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ARTICLEINFO ABSTRACT

Editor: Apostolos Giannis Rhodamine B (RhB) is classified as one of the most hazardous pollutants due to its toxic and carcinogenic nature.
This study uses a new class of adsorbent, polystyrene-templated hollow mesoporous magnetite (HMM), to
remove RhB from the aqueous solution via simultaneous adsorption and degradation. The obtained HMM is

spherical with a 320 - 350 nm particle size. The particle is integrated with a hollow core at ca. 230 nm in

Keywords:
Hollow mesoporous magnetite
Bifunctional adsorbent

i diameter. HMM possesses a porous interior, with the respective specific surface area and pore yolume of 132.0
orption 2 3 < e : " fam is i . 5
lytic degradation m*/g and 0.63 cm”/g. Its adsorption/desorption isotherm exhibits the typical type-IV IUPAC ification with
Rhodamine B

the H4-type hysteresis profile, indicating the presence of mesoporous wedged-shaped pores. The influences of
three indepencﬁ variables on the RhE _removal rate are studied, including pH, adsorbent loading m, and
temperature T. The highest removal ralealhﬂ is obtained at 99.7% when pH = 6, m. = 0.8 wt%, T= 50°C, and
time = 240 min. The study suggests that the whole removal process of RhB follows the pseudo-second-order law
and multilayer mechanism and is generally favorable, spontaneous, and endothermic. Further elaboration using
the multi-linear IPD shows that surface diffusion plays a major role in removing RhB. At the same time, the
modified Langmuir also considers the Fenton degradation reaction as one of the factors that promote the dye
removal, particularly in higher T. Based on the study, HMM exhibits excellent performance in removing RhB by
facilitating both adsorption and Fenton reaction in a one-step process.

1. Introduction living creatures in the ecosystem [3]. Jain et al. (2007) reported that

potable water contaminated with rhodamine dyes causes subcutaneous

Recently, water pollution caused by the textile industries has brought
much attention. A study mentioned that around 17-20% of the indus-
trial waste pollutant, e.g., synthetic dyes and heavy me originated
from the coloring process of the textile industries [1]. Rhodamine B
(RhB), one of the most commonly-used cationic dyes in textile industries
[2], is known to have a dangerous effect on the environment and the
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tissue-borne sarcoma; therefore, it is highly carcinogenic [4].
According to the Indonesian Ministry of Industry, the growth rate of
the textile industries reached 15% in 2019, indicating a rapid engage-
ment of this industrial sector in Indonesia [5]. Another report also claims
that approximately 15% of the textile industries in Indonesia are not
accommodated by the wastewater treatment plant [6]. These may
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RW. Abadi et al

undoubtedly raise various environmental problems, as releasing the
untreated wastewater could endanger the environment and public
health. Therefore, it is imperative to look for a suitable and facile
technique to eliminate dyes from the wastewater before discharge.

Recent studies have reported several techniques to overcome the
problems caused by textile industrial wastewater, namely ion exchange
| 7], chemical precipitation [8], and adsorption [9]. Among these tech-
niques, adsorption shows better potential in wastewater treatment due
to its simplicity, low operation cost, and insensitivity to toxic substances
[10]. Previous studies have reported the wuse of wvarious
high-performance adsorbents to remove synthetic dyes, drugs, organic
components, and heavy metals from the wastewater, i.e., biomaterials
[1], modified clay minerals [11,12], activated carbon [ 13 |, metal oxides
[14], metal-organic framework [15-17] and magnetite nanoparticles
[18].

Of the wvarious adsorbents available for wastewater treatment,
magnetite nanoparticles attract much attention due to their (1) low
toxicity [19], (2) high stability in varous pH [20,21], (3) adequate
surface area and pore volume to remove contaminants, (4) high catalytic
activity in the Fenton degradation process to eliminate persistent pol-
lutants [15,22], and (5) paramagnetic characteristics, which make them
quickly recovered after use [23]. Magnetite nanoparticles are consid-
ered a suitable material for the removal of synthetic dyes, particularly
Rhodamine B, as they can release the di- and trivalent of iron ions (Fe®*
and Fe®*, respectively) in water, which act as the catalysts in the
degradation of Rhodamine B by peroxides to produce less harmful
components [24]. However, the microporous structure with a 0.7 nm
average pore diameter [21] that the magnetite nanoparticles have, in
contrast, makes their performance in the adsorption of RhB unsatisfac-
tory. The diameter of RhB is reported to be two times larger than the
pore diameter of magnetite nanoparticles (—1.44 nm) [25]; thus, RhB
will be difficult to be adsorbed by the magnetite nanoparticles.

