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ed superparamagnetic Fe3O4

nanoparticles: an efficient adsorbent for the
removal of bromocresol green from contaminated
water

Hadeel Saad, ab F. A. Nour El-Dien, *a Nadia E. A. El-Gamela and Ahmed S. Abo
Dena*cd

Water contamination is regarded as one of the world's worst tragedies owing to the continual depletion of

water resources suitable for drinking and agriculture. Researchers have recently been interested in

developing novel and more effective adsorbents for wastewater purification. We report herein

a magnetic adsorbent nanomaterial for the removal of the anionic dye bromocresol green (BCG) from

wastewater. The adsorbent is based on superparamagnetic iron oxide (cubic Fe3O4) nanoparticles

(SPIONs) coated with a high-molecular-weight azo dye synthesized via diazo coupling of vitamin B1 with

a trisubstituted benzene derivative. The proposed adsorbent was characterized using scanning electron

microscopy, FTIR and 1H-NMR spectroscopy, mass spectrometry, dynamic light scattering, vibrating

sample magnetometry, thermal analysis, and X-ray diffraction crystallography. At room temperature and

pH 2.0, the synthesized adsorbent showed an average particle size of 65.9 � 8.0 nm, a high

magnetization saturation (65.58 emu g�1), a high equilibrium adsorption capacity (36.91 mg g�1).

Adsorption of BCG was found to take place via a physisorption mechanism and followed a pseudo-

second-order rate kinetics. Thermodynamic studies revealed that the adsorption process is enthalpy

driven by hydrogen bonding and/or van der Waals interactions. After treating water samples with the

suggested adsorbent, it can be easily removed from water using a strong external magnetic field.
Introduction

Recently, water pollution has captured researchers' attention
due to its negative impact on plants, animals, and humans. One
of the main emerging pollutants is synthetic dyes which oen
have complex chemical structures behind their mechanisms of
action.1 Synthetic and natural dyes have found vast applications
in diverse industrial sectors, such as textiles, foods, chemicals,
paints, and papers. The discharge of these dyes into water
bodies constitutes one of the main environmental concerns.2

Therefore, nding efficient water treatment methods to remove
these hazardous contaminants from drinking water and
wastewaters is highly required.3

Bromocresol green (BCG) is a synthetic dye that belongs to
the triphenylmethane family. It is widely used in various
applications, including but not limited to, textile industries,
and is typically released in the aqueous effluents of factories,
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thus causing substantial environmental pollution.3 The sodium
salt of BCG is highly ionisable in water, and BCG itself has two
possible forms in aqueous solutions based on the solution pH
(the lactoid and quinoid forms). The lactoid (neutral) form is
the predominant species in acidic solutions, while the quinoid
(anionic) form dominates in alkaline media.4 Plant powders,5

activated carbon,6 chitin nanobers,7 solvent sublation,8 and
electro-Fenton and electro-Fenton-like processes9 are the
methods reported in the literature for removing BCG from
water. In one of our prior studies, BCG and another triphenyl-
methane dye (bromophenol blue) were removed from contam-
inated water by polyethyleneimine-coated Fe3O4 nanoparticles.3

Superparamagnetic iron oxide nanoparticles (SPIONs) are
considered a versatile material in various applications such as
drug delivery,10–12 bio sensing,13,14 water purication,3,15 solid–
phase extraction,16,17 and even bio imaging.18,19 SPIONs are
known for their biosafety, easy functionalization, super-
paramagnetic properties, high stability, low cost, facile mass
production, among other nanomaterials. On the other hand,
azo dyes (ADs) are organic compounds obtained by a two-step
synthesis process involving a diazotization step followed by
a coupling step. This family of molecules possesses a charac-
teristic chemical group that is able to form covalent bonds with
RSC Adv., 2022, 12, 25487–25499 | 25487
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various substrates.20 The functionalization of different mate-
rials (e.g.metals, metal oxides, and polymers) with azo dyes has
recently paved the way for a massive number of new applica-
tions, including the removal of pollutants from water.10,21,22

This study aims to synthesize azo-dye functionalized SPIONs
(ADFS) for the adsorptive removal of BCG from aqueous solu-
tions. To the best of our knowledge, this is the rst azo-func-
tionalized magnetic nanoparticles adsorbent in the literature to
remove organic dyes from water.

The synthesized material has been characterized using the
common nanomaterial characterization techniques such as
FTIR spectroscopy, UV-vis spectrophotometry, Scanning Elec-
tron Microscope (SEM), Dynamic Light Scattering (DLS),
Vibrating Sample Magnetometery (VSM), thermal analyses,
Mass Spectrometry (MS), and 1H-NMR spectroscopy. Aer
optimizing the adsorption conditions and investigating the
removal kinetics and thermodynamics, the characterized
materials were employed for the adsorptive removal of BCG
from water samples.
Materials and methods
Materials

