and Fe304@HA contain 29.61%
and 20.65% Fe, respectively. Fe304@HA contains
9.17% C, which is due to HA. The FT-IR spectrum for
magnetic nanoparticles is shown in figure 2, c. A broad
peak between 3500 cm~! and 3000 cm~! was
observed on both spectras of Fe304 and Fe3O4@HA
that was attributed to the O-H groups. The notewor-
thy peak at 1423 cm~! seen on Fe3O4@HA was
associated with the vibration of C-H groups [17]. The
peaks that appeared below 700 cm~! were associat-
ed with Fe-O bonds in iron oxides [9, 20-21]. Fe304
and Fe3O4@HA showed a significant peak at
548 cm~! and 552 cm™!, respectively, which indicat-
ed the existence of Fe-O bonds in both samples. As
seen in figure 2,d, peaks expressing 35.38° (311)
and 62.73° (440) crystal planes were observed in the
XRD diffraction pattern of Fe3O4 nanoparticles. The
presence of characteristic peaks indicated that
Fe304 nanoparticles had been successfully synthe-
sized. Fe304@HA had similar diffraction peaks to
Fe304, which was consistent with the reverse cubic
spinel structure [8]. Fe304@HA (130.7 m?/g) had a
higher BET surface area than Fe304 (87.6 m2/g). The
average pore diameter for Fe304 was 5.66 nm, while
the mean pore diameter for Fe304@HA was 3.49 nm.
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Fig. 2. Characterization of magnetic nanoparticles:
a — SEM image of Fe304; b — SEM image of Fe304@HA; ¢ — FT-IR; d — XRD

BET surface areas decreased with the increase in the
pore diameter and increased with the decrease in the
pore diameter. The pHpzc values were determined
as 4 and 7 for Fe304 and Fe304@HA, respectively.

The Effect of pH, initial dye concentration, and
contact time on adsorption

The effect of pH was investigated for the use of 2 g
adsorbents for C, = 10 mg AR114/l. In the literature,
it was stated that iron nanoparticles dissolve below
pH 2 [21], while Fe3O4@HA dissolves above pH 12
and deteriorates structurally [6]. For this reason, the
effect of pH on the adsorption capacity was evaluat-
ed for the pH values of 4, 7, and 9 and the original pH
(without pH correction, 6.4). The highest g value
(3.4 mg/g) for Fe304 was obtained at the original pH
value, while the highest g value (3.1 mg/g) for
Fe304@HA was obtained at pH 4. It was stated by
Koesnarpadi et al. (2017) [8] that the amount of HA
used in the preparation of Fe304@HA affected the
adsorption capacity and increased with the increase
in the amount of HA. The pH value with the highest
ge values was accepted as the optimum pH, and this
pH value was taken into account in the kinetic and
isotherm studies. The point of zero charges (pHpzc)
is the pH value at which the surface charge of the
adsorbent is zero, and it is an important parameter to
reveal the adsorption state of anions and cations.
pHpzc supports the identification of the adsorption
mechanism. The pHpzc values of the Fe3zO4 and
Fe304@HA were determined as 4 and 7, respective-
ly. It is known that in the case of pH>pHpzc, the
surface of the adsorbent is negatively charged [22].
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For this reason, successful results could not be
obtained with Fe304 at high pH values in the removal
of AR114, a complex adsorption mechanism could be
effective for both adsorbents in AR114 adsorption
which is an anionic dye, and its ge values are low. HA
is usually negatively charged. Ligand exchange may
be occurred between the anionic dye and the adsor-
bent surface [23]. For this reason, it is thought that
better removal is achieved at pH values above the
pHpzc value in the adsorption of Fe304 and AR114
dyestuff. The fact that this does not happen with
Fe304@HA may be due to the stability that may
occur with the binding of HA. The equilibrium state for
both adsorbents was reached after 60 minutes. The
effect of initial dye concentration on the adsorption of
AR114 for both adsorbents is shown in figure 3. With
the increase of the initial dyestuff concentration (from
4 mg/l to 15 mg/l), ge (Mg/g) values also increased.
With the increase in the initial dye concentration, the
ge value for Fe3O4 increased from 0.9 mg/g to 5.34
mg/g and for Fe304@HA from 0.64 mg/g to 3.1 mg/g.
The initial dye concentration provides the driving
force for mass transport to the adsorbent surface.
The increase in dye concentration increases the driv-
ing force and the gg value increases [24]. It was
observed that when the dyestuff concentration was
more than 10 mg/l, the g¢ value decreased from 3.1
mg/g to 3 mg/g for Fe3O4@HA. This situation can be
explained by the decrease in the regions of
Fe3O4@HA that can bind dyestuffs and the presence
of low-energy binding regions.
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Fig. 3. Effect of initial dye concentration (Orijinal
pH (6,4), m =2 g, t = 60 min for Fe30y4, pH 4,
m =2 g, t=60 min for Fe304@HA, V=11)

