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Novel Fe;O4—poly(methacryloxyethyltrimethyl
ammonium chloride) adsorbent for the ultrafast

and efficient removal of anionic dyesf
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The removal of anionic dyes from wastewater has attracted global concern. In this work, a novel FesO4—
poly(methacryloxyethyltrimethyl ammonium chloride) (FesO4—pDMC) adsorbent for the efficient removal
of anionic dyes from wastewater was successfully synthesized by grafting methacryloxyethyltrimethyl
ammonium chloride (DMC) on the surfaces of FezO4. Various characterization analyses confirmed that

the obtained FezO4—pDMC possessed numerous functional groups on its surfaces and retained good

magnetic separation properties. FesO4—pDMC showed ultrafast removal for acid orange 7 (AO7, 58.6%, 1
min) and direct blue 15 (DB15, 98.1%, 1 min), and the maximum adsorption capacity was high (266.8 and
336.5 mg g~ for AO7 and DB15, respectively). In addition, the adsorption process was in accordance
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with pseudo-second-order kinetics and the Langmuir isotherm. The mechanism underlying the

adsorption of FezsO4—pDMC on anionic dyes was mainly dependent on electrostatic interaction. This
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1. Introduction

Anionic dyes have been widely used in many industries, such as
the textile, plastics, foodstuff, and tannery industries, which
generate massive amounts of dye-contaminated wastewater.'
The dye-containing wastewater leads to reductions in dissolved
oxygen content and light transmittance.>* These effects
increase the toxicity of water. In addition, most dyes and their
degradation products can cause poisoning, allergies, skin irri-
tation, and cancer in humans.*>® Therefore, the efficient removal
of dyes from wastewater is extremely important to environ-
mental protection.

Over the past several years, multifarious techniques, such as
chemical coagulation, ion exchange, photocatalysis degrada-
tion, Fenton-like degradation, biochemical degradation,
membrane separation, and adsorption, have been exploited for
the removal of dyes from dye-contaminated wastewater.””®
Among these techniques, adsorption is considered as the most
suitable method to remove anionic dyes from wastewater due to
its high removal efficiency, easy recovery, low cost and simple
operation.”**** An efficient and ingenious adsorbent is a vital
factor for the efficient removal of anionic dyes.
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study illustrated that FesO4—pDMC has great potential applications as an environmentally friendly,
desirable adsorbent for the efficient removal of anionic dyes from wastewater.

Anionic dyes contain anionic hydrophilic groups, such as
sulfonic (-SO;H), hydroxyl (-OH), and carboxyl (-COOH)
groups."** Therefore, an adsorbent containing a large number
of cationic groups is beneficial for the removal of anionic dyes.
For example, Chowdhury et al. synthesized a positively charged
Ni-Co-S/CTAB adsorbent that exhibited effective adsorption for
Congo red, methyl orange, and dichromate (Cr,0,”").** Huang
et al. adopted in situ synthesis to prepare PEI-Pt modified
bacterial cellulose as a bio-adsorbent for the efficient adsorp-
tion of anionic dyes.'* Methacrylatoethyltrimethyl ammonium
chloride (DMC) is a type of cationic monomer containing
quaternary ammonium groups. The polymer of DMC possesses
extremely strong polarity and affinity for anionic substances
and is widely used as a cationic flocculant for wastewater
treatment, papermaking, coal flotation, printing, and
dyeing.'**° Thus, DMC has potential uses in preparing efficient
adsorbents for the removal of anionic dyes through
polymerization.

During preparation, most polymer adsorbents form a three-
dimensional net structure to guarantee their indissolubility.
However, this structure causes polymer adsorbents to adsorb
water during adsorption and complicates separation after
adsorption and is thus not beneficial for practical applica-
tion.>*** Therefore, a nonswelling and easily separable adsor-
bent is urgently needed and vital. Zhang et al. prepared
a cationic-modified silica gel (CM-SG) adsorbent by immobi-
lizing the cationic polymer polyepichlorohydrin-dimethyl-
amine on the surfaces of silica gel particles.>® CM-SG was
insoluble without forming a three-dimensional network
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structure and showed excellent adsorption capacity for anionic
dyes. An et al. also reported a self-floating adsorbent (SFA) that
was successfully prepared by grafting single-layer amino groups
on the surfaces of hollow glass microspheres.”® During the
adsorption process of anionic dyes, the obtained SFA exhibited
the high adsorption capacity and satisfactory separation
performance. Therefore, grafting water-soluble materials on
water-insoluble solid materials is a feasible method for
preparing an efficient adsorbent for pollutant removal. This
approach not only utilizes sufficient functional groups but also
overcomes the water solubility defect of water-soluble materials.