Various modification routes have been reported to improve the
magnetite adsorptive ability on the synthetic dyes; mostly by combining
the magnetite nanoparticles with other materials, e.g., MIL-53Fe/
biochar [26], chitosan [27], chitosan/vanadium/titanium [28], acti-
vated carbon [29], cellulose aerogel | 30, and cellulose/graphene oxide
hydrogel [31]. However, these magnetite composites are complicated to
prepare and may escalate the cost. In this study, we fabricate a new
magnetite class, hollow mesoporous magnetite (HMM), by enlarging the
pore diameter of magnetite and graft a hollow core. The hollow struc-
ture has been reported to increase the adsorbent performance in various
pollutant removals, resulting from the higher accessibility of the hollow
materials, given by their larger pore size [32,33]. A template-directed
method is employed with polystyrene (PS) selected as the hard tem-
plate to incorporate the hollow core in HMM. PS is preferred due to its
facile surface functionalization [34 ]| and uniformity in particle size [35].
Without adding other composite materials, this modification approach
simplifies the fabrication method to obtain a bifunctional adsorbent that
can facilitate adsorption and degradation.

To evaluate the performance of HMM, the influence of three
important parameters, e.g., pH, temperature (T, °C d adsorbent
loading (m., wt%), will be investigated. Meanwhill e adsorption
behavior of the RhB onto HMM surface is assessed via kinetic, isotherm,
and thermodynamic studies. The modified Langmuir equation will be
used to represent the degradation phenomena, and the mineralization
study will be further performed to verify the decomposition of RhB. The
simulation of the RhB removal mechanism using HMM will be also
employed, as it is important to investigate the feasibility and limitation
of HMM from technological viewpoint.

2. Materials and methods
2.1. Materials

Styrene (CgHsCHCH2, CAS No. 100-42-5, =99.0% purity),
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methacrylic acid (CsHgO2, CAS No. 79-41-4, >99.0% purity), ethylene
Glycol (CoHgO2, CAS No. 107-21-1, >99.0% purity), hexamethylene-
tetramine (HETM) (CaH12Ns, CAS No. 100-97-0, =99.0% purity), and
RhB (C2H31CIN2Os, CAS No. 81-88-9 5.0% purity) are obtained
from Sigma-Aldrich (Germany), while potassium persulfate (K,S.0g,
CAS No. 7727-21-1, =99.0% purity), potassium nitrate (KNO,, CAS No.
7757-79-1, >99.0% purity), and iron (II) chloride (FeCls.4 H,0, CAS
No. 13478-10-9, =99.0% puri purchased from Supelco (Ger-
many). All other reagents, e.g., sodium hydroxide (NaOH, CAS No.
1310-73-2, =97.0% purity), sulfuric acid (H2504, CAS No. 7664-93-9,
=98% purity), and hydrogen peroxide (H202, CAS No. 7722-84-1, 35%
purity) are supplied by Merck (Germany). All chemicals are of analytical
grade and used as received.

2.2, Preparation of HMM

Fabrication of HMM using a template-directed method begins with
the functionalization of the PS surface, following the method proposed
by Huang and Tang (2005) [21] with some modifications. In a typical
synthesis of functionalized PS, 18 ml of styrene, 2 ml of methacrylic
acid, 0.2 g of potassium persulfate, and 160 ml of deionized water are
introduced into a glass beaker and mixed for 24 h at 80 “C. The resulting
colloidal solution is freeze-dried (—40 °C, 0.02 mbar) ovemight to
obtain the dried functionalized PS.

The fabrication of HMM continues by diluting 90 ml of ethylene
glycol into 360 ml of deionized water. Then 0.6 g PS, 10.6 mmol of
FeCl,.4 H,0, 3.3 mmol of KNO; and 42.9 mmol of HETM are added to
the water-ethylene glycol mixture. The solution is heated to 80 “C and
continuously agitated at 800 rpm under sonication for 3 h. The ge:
ated PS-coated magnetite (PS@Fe304 icles are collected by
centrifugation at 6000 rpm for 5 min and repeatedly washed with
deionized water. The solid prcact is then dried at 60 “C to remove the
excess water and subsequently caleined at 350 °C for 3 h to obtain HMM.

2.3. Characterization of HMM

HMM was characterized using scanning electron microscopy with
energy dispersive X-Ray spectroscopy (SEM/EDX), nitrogen sorption,
and ¥4tay Powder Diffraction (XRD). The SEM images are obtained by
SEM JEOL JSM-6500 F (Jeol Ltd., Japan) at 15 kV and 10.4 - 10.5 mm
working distance. M@hwhile, TEM is conducted on JEOL JEM-2100
[Jea.td., Japan) at 200 kV. The nitrogen sorption analysis is carried
out using Micromeritics ASAP 2010 Sorption Analyzer at 77 K to obtain
the textural properties of HMM. The sample is degassed at 473 K for
hours before analysis. The crystallinity profile of HMM is acquired on an
X'PERT Panalytical Pro X-Ray diffractometer (Phili 1, Netherlands).
The respective running voltage, tube current, and monochromatic Cu
Kol radiation are set at 40 kV, 30 mA, and 0.154 nm with 20 ~EIb-70°.
The point-of-zero-charge (pH,,.) of HMM was measured using Malvern
Zetasizer Nano Z (Malvern Panalytical Ltd., UK) with a pH range of 2 -
10.