Bromocresol green (molecular formula: C21H14Br4O5S; CASN:
76-60-8; molar mass: 698.01 g mol�1) was obtained from Carlo
Erba Reagents (Barcelona, Spain). For the synthesis of the AD,
thiamine hydrochloride (THC, molar mass of 337.27 g mol�1,
NODCAR, Egypt), also known as vitamin B1, tert-butyl-[2-(3,5-
dihydroxyphenyl)2-hydroxyethyl]azanium sulphate (TBDA
sulphate, molar mass of 548.65 g mol�1, Borg Pharmaceutical
Industries, Borg El-Arab, Alexandria, Egypt), sodium nitrite
(SDFCL, India) and sodium carbonate (ADWIC, Egypt) were
used. Ethylene glycol (Honeywell International Inc., USA), ferric
chloride hexahydrate (FeCl3$6H2O, Daejung Chemicals and
Metals, South Korea) and anhydrous sodium acetate (ADWIC,
Egypt) were used for the solvothermal synthesis of SPIONs.
Ethyl alcohol was obtained from the International Company for
Medical Industries (Egypt), and hydrochloric acid was
purchased from Alpha Chemika (India). All reagents were of
analytical grade and were used without any further purication.
Throughout the experimental work, deionized water was used
for preparing aqueous solutions. An aqueous 0.01 M stock
solution of BCG was prepared by dissolving an appropriate
quantity of BCG in the least amount of ethanol and then
completing the volume with deionized water. Working solu-
tions were prepared by subsequent dilution of the stock solu-
tion with deionized water.
Instruments

The concentration of BCG was measured by a SPECORD250-
PLUSAnalytikjena Spectrophotometer (Germany) by measuring
the absorbance at 444 nm using a 1 cm quartz cell. A VEGA3
TESCAN eld-emission scanning electron microscope (FESEM,
Czech Republic) was used for studying particle size and surface
morphology. The particle size and zeta potential (ZP) of naked
SPIONs and ADFS materials were determined by DLS analysis
25488 | RSC Adv., 2022, 12, 25487–25499
using a Malvern Panalytical instrument (UK). Fourier transform
infrared spectra (FTIR) were recorded using a Nicolet 6700
ATR-FTIR spectrometer (Thermo Scientic, Germany). The
magnetic properties were investigated with a vibrating-sample
magnetometer (VSM) (Lakeshore, model 7410). An X-ray
diffraction (XRD) spectrometer (Discover-D8, Bruker, USA) was
used to conrm the formation of the magnetite crystallographic
structure. 1H-NMR spectra were recorded using a Varian 300
MHz NMR Spectrometer (Germany) using DMSO as a solvent.
TGA and DTA analyses have been carried out using a Shimadzu
50 instrument. The mass spectrum of SMS was recorded using
an LC-MS instrument (Thermo Scientic).

Preparation of SPIONs

Superparamagnetic magnetite nanoparticles were synthesized
by the modied solvothermal method in ethylene glycol.3,15,23

Briey, 2 g of FeCl3$6H2O and 6 g of anhydrous sodium acetate
were dissolved in 65 mL of ethylene glycol. This mixture was
transferred to a Teon-lined solvothermal reactor and then
heated to 200 �C in the oven (Heraeus, Thermo Electron
Corporation, Germany) for 12 h. Aer the reaction, the sol-
vothermal reactor was cooled to room temperature, and the
formed black magnetite precipitate was collected with a strong
magnet. Subsequently, the as-obtained product was washed
several times using double distilled water and ethanol, and then
dried at room temperature for 24 h.

Preparation of ADFS

The ADFS was synthesized via a diazo-coupling reaction
according to a reported procedure with minor modications
(Fig. 1).24 Typically, 0.5 g of THC (1.5 mmol) and 1 g of SPIONs
were added to 20 mL of concentrated HCl and stirred constantly
at 4 �C for 20 min. Thereaer, 0.4 g of sodium nitrite (3 mmol)
was dissolved in 5mL of double distilled water and the resulting
solution was slowly added to the above mixture in an ice bath
with constant stirring. Then the pH of the mixture was
neutralized by adding 50 mL of 0.5 M sodium carbonate.
Finally, 0.3 g (ca. 1 mmol) of TBDA sulphate was dissolved in 5
mL of distilled water and dropped onto the mixture with
constant stirring, and then the solution was continuously stir-
red for 12 h. The appearance of an orange precipitate indicates
the formation of the ADFS. The obtained ADFS material was
collected from the suspension with a strong magnet, and then
washed generously with distilled water and dried overnight at
room temperature.

Adsorption experiments

Batch adsorption is a technique used for treating small volumes
of the adsorbate in the laboratory. Batch studies were carried
out to detect the pH, time, initial BCG concentration, adsorbent
loading and temperature of maximum adsorption of BCG on
ADFS.25

The pH of the dye solution was measured using a JENCO
6173 pH meter. Working solutions of pH 2–9, adjusted with the
suitable buffer solution, were used to investigate the effect of
pH on BCG adsorption. The exact pH values of these buffered
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram illustrating (A) the diazo-coupling reaction used to prepare the thiamine-based AD, and (B) the procedure of prep-
aration of the proposed ADFS adsorbent.
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solutions were adjusted by adding a few drops of 0.1 M NaOH or
HCl solutions. A 10 mL aliquot of BCG solution of the appro-
priate concentration was shaken at 400 rpm in a temperature-
controlled shaker adjusted to room temperature (Clion, UK).
Aer reaching the adsorption equilibrium, the adsorbent was
separated by applying a strong external magnetic eld. The
remaining supernatant was ltered and the concentration of
the residual (non-adsorbed) BCG was determined using a stan-
dard plot via measuring the absorbance at 444 nm.

The experiments for investigating the effects of contact time
on the adsorption capacities of ADFS were carried out at varying
incubation periods ranging from 10 min to 180 min at an
adsorbent dose of 10 mg, room temperature (303 K), initial BCG
concentration of 50 mg L�1, and pH 2. Furthermore, the inu-
ence of the initial BCG concentration on the removal efficiency
of ADFS was scrutinized in the range of 10–100 mg L�1 at 10 mg
of ADFS, pH 2, and 100 min contact time.

