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Abstract—Considering the frequent detection in environment and the potential threat to human health and ecoenvi-
ronment, achieving removal of sulfamerazine (SMZ) from the aquatic environment is of great significance. In this
study, the magnetically separable manganese-iron oxides/activated carbon (Mn-Fe;O,/AC) was synthesized by simple
co-precipitation method and was used to remove SMZ from solution. Doping manganese oxide could change the spe-
cific surface areas of the prepared materials, thus providing more active sites for adsorption and improving the adsorp-
tion capacity of Mn-Fe;0,/AC for SMZ (maximum adsorption capacity 146 mg g'). The kinetic and thermodynamic
study showed that the adsorption of SMZ on Mn-Fe;O,/AC was endothermic and spontaneous, and followed the
pseudo-second-order kinetics model and Langmuir model. Efficient removal of SMZ was attributed to varieties of non-
covalent interactions between it and Mn-Fe;O,/AC, including electrostatic interactions, hydrogen bonds and 77 elec-
tron donor-acceptor interactions. In addition, SMZ could be degraded by oxidation via redox reactions. After six cycles
of use, Mn-Fe;O,/AC still had good adsorption capability.
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INTRODUCTION

Antibiotics play important roles in preventing bacterial infec-
tion in animals and humans [1]. However, the abuse of antibiotics
can raise antimicrobial resistance in bacterial pathogens, which has
caused concern around the globe [2]. Sulfamerazine (SMZ), as
one kind of common sulfa-antibiotic, is used for animal husbandry
and disease treatment because of its effective therapeutic proper-
ties and low price [3,4]. Now, it has been detected in the water
environment with the concentration ranging from 0.19 to 126 mg
L' [5]. If existing in environment for a long time, it can pose a
serious threat to human health and the ecosystem [3].

Adsorption is one of available techniques for removal of antibi-
otics, because of its excellent advantages, including low cost, high
efficiency, easy operation, and wide adaptability. Activated carbon
(AC) as a classic adsorbent is often used to remove odors, pigment,
antibiotics, and other pollutants [6]. However, it is difficult to sepa-
rate and regenerate, which limits its application. Many researchers
made AC impart magnetic properties, which not only accomplished
rapid separation from solution, but also enhanced adsorption capac-
ity [7]. For example, Yu et al. reported glyphosate maximum ad-
sorption capacity of prepared magnetic AC was approximately 2.8
times higher than that of raw AC [8]. Although the problem of dif-
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ficult recovery of adsorbent from solution has been solved, the ad-
sorption capacity of magnetic AC still needs to be increased [9].
Transition metals and/or their oxides doped in iron oxide can
significantly improve the characteristics, including stability, catalytic
activity, and adsorption capacity [10-12]. Manganese oxide is a great
choice as significant scavenger of various heavy metals and/or organic
pollutants, such as Cr [13], tetracycline [14], and methylene blue
[15]. In addition, Fe-containing adsorbents doped with manga-
nese oxide are more active than the adsorbents without manga-
nese oxide [11]. Because the doping of manganese oxide not only
prevents agglomeration of iron oxides to increase available adsorp-
tion specific surface area, but also increases the redox capability of
composite materials [16,17]. For example, Cholhwan et al. synthe-
sized a citric acid modified core-shell magnetic manganese dioxide
with high adsorption capacity for basic dyes in a relatively short time
compared to other adsorbents [15]. Furthermore, magnetic man-
ganese oxide has certain redox properties due to the multivalent
state of manganese. For example, Zhang et al. reported that Fe;O,-
MnO, can significantly promote the decomposition of ozone to gen-
erate hydroxyl radicals (¢«OH), and bisphenol A degradation ratio
in Fe;0,-MnO,/O; system was higher than that in ozonation sys-
tem [18]. As known, a catalytic reaction mainly occurs at the gas-
solid-liquid interface; therefore, the adsorption of reactants on the
solid catalyst is an indispensable step [19]. However, the adsorp-
tion mechanism on solid catalysts still needs further exploration.
This study was committed to developing efficient and promis-
ing manganese-doped activated carbon-based magnetic adsorbent
(Mn-Fe;0,/AC), which was prepared via simple co-precipitation
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method. And the adsorption performance of Mn-Fe;O,/AC for
SMZ removal was studied via kinetic and thermodynamic models.
Furthermore, the adsorption characteristics and mechanism were
discussed.