2.4. The adsorption and degradation of RhB via Fenton reaction
1
2.4.1. The influence of pH, temperature, and adsorbent loading

The adsorption experiments are initially carried out in a series of
flasks at various pH (pH = 2, 4, 6, 8, 10) to obtain the optimum pH for
RhB removal. One percent of HMM (m, = 1.0 wt%) is added to the RhB
solution (initial RhB concentration = 50 mg,/L) and continuously shaken
in a water bath fo min at 30 “C. The equilibrium adsorption time
(t,q) is determined using the procedures mentioned in Section 2.4.2. The
pH where the highest RhB removal is observed is the optimum pH (pH-
opt).

After obtaining pH-opt, various HMM loadingdGlm, = 0.1 - 1.0 wt%)
and 5 wt% hydrogen peroxide (50% solution) are subjected to a 240-min
adsorption process at pH-opt, constant temperature and agitation speed
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nSO rpm). Three adsorption temperatures (T = 30, 40, 50 °C) are
employed to study the temperature influence on the removal of RhB. The
concentration of RhB in the supernatant is measured using Shimadzu
UV-Vis spectrophotometer 2600 (Shimadzu, Japan) at a wavelength of
553 nm. All exErimental batches in this section are run in triplicates.

2.4.2. Kinetic, isotherm, and thermodynamic studies

The adsorption kinetics is used to determine the equilibrium time
(te) for the adsorption hB onto HMM. It is conducted at pH-opt, m,
= 0.8 wt% and various temperatures (T = 30, , 50 “C). Each beaker
glass is collected at different time intervals to measure the loaded
amount of RhB in HMM. The isotherm and thermodynamic studies are
further performed by adding various HMM loading (m, = 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 wt%) to the RhB solution at three tem-
perature levels (T = 30, 40, 50 “C). The adsorption time is set at t,,. All
runs in this section are employed by adding 5 wt% hydrogen peroxide
(50% solution) at the beginning of the adsorption and conducted in
triplicates to increase the confidence level of the data.

The adsorption capacity at a specific time (Q,) and at equilibrium
(Q.) can be calculated using Eqgs. (1) and (2), where Cy, C;, and C.
represent the initial RhB concentration, the RhB concentration at time ¢
and the equilibrium concentration of RhB in the solution (mg/L), w,
corresponds to the loaded mass of HMM (g), and V equals to the volume
of RhB solution.

(Cy —CV
Q= W,

A

(1)

(Co— GV
B W,

Q. (2)
The equilibrium data are then fitted to (1) Langmuir, Freundlich,
Temkin, liquid-phase BET isotherms, and (2) modified Langmuir
roach to elaborate the RhB adsorption and degradation behaviors.
The obtained isotherm parameters are further analyzed to determine
Gibbs free energy (AG"), enthalpy (AH"), and entropy (AS°).

2.4.3. Mineralization study

The mineralization of RhB is verified by the total organic carbon
(TOC) analysis by varying the contact time (t = 0 — 240 min) between
RhB solution (50 mg/L) and HMM under optimum conditions. The TOC
analysis is performed using Mettler Toledo 6000TOCI (Mettler Toledo,
USA), and the mineralization rate (M) is computed by the Eq. (3), where
TOCy corresponds to the initial TOC of the RhB solution, and TOC, refers
to the TOC of the RhB solution at time t.

(TOC, — TOG)
e m W,

M(%) = 100 (3)

b
g Results and discussions
3.1. The mechanism scheme of HMM fabrication

Fig. 1 depicts the synthesis route of HMM: (1) firstly, PS nanospheres
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are simultaneously prepared and functionalized with carboxyl group via
graft polymerization of methacrylic acid; (2) in a dispersion system
containing negatively charged PS templates and ethylene glycol /water
system, the Ferro chloride interlinks with the surface of carboxyl
functionalized PS and undergoes the precipitation reaction with KNO,
and HETM to form magnetite-coated PS spheres; (3) PS, as the rigid
template of the core, and the other organic impurities are then removed
by calcination, to obtain the HMM particles.

3.2. Material characterizations

Fig. 2a shows the SEM image of the nano spherical PS template,
while Fig. 2b-g present the SEM and TEM images of the HMM at various
magnifications. The template is spherical with a uniform size atca. 150 -
180 nm (Fig. Z2a). Notably, the HMM nanoparticle has a sphere-like
morphology with an integrated hollow core (Fig. 2b-g), indicating that
the PS template has been completely decomposed during the calcination
process. The particle size of HMM is estimated at ca. 320 - 350 nm, and
its integrated hollow-core size is 230 nm. The thickness of the shell is
calculated in the range of 45 — 60 nm.

The elemental mapping (Fiz. 3a-e) demonstrates that the iron, oxy-
gen, carbon, nitrogen, and zirconium elements are distributed
throughout the HMM particles with the respective atomic composition
of 39.6%, 52.1%, 5.09%, 1.64%, and 1.59% (Fig. 3 f). The EDX result
exhibits two strong peaks assigned to the iron and oxygen elements,
indicating the plentiful presence of Fe;0,4 in the HMM particles [ 34].
Meanwhile, nitrogen and zirconium elements are impurities retained
from the fabrication and analysis procedures.