In order to study the inuence of varying the adsorbent dose
on BCG adsorption, at a BCG concentration of 100 mg L�1, pH 2
and 100 min contact time, the various amounts of 5–300 mg of
ADFS were selected. Finally, the effect of temperature on the
adsorption of BCG on ADFS was investigated over the temper-
ature range of 303–333 K using 100 mg L�1 BCG solution, an
adsorbent dose of 20 mg, pH 2, and a contact time of 100 min.

The percent removal of BCG was calculated from eqn (1).

%Removal ¼ ðC0 � CeÞ
C0

� 100 (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where C0 and Ce are the initial and equilibrium concentrations
of BCG in mg L�1, respectively.

The amount of adsorbed BCG on the ADFS, qe (mg g�1), was
obtained as follows:

qe ¼ ðC0 � CeÞ
m

� V (2)

where qe is the adsorption capacity, C0 and Ce are the initial and
equilibrium concentrations of BCG (mg L�1), respectively, m is
the mass of the adsorbent (g) and V is the solution volume (L).
Adsorption kinetics

In the present study, three adsorption kinetic models were
studied; namely, the Lagergren pseudo-rst-order (PFO, eqn
(3)),26,27 pseudo-second-order (PSO, eqn (4))26,27 and the intra-
particle diffusion (IPD, eqn (5)).27,28

log(qe � qt) ¼ log qe � (k1/2.303)t (3)

t

qt
¼ 1

k2qe2
þ t

qe
(4)

qt ¼ kidt
1/2 + I (5)

where qe and qt are the adsorption capacity (mg g�1) at equi-
librium and at time t, respectively, t is time (min), k1 represents
the rate constant of the PFO model (L min�1), k2 is the PSO rate
constant of adsorption (g mg�1 min�1), kid is the intraparticle
diffusion rate constant (mg g�1 min�1/2) and I is a constant (mol
RSC Adv., 2022, 12, 25487–25499 | 25489

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03476j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

3:
51

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
g�1) that gives information about the thickness of the boundary
layer. The larger the I value, the greater is the boundary layer
effect.
Adsorption isotherms

Freundlich, Langmuir and Temkin isotherms. Adsorption
isotherm models are useful for determining the adsorbate
distribution on the surface of the adsorbent at equilibrium
conditions. The adsorption isotherm is a plot that describes the
adsorption equilibrium at constant temperature and pH.25

Therefore, the isotherms of Langmuir (eqn (6)),29,30 Freundlich
(nonlinear form eqn (7) and linear form eqn (8))29,31 and Temkin
(eqn (9))29,32models were applied in the present study in order to
describe the BCG adsorption on the ADFS in aqueous solutions.

Ce

qe
¼ 1

qmaxb
þ 1

qmax

Ce (6)

Nonlinear form: qe ¼ KFC
1/n (7)

Linear form : log qe ¼ log KF þ 1

n
log Ce (8)

qe ¼ RT

bT
ln AT þ RT

bT
ln Ce (9)

where Ce (mg L�1) is the equilibrium or residual concentration
of BCG in solution, qe (mg g�1) is the adsorption capacity at
equilibrium, qmax (mg g�1) is the maximum adsorption
capacity, b is the Langmuir constant related to the energy of
adsorption (L mg�1), KF is the Freundlich adsorption coefficient
related to the adsorption capacity of the adsorbent, 1/n is
a constant that describes the heterogeneity of the adsorbent
surface, R is the universal gas constant (8.314 J K�1 mol�1), T is
the absolute temperature in kelvin, bT is the Temkin isotherm
constant related to the heat of adsorption, which indicates the
adsorption intensity, and AT (L g�1) is the Temkin isotherm
equilibrium binding constant related to the adsorption
capacity.

Scatchard plot. The Scatchard isotherm (eqn (10)) provides
an indication of the nature of the binding sites. The Scatchard
plot is a graph of qe/Ce versus qe. Both K (the association
constant) and Bmax (the maximum number of binding sites)
values were determined from the Scatchard linear plot. This
method is only valid for a single type of binding sites. Non-
linearity or deviation from linearity may indicate the presence
of more than one type of binding sites.33

qe

Ce

¼ KðBmax � qeÞ (10)

Hill plot. The Hill isotherm model, dened by eqn (11),
provides an indication of the nature of the binding sites and
describes the homogeneous substrate surface adsorption. This
model assumes cooperative monolayer adsorption on different
binding sites of the same adsorbent. A plot of log(v/(1 � v))
versus log C is used to obtain the values for K and h, where v is
the saturation fraction, equal to the amount of the bound
25490 | RSC Adv., 2022, 12, 25487–25499
adsorbate (q) divided by the number of binding sites, qmax, C is
the concentration of the adsorbate BCG, K is the Hill coefficient,
h, and is an index of cooperativity.34

log
h v

1� v

i
¼ log K þ h log C (11)
Adsorption thermodynamics

The thermodynamic studies were carried out in batch condi-
tions using 100 mg L�1 BCG solution, an adsorbent dose of 200
mg, 100 min contact time, pH 2, and a temperature range of
303–333 K. The equilibrium constant (KF, Freundlich constant)
was calculated from Freundlich equation (eqn (8)). Changes in
enthalpy (DH) and entropy (DS) were determined using van't
Hoff's equation (eqn(12)) via plotting ln Kversus1/T. Moreover,
the Gibb's free energy change (DG) was computed using eqn
(13).35,36

ln KF ¼ �DH

RT
þ DS

R
(12)

DG ¼ �RT ln KF (13)

where DH (kJ mol�1) is the enthalpy change, DS (J/molK) is the
entropy change, R is the universal gas constant (8.314 J mol�1

K�1), and T (K) is the absolute temperature.
Results and discussion
Characterization of ADFS

In the present work, the ADFS was synthesized via diazo-
coupling, and the formation of the as-synthesized ADFS was
conrmed by several characterization techniques, including
FTIR Spectroscopy, XRD, VSM, DLS, FESEM, 1H-NMR Spec-
troscopy, Mass Spectrometry, and Thermal Analyses.

