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Abstract

Fe3O4/thiamine particles were prepared in this work via precipitation method.
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The synthesis method is based on the principle of precipitation of Fe3O4 particles in
the presence of thiamine coating agent. Also, the potential application of Fe3O4/
thiamine in the removal of methylene blue (MB) was investigated. Several factors
that affect the synthesis of Fe3O4/thiamine such as base concentration, mass ratio of
FeCl2 to thiamine, reaction temperature, and reaction time were determined. Optimal
conditions for preparing Fe3Os/thiamine are NH4OH concentration = 10%, mass
ratio of FeCla:thiamine = 5:1 (g g1), reaction temperature = 30 °C, reaction time =
120 min. The average particle size of Fe3O4/thiamine is 293.7 nm while the specific
surface area, pore diameter, and magnetization of the obtained Fe3O4/ thiamine
particles are 57 m? g1, 192.67 A, and 2.4 emu g1, respectively. The interesting point
of this work is to obtain the Fe3O4/thiamine at low temperature with less amount of
NH40H used. Furthermore, 79.08% of MB could be removed using Fe3O4/thiamine
as an adsorbent, with a maximum adsorption capacity of 31.63 mg g! at pH of 10,
a MB concentration of 50 mg L1, and an adsorption time of 15 min. Adsorption
kinetics studies showed that the pseudo-second-order model fitted the experimental
data better than the pseudo-first-order and the adsorption process is physical
adsorption following the Freundlich adsorption isotherm model. An adsorption
mechanism of MB onto Fe3O4/thiamine was also suggested. The synthesized Fe3O4/
thiamine particles could be a potential material for treating wastewater.
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Introduction

Most synthetic dyes are toxic, mutagenic, carcinogenic,
cause environmental pollutants, and difficult to decompose
[1]. Wastes from untreated organic dyes will hurt plants,
aquatic life, and humans. Methylene blue (MB) is a
hazardous cationic dye, which harms human health
such as increased heart rate, vomiting, shock, cyanosis,
jaundice and quadriplegia, and tissue necrosis [2]. Thus,
the selection of a suitable method for MB removal from
water effluent is important. Among the methods for
treating waste water, adsorption gets the attention from
scientists and is widely used for the treatment of

organic and inorganic pollutants [3-5]. Adsorption can
be advantageous over other methods due to that it is a
simple process as well as low cost [6-7].

In recent years, nano-magnetic materials have attracted
the interest of researchers because of their high stability,
high magnetic, easy to synthesize and reuse, and low
cost [7-8]. Fe304 can be synthesized by different methods
such as sol-gel, thermal decomposition, co-precipitation,
micro-emulsion, and precipitation [9—13]. Some studies
evaluating MB adsorption capacity by magnetic materials
were conducted such as Fe3O4, CTS@SnO2@Fe304,
Fe304@MIL-100 (Fe) [14-16]. The oxidation of Fe304
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easily occurred during storage conditions; thus, materials-
coated Fe304 is necessary. Thiamine, as a biocompatible
modifier to prevent the oxidation of Fe3O4, is cheap,
stable and non-toxic [17].

Thiamine, composed of pyrimidine and thiazole
rings joined by a methylene bridge, is a possible growth
factor that is required for textile wastewater treatment
systems and significant for the removal of dissolved
organic carbon, chemical oxygen demand, and oxygen
uptake rate [18]. Thiamine may speed up the treatment
process of textile dye wastewater and make it treatable.
Thiamine is also an important coenzyme for active
sludge microorganisms in textile dye wastewater treatment
systems [18]. Besides, thiamine-coated materials were
also evaluated for the possible removal of Cd(II),
phosphate, and divalent copper ions [17, 19— 20].

From a literature review, the reliable results for the
MB removal in wastewater using Fe3O4/thiamine were
implemented by only a few studies. This work investigated
the reaction conditions of Fe3O4/thiamine formation
such as mass ratio of Fe3O4 to thiamine, concentration
of NH4OH, reaction time, and reaction temperature.
The other objective was to perform simple and effective
reaction and evaluated the application of Fe3O4/ thiamine
on the removal of MB. The main parameters investigated
including pH, adsorbent dosage, MB concentration
and contact time. Furthermore, several adsorption
isotherm models (Langmuir, Freundlich and Dubinin—
Radushkevich) and adsorption kinetic models (pseudo-
first-order and pseudo-second-order) were fitted to find
out the adsorption mechanism of MB onto Fe3O4/
thiamine.