Six characteristic peaks are detected for both magnetite and HMM at
20 = 30.4°, 35.8°, 43.5°, 53.8°, 57.4°, 63.1°, and 30.0°, 35.1°, 42.8°,
53.2°, 56.7°, 62.2°, respectively (Fig. 4a). The result indicates that
magnetite and HMM nanoparticles possess similar crystal structures.
Using the Scherrer equation, the estimated crystal size of the magnetite
particles in HMMs is 2.89 nm, indicating that the constituting magnetite
is in the nanoparticle size range [36].

The textural properties of HMM are determined by nitrogen sorption
and are presented in Fig. 4b. The nitrogen adsorption/desorption
isotherm of HMM exhibits a typical type-IV isotherm with the hysteresis
profile of H4, indicating the presence of a mesoporous structure with
wedged-shaped pores [37]. The BJH isotherm describes the pore size
distribution of the particles and detects one dominant peak at 37.8 nm
(Fig. 4b (inset)), which is in the mesoporous range. The significant in-
crease of the nitrogen adsorbed at p/p” close to unity also suggests the
presence of the macroporous structure within the particle, correspond-
ing to the integrated hollow core. The adsorption and desorption pro-
files, whic§8re almost attached, also imply that the pores are highly
accessible. The specific surface area and pore volume of HMM obtained
in this study are 132.0 m*/g and 0.63 cm®/g, higher by 1.4 and 10.5
folds, respectively, compared to asimilar study of HMM [21]. The pHpe
of HMM is obtained at pH = 8.4 (Fig. 4c). At pH lower than pHp,e, HMM
protonates to form FeOH3 due to excess hydronium (H™) ions in the
solution. Meanwhile, HMM is deprotonated at pH > pHy,, and converts

precipitation and
deposition of Fe; 0y
on the surface of PS

PS sphere removal

2) HETM( i")

Ty calcination

PS-coated Fey Oy

HMM

Fig. 1. The schematic mechanism of the HMM fabrication.
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Fig. 2. (a) SEM image of nano spherical PS template, (b-¢) SEM, and (d-g) TEM images of HMM at various magnifications.
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its active side to the negatively charged FeO .

3.3 aiuence of pH, temperature, and adsorbent loading on the RhB
removal using HMM

The pH solution plays an essential role in the adsorption and
degradation processes because, in most cases, the surface charge of the
adsorbent, the adsorbate ion form, and the electrostatic interaction be-
tween the two change along with the pH level. Fig. 5 shows that the
removal rate of RhB via adsorption by HMM increases from 49.8% to
71.1% as the pH escalates from pH = 2 to pl 6 and subsequently
decreases to 31.8% as the pH rises to pH = 10. The results indicate that
the removal of RhB is limited to a pH lower than pHp,. (8.4), with the
maximum removal at pH = 6. Kerkez et al. (2014) studied that RhB
exists in 3 ionic states, e.g., zwitterionic (RhB") and two cationic forms
(RhBH" and RhBH?**), depending on the pH level of the solution [38].
Moreover, Hou et al. (2011) also reported that the pH,,,. of RhB is found
at 4.1 — implying that RhB is positively charged below its pHp,e and
negatively ged as the pH increase [39]. The low removal of RhB at
pH = 2 can be attributed mainly to the electrostatic repulsion between
the cationic RhB ions (RhBH* and RhBH>") and FeOH3 ions from HMM.

(e) The elemental mapping and (f) EDX spectrum of HMM.

At higher pH, the ionic transition of RhB from the cationic to zwitter-
ionic form (RhB") induces lectrostatic interaction with the positively
charged HMM, increasing the removal rate of RhB. However, at pH = 6,
the repulsion between the zwitterionic RhB (RhB’) and deprotonated
HMM (FeO") occurs and causes the reduction of RhB removal.

At pH-opt (pH = 6), the RhB removal at various T and m, are sum-
marized in Fig. 6. The highest reduction of RhB using HMM (99.7%) is
achieved at T = 50 °C and m, = 0.8 wt%. The €&perimental results show
a significant increase in the removal of RhB when the temperature is
elevated from 30 “C to 50 °C within all tested m,. [t can be contributed
by the higher mobility and kinetic energy that the HMM and RhB mol-
ecules have at higher T. This intensifies the collision between both
adsorbent and adsorbate, induces easier attainment of the activation
energy, and subsequently results in a higher removal rate [40].
Chowdhury et al. (2011) added that the correlation between the mass
transfer rate of the adsorbate and temperature is straightforward and
proportional [41].

