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Abstract—Novel sunflower torus-like magnesium hydroxide (MH) microsphere particles were prepared by a facile
one-step, self-assembly method. The synthesized products and the mechanism of adsorption of samples of the anthra-
quinone dyes reactive blue 19 (RB19) and alizarin red S (ARS) were analyzed by different modern characterization
techniques, such as X-ray diffractometry (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectros-
copy (XPS), energy dispersive X-ray spectrometry (EDS), the Brunauer-Emmett-Teller (BET) method and Fourier
transform infrared (FT-IR) spectroscopy. The adsorptive potential of the as-prepared microspheres for the removal of
RB19 and ARS in aqueous solution was evaluated. The effects of multiple condition parameters, including, adsorbent
dosage, adsorption time, adsorption temperature, wastewater pH, rotating speed and sodium chloride concentration on
the removal of the dyes from the wastewater were studied in detail. The effect of the structural and shape properties of
the MH adsorbent on the dye adsorption performances was also studied. The results showed that sunflower torus-like
MH was an effective adsorbent for dye removal. The removal rates of ARS and RB19 were 91.65% and 83.03%, respec-
tively, under the optimized conditions. The maximum adsorption capacity of the microspheres was 349.85 mg/g for
ARS and 231.78 mg/g for RB19 at 25 °C. The equilibrium adsorption experimental data of the microsphere adsorption
conformed to the Freundlich isotherm for ARS and the Langmuir isotherm for RB19. The adsorption kinetics experi-
mental studies showed that the pseudo-second-order and pseudo-first-order model perfectly fit for both ARS and
RB19 microsphere adsorption. RB19 and ARS were absorbed on the sunflower torus-like MH surface via the forma-
tion of H-bonds. Thus, the sunflower torus-like MH microsphere particles are an effective purifying agent for the
removal of the anthraquinone dyes ARS and RB19 from wastewater.
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INTRODUCTION

Wastewater from the textile, paint, leather, printing, pigments,
cosmetics, rubber, food, plastic and pharmaceutical industries usu-
ally contains residual toxic dyes [1-8]. In the past few decades, these
residual dyes seriously affected water pollution once these harm-
ful dyes flowed into the natural environment during the discharge
of industrial wastewater. Worldwide, 10% of the 1x10" tons of syn-
thesized dyes are emitted into the environment every year [9].
Several types of synthetic dyes are toxic and nondegradable pollut-
ants. The model pollutants are anthraquinone dyes, which usually
include a variety of highly carcinogenic, teratogenic and mutagenic
aromatic functional groups [10]. As the second largest group con-
sumed, anthraquinone dyes are widely used as primary dyes in
commercial multicolor dyeing formulations for cotton fiber, wool
and cellulosic fabric to produce satisfactory colors [11,12]. Once
the anthraquinone dyes are discharged into the natural water envi-
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ronment, they not only impair the environmental water quality but
also cause several health problems, including skin irritation, der-
matitis, cancer and reproductive system issues in humans [13-15].
To provide a healthy and comfortable human living environment,
these polluted waters must be treated in different ways for dye
removal. Various methods have been tested to purify the harmful
dyes from wastewater, including membrane separation [16], floc-
culation technology [17], electrochemical treatments [18], oxida-
tion [19,20], adsorption [21-23], biodegradation [24,25], photo-
catalytic degradation [26,27] and Fenton's oxidation [28]. With a
stable and unbreakable molecular structure, anthraquinone dyes
are difficult to remove in wastewater treatment. Among these puri-
fication methods, adsorption is most suitable for treating wastewa-
ter, featuring a simple process, low energy consumption and sat-
isfactory removal efficiency. The characteristics of the adsorbent
usually play a very important role in the purification process. Thus,
the synthesis and application of high-efficiency adsorbents are cru-
cial for the industrialization of adsorption methods. To date, vari-
ous adsorbents have been prepared for removing dyes from polluted
water, such as clays [29,30], activated carbon [31,32], biochar [33],
chitosan [34], graphene and graphene oxide [23,35], polymer mate-
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rials [36], metal oxides and hydroxides [37-39]. Although activated
carbon, chitosan, graphene and graphene oxide have been exten-
sively used in dye wastewater treatment, the complicated prepara-
tion processes and high cost remain obstacles in their industrial
manufacture. Therefore, low-cost and easily obtained adsorbents
are utilized for the adsorption of dyes. MH has been intensively
researched for its wide application in various fields [40-43]. MH
seems to have prospects and is highly recommended for remov-
ing dye contaminants [44,45]. Due to the low specific surface area
and filtration difficulty, the application of magnesium hydroxide is
currently limited. MH with an ultrafine nanoscale particles size
has an efficient dye removal rate, but it is difficult to filter in waste-
water treatment. Therefore, to solve this problem, it is essential to
prepare micron-sized adsorbent particles with pore structures.

In this work, a novel microscale particle of sunflower torus-like
magnesium hydroxide (MH) was successfully synthesized by a spe-
cial method. Various modern detection technologies were employed
to analyze the structures and shapes of this composite material, and
the adsorption properties for the anthraquinone dyes RB19 and
ARS on the surface of MH microsphere particles were compre-
hensively investigated.