Materials and methods
1) Chemicals

Iron(Il) chloride tetrahydrate (FeCl2-4H20, 98%),
ammonium hydroxide solution (NH4OH, 25-28%),
methylene blue (C16H18CIN3S, 85%), hydrochloric acid
(HCl, 36-38%), potassium hydroxide (KOH, 90%),
potassium chloride (KCl, 99%), ethanol (C2H50H, 96%),
and thiamine (C11H16CIN4OS, 99%) were purchased from
Merck (Germany). All chemicals were analytical grades
and directly used without purification.

2) Synthesis of Fe3O4/thiamine

The synthesis of Fe3Os/thiamine is based on the
methods of Tran-Nguyen et al. [20] and Shaterian and
Molaei [21] with some modifications and is depicted in
Figure 1. Firstly, 50 mL of FeCl2 solution was mixed
with 50 mL of thiamine solution with a mass ratio 1:1 —
10:1 in a two-necked flask. The mixture was stirred at
500 rpm and heated to the desired temperature T (30 —
90 °C). The reflux system was installed to prevent the
evaporation of solution during reaction. After reaching
the desired temperature, 30 mL of NH4OH solution with
the desired concentration (10 —25%) was added dropwise
to the mixture and kept at temperature T (°C) for a desired
time t (30 — 120 min). After the reaction, black particles
from the suspension were separated by a magnet and
washed several times with distilled water and 96%
ethanol till neutral pH. The product was dried at 60 °C
until constant weight and stored in a desiccator before
conducting further experiments. For each of the
configurations, three separate experiments were performed
to analyze the uncertainty.

NH,OH (C%)
4 10-25

Thiamine

e . . 4
Washing and drying
_ —

[

Stirred t (min), t(°C)

30-120

Figure 1 The synthesis process of Fe3O4/thiamine.
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Characterizations

The morphology of Fe3Os/thiamine was charact-
erized by Transmission electron microscopy (TEM;
TECNAI G2-20). X-ray diffraction (XRD) was applied
for determining the crystallographic structure while
Fourier transformed infrared spectroscopy (FTIR; Thermo
Nicolet 6700) with the scanning range from 4,000 — 400
cm! allowed the qualitative analysis to detect functional
groups and characterize bonding information. Brunauer—
Emmett-Teller (BET; Nova 1000e) was applied to
determine the specific surface area and pore size. Besides,
Dynamic light scattering (DLS; SZ-100Z2) and a vibrating
sample magnetometer (VSM; DMS 880) were also applied.

3) Adsorption experiments

The stock solution of MB was prepared by dissolving
1 gof MBin 1 L of deionized water, and then diluted to
obtain solutions at lower concentrations. Adsorbent
(1.25to 10 g L1) was placed in an Erlenmeyer flask. MB
solution (20 mL) was, then, added and shaken at 100
rpm. The effects of MB concentration (10 — 60 mg L-1),
pH (6 — 11) and adsorption time (30 — 90 min) were
investigated at room temperature. After adsorption, the
absorbent was magnetically separated from the MB
solution. The concentration of MB solution before and
after adsorption were measured using a Thermo
Scientific Evolution 60S UV-Visible Spectrophotometer
at 664 nm to determine the adsorption efficiency and
capacity. The adsorption efficiency and the adsorption
capacity were calculated as follows:

Co—Ct
Co

Removal efficiency (%) = %X 100 (Eq. 1)

Adsorption capacity (mg.g™1) = % XV (Eq.2)

where m (g) is the adsorbent weight, V (L) is the
volume of MB solution, Co (mg L) and Ct (mg L)
are the initial concentration of MB solution and the
concentration of MB solution at time t, respectively. The
experimental data were matched with first-pseudo-
order and pseudo-second-order kinetic models to
understand the mechanism of MB adsorption on Fe304/
thiamine [22] and these mathematical models are
presented in Eq. 3 and Eq. 4:

In (qe — q¢) =Inge + Kkt (Eq.3)

t 1 t
= + — Eq. 4
ar ka3 qe (Eq-4)

where qe (mg g'!) and qt (mg g!) are the adsorption
capacity at equilibrium and the adsorption capacity at
time t, respectively; ki (min-!) and k? (g mg'! min-!)
are the rate constants of pseudo-first-order model and

pseudo-second-order model, respectively; and t (min)
is the contact time. Adsorption isotherm models including
Langmuir, Freundlich and Dubinin—Radushkevich were
also explored by fitting the experimental data to the models
at different MB concentrations (10, 20, 30, 40, 50 and
60 mg L-1) [22-23]. The linear mathematical models
(Langmuir, Freundlich and Dubinin-Radushkevich models)
are expressed in Eq. 5, Eq. 6 and Eq. 7, respectively:

C 1 C

Se_ 14 L Eq.
Je AmaxKL + Omax ( q 5)
Inq, = Inkp + 2 (Eq. 6)
Ing, = Inqp — Be? (Eq.7)

where Ce (mg L!) is the dye concentration at
equilibrium; ge (mg g'!) and gmax (mg g'!) are the
equilibrium adsorption capacity and the maximum
adsorption capacity, respectively; kL is a characteristic
constant of the Langmuir model; kr is the constant of
the Freundlich model, n is the constant indicating
adsorption intensity; qp (mg g'!) is the adsorption
capacity based on Dubinin-Radushkevich, 8 is the
constant corresponding to the adsorption energy (mol?
kJ-2), R is the gas constant (8.314 ] mol-! K1), T is the
temperature of process (K), and € is the Polanyi
potential and can be calculated by Eq. 8.

£ = RTln(l +Ci)

(Eq. 8)
4) Desorption

After adsorption, Fe3O4/thiamine was tested for the
desorption to assess the reusability. The desorption
experiments were performed by adding 15 mL 0.1 M
HCI into Fe3O4/thiamine after adsorption at optimal
conditions and shook for 15 min. The desorbed material
was separated and used for the next adsorption experi-
ments [24]. An exact amount of desorbed Fe3O4/thiamine
and 20 mL of MB solution were placed in an Erlenmeyer
flask and shaken for a fixed time to examine the
reusability of Fe3O4/thiamine.

Results and discussion
1) Characterization of Fe304/thiamine

Alkali is an important factor in the synthesis of
magnetic nanoparticles. Compared to KOH and NaOH,
the OH- group in NH4OH is released more slowly,
resulting in more uniform and controllable particle
sizes [25]. In this work, NH4OH was used as the alkali
for the material synthesis. The presence of NH4OH
solution (%) strongly affects the Fe3O4 particles formation
which is described as follows:
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4FeCl, + 8NH,OH + 0, - 4FeOOH + 8NH,Cl + 2H,0

(orange)

FeCl, + 2NH,OH — Fe(OH), | +8NH,Cl

(blue)

FeOOH + Fe(OH), — Fe;0, + H,0

4Fe;04 + 0, - 6Fe,04

Intermediate products (FeOOH and Fe203) were
formed during the synthesis process while the reaction
between FeOOH and Fe(OH)2 could produce Fe3O4.
The presence of more base resulted in forming more by-
products such as FeOOH, Fe203. The effect of NH4OH
solution concentration was firstly examined. Other
factors that were fixed are: mass ratio of FeClz:thiamine
=1:1 (g g!), reaction temperature = 90 °C and reaction
time = 60 min. Figure 2(a) shows the characteristic
peaks of Fe304 at 20 = 30.25°, 35°, 43.23°, 55.19°, 57.17°,
62.69°, corresponding to planes (220), (311), (400), (422),
(511), and (440), respectively fitting to JCPDS standard
card No. 01-072-2303 [26]. Fe304/thiamine could be
formed at the lowest NH4OH concentration (10%). As
this concentration was increased to 15%, both Fe2O3 and
FeOOH were formed. With higher concentrations of
20% and 25%, the presence of Fe203 is clearly seen in
the final product. The appearance of Fe2O3 can be
generated during the reaction of partially oxidized
magnetite. Besides, FFOOH may appear during the
oxidation reaction of Fe304 and washing steps [26-27].
A faster reaction occurred at a higher base concentration,
resulting in more by-products created. Therefore, a
concentration of 10% is appropriate for the synthesis of
Fe3O4/thiamine.