Fig. 6 also depicts that the HMM loading (m,) remarkably influences
the removal rate of RhB, particularly in the first eight points (atm, = 0.1
- 0.8 wt%). The increasing removal rate of RhB, along with the adsor-
bent loading, indicates that the available surface area of the adsorbate
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Fig. 4. (a) XRD diffraction of magnetite and HMM, (b) N adsorption and
desorption isotherms with its corresponding BJH pore size distribution curve
(inset) of HMM, (c) pHyg. of HMM.

contributes proportionally to the RhB adsorption and degradation rate
[42]. However, at higher m,, we see a slight decrease in the removal rate
of RhB. A high concentration of adsorbent in the solution narrows the
distance between the adsorbent particles and leads the particle to stack
and aggregate with each other. This interparticle movement decreases
the available surface area for adsorption and degradation, reducing the
HMM performance in the RhB removal. Another reason is probably
caused by the excess of Fe** and Fe?* ions in the solution. Prasetyo et al.
(2019) reported that a proportional amount of Fe** and Fe?* ions are
required to generate hydroxyl and hydroperoxyl radicals in order to
degrade organic contaminants [43]; an excess of these two ions, on the
contrary, will lead to the recombination reaction of the radicals, which
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of RhB at pH = 6.

hinders the degradation process [35].

A comparison of the RhB removal rate using HMM with other
existing catalystsis given in Table 1. Notably, the initial concentration of
dye (Cy) significantly influences the dye removal rate, from = 95% at Cy
=10 mg/L to ~70% at Cp = 100 mg/L. The performance comparison
between the non-hollow Fe304 and HMM in this study also shows that
integrating a hollow structure significantly increases the removal rate of
RhB, as it enhances the accessibility of the material for the dye molecules
to diffuse towards the interior part of HMM. Moreover, among the
studies on removing RhB via simultaneous adsorption and degradation,
HMM shows a higher activity compared with the other materials re-
ported by Hu et al. (2015) and Navarathna et al. (2019) [26,45]. This
shows that HMM, as a bifunctional adsorbent, can enhance the removal
rate of RhB at a comparable operating condition.

3.4. Kinetic study

Several data at a various time is fitted into three kinetic models, i.e.,
pseudo-first-order, pseudo-second-order, and intraparticle diffusion
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Table 1
The comparison of RhB removal activity of various adsorbents.
Material Adsorption system,/mechanism Operating condition Dye removal rate Reference
(%)
SDS-modified laterite soil Batch, adsorption pH = 4, t = 60 min, T = 25 “C, m. = 2.5 wt%, dye initial 9B.85% [12]
concentration = 107 % M
Magnetite Batch, Fenton degradation via pH = 3, t = 180 min, m: = 10 ppm, dye initial concentration 97.3% [44]
electrolysis = 10 mg/L, voltage = 8V
Ag @AgBr/SBA-15 Batch, adsorption and photocatalytic pH = 4,28, T = 20°C, m. = 0.03 wt%, dye initial concentrgt BE% [45]
degradation = 20 mg/L W
Hierarchical-Ui0-66 Batch, adsorption pH =5, t=2h, T = 30 °C, dye initial concentration = 38 mg/L B5% [16]
MIL-53 Fe/magnetite/ Batch, adsorption and photocatalytic pH =6, t = 20 h, T = 25°C, dye initial concentration = 50 mg/L T0% [26]
biochar degradation
Magnetic hollow Batch, adsorption pH = 11 30 s, T = 25 °C, m. = 0.1 wt%, dye initial concentgath 7% [46]
mesoporous silica = 100 mg/L w
Ui0-66-(CO0H), Batch, adsorption pH=7,1=12h, T = 30 °C, dye initial concentration = 3000 mg/L ~ N/A [47]
(Q. = 2200 mg/g)
Mon-hollow Feq0y Batch, adsorption and Fenton pH = 6, t = 240 m[m. 50 °C, m. = 0.8 wit%, dye initial BO 8% This study
degradation concentration = 50 mg/L
HMM Batch, adsorption and Fenton pH = 6, t = 240 min, T = 50 “C, m. = 0.8 w2, dye initial a9, 7% This study
degradation concentration = 50 mg/L

(IPD), as seen in Fig. 7. The kinetic study shows that the capacity of
HMM increases significantly in the first thirty minutes and slows down
after that until it reaches the equilibrium at 240 min. A similar trend is
observed for all tested T, with the difference only in the adsorptioIB'ld
degradation capacity at equilibrium. Elevating the temperature from
30 “C to 50 “C promotes a higher removal rate of RhB and stronger HMM
capacity from 51.7% and 2.43 mg/g to 98.4% and 4.25 mg/g, respec-
tively. This could be attributed to the greater diffusion ability of RhB
molecules to the active sites on the surface of adsorbent at higher T.
Chowdhury et al. (2011) also reveal that increasing temperature esca-
lates the mass transfer diffusion rate as the mobility of both adsorbate
and adsorbent particles enhances, intensifying the collision between
them [41].

Meanwhile, Jiang et al. (2018) mentioned that increasing the
adsorption system temperature lowers the intramolecular energies,
facilitating easier interaction between RhB and HMM [45]. The degra-
dation of RhB due to the Fenton reaction is also controlled by the tem-
perature. Increasing the temperature causes the formation of hydroxyl
radical («OH) and hydroperoxyl radical (¢#OOH) ions. The attack of «OH
and «0O0H in the bulk solution induces the fragmentation of the RhB
aromatic chain into carbon dioxide and water [49].