Adsorption isotherms

Adsorption equilibrium studies were performed at ini-
tial concentrations between 4 mg/l and 15 mg/I, for
60 min and with 2 g adsorbents to 1 | MB solution.
Isotherm studies were carried out under optimum
pH conditions (pH 6.4 for Fe3O4 and pH 4 for
Fe304@HA). In adsorption equilibrium studies, the
maximum adsorption capacity was determined by
Langmuir and Freundlich isotherm models. Equations
of Langmuir and Freundlich isotherm models are
given in equations 2 and 3, respectively.

AmaxKLCe
= — 2
Qe 1+K,-Co (2)
1/
Ge = KF-Ce" (3)

In these equations, qmax and geg (Mg/g) represent the
maximum adsorption capacity and the adsorption
capacity at equilibrium, respectively. K; (I/mg), Kr
((mg/g)(I/mg)1/n) and 1/n values are Langmuir and
Freundlich parameters. In the adsorption of AR114
with FezO4 and FezO4@HA, gmax and K| values for
Langmuir isotherm, Kg and 1/n values for Freundlich
isotherm and regression coefficients (R2) for both
isotherms are given in table 1. When the R? values
for the adsorption of AR114 with Fe3zO4 and
Fe3O4@HA are examined, it can be seen that the
Freundlich isotherms are suitable. The R? values for
Fe304 and Fe3O4@HA were determined as 0.69,
0.95 and 0.52, 0.95 for Langmuir and Freundlich,
respectively. The constants determined for the
Freundlich isotherm are given in table 1 (constants
are not given for Langmuir isotherm since the RZ2
value is low for Langmuir isotherm). The plots of the
Freundlich isotherm are shown in figure 4.

The 1/n values determined for Fe304 and Fe3O4@HA
were 2.49 and 1.33, respectively. If nis 1<n<10, it
can be stated that there is a compatibility between
adsorbate and adsorbent. In this case, there was a
strong interaction between adsorbate and adsorbent.
It can be said that the adsorption mechanism was
chemisorption. In this study, n values were less than
1. Since the 1/n values were greater than 1, it can be
stated that complex adsorption took place [25].
Compliance with the Freundlich isotherm showed
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Table 1

CONSTANTS FOR FREUNDLICH ISOTHERMS
(Original pH (6.4), m =2 g for Fe3O4, V=11, pH =4,
m = 2 g for Fe304@HA, 60 minutes, V=11)

Freundlich Ks 1/n R2
Fe304 0.12 2.49 0.95
Fe304@HA 0.13 1.33 0.95

Fig. 4. Freundlich isotherm plots for the adsorption
of AR114 with Fe304 and Fe3O4@HA

that the adsorbent surface had a heterogeneous
structure.

Reaction kinetics

Kinetic model analyses are based on the amount of
adsorbed dyestuff and contact time data. Thus, the
time to reach equilibrium and the reaction rate con-
stant can be evaluated in adsorption systems. In this
study, pseudo-first order and pseudo-second order
kinetic models were used to determine the adsorp-
tion kinetics. Equations of pseudo-first order and
pseudo-second order kinetic models are given in
equations 4 and 5, respectively.

Gt = Ge(1 — e7¥1) “)
kogat
g = —2e (5)
1+ koget

where geg (Mg/g) and q; (mg/g) represent the dye
uptake at equilibrium and at time t, respectively. k1
(1/min) and k2 (g/mg-min) are reaction rate constants.
The results of the evaluation made to explain the
adsorption kinetic model are given in table 2 and fig-
ure 5. According to table 2, the R2 values of the pseu-
do-first-order reaction kinetics were determined as
0.9379 and 0.9493 for Fe304 and Fe3zO4@HA,
respectively. Likewise, the R? values of the second-
order reaction kinetics were determined as 0.9977
and 0.9928 for Fe304 and Fe3O4@HA, respectively.
When the R? values were examined, it was seen that
the pseudo-second-order kinetic model explained
the adsorption kinetics better for both adsorbents. In
addition, when the calculated equilibrium adsorption
capacities (qge,calc) in pseudo-second-order model
were examined, it was seen that they were quite
compatible with the experimental adsorption capaci-
ties (ge,exp). Accordingly, it can be stated that the