Since magnetic nanoparticles are prone to oxidation,
thiamine is considered for reducing the oxidation speed
of Fe304 and increasing the adsorption capacity. The
characteristic peaks of Fe3O4 at different mass ratios of
FeCl2.4H20: thiamine (with the base of NH4OH — 10%
at 90 °C within 60 min) and there are no by-products
identified in Figure 2(b). The intensity of the diffraction
peaks increases with increasing FeCl2.4H20: thiamine
ratio. The lattice constants corresponding to the ratios
of FeCl2.4H20: thiamine of 1:1, 3.1, 5.1 and 10.1 are
8.3692 A, 8.3759 A, 8.3812 A, and 8.3801 A, respectively,
which are between the lattice constants of y-Fe203
(8.345 A) and Fe304 (8.396 A). The lattice constant

(Eq.9)

(Eq. 10)

(Eq. 11)
(Eq. 12)

value is chosen as the closest to the systematic lattice
constant of the Fe3O4 phase [27]; thus, the ratio of 5:1
was selected.

As the reaction temperature was changed from 30 to
90 °C at 10% concentration of NH4OH and FeClz:
thiamine mass ratio of 5:1 (g g'!) during 60 min, the
characteristic diffraction peaks for Fe304 are indicated
at 20 =30.29° 35.66°,43.31°, 53.73°,57.23°, and 62.84°
for planes (220), (311), (400), (422), (511), and (440),
respectively (Figure 2(c)). At 50 °C, there is instability
in the XRD pattern and the appearance of impurity
peaks was found at 70 °C. The reason is owing to the
existence of intermediate product FeOOH. Higher
temperature did not support the forming of Fe3O4 and
as a result, the by-product was generated [28]. The
characteristic peaks of Fe3O4 are all found at 30 °C and
90 °C. The formation of Fe3O4/thiamine at 30 °C indicates
advantages such as a simple synthesis process and also
protection of thiamine from chemical changes under
high temperatures.

The effect of reaction time is revealed in Figure 2d
at fixed reaction factors such as concentration of
NH4OH = 10%, mass ratio of FeClz:thiamine = 5:1 (g g'1)
and reaction temperature = 30 °C. The obtained results
represent the characteristic peaks at 26 = 29.97°, 35.26°,
42.98° 53.32°, 57.06° and 62.51° corresponding to planes
(220), (311), (400), (422), (511), and (440), respectively.
At 30 min, the XRD results show that its struction is
almost amorphous because of the short reaction time,
so the product was either not formed yet or too little
was formed. With a prolonged reaction time from 60 to
120 min, the characteristic peaks of Fe304 were formed
and gradually stabilized. The intensity of the diffraction
peaks increases with increasing reaction time, while the
peak width becomes narrower, indicating that the
crystal size increases [10, 30]. Therefore, the synthesis
time should be within 120 min.
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Figure 2 XRD patterns of Fe3O4/thiamine at (a) NH4OH concentration of 10 — 25 %,
(b) FeCl2.4H20: thiamine = 1:1-10:1 (g g'1), (¢) 30 =90 °C (¢), and (d) 30 — 120 min.

Fe3O4/thiamine synthesized under the optimal
conditions (NH4OH concentration = 10%, mass ratio
of FeCla:thiamine = 5:1 (g g'1), reaction temperature =
30 °C, reaction time = 120 min) were selected for
analyzing its chemo-physical properties. N2 adsorption
and desorption curves are class IV and have a 3-type
hysteresis according to the International Union of Pure
and Applied Chemistry (IUPAC) (Figure 3(a)) [31] and
Fe30O4/thiamine is a mesoporous material following the
isotherm curves. The pore size distribution curve of
Fe3O4/thiamine is at about 200 E. Additionally, the
specific surface area, pore diameter, and pore volume
of Fe3O4/thiamine are determined based on the above
analyses, namely 57.868 m? g1, 192.666 E, and 0.333
cm3 g1, respectively. The magnetization of Fe304/
thiamine at room temperature in Figure 3(b) exhibits
paramagnetic properties and a saturation magnetiza-
tion of about 2.4 emu g'1. Fe304/thiamine was recovered

under the influence of an external magnetic field, with
the potential for easy retrieval after adsorption [32].
The DLS result reveals that the size of at most 50% of
Fe304/thiamine is 300 nm, with 30% less than 300 nm,
and 20% larger than 300 nm; with an average size of
293.7 nm in Figure 3(c).