The fitted parameters of the three kinetic models are summarized in
Table 2. Based on the value of R, it is suggested that the pseudo-second-
order kinetic model represents the experimental data better than the
other two. The calculated Q, values are also consistent with the exper-
imental results, which conclude the better fit of RhB adsorption on HMM
to the pseudo-second-order model. This result indicates that the removal
of RhB tends to be chemically controlled, asit involves both degradation
and adsorption of RhB onto the active sites of HMM surface.

The lower values of kinetic constants (k; and ki) are also observed
when the temperature is enhanced from 30 °C to 50 “C. At higher T, the
faster kinetic mobility of RhB and HMM molecules due to the lower
viscosity of the RhB solution causes RhB to migrate from the solid phase
(HMM surface) to the bulk solution due to excessive collision between
the two, hence, decreasing the removal rate of RhB [50]. Moreover,
while at some point, more ¢OH and ¢OOH radicals at higher T are
desirable to promote the degxstion of RhB, the excess amount of these
two in the system may cause a competitive reaction between RhB and
Hz03 with the radical ions, and consequently lower the sorption rates
[51].

The multi-linear IPD (Fiz. 7¢) is used to elaborate the mechanism of
the RhB removal, where the fitted data at all temperatures can be
divided into three steps: (1) the film diffusion, where RhB penetrates to
the external surface of HMM, (2) the intra-particle diffusion of RhB to
the interior of HMM, and (3) the physical and chemical interaction be-
tween RhB and HMM molecules. Two interactions are probably involved

in the last step, including (1) the mesoporous filling mechanism with the
presence of [PD forces via the electrostatic interaction between RhB and
the active site of the HMM and (2) the Fenton (degradation) reaction
[52,53]. Table 2 also shows that the adsorption constant (kp) in the IPD
model differs for every step, where k;, in the first step (k;,;) is higher than
those of the second (k) and third (k;3) steps, implying that the most
dominant step in this process is the adsorbate diffusion to the boundary
layer of HMM, followed by the intra-particle diffusion and the adsor-
bate/adsorbent interaction.

3.5. Isotherm study

The equilibrium data at the three different temperatures are fitted
into five types of adsorption isotherm model, e.g., Langmuir, Freundlich,
Temkin, liquid-phase Brunauer-Emmet-Teller (BET), and modified
Langmuir, with the tabulated isotherm parameters summarized in
Table 3. Fig. 8 also depicts the fitted isotherms on the adsorption equi-
librium data at T = 30 °C using the first four isotherm models. Based on
the Giles’ classification, the adsorption of RhB (Fig. 8) exhibits an L-type
sorption isotherm at low RhB concentration and an S-type sorption
isotherm at moderate to the high content of RhB in an aqueous solution
[54]. Type L suggests that the RhB molecules are adsorbed parallel to the
surface, and there is no strong competition between the adsorbate and
the solvent to occupy the binding site in HMM [55]. Meanwhile, the
S-class observed at a higher concentration of RhB indicates cooperative
adsorption [56], where the adsorbed RhB molecules interact strongly
with the new adsorbate molecules, creating multilayer behavior of
adsorption [57].

The above quasi-gqualitative analysis is supported by the parameters
seen in Table 3. Indicated by its higher R value, the Freundlich isotherm
model describes the equilibrium data better than Langmuir and Temkin.
The Freundlich model assumes that the adsorbent has a heterogeneous
surface and different adsorption potentials [58]. It also suggests the
multilayer adsorption of RhB on the surface of HMM [59]. This multi-
layer mechanism is also supported by the liquid-phase BET model,
which gives the highest R* (0.9108 — 0.9921) among the other models.
Supporting the previous statement, the value of n (the maximum
adsorption layers) obtained from the model also suggests that there are 2
- 3 layers of adsorbate on the solid surface of the adsorbent. The
maximum adsorption capacity on the first layer (Q ) is found to be
in the range of 3.99 - 8.11 mg/g according to the liquid-phase BET
model, while Langmuir isotherm reveals that the Q,,, ranges from 23.9
to 37.4 mg/g.

As the 1/n values at all T are lower than unity (0.39 - 0.65), the
adsorption of RhB is considered a favorable process. Meanwhile, the
increasing Freundlich constant (Kg) with the temperature represents the
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Table 2

The kinetic parameters of the adsorption and degradation of RhB using HMM at
various temperatures (pH = 6, m, = 0.8 wt%, time = 240 min).

Parameters Temperature (K}
303 313 323

Qemep (Mg/g) 207 3.17 4.25

Pseudo-first order

Q. (mg/g) 2.08 2.64 3.82

ki (g/mg.min) 0.16 0.08 0.03

R? 0.8537 0.8439 0.7856

Pseudo-second order

Q. (mg/g) 2.24 2.94 4.22

k, (g/mg.min) 0.10 0.04 0.01

R? 09313 09291 0.8651

Intraparticle diffision (IPD)

ky (mg/g.min'"?) 0.124 0.183 0.267

1. kp 0.66 0.57 0.59

1. kps 0.28 018 0.11

1. kpy 0.02 0.09 0.04

C 0.50 076 072

R? 0.7689 0.8940 0.9380
Table 3

The fitted isotherm parameters for the adsorption and degradation of RhB.