EXPERIMENTAL METHODS

1. Chemicals

The raw materials magnesium sulfate heptahydrate, ammonia,
caustic soda, ethanol, sodium chloride, hydrochloric acid, sodium
dodecyl sulfate, reactive blue 19 (RB19) and alizarin red S (ARS)
were used in the present work. The molecular structures of RB19
and ARS are shown in Fig. 1. RB19 was purchased from Jinan
Longsheng Dyestuft Chemical Co., Ltd. (Jinan, China). ARS was
produced by Shanghai Chemical Reagent Purchasing and Supply
Station (Shanghai, China). The rest of the chemical reagents were
purchased from Xilong Scientific Co., Ltd. (Sichuan, China). The
RB19 and ARS dyes are of industrial grade purity, and the other
reagents and materials used in this study were analytically pure
(AR. grade).
2. Synthesis

The sunflower torus-like MH microsphere particles were syn-
thesized via the one-step, self-assembly method described in our
previous work [46,47]. A certain amount of magnesium sulfate
heptahydrate crystals and a certain quality crystal control agent,
sodium dodecyl sulfate, were added to a 250 mL beaker with deion-
ized water. The mixtures were stirred to dissolve and mixed well.
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Fig. 1. The molecular structure of RB19 (a) and ARS (b).

Under vigorous stirring, caustic soda solutions were dropped into
the solution. The beaker was closed in a container filled with am-
monia solution, and the two solutions were kept out of contact.
The device was statically placed at 25 °C to react for 24 h. A white
product was obtained after filtration and washing several times.
Then, the products were dried at 120 °C for 24 h after washing with
ethanol.

3. Characterization

Several characterization methods were used to analyze the physi-
cochemical properties of the white powder product. The elemental
composition of the sunflower torus-like MH microsphere particles
was determined by an energy dispersive X-ray spectrometer (EDS,
Helois Nano Lab 600, USA). The microscopic morphologies were
observed by the field emission scanning electron microscope (SEM,
JSM-7500F, Japan). The Brunauer-Emmett-Teller (BET, autosorb-
IQ2-MP-XR-VP, USA) surface area and porosity analyzer were
employed to examine the microstructural parameters. The struc-
tures of samples were detected by an X-ray diffractometer (XRD,
Bruker D8 advance, Germany). The Fourier transform infrared
spectrum was recorded on a Fourier transform infrared spectrom-
eter (FT-IR, Nicolet iS10, USA) in KBr disc. An X-ray photoelec-
tron spectrometer (XPS, Escalab 250Xi, USA) was employed to
identify the composition and chemical state of the elements on the
surface of sunflower torus-like samples before and after treatment
with a dye solution. The dye concentrations were analyzed with a
spectrophotometer (V-1500, China) provided by Shanghai Macy
Instrument Co., Ltd.

4. Adsorption Experiments

The adsorption experiments, which included the process opti-
mization experiment, isothermal equilibrium experiment and kinet-
ics experiment, were carried out as follows. The adsorbent powder
and the dye solution were placed in a 100 mL stoppered conical
flask. Then, the flask was placed in the constant temperature oscil-
lation box (BS-1E, China) provided by Jintan Zhengji Instrument
Co.,, Ltd. After the adsorption was completed, the mixed solution
was poured into a centrifuge tube to separate the adsorbent and
the solution with the centrifuge (KA-1000, China) provided by
Shanghai Anting Scientific instrument factory. The dye concentra-
tion in solution was analyzed with the spectrophotometer.

Initially; various parameters, such as mixing time, the amount
of sunflower torus-like MH microsphere particles added, adsorp-
tion temperature, wastewater pH, rotation speed and sodium chlo-
ride concentration, were optimized. The simulated anthraquinone
dye wastewater concentration was 100 mg/L for RB19 and ARS
solution. Adsorption experiments were studied by varying the
amount of MH (0-80 mg), contact time (0-45 min), temperature
(15-65 °C), pH (1.02-13.76), rotating speed (60-300 r/min) and with
a varying amount of sodium chloride (0-0.5 mol/L). To determine
the optimized process parameters, the conditions of MH micro-
sphere partidles for the anthraquinone dyes RB19 and ARS adsorp-
tion were investigated.

The isothermal equilibrium experiment and kinetics experi-
ment were accomplished after the optimization of adsorption con-
ditions. Then, the relevant performances were evaluated via the
following models.

The adsorption capacity (Q,, mg/g) was based on isothermal equi-
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Fig. 2. SEM images of the Sunflower torus-like MH.

librium experiments studies, which were carried out under contact
for 40 min. Moreover, the initial anthraquinone dye concentration
was 50-1,000 mg/L. Therefore, the Langmuir equation (Eq. (1)) [48]
and Freundlich equation (Eq. (2)) [49] were employed to assess
the isothermal adsorption performance.

_ QmKLCe

Q= 1+K,C,
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The removal rates for the treatment of dye wastewater with
sunflower torus-like MH microsphere particles were investigated
by the preceding kinetic model. For two types of dyes, the initial
concentration (C;) was 100 mg/L, and the contact time was imple-
mented for 0-40 min at 25°C. The adsorption kinetics experi-
ments were evaluated by kinetic models of the pseudo-first-order
(PFO) equation (Eq. (3)) and pseudo-second-order (PSO) equa-
tion (Eq. (4)) [8,50] in this work.

Q=Q(1-¢™) ®)
~ kQit
Q= Thau (Y]

The dye concentrations (C, mg/L) of RB19 and ARS were deter-
mined by spectrophotometry after adsorption for a period of time.
Eq. (5) was used to evaluate the adsorption rate (N,). Eq. (6) was
also adopted to estimate the adsorption capacity (Q,).