Figure 4(a) presents the TEM results of Fe3O4/
thiamine at different levels of 200 nm, 100 nm, and 50 nm.
The material forms the core-shell structure of the
thiamine-coated Fe304 nano-sheet with Fe3O4
possessing a polygonal shape and is relatively uniform.
The particle size is about 50 nm, in the range of 40 to
60 nm. SEM images also had the similar morphology to
TEM results and proving that Fe3O4/thiamine particles
had the regular shape. The chemical composition of
Fe3Oa4/thiamine was illustrated in Figure 4b, the weight
percentage of Fe, O and C were 86.47%, 11.67% and
1.86%, respectively.
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Figure 3 Plots showing (a) N2 adsorption-desorption curves (pore size distribution curve— inset),
(b) magnetization curve and (c) particle size distribution.

(a)

(b)

Element | Weight % | Atomic %
CK 1.86 6.37
OK 11.67 29.99
FeK 86.47 63.65

Total 100.00
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Synthesized Fe3O4 magnetic under various conditions
are listed in Table 1. In this work, the base concentration
(10%) used is lower than that of other studies. Using
higher base concentration, the purification and washing
steps will be more complicated and time-consuming.
Thiamine reduces the possible oxidation of Fe3O4 at the
mass ratio of 5:1, which corresponds to a molar ratio of
1:0.15 and is less than that of the studies of Shaterian
[21] and Tran-Nguyen et al. [20]. Besides, the precipi-
tation method used in this work helps saving the amount
of inert gas. The reaction temperature (30 °C) is lower
than that of most published studies, which makes the
synthesis simple, easily implemented energy saving.
Moreover, the time consumption of 120 min is also shorter
than that of other studies. The surface area of Fe3O4/
thiamine is 57 m? g1, which is higher than the other
studies (about 35, 33, and 24 m?2 g'1) [19-20, 33]. The
presence of thiamine affects the surface area of Fe3Oa.

2) MB adsorption by Fe304/thiamine

The isoelectric point of the synthesized Fe3Oa/
thiamine is 5.875 (data not shown); thus, pH value from
6-10 was selected. The pH of the solution was the main

factor affecting the adsorption efficiency of MB dye
[35]. Figure 5(a) reports that the adsorption efficiency
and capacity increase with increasing pH value and it is
consistent with the trend of surface charge. At pH 6
(near the isoelectric point), the adsorption efficiency
was the lowest (43.805%). An increase in pH leads to a
density increase in the adsorbent negative charge due to
the binding of OH- ions to the surface, so the adsorbent
adsorbs more cationic dyes [35-36]. The surface of Fe304/
thiamine is, then, negatively charged due to the excess
of OH- groups in the solution, leading to an interaction
between the adsorbent and the positive amine groups
of MB to form a stable bond between Fe3O4/thiamine
and MB. The maximum yield and capacity are 78.285%
and 6.263 mg g1, respectively at pH10. The adsorption
happens by electrostatic attraction, which mainly depends
on the pH of the solution and the point of zero charges
(pHpzc) [35-36]. MB is a cationic dye with a positive
charge, otherwise, Fe3O4/thiamine has a negative charge.
In case the pH of the solution is higher than pHpxzc,
Fe3O4/thiamine attracts MB* ions, conducive to adsorp-
tion leading to the formation of MB- Fe304/thiamine
magnetic complexes [2].

Table 1 Comparison of synthesized magnetic materials in this study and published works

Materials Reaction conditions Sb (m2 g1) D< (E) Ref
Base Molar t (°C) T (h)
concentration ratio?