FTIR spectroscopy is a potent characterization tool that may
reveal the nature/presence of specic functional groups in
a synthesized nanomaterial; consequently, FTIR spectra were
recorded to conrm the formation of the ADFS. The infrared
absorption spectra of SPIONs, AD, plain ADFS and ADFS with
adsorbed BCG were recorded in the spectral window of 4000–
400 cm�1.

The FTIR spectrum of naked SPIONs (Fig. 2) showed
a distinct band at 580 cm�1, which corresponds to the stretch-
ing of the Fe–O bond. The presence of a carboxylic-metal (Fe–
COO) linkage, which may be responsible for the surface nega-
tive charges of SPIONs, was conrmed with the sharp absorp-
tion band appearing at about 1628 cm�1. In addition, the wide
absorption band revealed at 3650–3000 cm�1 corresponds to O–
H stretching vibration in all of the depicted spectra.37

The recorded FTIR spectra of ADFS before and aer the
adsorption of BCG are displayed in Fig. 2. The FTIR spectrum of
ADFS before the adsorption of BCG showed an absorption band
at 3674 cm�1 coming from the stretching vibrations of O–H or
N–H, which indicates the ability of ADFS to form hydrogen
bonds with BCG molecules. The bands observed at 2989 and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of the bare SPIONs, AD, ADFS, and ADFS-BCG.

Table 1 1H-NMR chemical shifts of the thiamine-TBDA azo dye

Proton symbol Assignment d/ppm Splitting

a OH attached to benzene ring 7.2–7.8 Doublet
b CH 2–3 Multiplet
c OH 7.2–7.8 Doublet
d CH2 2–3 Multiplet
e CH3 1.065 Singlet
f CH3 attached to pyrimidine ring 2–3 Multiplet
g CH of pyrimidine ring 6.08–6.69 Singlet
h CH3 attached to thiazole ring 8.03 Singlet
i CH2 attached to thiazole ring 3.57 Singlet
j CH2 4.3 Multiplet
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2905 cm�1 stand for the stretching vibrations of C–H. The
bands at 1400 and 1382 cm�1 are assigned to the asymmetric
vibration of –N]N–, indicating that the coupling reaction
occurred and the framework of ADFS was successfully formed.38

The absorption bands appearing at 1240 and 1058 cm�1 stand
for the stretching vibrations of C–N. Moreover, the bands at 891
and 544 cm�1 correspond to –C]C– bond bending and Fe–O
bond stretching, respectively.24,39

Aer adsorption of BCG onto the ADFS nanomaterial, the
adsorption bands at 1527 and 1406 cm�1 are attributed to the
stretching vibrations of C]N and N]N, respectively.40 In
addition, the presence of iron (Fe–O bond stretching) was
conrmed by the sharp band appearing at 538 cm�1. These
characteristic bands indicate that BCG was adsorbed onto the
ADFS particles.4,37 Moreover, the disappearance of the absorp-
tion band at 3674 cm�1 in the spectrum of ADFS conrmed the
formation of hydrogen bonds between the hydroxyl and/or
amino groups of ADFS and the oxygen atoms of BCG.

The FTIR spectrum of AD (i.e. without SPIONs) is displayed
in Fig. 2. The C]N and C]C stretching vibrations were
observed at 1648 and 1598 cm�1, respectively. Furthermore, the
bands observed at 1434 and 1345 cm�1 were assigned to the
asymmetric vibration of –N]N–.41 The bands that appeared at
1209, 1159, and 1045 cm�1 stand for the stretching vibration of
C–N. The C]C– bending was detected at 983, 859, and 810
cm�1. The stretching vibration of the thiazole ring C–S appeared
at 764 cm�1.42,43
1H-NMR spectroscopy

The structure of the synthesized thiamine-TBDA azo dye (AD)
was veried by 1H-NMR spectroscopy. The 1H-NMR chemical
shis of the AD are shown in Table 1. The spectrum of the as-
© 2022 The Author(s). Published by the Royal Society of Chemistry
synthesized AD shows a singlet peak at 1.1 ppm (He) corre-
sponding to CH3 protons of TBDA, a multiplet peak at 2–3 ppm
attributed to CH and CH3 protons (Hb and Hd), a large broad
singlet peak at 3.6 ppm assigned to CH2 protons attached to the
thiazole ring (Hi), a multiplet peak at 4.3 ppm due to CH2

protons (Hj), a multiplet peak at 2–3 ppm corresponding to CH3

protons attached to the pyrimidine ring (Hf), a singlet peak at
6.08–6.69 ppm attributed to the CH protons of the pyrimidine
ring (Hg), a doublet peak at 7.2–7.8 ppm attributed to OH proton
(Ha) and a singlet peak at 8.03 ppm attributed to CH3 protons
attached to the thiazole ring (Hh). The assignments of the 1H-
NMR signals are listed in Table 1 and the spectrum is shown in
Fig. 3.44,45

Mass spectrometry. Mass spectrometric analysis was used to
conrm the thiamine-based AD synthesis by the diazo-coupling
reaction shown in Fig. 1A. The molecular ion peak was used to
prove the expected chemical structure of the synthesized AD. A
molecular ion peak was found at m/z 1038, which matches the
expected molecular weight of the prepared AD.