C,-C
N,=—2—*x100% (5)
CO
C,—-C
Q=——V ©)

Here, C, (mg/L) is the adsorption equilibrium concentration.
Q,, (mg/g) is the maximum amount of adsorption, and Q, (mg/g)
is the amount at the adsorption equilibrium. K; (L/mg) and K
respectively, represent the balance factor and equilibrium constant.
The parameter of n is the adsorption index in the Freundlich equa-
tion. The adsorption capacity at any time (t (min)) of the adsorp-
tion mixing process is Q, (mg/g). Both k, (min™") and k, (g/mg:
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min) are rate constants for the PFO model and PSO model, respec-
tively. The removal rate at any time (t (min)) during the adsorp-
tion process is N,. C, (mg/L) and C, (mg/L), respectively, represent
the concentration values of adsorbed substances before and after
the adsorption time of t (min). V (L) is the volume dye solution
used. The m (mg) is the added weight of the sunflower torus-like
MH microsphere particles.

RESULTS AND DISCUSSION

1. Characterization Analysis of Materials

The microscopic morphological structure of the as-synthesized
novel MH particles was examined by SEM. Fig. 2 shows the dimen-
sions and morphological structure of the synthesized products by
this method. Fig. 2 shows that the particle is a microsphere with
many holes on the surface, like the sunflower torus after removal
of the seeds. At the same time, the lamellar and other irregular parti-
cles did not appear. The diameter of the microsphere particles was
approximately 10 um. As shown in Fig. 2(a), the morphology of
this sample indicated that the particles presented a rough surface
rather than being dense, smooth and spherical. Fig. 2(b) shows us
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Fig. 3. EDS pattern of microsphere particles.
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that the microsphere particles were formed by nanoflakes, and there
are many slotted irregular holes on the surface.

EDS technology was used to further investigate and affirm the
chemical composition on the surface of the microsphere particles.
Five elements were assessed, as shown in Fig. 3. In the spectrum
of Fig. 3, the strong Pt diffraction peak is from the gold sputtering
process in EDS analysis. The detected elements C and S are due to
the sodium dodecyl sulfate loaded on MH. Therefore, the micro-
sphere sample only contains two elements, O and Mg, which fur-
ther proved that the sunflower torus-like microsphere particles are
pure MH.

The pore widths distributed between 2 nm and 50 nm are mainly
mesoporous (Fig. 4 and Fig. 5). In addition, there are some mac-
ropores distributed between 50 nm and 180 nm. The cumulative
mesoporous surface area is 80.2 m’/g (Fig. 4). The cumulative mes-
opore surface area mainly comes from the 2 nm to 50 nm meso-
porous surface. The mesopore with the average pore diameter of
approximately 15.9 nm has the largest contribution to the surface
area. The cumulative pore volume of the spherical product is 0.6
cm’/g (Fig. 5). The pore volume mainly comes from mesopores
distributed between 2 nm and 50 nm. The average pore diameter
(4 V/A) is 17.7 nm according to BJH adsorption analysis.

The FT-IR spectrometer was also used to examine the func-
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Fig. 6. FT-IR spectra of (a) MH, (b) MH with adsorbed RB19 and
(c) MH with adsorbed ARS.

tional groups. The FT-IR spectra of the sunflower torus-like MH
before and after dyes were adsorbed are shown in Fig. 6. All the
samples had strong peaks distributed at approximately 3,698 cm™"
and 3,438 cm™. After the adsorption of RB19 and ARS, the inten-
sity of the characteristic hydrogen bond peak was enhanced, and
the position changed from 343624cm™ to 3438.82cm ' and
3/438.13 cm, respectively. The number of hydrogen bonds increased
on the surface of samples after adsorbing dyes. The diffraction
intensity of the H-O-H bending vibration feature peak was signifi-
cantly changed. The position of the peak at 1,632.95cm™" was also
changed to 1,630.96cm ™" and 1,631.42 cm™". It was indicated that
there were more coordinated water molecules on the samples. More
importantly, there were many weak diffraction peaks appearing
after absorption of the dyes. After treatment with RB19 solution, a
weak peak emerged at 1,562 cm ™, which can be labeled as the tele-
scopic vibration of -NH, functional groups [51]. Some weak peaks
at 1,504.27 cm™ and 1,505.23 cm™" corresponded to the C=C stretch
vibration of the benzenoid ring and quinoid ring in the reactive
blue 19 (RB19) and alizarin red S (ARS) [52,53]. The weak peak at
1,042.38 cm™" was attributed to the S=O stretching vibration in the
-SO; group [53]. The results of the FT-IR spectra analysis show
that the dye molecules were anchored onto the surface of the sun-
flower torus-like MH.

The X-ray diffractometer was used to study the internal struc-
ture of this sample. The XRD spectra of the sunflower torus-like
sample and after adsorbing dyes are shown in Fig. 7. According to
the standard spectra of JCPD 7-239, all the diffraction peaks of
XRD spectra indicated that the as-synthesized sunflower torus-like
sample was hexagonal-phase magnesium hydroxide (MH) in Fig.
7(a). The strongest and sharpest diffraction peak emerged in the
(101) plane. Strong diffraction peaks also appeared on the (001),
(102) and (110) planes. Weak diffraction peaks emerged in the (100),
(111), (103) and (201) planes. Thus, there were no additional phase
diffraction peaks in the XRD spectrum. It was shown that the as-
synthesized sunflower torus-like sample was high purity MH. After
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Fig. 7. XRD spectra of (a) MH, (b) MH with adsorbed RB19 and
(c) MH with adsorbed ARS.

treatment with dye molecules, the intensity of the diffraction peaks
at the (001) and (110) planes was obviously enhanced, and the other
diffraction peak intensities showed no significant change. There-
fore, no new diffraction peak was detected for the adsorbed parti-
cles in Fig. 7(b), (c).