Fe304@thiamine NH4OH 25% 1:1 r.td 3 - - [21]
Fe304/PAA@SiIO2 NH4OH 25% - 200 12 163 - [34]
Fe304-TiO2 NH4OH 28% 1:1 185 12 24.760 35.220 [33]
Thiamine modified-Fe304 NH4+OH 1:1 90 1 35.780 - [20]
Fe304/thiamine NH4+OH - 90 2 32.999 329.130 [19]
Fe3O4/thiamine NH4+OH 10% 1:0.15 30 2 57.870 192.670 This study

Remark: @ the molar ratio of FeCla:thiamine; b specific surface area; € pore diameter; 4 room temperature
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Figure 5(b) reveals the effect of initial MB concen-
tration (from 10 to 60 mg L-1) on the removal efficiency
and adsorption capacity. At the lowest MB concentration
(10 mg L-1), the adsorption efficiency and adsorption
capacity are 77.889% and 3.116 mg g1, respectively. An
increase of MB concentration between 10 and 50 mg L-!
did not change the removal efficiency because the
adsorption process had reached the equilibrium, and
the removal efficiency slightly reduced to 75% at 60 mg
L-! MB concentration. Besides, the adsorption capacity
significantly increased about 5 times (between 3.116 mg
g'land 16.315 mg g'!) with an increase of MB concen-
tration from 10 to 60 mg L-1. The initial dye concentra-
tion was high, resulted in a decrease of dye removal rate,
although the actual amount of dye adsorbed per unit
mass increased [37]. The rise of initial dye concentration
led to better dye adsorption capacity owing to more MB
molecules as well as interactions increase between MB+
ion and the active sites of adsorbent [38]. A concen-
tration of 50 mg L' (removal efficiency of 75.511%,
adsorption capacity of 15.102 mg g'!) was selected to
conduct further experiments.

The influence of the Fe3O4/thiamine dosage (1.25 —
10 g L) on MB adsorption is illustrated in Figure 5c.
More adsorbent added resulted in higher efficiency (an
increase of 17.44%, from 69.170% to 86.608%) whereas
the adsorption capacity gradually dropped from 27.668
to 4.330 mg g1 at the increase of dose between 1.25 and
10 g L-1. The enhancement of dye removal efficiency
could be due to increasing the surface area via adding
more active sites [39]. An ideal adsorbent should be
cost-effective and be able to adsorb a larger amount of
dye ions from the solution at a smaller adsorbent dose
[24]. A dose of Fe304/thiamine of 1.25 g L-! was chosen
with a removal efficiency of 69.168% and an adsorption
capacity of 27.668 mg g-1.

(a)
4
3 y=0.0311x - 0.4087
R*=10.9679
7 2 N
g .

0 20 40 60 80
Contact time (t, min)

100

The contact time in Figure 5d is differed from 15 to
90 min to investigate the change in MB removal efficiency
and adsorption capacity of Fe3O4/thiamine. At first 15
min, an efficiency of 79.078% indicates the rapid
adsorption rate. A prolonged contact time resulted in a
decrease of removal efficiency and adsorption capacity.
The initial adsorption rate was fast because the dye ions
were adsorbed by the external surface of adsorbent [37].
In the first stage, vacant sites on the surface of Fe3O4/
thiamine were quickly filled, so extending contact time
resulted in decreasing removal efficiency. This is attri-
buted to the saturation of adsorption sites on the Fe3O4/
thiamine surface; thus, the adsorbed dye ions tended to
be released into the solution leading to lower adsorption
efficiency and capacity [40]. A contact time of 15 min with
the removal efficiency and adsorption capacity of 79.078%
and 31.631 mg g1, respectively, was selected as the
optimal time for MB adsorption.

3) Adsorption kinetic models

The pseudo-first-order and pseudo-second-order
kinetics models were used to describe the adsorption
rate and time for MB removal and adsorption mecha-
nism between adsorbent and adsorbate. The plots that
depict the calculated data according to the kinetic models
are exhibited in Figure 6. The correlation coefficients of
both models are quite high, namely 0.9679 for the
pseudo-first-order and 0.9872 for the pseudo-second-
order. The calculated adsorption capacities for the pseudo-
first and second-order kinetic are 1.50 mg g! and 21.37
mg g, respectively. The experimental capacity (qeexp =
31.631 mg g'!) and the calculated capacity (qecal = 21.37
mg g!) of the second-order kinetic are close (Table 2);
hence, MB adsorption by Fe3O4/thiamine is described
better by the second-order adsorption kinetics. This
demonstrated that the adsorption process involves
electrostatic interactions between the charge-rich N atom
of MB and the Fe304/thiamine surface [22].