Fe;0, magnetic nanoparticles (MNPs) have attracted
considerable attention due to their high surface areas, super-
paramagnetic properties, nontoxicity, and biocompatibility.
They have been widely used in tissue repair, magnetic reso-
nance imaging, hyperthermia, drug delivery, molecular diag-
nostics, and catalysis.”*>® When dispersed in aqueous water,
Fe;0, can expose numerous hydroxyl groups, which provide
reaction sites for modification into adsorbents. Maleki et al.
utilized Fe;O, and geopolymers to a prepare geopolymer/Fe;0,
nanocomposite that acted as an efficient and magnetic adsor-
bent for the removal of various heavy metals from aqueous
solutions.* This nanocomposite showed high removal effi-
ciency for copper, lead, nickel, cadmium, and mercury ions. Liu
et al. utilized N,N-dimethyldodecylamine to modify Fe;O, for
the preparation of Fe;0,@MDHM.* The adsorbent displayed
satisfactory removal of flavonoid and superior magnetic
extraction performance after adsorption. Zirak et al. synthesized
CMC-coated Fe;0,@SiO, MNPs by coating carboxymethyl
cellulose on the surfaces of aminopropyl-triethoxysilane-
modified Fe;O0,, and the adsorbent exhibited the efficient
removal of methylene blue from aqueous solutions.* Therefore,
an adsorbent that consists of MNPs and functional polymers
will exhibit high adsorption capacity for the target pollutant,
favorable and easy separation, and recyclability.

Inspired by the above works, we prepared DMC polymer-
functionalized Fe;O, with a core-shell structure (Fe;O4—
pDMC) for use as a nonswelling and easily separable adsorbent
for the removal of anionic dyes from wastewater. Scheme 1
shows the preparation of the Fe;0,-pDMC adsorbent. Fe;O,
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MNPs were modified with vinyltrimethoxysilane (VIMS) to
endow numerous vinyl groups on the surfaces of Fe;O,4. These
groups provided the reaction sites for copolymerization with
DMC to prepare Fe;O,~pDMC. Fe;O0,-pDMC was expected to
exhibit high adsorbability for anionic dyes due to the presence
of a large amount of the quaternary ammonium groups of
pDMC. The obtained Fe;O,~pDMC was characterized via
various characterization techniques to investigate its structure,
physicochemical properties, and magnetic features. Then, an
acid dye (acid orange 7 [AO7]) and a direct dye (direct blue 15
[DB15]) were chosen as the model anionic dyes to study the
adsorbability of the material. Adsorption kinetics and
isotherms were also studied to further investigate the adsorp-
tion capacity and mechanism of Fe;0,-pDMC in the removal of
organic acidic dyes. The regeneration capability of Fe;0,~pDMC
was discussed to demonstrate its application prospects.

2. Materials and methods

2.1. Chemicals and materials

Fe;0, MNPs (99.0%), VTMS (purum >98.0%), N,N'-methylene
diacrylamide, polyvinylsulfuric acid potassium salt (PVSK), poly
dimethyl diallyl ammonium chloride (PDDA), toluidine blue
(TB) and DMC (75.0% w/w) were obtained from Aladdin Co.,
Ltd. (Shanghai, China). Anhydrous ethanol (purum >99.7%),
ethylenediaminetetraacetic acid tetrasodium salt and isopropyl
alcohol (purum >99.7%) were purchased from Jinshan Chem-
ical Reagent Co., Ltd. (Chengdu, China). Potassium persulfate
(KPS), sodium hydrogen sulfite (NaHSO3), AO7, and DB15 were
obtained from Kelong Chemical Reagent Co., Ltd. (Chengdu,
China). All chemicals were of analytical reagent grade.

2.2. Synthesis of Fe;0,-pDMC

The preparation protocol for the Fe;O,-pDMC adsorbent
included two main steps. First, Fe;0,~VIMS was prepared by
dispersing 1 g of Fe;0, MNPs with 5 mL of VITMS in 50 mL of
isopropyl alcohol. The suspension was refluxed for 6 h under
mechanical stirring at 300 rpm and 70 °C. Subsequently, the
solid product was separated by magnetic decantation and
rinsed several times with portions of an ethanol/H,O mixture

40 °C DMC

Fe,O,pDMC

Preparation process of the FezO,—pDMC adsorbent via the surface functionalization of FezO,4 with the abundant amine groups of
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(1:1, v/v) then dried at 60 °C. Second, Fe;0,~-pDMC was
prepared via free radical polymerization between Fe;0,~VTMS
and DMC. A total of 0.50 g of Fe;0,-VITMS was suspended in
20 mL of ultrapure water, and 2.50 g of DMC, 0.06 g of KPS, and
0.02 g of NaHSO; predissolved in 10 mL of ultrapure water were
added dropwise successively into the mixture within 10 min.
Then, the reaction was maintained at 40 °C for 8 h. Finally, the
synthesized Fe;0,—~pDMC was obtained via magnetic separa-
tion, rinsed several times with portions of the ethanol/H,O
mixture (1 : 1, v/v), and dried at 40 °C.