Thermal analysis. TGA and DTA thermal analysis techniques
were used to study the thermal behaviour of the synthesized AD
and ADFS. The analysis was conducted in a nitrogen atmo-
sphere with a temperature range of 25–1000 �C and a heating
rate of 10�C min�1. The TGA thermogram of the AD (Fig. 4A)
shows ve decomposition steps, whereas ADFS undergoes four
thermal degradation steps (Fig. 4B). Regarding the AD, the rst
thermal decomposition step, which takes place in the temper-
ature range of 18–148 �C, shows a weight loss of about 3.79%.
This weight loss may be attributed to dehydration of the
sample. By reaching 1000 �C the total weight loss was 81.76%
compared to the original sample weight (i.e. almost the whole
sample has been decomposed).

The TGA thermogram of the ADFS with its distinctive
quadriphasic thermal decomposition pattern is shown in
Fig. 4B, where 2.76% of the initial weight was lost at 33–159 �C,
which could be attributed to the loss of water molecules.

The total weight loss was found to be 10.49%, indicating the
incomplete decomposition of ADFS. These ndings conrm the
presence of both SPIONs (i.e. the thermally stable metal oxide
part) and the AD (i.e. the relatively thermally unstable organic
part).

Fig. 4C and D illustrate DTA prole diagrams of AD and
ADFS, respectively. Three exothermic peaks show the oxidative
RSC Adv., 2022, 12, 25487–25499 | 25491
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Fig. 3 1H-NMR spectrum of the thiamine-TBDA azo dye in deuterated DMSO.
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degradation of the sample on the DTA curve of AD at 159.9,
297.7 and 497.6 �C. Three endothermic peaks illustrating the
thermal decomposition of AD were also observed at 750.9,
899.5, and 934.9 �C. On the other hand, the DTA thermogram of
ADFS displays two endothermic peaks at 208.3 and 926.9 �C, as
well as one exothermic peak at 582.5 �C.
Fig. 4 TGA thermograms and derivative TGA plots of the thiamine-TBDA
and ADFS (D), XRD diffractogram of SPIONs (E), and VSM analysis results

25492 | RSC Adv., 2022, 12, 25487–25499
X-ray diffraction

XRD analysis was used to conrm the crystalline structure of
SPIONs. The X-ray diffraction pattern of cubic crystalline
magnetite (Fe3O4, a ¼ 8.36 Å) is shown in Fig. 4E. The charac-
teristic peaks at 2q angles of 30.1, 35.5, 43.2, 53.5, 57.1 and 62.7�
AD (A) and ADFS (B), DTA thermograms of the thiamine-TBDA AD (C)
of the uncoated SPIONs and ADFS (F).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Scanning electron micrographs of the uncoated SPIONs (A and
B) and ADFS (C and D). The magnification power is 2.5 kx in A and C,
and 5.0 kx in B and D.
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correspond to the (220), (311), (400), (422), (511) and (440)
diffraction planes were observed. Meanwhile, these results are
in good agreement with those reported in the literature.46

Magnetic susceptibility

The saturation magnetization of SPIONs and ADFS was
measured by VSM at room temperature under varying magnetic
elds (from�20 to 20 kG), Fig. 4F. Themagnetization hysteresis
curve shows that both SPIONs and ADFS exhibit super-
paramagnetic properties because of the high magnetization
saturation, low remnant magnetization (3.5 and 5.5 emu g�1 for
SPIONs and ADFS, respectively) and coercivity (16.5 and 50.6 G,
respectively) values. Remnant magnetization is the magnetiza-
tion le behind in the sample material aer removing the
external magnetic eld. Moreover, coercivity is the resistance of
the sample material to variations in magnetization. Coercivity is
equivalent to the eld intensity necessary to demagnetize the
fully magnetized material. The unique so ferromagnetic
properties of the prepared SPIONs arise from their small
size.47–49

Interestingly, ADFS showed a high magnetization saturation
(65.58 emu/g) relative to SPIONs (74.92 emu g�1), indicating
that the surface coating of SPIONs with AD had no signicant
effect on their superparamagnetic properties. Therefore, the
resulting ADFS can be easily regulated by applying an external
magnetic eld.

Dynamic light scattering and zeta potential

The size distribution of SPIONs and ADFS was measured using
the dynamic light scattering (DLS) technique in a water
suspension at room temperature aer ultra-sonication for 15
min in a bath sonicator to avoid particle agglomeration. The
obtained results showed that the average particle size of SPIONs
and ADFS is about 46.14 and 65.90 nm, respectively. The
increase in size indicates the thiamine-TBDA coupling reaction
has successfully occurred and the AD was formed around the
individual SPIONs.50

The surface charge of nanoparticles in a suspension indi-
cates their colloidal stability. SPIONs usually have negative
surface charges due to the presence of hydroxyl and carboxylate
functional groups (mentioned in the FTIR results). Coating the
surface of SPIONs with AD is expected to decrease the number
of negative charges on the SPIONs surface; as a result, the
apparent ZP will be shied to a more positive value. The
apparent ZP changed from �23.4 mV for SPIONs to �0.56 mV
for ADFS, indicating surface coating of SPIONs with the AD.51

Electron microscopy. SEM imaging was used to visualize the
morphology and inner structure of SPIONs and ADFS. Fig. 5
shows the SEM micrographs of SPIONs and ADFS. The micro-
scopic images of SPIONs show small smooth nanoparticles
forming agglomerates. As shown in Fig. 5(A and B), the shape of
some SPIONs nanoparticles is cubic, indicating the presence of
magnetite crystals. However, the morphology of ADFS has
changed signicantly (Fig. 5C and D). It can be clearly observed
that the surface of the ADFS is no longer smooth, which indi-
cates that it has been successfully prepared. Through the
© 2022 The Author(s). Published by the Royal Society of Chemistry
thiamine-TBDA coupling reaction, AD was deposited on the
surface of SPIONs, which made the ADFS surface rougher
compared to bare/uncoated SPIONs.
Effect of solution pH