Isotherm Parameter Unit Temperature, K
303 313 323
Langmuir Qi mg/g 239 33.6 37.4
Ki Limg 0.03 0.06 0.12
R* - 0.7366 0.7936 0.8172
Freundlich Kp (mg/g)L/ 115 2.63 5.46
mg)!’
1 - 0.65 0.42 0.39
R* - 0.8122 0.8882 0.8039
Temkin Kr Lig 0.53 1.20 26.4
Ep J/mol 3.45 2.98 2.38
R* - 0.6800  0.8450  0.6190
BET QuapEn) mg/g 3.99 5.76 B.11
N - 26 2.5 26
Kg Limg B.63 B8.13 7.97
K1BET) L/mg 0.02 0.03 0.03
R* - 0.9921 0.9511 0.9108
Modified Qn* mg/g 239 30.7 37.4
Langmuir Q lJ/mol 0.06 8.06 13.3
AH kI/mol 64.8 7.05 B.BB
[ - 0.766 0.457 0.388
[ - 0.234 0.543 0.612
R* - 0.76509 0.8375  0.6388

favorability of the RhB adsorption at the higher T. Both Langmuir (K;)

Temkin (Ky) constants, as well as Qm(L) and Qm{BET), also increase
from T = 30 °C to T = 50 °C, which implies the endothermic nature of
the adsorption of RhB.

The adsorption behaviors on the first layer and the upper layers are
further observed using the adsorption equilibrium constant for the first
layer (Ksg) and the upper layer (Kipgr)) obtained from the liquid-phase
BET model. Table 3 shows that Kg decreases from 8.63 L/mg to
7.97 L/mg along with the temperature, indicating that the exothermic
Fenton reaction hafiens on this very first layer of HMM. Meanwhile, K,
er) is escalating from 0.02 L/mg to 0.03 L/mg with the increasing
temperature, which explains the occurring endothermic adsorption on
the upper layers of HMM. The value of the heat of sorption (E;) obtained
from the Temkin regression is monitored between 2.38 and 3.45 J/mol
at the three temperature levels, indicating the adsorption step happens
due to physical interaction - this result is in agreement with the previous
kinetic study.

In this study, the modified Langmuir isotherm is also employed to
study the distribution of active sites of HMM in the adsorption and
degradation steps and elaborate on the behavior of the simultaneous
adsorption and degradation process. This model assumes that the
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simultaneous adsorption and degradation process will result in a higher
removal capacity than the typical adsorption because the total affinity
between adsorbate and adsorbent is caused by two phenomena, e.g.,
chemical reaction and physical adsorption [60]. Laysandra et al. (2017)
also find that the adsorption energy depends on two parameters: (1) the
isosteric heat of adsorption (Q) and (2) the heat of chemical reaction
{AH). They also suggest that the active site on the adsorbent surface
consists of two fractions: (1) the active site for adsorption (symbolized as
,45) and (2) the active site for degradation (f,) [60]. The fitted equi-
librium data to the modified Langmuir and its calculated parameters are
presented in Fig. 9 and Table 3, respectively.

Similar values of the maximum adsorption capacity, Q,* , to the
previous Q) (Table 3) are observed in all tested T with a proportional
correlation between Q.,* and T. This result shows that the ability of
HMM to adsorb and degrade RhB is significantly influenced by T. The
positive values of Q and AH means that this process is endothermic [41].
At T = 30 °C, the respective g4 and gy values are 76.6% and 23.4%,
showing the dominance of adsorption in removing RhB from the

| [ = ac
1| e ac A
22 | & soe¢|

T T
0 5 10 15 20 25 30 35
C,, mg/L

Fig. 9. The fitted equilibrium data of the simultaneous adsorption and degra-
dation of RhB to the modified Langmuir model.
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solution. However, it is observed that 64, continues to escalate with the
increasing temperature, reaching 61.2% at T = 50 “C. This result sig-
nifies that the amount of degraded RhB molecules enhances significantly
compared to those in lower temperatures. Wan et al. (2015) reported
that the number of hydroxyl and hydroperoxyl radicals formed from the
decomposition of H,0, escalates at higher T due to the increase in the
molecular kinetic energy, which then induces the rapid degradation of
RhB [51].

3.6. Thermodynamic study

Table 4 summarizes the three important thermodynamic parameters,
including Gibbs free energy change (AG"), enthalpy (AH"), and entropy
(AS”). The negative value of AG® at all tested T refers to the spontaneous
and favorable removal of RhB using HMM. The decreasing value of AG®
with the increase in T confirms the feasibility of RhB removal from the
adsorption viewpoint. It also suggests that RhB has a stronger affinity on
the surface of at a higher T. Meanwhile, the positive AH® value
(108.7 kJ/mol) confirms the endothermic behavior of the process. The
high value of AH® (> 80 kJ/mol) shows that the removal of RhB is
dominantly governed by the chemical reaction [61], particularly at a
high level of T. The AS® is observed at — 357.3 J/mol.K, indicating the
decrease in disorder and randomness of adsorbate molecules distribu-
tion on the active sites due to the association between RhB and HMM
[41].