As control, the poly methacryloxyethyltrimethyl ammonium
chloride material (pDMC) was prepared based on radical poly-
merization, and the detail was described in Text S1.}

2.3. Characterization

The morphological analysis of Fe;0,, Fe;0,-VIMS, and Fe;0,-
pDMC was carried out via transmission electron microscopy by
using FEI Talos F200X (FEI Company, USA). XRD patterns were
identified with a Bruker D8 ADVANCE diffractometer (Bruker,
Germany) with graphite monochromatized Cu-Ka radiation (1 =
1.54056 f&), a step size of 0.02° 26, and a counting rate of 0.12°
per step from 10° to 80°. FTIR spectra were recorded on
a Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific,
USA) with KBr disks in the wave number range of 500-
4000 cm ™. X-ray photoelectron spectroscopy (XPS) spectra were
obtained by using the XPS spectrometer Escalab 250Xi (Thermo
Fisher Scientific, USA) with Al-Ka X-ray as the excitation source.
The organic loading in Fe;O,~pDMC was measured via ther-
mogravimetric analysis (TGA) performed with a TGA8000
analyzer (PerkinElmer, USA) at a heating rate of 10 °C min "
from 50 °C to 600 °C under nitrogen atmosphere. The concen-
tration of cationic groups on the surface of the sample was
determined by colloidal titration. N, adsorption-desorption
isotherms were obtained at 77 K with an Autosorb-1 nitrogen
adsorption apparatus (Quantachrome, USA). Specific surface
areas were calculated in accordance with the Brunauer-
Emmett-Teller (BET) equation from the linear part of the BET
plot. Magnetic hysteresis loops were determined by utilizing
a vibrating sample magnetometer (VSM) PPMS-9 (Quantum
Design Inc, USA) at room temperature. Zeta potentials were
measured on a NanoBrook Omni analyzer (Brookhaven, USA)
after the materials were diluted in water after 5 min of
sonication.

2.4. Adsorption experiments

The adsorption properties of Fe;O,—~pDMC were investigated
through batch adsorption experiments, and AO7 and DB15 were
chosen as the target contaminants. All the adsorption experi-
ments were conducted initially in 100 mL conical flasks at
150 rpm. A total of 10 mg of Fe;0,~pDMC adsorbent was added
to 50 mL of dye solution with a preset pH value. To study the
effect of solution pH on anionic dyes removal, the reaction was
performed varying pH from 3.0 to 10.0 with an initial dye
concentration of 50 mg L™" for 30 min. To examine the high
adsorption capacity of the Fe;0,~pDMC, pure Fe;O, and pDMC
were used to conduct the control experiment. Adsorption
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isotherm studies were performed by varying dye concentrations
from 50 mg L™" to 400 mg L™ " at pH 3.0 for 30 min. Adsorption
kinetics were studied by changing the reaction time from
0.5 min to 120 min at pH 3.0 with the dye concentration of
50 mg L '. After adsorption, magnetic separation with
a permanent magnet was performed to separate the adsorbents
from the solution. The initial and residual concentrations of
dyes in the solution were determined by using a UV-visible
spectrophotometer at Ay.x = 484 nm (for AO7) and Apax =
600 nm (for DB15). The adsorption capacity of the adsorbents
(g¢) and removal efficiency (E) can be calculated by using eqn (1)
and (2), respectively.

o G=CV A

m
(G- C)

E=
Co

x 100% (2)
where ¢, (mg g~ ') is the amount of anionic dye adsorbed per
gram of Fe;0,~pDMC at time ¢ (min), C, (mg L") is the initial
dye concentration, C, (mg L") is the dye concentration at time ¢
(min), V (L) is the volume, and m (g) is the mass of the
adsorbent.