To verify the existence of the dye molecule, the composition
and chemical state of the elements on the surface of sunflower torus-
like microsphere samples before and after treatment with dye solu-
tion (1,000 mg/L) was tested via XPS measurements, as shown in
Fig. 8. The survey scanning XPS spectra indicated that the elements
before and after treatment with the dye solution are mainly Mg, O,
Cand S. Fig. 8 shows that strong peaks that emerged at 531 eV (O
Is) and 1,304eV (Mg 1s) had no significant change after treat-
ment with the dye solution (1,000 mg/L). However, the diffraction
peak intensity of C 1s at 285 eV was significantly enhanced after
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Fig. 8. XPS spectra of (a) MH, (b) MH with adsorbed RB19 and (c)
MH with adsorbed ARS.
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Table 1. Atomic contents of (a) MH, (b) MH with adsorbed RB19
and (c) MH with adsorbed ARS

Atomic content/%

Specimen
Mgls Ols Cls S2p NI1s Nals
a 30.53 5430 1427 032 048  0.10
b 3004 5414 1501 027 045  0.09
c 1911 4811 3160 09 O 0.21

adsorbing ARS. It was indicated that the dyes were present on the
sunflower torus-like microsphere particles. The atomic ratios of
the surface elements before and after sample treatment with dye
solution are shown as in Table 1, where the atomic ratio exhibits
no significant change after absorbing the RB19 dye. However, the
atomic ratio of the sunflower torus-like microsphere sample treated
with the ARS solution obviously changed. In particular, the atomic
ratio of Mg 1s decreased from 30.53% to 19.11%, and that of C s
increased from 14.27% to 31.60%.

To further determine the elemental valence states of the sam-
ples, the high-resolution XPS spectrum was also used to analyze
the absorption spectrum of each element. The high-resolution XPS
spectra of the detected elements are shown in Fig. 9. From the
high-resolution spectrum of Mg 1s, we can see that there were two
peaks located at the binding energies of 1,304.13 ¢V and 1,303.91
eV for the sunflower torus-like microsphere MH. This result indi-
cates that there was only a valence state and two chemical states
present for the magnesium atom. After treatment with the RB19
dye solution, another new peak emerged and was located at the
binding energy of 1,304.96 eV. This result indicates that a new chemi-
cal state was Ppresent for the magnesium atom. However, after treat-
ment with the ARS dye solution, the two peaks were shifted to
1,303.86 eV and 1,303.54 eV, respectively. The analysis of the Mg 1s
spectrum indicates that dyes were present on the sunflower torus-
like microsphere sample. The C 1s photoelectron peaks of the three
samples were all decomposed into five symmetrical peaks. A weak
peak emerged at approximately 290.00 eV in the peak fitting spec-
trum that was attributed to the 7—>7* shake-up of the sp’-hybrid-
ized carbon atoms [54]. The satellite peak was enhanced after
treatment with dye solution. The symmetrical peaks at approxi-
mately 288.76 eV and 285.84 eV were assigned to C-O- and COO-
groups, respectively [55,56]. The fitting peak that emerged at approxi-
mately 284.67 eV was due to the C-C/C=C groups [57]. The posi-
tions of all fitting peaks were changed, and the peak intensity of
the fitting at 284.71 eV was significantly enhanced after the dye
was adsorbed on the surface of the sunflower torus-like sample.
From the high-resolution O 1s spectrum, the photoelectron peak
of the MH sample was decomposed into four symmetrical peaks.
The fitting peak at 534.39 eV was assigned to the presence of
MgCO, [58]. This peak may be attributed to CO, from the air
adsorbing on the surface of the MH sample and forming MgCO,.
The characteristic peak of MgCO, disappeared after the dye was
adsorbed on the surface of the sunflower torus-like sample. The
other three peaks at 532.84 eV, 531.74eV and 530.71 eV can be
marked as the C-OH functional group, Mg-O bond and lattice oxy-
gen, respectively [57,58]. After adsorption of the RBB19 and ARS
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Fig. 9. High resolution XPS spectra of Mg 1s, C 1s, O 1s and S 2p ((a) MH, (b) MH with adsorbed RB19 and (c) MH with adsorbed ARS).

dyes, the intensity of the peaks increased, and the binding ener-
gies were shifted from 531.74 €V to 531.20 and 531.14 eV, respec-
tively. The high-resolution S 2p spectrum of MH exhibits a peak
at 169.38 eV that was assigned to the four oxygen atoms located in
the first neighborhood [59]. It may be the interfacial SO;~ that was
absorbed on the sample surface [60]. The peak at 168.25eV was
assigned to two oxygens doubly bonded and one singly bonded
oxygen to a sulfur atom as a -SO;H group [59]. The intensity of the
fitting peak was significantly enhanced after treatment with ARS
solution, which was because the -SO;H group existed in the ARS
molecule. Two other new peaks at 171.10 eV and 17042 eV emerged
after the adsorption of RB19.
2. Parameter Optimization of Sunflower Torus-like Microsphere
MH Adsorption Dyes

In the process of the adsorption treatment of harmful substances,
the adsorption rate and capacity are highly dependent on the adsorp-
tion process parameters. Thus, the effects of the adsorption process
parameters were investigated in detail and are discussed as follows.
2-1. Adsorbent Dosage

A suitable amount of adsorbent plays an important role in the

adsorption experiments. The amount of adsorbent determines the
ability of the adsorbent to treat the particular initial dye concentra-
tion in a solution. To prevent the adsorbent from being wasted
and to maximize the adsorption efficiency, optimizing the amount
of sunflower torus-like MH microsphere particles is indispensable.