(b)

y = 0.0468x - 0.392
R = 0.9872

0 20 40 60 80
Contact time (t, min)

100

Figure 6 Plots of (a) pseudo-first-order and (b) pseudo-second-order models.
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Table 2 Kinetic parameters for the adsorption of MB onto Fe304/thiamine

Qe,exp (Mg g1) Pseudo-first-order Pseudo-second-order
Qecal (mg.g™1) Ki (min-1) R2 Qescal (mg g 1) K2 (g mg! min-1) R2
31.631 1.50 0.0311 0.9679 21.37 0.0059 0.9872

4) Adsorption isotherm models

Adsorption isotherm models were applied to investigate
the MB adsorption of Fe3Os/thiamine. The correlation
coefficients of the Langmuir and Freundlich models are
0.8475 and 0.9596, respectively (Figure 7(a) and Figure
7(b)). The Freundlich adsorption isotherm model is the
preferred model. The adsorption process is reversible,
the adsorption energy on the surface is not uniform, and
there is an interaction between the adsorbed molecules
(31, 41]. More than one layer of MB molecules may exist
on the surface of Fe3O4/thiamine, resulting in the difficult
contact between dye ions and adsorbent, and the
adsorption process might be related to the agglome-
ration of dye molecules on surface [41]. According to
the Dubinin — Radushkevich model in Figure 7(c), the
average adsorption energy calculated is 0.52 k] mol-,
which is considerably less than 8 k] mol-l. Thus, MB
adsorption by Fe3O4/thiamine is a physical adsorption
process.

5) MB adsorption mechanism of Fe3O4/thiamine

The characteristic vibrations of Fe304/thiamine before
and after MB adsorption are revealed in Figure 8(a).
The strong absorption band at 586.11 cm! corresponds
to the Fe-O bond [42]. The peaks of 2,890.03 cm-1,
2,300.43 cm'}, 1,512.23 cm}, 1,207.57 cm™}, 1,023.32
cm-l, and 751.19 cm ! correspond to C-C, C-S, C=C,
C-N, C-0O, and C-S bonds, respectively; demonstrating

[21]. Fe3Os/thiamine has
magnetic property and thiamine was not denatured
during synthesis.

The change of surface functional groups of Fe3O4/
thiamine after MB adsorption is depicted in Figure
8(b). The presence of MB is illustrated by peaks at
1,020.81, 1,353.01, 1,536.86 cm"!, corresponding to
CHs—, C-N, C=S, respectively; hence, Fe3O4/thiamine
after adsorption successfully carried MB molecules.
Specifically, 1536.86 cm™! peak is more sharpened,
compared to that at 1512.23 cm™! in Figure 8(a), and a
significant increase in intensity may be ascribed to the
attachment of MB on the surface of adsorbent [42].
Besides, functional groups at the surface of Fe3O4/
thiamine are located as N-H (3,693.26 cm!), C-H
(2,808.26 cm!), and C-O (1,020.81 cm™1). The peak of
C-0O (1020.81 cm!) seems to be broadened and has a
significant decrease in intensity, which may be ascribed
to the electrostatic forces between the absorbent surface
and MB [42]. Spectral analysis indicates that the driving
force for the removal of MB using Fe3O4/thiamine is
the electro-static attraction. As can be seen in Figure
7(c), there was no significant change between Fe304/
thiamine before and after MB adsorption. Although the
intensity of the peaks is decreased, the characteristic
peaks are still preserved; this indicates that Fe3Oa4/
thiamine retained its original crystal structure.

the thiamine structure
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Figure 7 Plots of (a) Langmuir, (b)Freundlich, and (c) and Dubinin — Radushkevich models.
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Figure 8 Pictures showing FTIR of Fe3O4/thiamine at the time of (a) before and (b) after MB adsorption
and (c) XRD of Fe3O4/thiamine before and after MB adsorption.