2.5. Desorption and reusability studies

10 mg of Fe;0,~pDMC was added into 50 mL of AO7 or BD15
solution with the initial concentration of 50 mg L ™" at pH 3.0
and stirred at 25 °C and 150 rpm for 30 min to inspect the
desorption properties of Fe;0,~pDMC. Subsequently, the satu-
rated Fe;O,—pDMC was magnetically separated from the solu-
tion, washed with distilled water, and dried at 40 °C. For the
desorption experiment, the saturated Fe;O,~pDMC was
immersed in 10 mL of ethanol solution under ultrasound for
30 min. Then, the regenerated Fe;0,~pDMC was washed with
distilled water and dried in an oven before the readsorption
tests. The removal efficiency in each cycle was recorded.

3. Results and discussion

3.1. Characterization of the Fe;0,-pDMC adsorbent

The morphologies of Fe;0,4, Fe;0,-VIMS, and Fe;O,-pDMC
were detected by TEM and shown in Fig. 1. In contrast to Fe;Oy,
Fe;0,~pDMC retained a uniform and consistent spherical
shape, illustrating that the preparation process of Fe;O0,~pDMC
was mild and manageable. The average diameters of Fe;O4-
pDMC calculated by nano measure was 11.53 nm (Fig. S17).
Moreover, the small particle size of Fe;0,-pDMC (particle size
<20 nm) indicated that Fe;0,~pDMC was a superparamagnetic
material.**>*

VSM analysis was conducted to further identify the magnetic
properties of Fe;O,~pDMC, and the results are shown in
Fig. S21 and Table 1. The saturation magnetization values of
Fe;04, Fe;0,-VIMS, and Fe;O,~pDMC obtained at room
temperature were 53.32, 50.50, and 40.73 emu g, respectively.
Although the saturation magnetization of Fe;O,~pDMC
decreased slightly compared with that of Fe;0,, it still remained
relatively high. This characteristic could significantly benefit

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images of (a) Fe3O4, (b) Fes04—VTMS, and (c) FesO04—pDMC (the scale bars for a, b, and c represent 20 nm).

separation after adsorption. Additionally, the remanent
magnetization, field coercivity, and remanence magnetization
ratio of Fe;0,~pDMC were negligibly 1.94 emu g%, 74.15 Oe,
and 0.0476, respectively, indicating that Fe;0,~pDMC exhibited
superparamagnetism. In addition, no hysteresis loop was
observed in the magnetization curves of Fe;O,~pDMC. These
results illustrated that the Fe;0,—-pDMC adsorbent could not
only possess good magnetic separation characteristic but also
avoid self-aggregation.

The XRD patterns of pure Fe;0,, Fe;0,-VIMS, and Fe;O,~pDMC
are shown in Fig. 2a. A series of diffraction peaks at approximately the
26 of 30.1°, 35.5°,43.2°, 54.2°, 57.0°, and 62.7° were found in the XRD
patterns of Fe;O, and were assigned to the (200), (311), (400), (422),
(511), and (440) planes of cubic MNPs with the Fd3m space group,
respectively.®® The characteristic peaks in Fe;O,~VIMS and Fe;O,—
pDMC were retained, indicating that the preparation condition of
Fe;0,~pDMC was mild and the crystal phases of Fe;O, remained
stable after the immobilization of pDMC.

The surface properties of Fe;0,4, Fe;0,-VIMS, and Fe;0,—
pDMC were further investigated through the N, adsorption-
desorption technique and presented in Fig. S3.1 The calculated
specific surface areas of Fe;0,, Fe;0,~VIMS, and Fe;0,-pDMC
were 104.5, 86.7, and 35.7 m> g~ ", respectively. Additionally, the
qualitative analysis of chemical elements was conducted on the
basis of XPS scanned spectra (Fig. 2b). The new peak of Si in
Fe;0,-VIMS and Fe;0,-pDMC samples suggested that a reaction
occurred between Fe;0, and VIMS, and the new peaks of N 1s and
Cl 2p in Fe;0,~pDMC illustrated the successful grafting of DMC.

The FT-IR spectra were used for the investigation of the
surface functional groups of Fe;0,, Fe;0,~VIMS, and Fe;0,~pDMC
and are presented in Fig. 2c. In the FT-IR spectrum of Fe;O, the
peaks at 3432 and 1630 cm ' were attributed to the stretching
vibrations of -OH bonds and the OH stretching vibrations of H,O
that had adsorbed on Fe;0,.* A typical absorption peak at 570 cm ™