A volume of 15mL of 100 mg/L anthraquinone RB19 and ARS
dye solutions was tested by altering the amount of MH spherical
products between 0 and 80 mg with other conditions fixed as fol-
lows: adsorption time of 160 min, adsorption speed of 200 r/min
and adsorption temperature of 20 °C. The dye removal rates with
respect to MH microsphere products dose are shown in Fig. 10.
The maximum removal rates were 84.52% and 95.29% for dye
wastewater samples with RB19 and ARS, respectively, with the
adsorbent dose of 80 mg. Initially, the dye removal efficiency for
the microsphere particles adsorption RB19 and ARS changed
sharply as the amount of microsphere particles varied from 5 to
25mg and from 5 to 40 mg. This result occurred because adsorp-
tion active sites were increased with the increasing amount of
adsorbent. When continuing to increase the amount of adsorbent,
the removal rate of the dye in wastewater no longer changed. The
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Fig. 10. Effect of the adsorbent amount on the removal rates of ARS
and RB19.

optimum adsorbent amount was found to be 25.0 mg for RB19
solution, which yielded 80.69% removal efficiency, and 40 mg for
ARS solution, which yielded 90.48% removal efficiency. Doses of
25 mg and 40 mg of MH microsphere products were used for the
adsorption of RB19 and ARS wastewater samples, respectively, for
maximizing the utilization rate of microsphere particles. After the
successful optimization, all RB19 adsorption experiments were per-
formed with 25 mg of the adsorbent MH, and 40 mg of the micro-
sphere products was used in ARS wastewater purification ex-
periments.
2-2. Contact Time

According to the literature reports, contact time is a valuable
parameter in the adsorption study [61]. A certain time is neces-
sary to complete the adsorption process with various adsorbents.
The effect of adsorption time on the MH uptake of anthraqui-
none dye was investigated. Additionally, the removal rates of RB19
and ARS are shown in Fig. 11. The initial concentration of all dyes
was 100 mg/L, and the amount of MH was the optimum value.
Initially, the removal efficiencies of the two dyes increased sharply
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Fig. 11. Effect of contact time on the removal rate of ARS and RB19.
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with the contact time extension. Moreover, in the same contact
time, the removal rate of ARS was higher than that of RB19. After
20 min, the removal rate of ARS was maintained when the con-
tact time was further extended; the available surface sites were
nearly occupied. However, the removal rate of RB19 continued to
increase in the next 10 min. It took 30 min for that removal rate to
reach a constant in the adsorption RB19 experiments. Vacant sites
were not available for dye adsorption, and the adsorption process
was saturated. Thence, no additional dyes were detected, adsorbed
and removed as time went on. It may be concluded that, for RB19
and ARS, the optimized contact times are 20 min and 30 min,
respectively. The maximized percentage removal rate and adsorp-
tion capacity were achieved in the optimization of contact time.
Therefore, the contact time of all RB19 wastewater purification
experiments was performed for 30 min, and 20 min was adopted
for ARS adsorption experiments.
2-3. Temperature

The temperature can change the movement speed of the ad-
sorbed material in the solution. Therefore, temperature is an im-
portant parameter in wastewater treatment by the adsorption
method [62]. The removal rates of RB19 and ARS by MH adsorp-
tion with changing temperature are shown in Fig. 12. As expected
in this study, increasing the adsorption temperature can increase
the removal rate. However, the removal rate does not significantly
change. For ARS adsorption experiments, the removal rate gradu-
ally increased from 86.02% to 93.03% as the adsorption tempera-
ture changed from 15 °C to 45 °C. The removal rate of RB19 changed
from 73.24% to 84.61% in the same temperature range. The ad-
sorption effects were increased with increasing adsorption tem-
perature. It indicated that MH adsorption of ARS and RBI19 are
endothermic reactions. The elevated temperature enhances the
kinetic activity of the dye molecules, thus promoting more dye
molecules to penetrate the internal voids of the microsphere prod-
uct. At higher adsorption temperatures, the removal efficiency of
the two dyes remained essentially unchanged. Fig. 12 shows that
the optimal adsorption temperature is 55 °C. Although increasing
the temperature can improve the purification effect, the changes
for the two samples were not significant. Thus, it is recommended
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Fig. 12. Effect of temperature on the removal rate of ARS and RB19.
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Fig. 13. Effect of pH values on the removal rates of ARS and RB19.

that room temperature is selected as adsorption temperature.
2-4. Initial Dye Solution pH

The eftect of the pH of the dye solution on the dye adsorption
performance and, hence, on the removal efficiency was tested by
varying the pH of the dye solution. Sodium hydroxide and hydro-
chloric acid were used to regulate the pH values of the dye solu-
tions. The required amount of hydrochloric acid (or sodium hy-
droxide) was added to the dye solution when configuring the 100
mg/L dye solution. Then, the pH values of dye solutions were deter-
mined by a pH meter before adsorption. Fig. 13 shows the re-
moval rate at different initial pH values of dye wastewater. The ini-
tial dye solutions pH values were changed from 1.02 to 13.76. The
dye removal efficiency changed drastically when pH values increased
from 1.02 to 3.98 (Fig. 13). Under the strongly acidic environment,
the adsorption processes of RB19 and ARS both showed the worst
removal efficiency of 0.00% at pH 1.02. During the experimental
process, we found that the MH samples disappeared with the high
initial acidity of the dye solution. The lower the initial pH of the
dye solution was, the more the adsorbent sample was dissolved.
The active sites of carrier adsorption dye molecules were decreased
with decreasing pH values. Thus, the acidity of the solution had a
significant effect on the removal of the dye when the solution pH
was between 1.02 and 3.98. The removal rates were significantly
increased by increasing the pH values from 1.02 to 3.98. The effi-
ciency data were insignificantly changed for both the samples at
pH values of 3.98-10.06. Better removal efficiency was observed
with a maximum of 91.65% and 83.03% for the ARS and RB19
dye wastewater samples, respectively. At higher pH values, MH
attraction to dye molecule was impeded by various hydroxyl ions
attached to the sunflower torus-like MH microsphere materials
surface. Hence, the removal efficiency began to decrease for both
dye wastewater samples as the pH values further increased. The
solution pH range of 4 to 10 was easy to control for the adsorp-
tion of dyes in industrial production. Finally, adsorption tests were
performed at solution pH values of 4 to 10.
2-5. Rotating Speed