MATERIAL AND METHODS

1. Materials and Preparation Materials

The powder AC was obtained from Tianjin Ding Shengxin Chem-
ical Co. Ltd. (200 mesh, Tianjin, China). Ferric chloride (FeCl),
ferrous sulfate heptahydrate (FeSO,-7H,0O), and manganese chlo-
ride tetrahydrate (MnCl,-4H,0) were obtained from Shanghai
Hushi Co. Ltd. (Shanghai, China). SMZ (purity: 99.99%) was pur-
chased from National Institute for Drug Control (Beijing, China).
High performance liquid chromatography (HPLC) grade metha-
nol (MeOH) and formic acid (FA) were purchased from Fisher Sci-
entific, Belgium. And the chemical reagents were analytical grade
unless otherwise specified and used without further purification.
Ultra-pure water (UP-water, 18.25 MQ-cm) was used in whole ex-
periments.

The AC was cleaned with 0.1 mol L' HNO,, washed with UP-
water to neutral and then dried for later use. The preparation pro-
cess of Mn-Fe;O,/AC is shown in Fig. S1 in Supplementary mate-
rials. FeCl; (4.56g), FeSO,-7H,0 (3.90¢g), specified amount of
MnCL-4H,0 (molar ratio Fe*" : Mn**=1:10, 1:5, and 1: 1) and acid-
ified AC (3.25g) were added into three-necked flask with 40 mL
UP-water. After the suspension was heated to 343 K in water bath,
the 50 mL 5 mol L™ NaOH solution was added dropwise into the
suspension. After aging for 2 h, the obtained solid was washed with
UP-water to neutral and dried in oven at 378 K. Finally; the dried
solid was annealed with heating rate of 276 K min™" to 873K for 5h
to get Mn-Fe;O,/AC-10, Mn-Fe;O,/AC-5, and Mn-Fe;O,/AC-1.
Fe;O,/AC was obtained as the above method without MnCl,-4H,O.
2. Characterization

The surface morphology of prepared materials was characterized
by scanning electron microscopy (SEM, Zeiss Sigma 300, Germany)
coupled with energy dispersive spectrometer (EDS). The crystal
phases of all samples were determined by X-ray diffraction (XRD,
Bruker D8 advance, Germany) using Cu Ko radiation with Bragg
angle 10-90°. The surface functional groups of samples were con-
firmed by Fourier transform infrared spectroscopy (FTIR, Thermo
Fisher Scientific, USA) and X-ray photoelectron spectroscopy (XPS,
Escalab Xi', USA). The Brunauer-Emmett-Teller (BET) surface
area measurement was performed on an ASAP 2460 surface area
analyzer, which came from USA. The zero charge potential of mate-
rials was detected by Nano SZ-100 (Horiba, France).

3. Adsorption Experiments and Analytical Method

The adsorption capacities of prepared materials, including AC,
Fe;O,/AC, and Mn-Fe;0,/AC, were investigated by batch experi-
ments, and adjusting pH by negligible volume of 0.1 mol L™ or 0.01
mol L' HCl and/or NaOH in solution. Then the conical flasks
were put into shakers with speed of 120 rpm for 48 h to achieve
adsorption equilibrium. The Mn-Fe;O,/AC was highly uniformly
dispersed in solution, and it could be easily separated by magnet
(Fig. S2). Before obtained samples entered analytical instrument,
they were filtered by 0.22 pm membrane. The residual SMZ in solu-
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tion was detected by HPLC with ZORBAX SB-C18 (5 pm, 4.6x
250 mm, Agilent 1260, USA). MeOH and UP-water with 0.1% FA
(40: 60 (v/v)) were used as mobile phases at a flow rate of 1.0 mL
min' and the detection wavelength was 265 nm.

The removal efficiencies and the adsorption capacities of adsor-
bents are calculated via the following equations (Egs: (1-3)):

C,-C
n%= °C % 100% 1)
0
Cy—C)xV
qf% )
C,—-C)H)xV
qt:( 0 mt) (3)

where 77 is the removal efficiency of SMZ; C, (mg L) and C, are
the concentration of SMZ initially and at any time t, respectively;
C, (mg L") is the concentration of adsorption equilibrium; q, (mg
g') is instantaneous adsorption capacity; q, (mg g ') is equilib-
rium adsorption capacity; m (g) is the mass of the adsorbent, and
V (L) is the volume of solution. All of the experimental data were
the averages of triplicate determinations, and the relative errors of
the date were less than 5%.

RESULTS AND DISCUSSION

1. Targeted Composite Material Confirmation

Fig. 1 showed the morphology of the prepared samples. The
acidified AC sample had a smooth surface and fewer holes (Fig.
1(a)). After Fe;O, and/or manganese oxides were doped in AC, the
structures became luxuriantly porous (Fig. 1(b)-(c)). The results of
EDS element mapping including the Mn (Fig. 1(e)) and Fe (Fig.
1(f)) further confirmed that the iron-manganese oxides could be
evenly distributed on the surface of AC. In addition, the propor-
tion of Fe/Mn was about 11.2, which was close to the ratio of the
preset prepared material (Mn-Fe;O,/AC-10).