Table 1 Magnetic properties of FezO4, Fes04-VTMS, and FezsO4—pDMC

was ascribed to the stretching vibrations of the Fe-O bond.*” In the
spectrum of Fe;O0,~VIMS, four new adsorption peaks at 1403,
1018, 957, and 887 cm™ " corresponded to C-H bending vibration,
Si-O-Si asymmetric stretching vibration, external Si-OH vibration,
and Si-O-Si symmetric stretching vibration, respectively.*® Mean-
while, the broadening of the absorption band at 1630 cm ™" was
attributed to the superposition of C=C stretching vibration in the
presence of VIMS. The additional absorption bands that appeared
at 1718 and 1127 cm ™' in the spectrum of Fe;0,~pDMC but not in
that of Fe;0,~VIMS were related to the stretching vibration of the
C=O0 bond and the stretching vibration of the C-O of the ester
group.” In addition, the slight intensification of the absorption
band at approximately 957 cm™* could be associated with the
stretching vibration of C-N.* Consequently, the appearance of
these peaks indicated that the organic polymer DMC was
successfully immobilized on the surfaces of Fe;O, nanoparticles.
The TGA curves of Fe;0,4, Fe;0,-VIMS, and Fe;O,-pDMC are
shown in Fig. 2d. All samples exhibited two distinct stages from 50 °C
to 600 °C under nitrogen. The first slight weight losses in the three
samples occurred below 180 °C and were due to the release of
physically adhered water. The second stage of mass loss (approxi-
mately 5.56%) for Fe;0, was observed between 180 °C and 450 °C
and was attributed to the decomposition of iron hydroxide molecules
that had superficially attached to the nanoparticles. Mass remained
unchanged between 450 °C and 600 °C. This result demonstrated the
good thermal stability of Fe;O,. At the second stage, Fe;O,~VIMS
exhibited 7.14% weight loss from 180 °C to 600 °C. This phenom-
enon might correspond to the removal of the traces of iron hydroxide
molecules and the degradation of the VIMS layer. The weight loss of
Fe;0,~pDMC in the second stage from 180 °C to 600 °C increased
rapidly to 15.2%. This weight loss change could be ascribed to the
increase in the degradation of the polymeric backbones of the
nanocomposites due to the presence of abundant pDMC. Further-
more, as shown in Table S1,T the concentration of surface cationic

Coercivity Remanence ratio
Sample Saturation magnetization M (emu g~ ) Remanent magnetization M; (emu g~ ) H, (Oe) M, /M
Fe;0, 53.32 1.25 22.29 0.0234
Fe;0,-VIMS 50.50 1.16 18.61 0.0230
Fe;0,~pDMC 40.73 1.94 74.15 0.0476

© 2021 The Author(s). Published by the Royal Society of Chemistry
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groups of Fe;0,~pDMC was up to 298.5 pmol g’l, indicating there
are large quantity quaternary ammonium groups on the synthesized
Fe;0,~pDMC as well. Overall, the results confirmed that Fe;O,—
pDMC was successfully prepared through the successive immobili-
zation of VIMS and DMC on Fe;O, nanoparticles.

3.2. Effect of solution pH on adsorption

Generally, solution pH is an important parameter that affects
adsorption capacity by changing the surface properties of the
adsorbent and the ionization of anionic dyes. Therefore, the
effect of solution pH on the adsorption of AO7 and DB15 were
investigated in the pH range of 3.0 to 10.0, and the results are
presented in Fig. 3. The removal efficiency of AO7 and DB15 by
Fe;0, decreased sharply with the increase in initial pH mainly
because the isoelectric point (pH,;,) of Fe;0, was approximately
6.3. When the solution pH was less than pH,,, Fe;O, was
positively charged and underwent electrostatic interaction with
AO7 and DB15. By contrast, Fe;O0, was negatively charged when
the solution pH was higher than pH,, and showed electrostatic
repulsion with AO7 and DB15. The maximum removal efficiency
at the pH of 3.0 was 27% and 32%. The low removal rate was
ascribed to the few adsorption sites of Fe;O,. In addition, nearly
all the AO7 and DB15 were adsorbed by the pure pDMC in the
PH range of 3.0-10.0 (Fig. S47}), indicating that the high removal
rates of AO7 and DB15 by Fe;0,-pDMC were mainly depended
on the introduction of quaternary ammonium groups onto the

176 | RSC Adv, 2021, 11, 1172-1181

surface of Fe;0,. Besides, the introduction of Fe;O, in Fe;O,-
pDMC could endow the excellent magnetic separation after
adsorption (Fig. S5T). Notably, the removal efficiency of Fe;0,-
pDMC for DB15 was higher than that for AO7 likely because
DB15 was more negatively charged than AO7. These
phenomena suggested that electrostatic attraction could be the
dominant mechanism underlying the removal of anionic dye
molecules by Fe;0,~pDMC from wastewater.*’ The increment in
solution pH weakened the electrostatic interaction between
adsorbents and dyes, leading to competition between excess
hydroxide ions and anionic dye molecules in the occupation of
the adsorption sites of adsorbents.*** But the surface zeta
potential of the synthesized Fe;O,~pDMC adsorbents possess-
ing numerous quaternary ammonium groups enabled retaining