2023. vol. 74. no. 6



Table 2

KINETIC PARAMETERS FOR THE ADSORPTION
OF AR114 ON Fe304 AND Fe304@HA
(Co=10mg/l, pH =6.4, m=2 g for Fe3Oy, V=11,
t=60 minand C, =6 mg/l, pH =4, m=4 g for
FezO4@HA, V=11, t =60 min)

Pseudo-first order model

Substance | 6P 9€cal kq R2
(mg/g) | (mg/g)

Fe304 5.31 1.10 0.0336 0.9379
Fe304@HA 2.17 1.22 0.0393 0.9493
Pseudo-second order model

Substance | J°exp 9Ccal ko R2
(mg/g) | mg/g)
Fe30q4 5.31 5.36 0.129 0.9977
Fe304@HA 2.17 2.23 0.157 0.9928
30
-0
25
y=0.449x+1.2836
20 R2-09928 .
y=0.1866x+0.2679
gr 15 o R? =0.9977 ®Fe0
10 .. - e o Fe,0,@HA
5 — Py
I @
0 -
0 10 20 30 40 50 60 70

Fig. 5. Plot of pseudo-second order equation for
adsorption of AR114 on Fe304 and Fe304@HA
(Co=10mg/l, pH=6.4, m=2g, V=11, t =60 min for
FezOgand Co=6 mg/ll,pH=4, m=49g, V=11,

t = 60 min for Fe304@HA)

rate-limiting step was chemisorption and the adsorp-
tion mechanism depended on both the adsorbate
and the adsorbent [26]. While the adsorption rate (k2)
for Fe3O4 was 0.129 mg/g-min, the ko value for
Fe304@HA was determined as 0.157 mg/g-min.

Reuse experiments

It is economically important that the adsorbents used
in adsorption studies can be reused after being
regenerated. The most important advantage that dis-

tinguishes magnetic nanoparticles from other adsor-
bents is that they can be recycled and reused.
Figure 6 shows the g (mg/g) values obtained after
reuse. While the gg value obtained for Fe304 (Cp =
10mg/l,m=2g, V=1L, pH =6.4 and 60 min) in
the first use was determined as 3.45 mg/g, at the end
of the 5! use, the ge value decreased to 2.7 mg/g.
Atfter the 7t use, the ge value decreased to 1.5 mg/g.
For FesO4@HA (m=2g, V=11, Co=4 mg/l, pH =
4 and 60 min), the ge value was determined as
0.6 mg/g in the first use, and a decrease in the q¢
value was observed after the second use. After the
6! use, the g value decreased to approximately
0.11 mg/g. According to the results, it was deter-
mined that Fe304 was more successful in terms of
reuse than Fe3O4@HA and that it could be used 5
times without a significant decrease in the adsorption
capacity of Fe304. This can be explained by the fact
that HA in the FezO4@HA structure is an organic
material, so it cannot remain as stable as Fe304 dur-
ing reuse.

CONCLUSION

In this study, the removal of AR114 from aqueous
solutions was investigated by batch adsorption
experiments by synthesizing Fe304 and Fe3O4@HA.
The optimum pH values determined for Fe3O4 and
Fe304@HA were the original pH (6.4) and 4, respec-
tively. The equilibrium state was reached after
60 minutes for both adsorbents. ge values for Fe3z0y4
and Fe304@HA were determined with 10 mg/l initial
dyestuff concentration and 2 g adsorbents as 3.4
mg/g and 3.1 mg/g, respectively. It was determined
that the results obtained in the adsorption experi-
ments performed for both adsorbents were compati-
ble with the Freundlich isotherm and pseudo-second-
order kinetic model. It was also determined that
Fe304 was more efficient in terms of reuse than
Fe304@HA and that Fe304 could be used 5 times
without any significant loss of adsorption capacity. As
a result, it can be stated that Fe304 and Fe3O4@HA
are alternative environmentally friendly adsorbents
that can be used in the removal of hazardous azo
dyestuffs from water, with regeneration possibility.
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