The effect of oscillation speed on the dye removal efficiency was
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Fig. 14. Effect of oscillation speed on the removal rates of ARS and
RB19.

tested by varying the oscillation speed in the experiment. Fig. 14
shows the removal rate in this method. The effect of the oscillat-
ing speed on the MH microsphere particle adsorption of ARS was
higher than that for the MH adsorption of RB19 (Fig. 14). Initially,
the dye removal rate increased sharply when the oscillation speed
of the RB19 solution increased from 60 to 180 r/min. That result
because the rate of the dye molecule mass transfer increased in the
solution. Then, the removal rate of RB19 no longer changed with
the increase in the oscillation speed in the experiment. However,
for the ARS adsorption experiments, the percentage removal rate
gradually changed when the adsorption speed increased. This study
showed that the process of MH surface adsorption controlled the
rate of adsorption in the ARS experiments. The rate of dye mole-
cule transfer in solution was the controlling step of MH adsorp-
tion of RB19 at low speed. Thus, it is advised that the adsorption
experiments be performed at the oscillation speed of 180 r/min in
industrial production.
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Fig. 15. Effect of sodium chloride on the removal rates of ARS and
RB19.
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2-6. Concentration of Sodium Chloride

According to the reported literature, there is substantial sodium
chloride in dye wastewater. This high concentration may have an
impact on the temperature of the adsorption process. Different
sodium chloride concentrations from 0.0 to 0.5 mol/L were used
in the dye solution. The initial concentrations of both dyes were
100 mg/L, and all other parameters were the optimum values. As
the concentration of sodium chloride increased, the removal effi-
ciency remained constant for both samples, as shown in Fig. 15.
This result indicates that sodium chloride does not affect MH
adsorption of the RB19 and ARS dyes.
3. Adsorption Efficiency of Different Shapes MH

The adsorption efficiency of the manganese dioxide removal of
thallium from wastewater was significantly affected by the mor-
phology and shape of the adsorbent [63]. To explore the effect of
the structural and shape properties of the MH adsorbent on the
dye adsorption performances, various morphologies were applied
for the removal of dye from wastewater and compared with the
adsorption efficiency of sunflower torus-like MH. The hydrother-
mal method [64]-hydrothermal conversion [65] and precipitation
method [66] were employed to synthesize whisker-shaped and
lump-shaped MH, respectively. Adsorption experiments were per-
formed at the optimized conditions for the sunflower torus-like
MH adsorption of dyes: the MH amount (25 mg for RB19 and
40 mg for ARS), contact time (30 min for RB19 and 20 min for
ARS), adsorption temperature (25 °C), dye solution pH (4-10) and
rotating speed (180 r/min). The effect of various shapes of MH
particles on dye adsorption efficiency is shown in Table 2. Table 2
shows that the dyes removal rate was significantly affected by the
morphology of the MH. Among the following three shapes, the
removal rate of sunflower torus-like MH was highest. The removal
rates were increased by at least 33.35% and 31.47% for ARS and
RBI19. It indicated that the dye adsorption performances were
affected by the structural and shape properties of MH. The spe-
cific surface area of sunflower torus-like MH was the highest of
the three samples with varied shapes. With many large pores and
mesopores of the sunflower torus-like MH, more surface sites were
provided for dye adsorption. Therefore, the adsorption of dyes on
sunflower torus-like MH showed excellent adsorption efficiency.
4. Adsorption Isotherms

The characteristics of the adsorption equilibrium of sunflower
torus-like MH microsphere particle materials adsorbing RB19 and
ARS were analyzed by the equilibrium adsorption isotherm model.
The isothermal adsorption parameters were calculated from the
experimental plots via the previous equations (Eq. (1) and Eq. (2)).
These parameters are listed in Table 3, and the isothermal balance

Table 2. Effect of various shapes of MH particles on the removal rate
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Fig. 16. Isothermal adsorption curve.

lines are presented in Fig. 16.

Fig. 16 shows that the capacity of saturated adsorption was
affected by temperature change. Initially; the saturated capacity of
MH adsorption of RB19 increased sharply when the balanced con-
centration of RB19 solution changed from 15 to 260 mg/L. Corre-
spondingly, the adsorption capacity of MH adsorption of ARS
gradually changed when the balanced concentration of ARS in-
creased from 3 to 370 mg/L. With the same conditions, the satu-
rated capacity of MH adsorption of ARS blue also increased with
increasing temperature. However, there was an insignificant effect
at lower equilibrium concentrations. Under the same experimen-
tal conditions, the saturated capacity of the MH adsorption of ARS
was higher than that of RB19. The increasing temperature led to

Shape of MH samples
Parameters
Whisker-shaped Lump-shaped Sunflower torus-like*
Specific surface area (m®/ g) 23.15 61.40 98.04
Removal rate of RB19 (%) 36.31 50.01 81.48
Removal rate of ARS (%) 53.11 57.88 91.23

Note: * this study.
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Table 3. Isothermal adsorption parameters

D TCO) (mg/e) Langmuir Freundlich
es L (m

i 4 ('8 K, (L/mg) Q,, (mg/g) R’ Ks n R?