The surface area and pore volume of prepared adsorbents were
shown in Table S1. The order of surface area was followed as: Mn-
Fe;0,/AC-1 (655m” g )<Mn-Fe;0,/AC-5 (678 m’ g )<AC (727
m’ g ')<Fe;O,/AC (800m’ g ')<Mn-Fe;O,/AC-10 (819m’ g ).
The carbon could react with iron oxides to produce carbon oxide,
which resulted in the pore development and the improvement of
surface area [20]. The surface area of Fe;O,/AC was increased from
727m’ g to 800m’ g ' compared to that of AC. When Mn was
doped in Fe;0,/AC, the surface area was increased to 819m’ g '
because Mn prevented the crystallization of iron oxides [21]. How-
ever, the amount of doping manganese further increased, and the
surface area was decreased, which might be caused by the fact that
excessive manganese could cause clogging of micropores and coun-
teract the positive effect of iron oxide activation [11]. As known,
the active sites were related to the specific surface area of the mate-
rial [20], which could affect the adsorption capacity of the adsor-
bent for pollutants. The N, adsorption-desorption isotherm of Mn-
Fe;O,/AC with the distinct adsorption and desorption branches
was IV type (Fig. S3) [22], indicating that slit-shaped mesopores
existed in the prepared materials [17,23]. Furthermore, total pore
volumes of materials decreased with increasing the amount of metal
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Fig. 1. SEM of (a) AC, (b) Fe;0,/AC, (c)-(d) Mn-Fe;0,/AC-10, (e) Mn and (f) Fe elemental mappings of Mn-Fe;O,/AC-10.
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Fig. 2. (a) XRD patterns of Fe;O,, Fe;0,/AC, Mn-Fe;0,/AC-10 and AC, (b) FTIR spectra of Mn-Fe,O,/AC.

oxides (Mn and/or Fe), and the total pore volumes were 0.568,
0.559, 0.539, 0.446, and 0.403 cm’ g ' for the AC, Fe;O,/AC, Mn-
Fe,O,/AC-10, Mn-Fe,0,/AC-5, Mn-Fe;O,/AC-1, respectively. The
decrease in pore volume might be due to the filling of the prepared
metal oxide particles in the pores [24,25].

The crystal phases of the prepared materials were detected by
XRD, as shown in Fig. 2(a). As known, AC had a broad diffrac-
tion band with a typical graphite structure at 23° (002) [26]. The
acidification process of AC could destroy the three-dimensional con-
nection between carbon layers to form the graphene-like sheet skel-
eton, which could be conducive to the formation of AC pseudo-
crystallinity (the peaks located from 14 to 26°) [26]. After the acid-
ified AC was modified by Fe,O,, many new peaks appeared at
1847°, 30.25° 35.60°, 37.18°, 43.22°, 53.76°, 57.19°, 62.83°, and 74.47°,
which correspond to the crystal plane (111), (220), (311), (222),
(400), (422), (511), (440), and (533) of Fe;O, (JCPDS 88-0315) [27].

According to Debye-Scherrer equation [28], the average lattice size
of Fe;0,/AC sample was about 30.2 nm (26=35.60"). After doping
Mn, the crystal plane (311) slightly shifted (Fig. S4), the position of
diffraction peak shifted from 35.60° to 35.42°, and the lattice con-
stant rose from 8.375 A to 8.405 A. The above analysis illustrated
that the Mn had successfully been doped in Fe;O,/AC [29].

The functional groups on prepared materials were detected by
FTIR (Fig. 2(b)). The broad absorption peaks at 3,421 cm™" were
attributed to the stretching vibration of -OH from adsorbed water.
The peak at 1,508 cm ™' corresponded to C-C/C=C bonds, and the
occurrence of peak at 1,050 cm™' represented the bending vibration
of hydroxyl group on metal oxides [30]. The characteristic absorp-
tion band of Mn-Fe;0,/AC spectrum at 576 cm™' was caused by
the stretching vibration of M-O bond (M=Fe and/or Mn) [31,32].
2. Adsorption Kinetics

The adsorption rate and adsorption equilibrium time can be

Korean J. Chem. Eng.(Vol. 39, No. 11)
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Fig. 3. (a) Time-dependent adsorption of SMZ onto adsorbent, adsorption kinetic models of (b) pseudo-first-order; (c) pseudo-second-order;
and (d) intraparticle diffusion (Adsorption conditions: m/V=0.05g L™, SMZ=10 mg L', pH=6.1, t=48 h, T=298 K).