40
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Fig. 3 (a) Effect of solution pH on the adsorption of AO7 and DB15 by

FezO4 and FezO4—pDMC, respectively. (b) Zeta potentials/pH profiles
of FesO4 and FezO4—pDMC.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the high positive charge level at the studied pH range. There-
fore, the dominant AO7 and DB15 uptake sites on Fe;0,~pDMC
were the protonated quaternary ammonium groups, and Fe;O,—
pDMC had a desirable adsorption performance over a wide pH
range for the adsorption of AO7 and DB15.

3.3. Adsorption isotherms

Adsorption isotherms play an important role in understanding the
qualitative information on the adsorption capacity of adsorbents
and the distribution of adsorbates between liquid and solid phases
when adsorption reaches equilibrium.*** The effects of dye
concentration on adsorption capacity were studied and are illus-
trated in Fig. 4a. The adsorption capacity of AO7 and DB15
increased significantly and plateaued with the increase in initial
dye concentrations. In addition, as the temperature increased, the
equilibrium adsorption capacity of AO7 and DB15 increased
(Fig. S6t), indicating that the adsorption process of anionic dyes
onto Fe;0,-pDMC was an endothermic process, and increasing the
temperature was conducive to the adsorption process. Fe;O4—
pDMC clearly showed high adsorption capacity for AO7 and DB15
in aqueous solutions because of its abundant quaternary ammo-
nium groups. As shown in Table 2, the maximum adsorption
capacities of Fe;O,~pDMC for AO7 and DB15 were 266.78 and
336.53 mg g, respectively, and were much higher than those of
other reported adsorbents (Table S2+).

Langmuir, Freundlich, and Dubinin-Radushkevich (D-R)
isotherm models were applied in the analysis of experimental
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equilibrium adsorption data to describe the adsorption char-
acteristics of anionic dyes onto Fe;0,-pDMC.***® These models
were expressed as eqn (3)-(5) as follows:

Langmuir:
C. C. 1
S ©)
qe qm dm X KL
Freundlich:
1
Ing. =1In KF+£1n C., (4)
D—R:
In ge = In g — Kp x &, (5)

where g. and ¢, are the equilibrium and maximum uptake
capacities (mg g~ ") of anionic dyes, respectively; C. (mg L") is
the concentration of anionic dye in the equilibrium solution;
and K;, (L mg %) is the Langmuir constant related to adsorption
energy. Kr and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively. Kp
(mol® kJ?) is the D-R isotherm constant related to the free
energy of adsorption, and ¢ is the Polanyi potential (¢ = RT In[1
+1/C.]). R (] mol ' K ") is the gas constant, and T (K) is the
thermodynamic temperature.

The fitted plots and isothermal parameters of each model are
shown in Fig. 4b-d and Table 2. The correlation coefficients (R%)
for the Langmuir model of AO7 (Ryo,> = 0.9992) and DB15
(Rpp1s> = 0.9998) were higher than those of the Freundlich
model and the D-R model. In addition, the g,, values for the
adsorption of AO7 and DB15 on the magnetic nanocomposite
calculated by the Langmuir model were 270.27 and 338.98 mg
g™, respectively, which were consistent with those obtained
through experiments. These results indicated that the adsorp-
tion of anionic dye on Fe;O0,~pDMC could be better described
by the Langmuir model than by the other models. In addition,
the affinity between anionic dyes and Fe;O,~pDMC could be
predicted by using a dimensionless constant separation factor
(Ry) calculated by the Langmuir model as defined in eqn (6):

1

Rl——
LTI KG

(6)

The values of Ry, indicated that the essential characteristic of
the Langmuir isotherm type was either unfavorable (R, > 1),
linear (R, = 1), favorable (0 < Ry, < 1), or irreversible (Ry, = 0).**®

Table 2 Isothermal parameters for anionic dye adsorption on FesO4—pDMC

Langmuir model Freundlich model D-R model
Anionic dye kKind geexp (Mg ") gm(mgg™ ) k (Lmg) R n Ky R? gp (mgg™) Kpx 107° (mol>kJ™%) R?
Acid orange 7 266.78 270.27 0.1211 0.9992 11.3921 160.2684 0.9804 245.00 1.0004 0.6299
Direct blue 15 336.53 338.98 0.3846 0.9998 45.5038 287.3497 0.7181 335.86 1.6761 0.8017

© 2021 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. S7,T the Ry, values of the adsorption of AO7
and DB15 on Fe;0,-pDMC were smaller than 0.15, showing that
the adsorption of anionic dyes on Fe;O0,~pDMC was a favorable
process. Furthermore, the R values decreased as the initial
concentrations of AO7 and DB15 were increased. This behavior
indicated that high anionic dye concentration was beneficial to
adsorption.