3.7. Mineralization of RhB

Fig. 10 presents the profiles of the mineralization rate of RhB and the
TOC content in the solution at various adsorption and degradation time.
The two profiles show that the TOC content decreases significantly in the
first 20 min, reaches a plateau zone in the middle, and steadily reduces
the TOC during the remaining time. This pattem indicates that rapid
mineralization of RhB to gaseous CO2 happens almost immediately
during the first step. This is supported by the presence of vigorous
bubbles observed after the addition HMM to the RhB solution during the
experimental runs. A stagnant mineralization rate is then monitored
from t = 20 min to t = 60 min, which implies that some dye molecules
are decomposed to the lower molecular weight components [62], and
these intermediates still contribute to the TOC content. The gradual
increase of mineralization rate in the last part corresponds to the
oxidation of the most stable compounds, indicating the mineralization of
RhB is nearly completed.

3.8. The proposed mechanism study of RhB removal via simultaneous
adsorption and degradation

Fig. 11 illustrates the simultaneous adsorption and degradation of
RhB using HMM. As shown in the figure, HMM consists of Fes04
nanoparticles adjacent to each other and forms spherical aggregates via
the dissolution and redeposition means (inside-out Ostwald ripening).
The mesoporous structure in HMM is intended to increase the accessi-
bility of adsorbing RhB molecules, while the hollow core works as a
nanoreactor for the degradation of RhB. 2

The in-situ adsorption/degradation mechanism using the HMM can
be described as follows: All molecules, including RhB in its zwitterionic

Table 4
The computed thermodynamic parameters on the adsorption and degradation of

Eausin,g HMM.
T '

ure (K) Thermody ic parameters
AG“ads (kJ/mol) AH? (kJ/mol) AS® (J/molK)
303 -0.06 108.7 -357.3
313 -2.05
323 -7.21
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form (RhBE’), water, and H20; migrate onto the boundary layer of the
catalyst and diffuse through the layer onto the surface of HMM. As the
solution pH is set at pH = 6, the binding sites of HMM are available in
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the cationic form of FeOH>" [63]. The opposite charge between RhE
and FeOH>" causes some RhB molecules to interact with HMM surface
via electrostatic force. Meanwhile, the other RhB molecules diffuse via
the mesoporous structure of HMM in which part of RhB molecules is
attached to the surface of the pore, and some others move deeper into
the hollow core to engage in the Fenton degradation process [64.65].
Initially, HyO, resonates and undergoes electron delocalization. The
negatively charged hydroperoxyl chain then binds with the existing iron
(III) ions and releases hydronium ions into the solution. Meanwhile, to
stabilize the charge, the electron from the hydroperoxyl chain migrates
and reduces the iron (II) ions to iron (II) ions. Subsequently, the
hydroperoxyl radicals (#OOH) are formed and released from the surface
of HMM.

The degradation continues when other H,0, molecules undergo the
electron excitation in the presence of iron (II) ions on the surface of
HMM and destabilize the interaction between the hydroxyl ion and its
radical counterpart. This phenomenon oxidizes the iron (II) ions back to
iron (II) ions and, at the same time, produces the hydroxyl ions and
hydroxyl radicals (#OH). The «OH and «00H radicals then attack the
aromatic chromophore of RhB and promote the reduction of RhB to the
simpler components, COz and water, indicated by the bubble formation
during the process. Meanwhile, the free hydronium and hydroxyl ions
formed from this degradation cycle merge to produce water. Once the

chromphime
degrdation

CO; + H,0
rackical

ous adsorption and degradation of RhB using HMM.
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degradation is completed, all degradation products (CO2 and water)
from the in-situ adsorption/degradation process are subsequently des-
orbed to the surface of HMM.

4. Conclusion

In this study, hollow mesoporous magnetite (HMM) has been suc-
cessfully fabricated using the in-situ growth of magnetite on polystyrene
surfaces through precipitation and oxidation processes. The obtained
HMM spheres have a particle size of 320 - 350 nm and are integrated
with a hollow core (with a diameter of 230 nm). The surface area and
pore volume of HMM are found at 132.0 m%/g and 0.63 cm®/g,
respectively. In the in-situ adsorption/degradation process of HMM, the
highest removal rate (99.7%) is observed at pH =6, m. =0
T =50°C, and time = 240 min, indicating that this adsorbent can be
used as an t material to adsorb and degrade RhB from aqueous
solution. This process follows the pseudo-second-order law and multi-
layer mechanism, with film diffusion as the controlling step. Based on
the modified Langmuir isotherm, the excellent performance of HMM in
removing RhB is also contributed by the Fenton degradation reaction.
This magnetic adsorbent will be of immense potential application for
removing organic contaminants, particularly synthetic dyes, due to its
good performance, simple separation, and ability to perform both
adsorption and degradation processes simultaneously.
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