Both the adsorbent surface and the adsorbate structure in
solution can be affected by pH, which is one of the most
important environmental parameters. In solutions of different
pH, functional groups in the adsorbate and/or adsorbent can be
protonated or deprotonated to produce different charges on the
adsorbent surface and the adsorbate molecules. This causes
electrostatic attraction or repulsion between adsorbate and
adsorbent molecules. In addition, the presence of similar
electrical charges hinders the formation of hydrogen bonds due
to electrostatic repulsion. The absorption spectra of BCG dye in
buffer solutions of different pH and their isosbestic point are
shown in Fig. 6.52,53 The effect of pH on BCG removal by ADFS is
shown in Fig. 6. The highest removal efficiency was observed at
pH 2, and 76% of BCG was removed from the solution by ADFS
within 90 min. Then the removal efficiency of BCG decreased
dramatically to 39% at pH 4. At higher pH, the removal effi-
ciency continued to decrease until reaching 18%. This variation
in the removal efficiency can be explained in terms of the pKa

value of BCG (pKa ¼ 4.7).38 In addition, the point of zero charge
(PZC) of ADFS (pH¼ 3) was calculated experimentally by adding
a constant amount of ADFS solid material to solutions of
different pH values (without using a buffer solution) and
measuring the nal pH of the solution aer a certain time of
stirring. A plot of DpH versus the nal solution pH can help in
determining the PZC.54,55 Moreover, the solution pH was varied
without using a buffer solution, and the nal solution pH was
measured aer adsorption (Fig. 6A). The obtained results
coincide with those found by Han et al.54 The measured nal
solution pH asserts the inuence of the electrostatic interac-
tions between the adsorbent and the adsorbate molecules. In
a strongly acidic medium (pH < PZC), the ADFS surface bears
RSC Adv., 2022, 12, 25487–25499 | 25493
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Fig. 6 (A) Effect of pH on the removal percent of BCG from aqueous solution and on the final solution pH, (B) UV-vis spectra of BCG in aqueous
solutions of pH 2–9, and (C) the chemical equilibrium between the quinoid and the lactoid forms of BCG in aqueous acidic and alkaline solutions,
respectively. The experiments were carried out in triplicates and the obtained standard error values range from 0.45 to 1.26.
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a large number of positive charges owing to the presence of
protonated amino groups, while BCGmolecules are neutral due
to the presence of the fully protonated hydroxyl groups.
Therefore, the attraction between the electronic cloud (oxygen
lone pairs and the p-electrons of the aromatic rings) of BCG and
the positive charges on the ADFS surface facilitates the forma-
tion of hydrogen bonds between them as described in the FTIR
results; thus increasing the removal efficiency. When the nal
pH is in the range of 3.0 to 4.7, the surface of ADFS is negatively
charged and BCG is a neutral molecule, which is not conductive
to the formation of hydrogen bonds between them, leading to
a decrease in the adsorption efficiency. However, in alkaline
solutions (pH > 4.7), the anionic form of BCG molecules is
present, while the ADFS surface loses a number of its surface
positive charges due to the deprotonation of its terminal as well
as internal amino groups. As a result, a repulsive interaction
takes place between the anionic BCG molecules and the
nitrogen loan pairs of ADFS, thus decreasing the possibility of
hydrogen bond formation between them. This leads to a further
signicant decrease in the removal efficiency. On the other
hand, the decrease in nal pH aer the adsorption of BCG with
a high initial pH (pH > 9) is mainly associated with the strong
deprotonation on the adsorbent surface (consuming the
hydroxyl groups). Therefore, pH 2 was selected as the optimum
25494 | RSC Adv., 2022, 12, 25487–25499
condition for all the subsequent adsorption experiments. These
results coincide with the ndings reported by Shokrollahi et al.5
Contact time and adsorption kinetics

The effect of the incubation period on the removal efficiency of
BCG by ADFS is depicted in Fig. 7A. At an initial concentration
of 50 mg L�1 of BCG, the removal efficiency rapidly increased by
increasing the contact time to 100 min. The adsorption of BCG
remained constant aer 100min, implying that equilibrium has
been reached. At the beginning, rapid adsorption is observed
due to the availability of many free active sites. Aer a certain
time, the adsorption process was hindered as the active sites
were gradually occupied. Therefore, an incubation period of 100
min was selected as the optimum contact time for BCG
adsorption.56

The PFO kinetic model describes the relationship between
the adsorption rate and the number of occupied and unoccu-
pied adsorbent sites. Plotting the values of log(qe � qt) against t
gives a linear relationship from which k1 and qe can be calcu-
lated from the slope and the intercept, respectively (Fig. 7B).
The calculated qe (0.22 mg g�1) is signicantly different from
the experimental qe (36.91 mg g�1) indicating that the adsorp-
tion of BCG onto ADFS does not follow rst-order kinetics.57
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Influence of time on the removal percent of BCG from aqueous solution, (B) PFO, (C) PSO, and (D) IPD kinetic models for BCG
adsorption onto the synthesized ADFS. The experiments were carried out in triplicates and the obtained standard error values range from 0.45 to
1.26.
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The PSO kinetic model assumes that the rate of adsorption
of a solute is dependent on adsorption capacity, not the
adsorbate concentration, and that the rate-limiting step is
a chemisorption process. Plotting t/qe versus t gives a linear
relationship from which the parameters k2 and qe can be
calculated from the slope and the intercept, respectively
(Fig. 7C). The calculated qe value from the PSO kinetic model
was found to be 37.73 mg g�1 which is very close to the exper-
imental qe value (36.91 mg g�1). The regression coefficient r2 of
the linear plot is 0.9990, which indicates that BCG adsorption
on ADFS conforms to second-order kinetics.58,59