ARS 25 349.85 0.102 223.71 0.7166 26.29 245 0.9192
35 382.41 0.0147 322.58 0.8926 12.13 1.78 0.9799
45 410.21 0.0135 354.61 0.9221 12.33 1.75 0.9867

RB19 25 231.78 0.00475 352.11 0.9923 9.20 1.90 0.8872
35 283.04 0.00693 362.32 0.9988 9.35 1.75 0.8952
45 338.24 0.00964 386.10 0.9955 17.94 2.12 0.9501

more intense irregular movements of dye molecules, which caused
more dye molecules to penetrate the internal voids of mesoporous
spherical products, resulting in the high saturated adsorption capacity.

Based on Table 3, the isotherms of sunflower torus-like MH
microsphere particles adsorption ARS were well-fitted in the Fre-
undlich equation at three different experimental temperatures (cor-
relation coefficient: Rpicn>Rlgmgmar). However, the Langmuir
model was the appropriate candidate to describe the RB19 ad-
sorbed on MH (correlation coefficient: R ;> Rereunicr)- The results
showed that the process of sunflower torus-like MH adsorption of
RB19 was probably completed by single molecule adsorption. The
index n of the Freundlich equation also stipulated the favorability
of the adsorption process [67]. The exponent n values changed
from 2.45 to 1.75 for ARS and from 1.90 to 2.12 for RB19 when
temperature increased from 25 °C to 45 °C (Table 3). All the n>1
values indicated that the processes of sunflower torus-like MH
adsorption of RB19 and ARS were favorable and homogeneous.
ARS’s Langmuir constant (K;) was higher than that of RB19, and
it was confirmed that the interaction between ARS and MH was

stronger than that for RB19. As shown in Table 3, the adsorption
capacities of MH increased from 349.85 to 410.21 mg/g for AR
and from 231.78 to 338.24 mg/g for RB19 when the temperature
increased from 25 °C to 45 °C. It was proven that the processes of
sunflower torus-like MH microsphere particles adsorbing these
dyes were endothermic. Under the same conditions, the saturated
capacity of the MH adsorption of ARS was higher than that for
RB19. This difference in the adsorption capacities of RB19 and
ARS on sunflower torus-like MH might be related to the dyes
molecular structure.

The indispensable parameter of the maximum adsorption capac-
ity (Quay) is used for evaluating the various adsorbents’ perfor-
mances and plays an important role in screening suitable ad-
sorbents. In this study, the adsorbates and adsorption temperature
conditions were chosen to compare performance and efficiency.
The q,,,, values for the adsorption of RB19 and ARS dyes from
different materials reported elsewhere are presented in Table 4.
The analysis results indicate that the sunflower torus-like MH prod-
ucts have a satisfactory anthraquinone dye removal effect compared

Table 4. The q,,,,, of RB19 and ARS on MH microsphere particles vs. different materials

Dyes Adsorbent Qe (ME/8) Temperature (°C) References
RB19 Iron rich Terra Rosa soil 411 25 [68]
RB19 Cucurbit([8] uril 714.29 25 [69]
RB19 Cucurbit[6] uril 100.50 25 [69]
RB19 Chitosan-Coated Magnetic Hydroxyapatite Nanoparticles 6090 - [70]
RB19 Whisker-shaped 4348 25 This work
RBI19 Lump-shaped 114.01 25 This work
RBI19 Sunflower torus-like MH microsphere particles 231.78 25 This work
RBI9 Sunflower torus-like MH microsphere particles 283.04 35 This work
RB19 Sunflower torus-like MH microsphere particles 338.24 45 This work
ARS Vitis tree leaves 66.40 25 [71]
ARS Magnetic chitosan 40.12 30 [72]
ARS Termite hill 143 e [73]
ARS Nano gamma-alumina 5440 - [74]
ARS Phenyl/amine end-capped tetraaniline 23600 0 - (53]
ARS Hydrogel-Fungus Composites 31.30 25 [75]
ARS Whisker-shaped 98.86 25 This work
ARS Lump-shaped 151.34 25 This work
ARS Sunflower torus-like MH microsphere particles 349.85 25 This work
ARS Sunflower torus-like MH microsphere particles 382.41 35 This work
ARS Sunflower torus-like MH microsphere particles 410.21 45 This work
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Fig. 17. Adsorption kinetics fitting curve. (a) Pseudo-first-order ki-
netic model, (b) pseudo-second-order kinetic model.

to the various adsorbents previously reported and various shapes
of MH.
5. Adsorption Kinetics

The adsorption rate is one of the essential factors when assess-
ing a new material to be used as an adsorbent. The pseudo-first
and second-order kinetic models were implemented to investigate
sunflower torus-like MH microsphere adsorption of the dyes. The
adsorption kinetics for these anthraquinone dyes were fitted by
pseudo-first-order and pseudo-second-order models. The adsorp-
tion kinetic fitting curves and parameters are shown in Fig. 17 and
Table 5, respectively.