3.4. Adsorption kinetics

The effect of contact time on the removal rates of Fe;O,~pDMC
for AO7 and DB15 in single and binary solutions were studied
and are illustrated in Fig. 5. In the single dye solution, more
than 58.6% of AO7 and 98.1% of DB15 were adsorbed during
the first 1 min. This result was better than the results obtained for
many other reported adsorbents.**> Notably, the adsorption
equilibrium of DB15 was reached at 10 min, which was shorter
than the time to the adsorption equilibrium of AO7 (60 min). In
the binary dye solutions, the removal rate of DB15 remained close
to 95.6% in the first 1 min, whereas only 33.8% of AO7 was
adsorbed under the same conditions, indicating that Fe;0,~pDMC
exhibited superior adsorption for DB15 in the competition system.
Notably, in the single and binary solution systems, the removal
rate of DB15 rapidly approached 100% and was considerably
higher than that of AO7 in each time period. These phenomena
were ascribed to the higher numbers of anionic groups and
stronger negative charge of DB15 than those of AO7.

The pseudo-first-order, pseudo-second-order, and intra-
particle diffusion kinetic models were adopted to analyze the
adsorption data to study the dynamics of single and binary

solution adsorption and are shown in eqn (7)-(9),
respectively.***
Pseudo-first-order equation:
In(ge — q1) = In g — kyt, 7)
(a) b)
100 0.6
9 05 Dors
3 I Y .
< 80 o
% —— AO7 E’OA
= 60 ——DB15 £ 03
g E”
O 40 ¥ 0.2
£ g
© 20 Adsorption kinetic 01 pseudo-second-order kinetic
o 0.0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
(c) (1o
LTIF —
—~ — AO7
9 A07 < 08 © DBI5
;'; 80 —— DB15 g
= 06
‘_i 60 R =
€
3 40 = 04
< o
e = 02
X 2 Adsorption kinetic -
pseudo-second-order kinetic
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Fig. 5 (a) and (c) Adsorption kinetics of AO7 and DB15 by FezO4-

pDMC in single dye and binary dye systems. (b) and (d) Fitting curves of
the pseudo-second-order kinetic model in single dye and binary dye
system.
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Pseudo-second-order equation:
R ©)
Intraparticle diffusion equation:
qi=kix 1" +¢, (9)

where g, (mg g~ ") is the adsorption amount of AO7 or DB15 at
time ¢ (min); &, (min™"), k, (g mg™" min "), and k; (mg g~ *
min~*?) are the rate constants of the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models,
respectively; and c is the parameter. For the pseudo first-order
model, the values of k; and g. could be calculated from the
slope and intercept of plots of log(ge — ¢.) versus t. For the
pseudo-second-order model, the values of k, and g. could be
obtained by plotting ¢/q, against ¢.

The correlation coefficients of the pseudo-second-order
kinetic model for the single and binary solutions were close to
1, which was higher than those of the pseudo-first-order and
intraparticle diffusion kinetic models (Fig. S8, Tables S3 and
S41). This result indicated that the adsorption processes in the
single and binary solutions fitted better to the pseudo-second-
order kinetic model than to the other models and that the
adsorption rate was mainly controlled by the chemical adsorp-
tion mechanism.*** The gc ¢ values of AO7 and DB15 calcu-
lated from the pseudo-second-order model in the single and
binary solutions were nearly consistent with the experimental
geexp fOr the samples. Hence, the adsorption of anionic dyes on
Fe;0,~pDMC in binary and single solutions could be better
described by the pseudo-second-order kinetic model than the
pseudo-first-order and intraparticle diffusion kinetic models. In
addition, the rate constants of the pseudo-second-order model
of AO7 and DB15 in the binary solution were 27.26 x 10~* and
163.33 x 10~ * (g mg ' min "), respectively. The adsorption
velocity of DB15 was suggested to be considerably higher than
that of AO7, and DB15 molecules were highly likely to bind to
quaternary ammonium groups on the surfaces of Fe;0,~pDMC.
In summary, Fe;O,~pDMC exhibited a strong affinity with
anionic dyes with negative charges. This characteristic could
accelerate adsorption equilibrium.