The IPD kinetic model is shown in Fig. 7D, where the data
shows that the adsorption follows a two-stage scenario. Stage 1
is a lm-diffusion/rapid-adsorption step that occurs when BCG
diffuses through the liquid lm that surrounds the ADFS
surface, whereas the equilibrium is represented by the plateau
at stage 2. The calculated rate constant (kid) is 0.79 mg g�1

min�1/2 and 0.02 mg g�1 min�1/2 for stage 1 and stage 2,
respectively, indicating that the rate of adsorption is faster in
the case of the former. Larger intercept values imply a stronger
impact of the boundary layer.

The intercept values are 27.67 and 36.52 mg g�1 for stage 1
and stage 2, respectively, and the regression coefficient for the
linear plots was found to be 0.9082.
© 2022 The Author(s). Published by the Royal Society of Chemistry
BCG initial concentration and adsorption isotherms

Fig. 8A–C represents the calibration curve of BCG at 444 nm as
well as the effect of BCG concentration on the adsorption
capacity on the surface of ADFS. When BCG concentration was
increased from 10 mg L�1 to 100 mg L�1, the removal of BCG
was reduced from 92.94 to 59.57%, although the adsorption
capacity of ADFS increased from 9.29 to 59.57 mg g�1. The UV-
vis absorption spectra of different concentrations of BCG in
aqueous solutions are shown in Fig. 8B.

It has been previously reported that the adsorbent surface
contains a xed number of free active sites per unit mass of the
adsorbent. The number of active sites remains high at low
initial BCG concentration. At a xed dose of ADFS and a high
concentration of BCG, the available active sites of ADFS become
fewer; therefore, some of the BCG molecules cannot be adsor-
bed and remain in the solution. As the initial concentration is
raised, the residual BCG concentration in the solution
increases, and consequently, the adsorption effectiveness
decreases.60 In the present work, Langmuir, Freundlich, and
Temkin isotherms were used to describe the adsorption of BCG
on the surface of the ADFS in aqueous media. The Freundlich
model (Fig. 8D) ts the experimental adsorption data better
than the Langmuir model. It can be applied for multilayer
adsorption to heterogeneous surfaces.34 Freundlich plot yielded
RSC Adv., 2022, 12, 25487–25499 | 25495
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Fig. 8 (A) Standard plot of BCG in aqueous medium, (B) UV-vis spectra of an increasing series of BCG aqueous samples, (C) effect of BCG
concentration on the removal percent and equilibrium capacity, (D) Freundlich adsorption isotherm, (E) Langmuir adsorption isotherm, (F)
Temkin adsorption isotherm, (G) Scatchard plot, and (H) Hill plot of BCG adsorption onto the synthesized ADFS. The experiments were carried
out in triplicates and the obtained standard error values range from 0.45 to 1.26.
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a linear correlation coefficient value of 0.9840. The calculated n
value indicates whether the adsorption is linear (n ¼ 1),
favourable physisorption (2 < n < 10) or difficult/unfavourable
chemisorption (n < 1). The calculated n and KF values are 2.20
and 229.40, respectively, showing that the adsorption process is
physisorption and BCG is preferentially adsorbed onto the
ADFS surface.61,62

The Langmuir isotherm is shown in Fig. 8E and the resulting
values of qmax, r

2 and b were 70.92 mg g�1, 0.9121 and 0.09,
respectively. The separation factor (RL), dened by eqn (14), can
be calculated from Langmuir's model. This value indicates
whether the isotherm is irreversible (RL¼ 0), favourable (0 < RL <
1), linear (RL ¼ 1), or unfavourable (RL > 1). The obtained values
of RL were found to be in the range of 0.10–0.53. The values are
less than unity, indicating that the adsorption process is
favourable.63

RL ¼ 1

1þ bCo

(14)
25496 | RSC Adv., 2022, 12, 25487–25499
where b is Langmuir constant (mg g�1) and Co is initial
concentration of adsorbate (mg L�1).

The heat of adsorption was also calculated using the Temkin
isotherm (Fig. 8F). In Temkin isotherm, it is assumed that the
heat of adsorption of all molecules in the layer decreases as the
surface coverage increases. The constants bT and AT can be
calculated from the slope and intercept, respectively, by
graphing ln Ce versus qe. When the bT value is less than 8 � 104,
the adsorption is considered a physisorption process. However,
heat of adsorption (B ¼ RT/bT) provides information on the
strength of interaction between the adsorbent and the adsor-
bate. When the value of B is less than 8 kJ mol�1, it implies that
the adsorbate molecules have a weak interaction with the
adsorbent surface. The obtained bT value is about 200.26
whereas the B value is 12.37 J mol�1 and the correlation coef-
cient of the Temkin plot is 0.8809, indicating that the
adsorption process is physisorption.62–64 Based on the regres-
sion correlation coefficient values of the three isotherms, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) The influence of ADFS dose, and (B) thermodynamics and
the effect of aqueous solution temperature on the adsorption of BCG
onto the synthesized ADFS adsorbent. The experiments were carried
out in triplicates and the obtained standard error values range from
0.45 to 1.26.