The applicability of the two kinetic models was comparatively
analyzed by fitting graphs and correlation coefficients. Table 5 shows
the results of sunflower torus-like MH microsphere adsorption of

ARS; the correlation coefficients followed the order Rf,w>Rf, o Lhis

Table 5. The adsorption kinetics data

process was an imperfect fit with the pseudo-first-order model with
a low correlation coefficient (0.9890). The low value indicated that
the fitting with the pseudo-first-order model was not suitable. The
pseudo-second-order model fitting had a high correlation coeffi-
cient of 0.9994. Moreover, the theoretical adsorption capacity (Q,,)
value was closer to the experimental q,,. Hence, the analysis showed
that the second-order kinetic model was a satisfactory candidate
for describing the adsorption process of ARS on MH. For MH
adsorption of RB19, the correlation coefficients of the two models
were very similar, and R, was just slightly larger than R;. How-
ever, the value of the theoretical adsorption capacity (Q,,) calculated
by the pseudo-first-order model was closer to the experimental
value (g,,) than that for the pseudo-second-order model. There-
fore, the adsorption kinetics of RB19 onto the surface of sun-
flower torus-like MH microsphere particles were well defined by
the pseudo-second-order model. As shown in Table 5, the uptake
rates (K, and K;) of ARS were higher than those for RB19. This
result revealed that sunflower torus-like MH microsphere parti-
cles had a stronger surface affinity for ARS than for RB19. Conse-
quently; adsorption kinetics may be dependent on adsorbent surface
properties and the dyes’ molecular structures.
6. Possible Adsorption Mechanism

The FT-IR and XPS analyses indicated that the adsorption capac-
ity and mechanism were inconsistent in the process of removal
ARS and RB19 from solution. After the same amount of adsor-
bent was treated with the same concentration of dye solution, the
diffraction peaks of FI-IR and XPS were changed more signifi-
cantly after adsorption of ARS. The high-resolution XPS spectra
showed that the binding energy of magnesium atoms and oxygen
atoms were changed. Thus, some chemical bond may be formed
when dye molecules are adsorbed on the sunflower torus-like sam-
ple surface. The difference in the adsorption capacities between
RB19 and ARS on the sunflower torus-like MH might be related
to the dyes” molecular structure. Thus, the mechanism of MH dye
adsorption may be related to the molecular structure of the dye.
Consequently, the possible mechanism of the sunflower torus-like
MH adsorption of RB19 (a) and ARS (b) is shown in Scheme 1.
From Scheme 1(a), hydrogen bonds were formed between amino
functional group hydrogen atoms or quinoid ring oxygen atoms in
RB19 dye and the hydroxyl group oxygen atoms in sunflower
torus-like MH. These bonds are believed to play quite an import-
ant role in the mechanism of sunflower torus-like MH adsorption
of RBI9. In contrast, OH groups were present in the benzenoid
ring in Alizarin red S (ARS) dyes. Due to the special molecular
structure, the OH groups in ARS molecules have weak acidity and
can ionize hydrogen ions when ARS is in aqueous solution [52].
However, there was no significant change in the adsorption capac-
ity when the pH of the ARS solution was changed between 4 and

Pseudofirst-order model

Pseudosecond-order model

Dyes T (°C) - (Ing/g)

4 4 {MEE K, (min™) Q,, (mg/g) R? K, (min™) Q,, (mg/g) R?
ARS 25 34.14 0.203 27.90 0.9890 0.0144 36.54 0.9994
RB19 25 49.18 0.136 47.16 0.9934 0.00396 55.01 0.9976
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Scheme 1. Possible mechanism of the sunflower torus-like MH adsorption of RB19 (a) and ARS (b).

10. This result occurred because the hydroxide ions ionized from
MH adjusted the solution pH value. Thus, the OH groups in ARS
molecules reacted with the free hydroxide ions in solution first.
Then, the ARS dyes were strongly adsorbed on the surface of the
sunflower torus-like MH via the formation of hydrogen bond be-
tween the negatively charged oxygen atom of the quinoid ring in
the molecule of ARS dyes and the hydroxyl group oxygen atoms
in sunflower torus-like MH, as shown in Scheme 1(b).

CONCLUSION

Sunflower torus-like MH microsphere particles were prepared
via a gentle and simple one-step method. The as-synthesized novel
materials displayed abundant interstices and rough surfaces, result-
ing in high surface areas. The achievements of this investigation
and analysis indicated that the MH microsphere is an effective
purification material for absorbing ARS and RB19 from wastewa-
ter solutions. The purified supernatant was easily separated from
the adsorbent carrying harmful substances. After the exposure of
adsorbents to dye solutions, dye-loaded particles deposit at the
bottom of the apparatus. The optimized adsorption process param-
eters were: adsorbent amount (25 mg for RB19 and 40 mg for ARS),
contact time (30 min for RB19 and 20 min for ARS), adsorption
temperature (25°C), dye solution pH (4-10) and rotating speed
(180 r/min). Dye removal rates were 91.65% and 83.03% for ARS
and RB19, respectively. Various theoretical models were employed
to calculate the adsorption kinetics and isotherms. The adsorp-
tion process of the MH microsphere adsorption of ARS obeyed
the Freundlich model, and that of MH microsphere adsorption
RB19 conformed to the Langmuir isotherm model. The kinetic
adsorption experimental data of the dye adsorbed materials con-

formed to the pseudo-second-order model for ARS and to the
pseudo-first-order model for RB19. The maximum adsorption
capacity of the as-prepared MH microsphere was 349.85 mg/g and
231.78 mg/g for ARS and RB19, respectively, at 25 °C. As insights
regarding MH as an eco-friendly and economic adsorbent, our
results illustrate that the novel microsphere material has applica-
tion potential as a high-performance regenerative treatment agent
to remove dyes from polluted water. The analyses indicated that
the RB19 and ARS dyes were absorbed on the surface of the sun-
flower torus-like MH via hydrogen bond formation.
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