The adsorption mechanism of MB onto Fe3Oas/
thiamine is mainly based on electrostatic interactions,
hydrogen bonding and - interactions as described in
Figure 9. The aromatic rings of thiamine could interact
with the - bonds in the aromatic nucleus of MB [41].
Hydrogen bonding of Fe3O4/thiamine surface and the
N atom of MB helped uptake dye ions onto Fe3O4/
thiamine [43—44]. Additionally, the electrostatic inter-
action between the negative surface of Fe3O4/thiamine
and the positive charge of MB also contributed
importantly in the adsorption mechanism [43—-45].

Adsorption capacity reported in some published
works (Table 3) are considerably higher than that of
this study. However, the adsorption capacity of this
work is higher than that of HNT- Fe3O4 [46] and
Fe304@Si02-CR [35]. Materials with different structures
and under different adsorption conditions have different
MB adsorption capacities. This creates a variety of
treatment methods for organic dye in particular, and
pollution problems in general.

6) Desorption

The reusability of Fe3O4/thiamine was explored by
evaluating the change of adsorption efficiency after 3
reuse cycles (Figure 10). In this work, after MB adsorption,
Fe304/thiamine attached MB was desorbed via 0.1 M
HCI solution. Then, HCI solution containing MB was
used for analyzing the MB concentration and the result
exposed that 99.32% MB was removed from Fe3O4/
thiamine indicating the desorption process was strongly
occurred in acidic environment. Adsorption efficiency
is 79.078% at the first use and remained fairly constant
(78.563%) in the second reuse study. It dropped to
64.810% in the third cycle experiment. It can be
suggested that Fe3O4/thiamine can be a potential and
reusable adsorbent for treating MB in wastewater. This
contributes to saving costs and resources, reducing
environmental pollution.
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Figure 9 Proposed mechanism of MB adsorption onto Fe304/thiamine.

Table 3 Comparison of the MB adsorption of Fe304/thiamine and published works

Materials Adsorption conditions Adsorption capacity Ref
1
pH Time (min) (mg &™)
Fe304/activated montmorillonite 7.37 25 47.96 (47]
Fe304@Ag/SiO2 7 50 81.96 [39]
Fe304@SiO2-CR 11 10 28.82 [35]
HNT-Fe304 - 480 18.49 [46]
Fe3O4/thiamine 10 15 31.63 This study
100 5:1 (g g'1), reaction temperature = 30 °C and reaction

80 -

60 -

40 -

Removal efficiency (%)

20 +

1 2 3
Cycles

Figure 10 Removal efficiency of MB onto
Fe304/thiamine in three adsorption-desorption cycles.
Adsorption condition: 1.25 g L-! of Fe304/thiamine,
pH 10 in 15 min.

Conclusion

Fe304/thiamine was successfully synthesized with
some advantages such as commercially available raw
materials, and mild synthesis conditions without using
inert gasses. Under optimal conditions including NH4«OH
concentration = 10%, mass ratio of FeCla:thiamine =

time = 120 min, XRD result shows that Fe3O4/thiamine
has good crystallinity and less impurities. The specific
surface area, pore diameter, and magnetization of
Fe30O4/thiamine particles are 57.87 m? g1, 192.67 E,
and 2.4 emu g'l, respectively. Besides, the average
particle size of Fe3O4/thiamine is approximately 293.7
nm. The core-shell structure of Fe3O4/thiamine is also
depicted in the TEM images, with particles have a
relatively uniform shape. The particle size is about 50
nm, in the range of 40 to 60 nm. The results of
adsorption reveal that 79.08% of MB can be removed
with a maximum adsorption capacity of 31.63 mg g'! at
pH 10, MB concentration of 50 mg L1, and contact
time of 15 min. Adsorption kinetics studies exhibit that
the experimental data are best fitted by the pseudo-
second-order model. The physical adsorption process
is appropriately described by the Freundlich isotherm
adsorption model. After three cycles of adsorption-
desorption, about 65% of adsorption efficiency remained,
thus Fe3Os/thiamine can be a potential adsorbent for
wastewater treatment.
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