Table 2 Thermodynamic parameters of BCG adsorption on ADFS

DH DS DG

(kJ mol�1) (kJ mol�1 K�1) (kJ mol�1)

�44.70 �0.13 313 K 323 K 333 K
�5.34 �3.68 �2.83
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Freundlich isotherm model is the best model that describes the
adsorption of BCG onto the ADFS surface. According to the
Freundlich model, the adsorption is a physisorption process.
Therefore, the interactions between BCG and ADFS are gov-
erned by weak intermolecular forces rather than covalent
bonding. Despite the fact that the Freundlich model was
selected as the best, the other isotherms reached the same
conclusion.

In the current study, Scatchard analysis and Hill plots were
used to understand the interaction of the adsorbent with the
adsorbate and to determine the number of binding sites on the
adsorbent surface. Scatchard plots with a negative slope give
positive values of the association constant (K). The calculated K
from Scatchard analysis is 0.23 g L�1 (Fig. 8G). The presence of
nonspecic binding or multiple classes of binding sites for BCG
adsorption could explain a concave upward Scatchard plot like
the one reported in this study.65
© 2022 The Author(s). Published by the Royal Society of Chemistry
The Hill plot is shown in Fig. 8H, and the resulting value of
the cooperativity index (h) was found to be 1.50 (larger than
unity), indicating that the ADFS has multiple binding sites with
positive cooperativity. This nding is consistent with the results
obtained from the Scatchard analysis in the previous section.15

ADFS dose

The effect of the adsorbent dose on the removal efficiency of
BCG is depicted in Fig. 9A. The removal efficiency increased
from 48.89 to 97.68% upon increasing the ADFS dose from 5 to
300 mg, owing to the availability of new active sites for BCG
adsorption.66

Adsorption thermodynamics and the effect of temperature

Temperature is a signicant factor that can affect BCG
adsorption behaviour on the ADFS surface (Fig. 9B). The
maximum removal efficiency was achieved at room tempera-
ture, making the synthesized ADFS a promising material for
removing BCG from contaminated water. The adsorption ther-
modynamic parameters (DG, DH, and DS) were calculated, and
then the spontaneity and heat change of the adsorption process
could be investigated (Table 2). The adsorption of BCG onto
ADFS was found to be a spontaneous process due to the ob-
tained negative values of DG at the studied temperatures. The
calculated DG values could imply that the type of adsorption is
either physisorption (�20 < DG < 0 kJ mol�1) or chemisorption
(�400 < DG < �80 kJ mol�1). In the studied temperature range,
DG for BCG adsorption was in the range from �2.83 to �5.34 kJ
mol�1, indicating that the adsorption occurs via a physisorption
process. The negative values of DG imply that BCG adsorption
on ADFS is a spontaneous process and that the adsorbate
prefers to remain in the stationary/adsorbed phase rather than
in the solution phase.67,68 These results coincide with those of
the adsorption isotherms.

The four fundamental noncovalent interactions are electro-
static, hydrophobic, van der Waals, and hydrogen bonding. The
values of DH and DS can be used to predict the type of inter-
action between the adsorbent and the adsorbate. Hydrophobic
interactions can be dominated by either enthalpy-driven
processes such as hydrogen bonding and van der Waals inter-
actions (DS < 0, DH < 0 and jDHj > jTDSj) or entropy-driven
processes (DS > 0, DH > 0 and jDHj < jTDSj). Electrostatic
interactions are characterized by a positive value of DS and
aminor value of DH (DS > 0 and DH� 0). The adsorption of BCG
on ADFS was found to be enthalpy-driven by hydrogen bonding
and van der Waals interactions (Table 2).68

Conclusions

In this work, we designed a novel, highly efficient adsorbent
superparamagnetic nanomaterial for the removal of a model
anionic dye, BCG, from water. The materials used to manufac-
ture the proposed adsorbent are environmentally friendly, as
they are composed of the product of a diazo–coupling reaction
between vitamin B1 (thiamine) and another pharmaceutical
molecule (TBDA), along with biocompatible superparamagnetic
RSC Adv., 2022, 12, 25487–25499 | 25497
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iron oxide nanoparticles. The synthesis methodology is
straightforward and easily scalable. In addition, reproducible
results were obtained upon repeating the same synthesis
protocol. The applied superparamagnetic adsorbent nano-
material showed excellent BCG removal efficiency at room
temperature. Physicochemical characterization of the proposed
adsorbent revealed a very large surface area due to its small
particle size. In addition, it has the advantage of being easily
removed from water aer treatment by applying a strong
external magnetic eld. Therefore, the proposed adsorbent
nanomaterial could be applied to remove anionic contaminants
from water. Additional research is still needed to investigate the
possibility of using other amines and coupling agents to
prepare similar high-molecular-weight azo dye-based adsor-
bents to remove neutral, anionic, or cationic water pollutants.

Author contributions

Hadeel Saad: methodology, investigation, formal analysis,
visualization, data curation, resources, writing-original dra. F.
A. Nour El-Dien: supervision, project administration, resources,
writing-review and editing. Nadia E. A. El-Gamel: supervision,
writing-review and editing. Ahmed S. Abo Dena: conceptuali-
zation, methodology, investigation, resources, formal analysis,
data curation, visualization, writing-review and editing.

Conflicts of interest

There are no conicts to declare.

Notes and references

1 E. F. D. Januário, T. B. Vidovix, N. de C. L. Beluci,
R. M. Paixão, L. H. B. R. da Silva, N. C. Homem,
R. Bergamasco and A. M. S. Vieira, Sci. Total Environ., 2021,
789, 147957.
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