3.5. Possible mechanism of the adsorption of anionic dyes

Fe;0,—pDMC before and after adsorption was measured to
investigate the possible mechanism of AO7 and DB15 removal
by Fe;0,-pDMC. XPS peaks corresponding to the C, O, N, Si,
and Fe of Fe;O,-pDMC before and after adsorption were
analyzed for the assessment of the contributions of each
component and shown in Fig. 6. The XPS spectra indicated that
C, O, N, and Fe appeared on the surfaces of the three samples,
and N atom concentrations slightly increased after adsorption
because of the adsorption of AO7 and DB15. The N 1s spectrum
of Fe;0,—pDMC before adsorption was deconvoluted into the
peaks at 402.2 eV, which were assigned to -N"(CH;);. The new
peak at 400.03 eV in the N 1s spectrum after AO7 adsorption was
attributed to the =N- of AO7. The new peaks at 401.53 and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra of FesO4—pDMC before and after AO7 and DB15
adsorption. (a) Survey spectra, (b) N 1s XPS spectra of FesO4—-pDMC,
(c) N 1s XPS spectra of AO7 adsorption by FezO4—pDMC, (d) N 1s XPS
spectra of DB15 adsorption by FezO4—pDMC.

399.42 eV in the N 1s spectrum after DB15 adsorption were
attributed to the characteristic -NH, and =N- of DB15. Moreover,
the binding energy of the -N"(CH;); of Fe;0,~pDMC after AO7 and
DB15 adsorption changed from 402.2 eV to 402.87 and 402.68 eV,
respectively, and the relative area percentages of -N'(CHs)s
decreased after adsorption. These results suggested that quater-
nary ammonium groups were involved in the adsorption of AO7
and DB15 onto Fe;O,~-pDMC. Moreover, the surface charges of
Fe;0,~pDMC decreased from 28.48 mV to 17.61 and 7.34 mV after
the adsorption of AO7 and DB15, respectively, indicating that
a part of quaternary ammoniums were occupied by anionic dyes
and that electrostatic attraction mainly contributed to the removal
of AO7 and DB15. These findings demonstrated that AO7 and
DB15 abundantly accumulated over the surfaces of Fe;0,~pDMC
via electrostatic interaction. The mechanism of adsorption is
schematically illustrated in Fig. 7.

3.6. Regeneration and reusability studies on Fe;0,-pDMC

Reuse is a crucial factor for the practical use of advanced
adsorbents. In this study, a simple method was applied for the

AO7 DBI15
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=
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\
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Fig. 7 Schematic illustration of anionic dye adsorption by FezO4-
pDMC.
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Fig. 8 Reusability of FesO4—pDMC for AO7 and DB15 adsorption.

regeneration of the utilized adsorbents. The adsorbents were
immersed with 10 mL of ethanol for 30 min because AO7 and
DB15 exhibited favorable solubility in ethanol. Then, the
regenerated Fe;O,~pDMC was dried and reused for adsorption
in subsequent cycles. As shown in Fig. 8, after five cycles, the
recovery efficiency for AO7 and DB15 continued to exceed 72.4%
and 88.5%, respectively, indicating that Fe;0,~pDMC had good
regeneration capability. Therefore, the prepared Fe;O,~pDMC
could be used several times as a potential adsorbent for the
removal of anionic dyes in wastewater treatment.

4. Conclusions

An ingenious Fe;0,~pDMC adsorbent was successfully synthe-
sized by grafting DMC on the surfaces of Fe;O, through free
radical polymerization. The prepared Fe;O,-pDMC exhibited
excellent adsorption for anionic dyes mainly because of the
introduction of abundant quaternary ammonium groups on its
surfaces. In addition, the adsorption of AO7 and DB15 on
Fe;0,-pDMC could be described by the pseudo-second-order
and Langmuir models. The mechanism of AO7 and DB15
adsorption might be ascribed to electrostatic interactions
between dye molecules and Fe;O0,~pDMC so that Fe;0,~pDMC
exhibited a better affinity with more negatively charged anionic
dyes in the mixture solutions. Furthermore, Fe;O0,~pDMC per-
formed a high efficiency in magnetic separation and good
reusability in multiple adsorption-desorption cycles. This study
provided new insight into the design of an effective adsorbent
for the removal of anionic dyes. And Fe;0,~pDMC is a potential
adsorbent for application in real wastewater given its advan-
tages of excellent adsorption capability, outstanding magnetic
separation, and good reusability.
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