Table 1. The adsorption performance of different adsorbents for removal SMZ

Maximum adsorption

Adsorbent Conditions . ) Ref.
capacity (mg g )

Core-shell MIP Adsorbent: 2 g L™, adsorbate: 0.3 mM, 308 K 8.10 [43]
Multi-walled carbon nanotubes ~ Adsorbent: 0.2 g L', adsorbate: 20 mg L™, pH=5, 298 K 38.1 [35]
Mesoporous cellulose biochar Adsorbent:1 g L, adsorbate: 50 mg L™, pH=6.4, 298 K 86.8 [36]
Magnetic COFs Adsorbent: 0.11 g L', adsorbate: 100 mg L', 298K 113 [37]
TPB-DMTP-COF Adsorbent: 0.1 g L™, adsorbate: 40 mg LY pH=6, 298 K 209 [38]
Mn-Fe;0,/AC-1:10 Adsorbent: 0.05 g L, adsorbate: 10 mg L', pH=6.1, 298 K 308 This work

obtained from adsorption kinetic curve. In addition, kinetic mod-
els can illustrate the mechanism of pollutants’ adsorption. As shown
in Fig. 3(a), the adsorption rates except for Fe;O, increased sharply
within 9h, then flattened from 9 to 36 h. Finally, the adsorption
process reached equilibrium at 48 h. The high adsorption rate of
SMZ at the beginning of adsorption process was related to the high
concentration of adsorbate and the effective adsorption sites of
adsorbent [33]. The adsorption capacities were followed as: Mn-
Fe;O,/AC-10 (146 mg g ')>Mn-Fe;0,/AC-5 (129mg g ')>Mn-
Fe;O,/AC-1 (120mg g '), because the surface area of Mn-Fe,O,/
AC-10 was larger than that of the others, which could provide more
adsorption sites. While the surface area of Mn-Fe;O,/AC-5 (678
m’ g') was similar to that of Mn-Fe;O,/AC-5 (655m” g '), the
adsorption capacity of Mn-Fe,O,/AC-5 (129mg g ) was larger
than that of the Mn-Fe;O,/AC-1 (120mg g ), which might be
caused by the total pore volumes. Olivares-Marin et al. reported
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that the larger pore volume was conducive to the adsorption of pol-
lutants [34]. Therefore, the best adsorption capacity was Mn-Fe;O,/
AC-10, and then Mn-Fe;O,/AC-5.

An overview of published works on SMZ removal based on dif-
ferent adsorbents as well as ours in this work was shown in Table 1.
Among adsorbents, the maximum adsorption capacities of SMZ
using core-shell MIP, multi-walled carbon nanotubes, mesoporous
cellulose biochar, magnetic COFs, and TPB-DMTP-COF were about
8.10, 38.1, 86.8, 113,and 209 mg g ', respectively [35-38]. In this
study, the maximum adsorption capacity of Mn-Fe,O,/AC-10 was
about 308 mg g . In comparison, the maximum adsorption capac-
ity of the present adsorbent is higher than that of other adsorbents,
and the preparation process of Mn-Fe,O,/AC was simple and cheap
(co-precipitation method). When compared with these reported
works, the Mn-Fe;0,/AC might be potentially used in environmen-
tal purification.
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To further investigate the detailed information about the adsorp- ployed, and the equations were shown in Text S1. The kinetic param-

tion process, pseudo-first-order (PFO), pseudo-second-order (PSO), eters and correlation coefficient (R”) were displayed in Table 2. The
and intraparticle diffusion (ID) models rate equations were em- R® of the pseudo-second-order kinetics model was much higher

Table 2. Kinetic parameters based on the pseudo-first, pseudo-second order and intraparticle diffusion models for SMZ removal

Adsorbent
Kinetic model
Mn-Fe,0,/AC-10 Mn-Fe,0,/AC-5 Mn-Fe;O,/AC-1
Pseudo-first-order
k (h™) 0.142 0.0999 0.132
Qeca (Mg g 94.7 76.7 73.6
R? 0.969 0.959 0.956
Pseudo-second-order
k, (gmg' h™") 0.00330 0.00449 0.00697
Qe.ca (MG g’l) 153 13 97.6
R? 0.999 0.999 0.995
Intraparticle diffusion
ky (mgg'h™) 50.1 46.9 35.2
kp (mgg'h™) 36.5 22,5 24.8
ks (mgg'h™) 5.82 5.55 831
C, 7.28 10.7 5.96
C, 20.0 429 154
C, 110 429 61.6
R, 0.961 0.917 0.954
(R2)2 0.979 0.976 0.982
(R3)2 0.894 0.899 0.926
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Fig. 4. Comparison of equilibrium experimental data with the Langmuir, Freundlich and Temkin models at (a) 298K, (b) 308K and (c)
318K (d) Linear plots of InK, versus 1/T for the adsorption of SMZ. Adsorption conditions: m/V=0.05g L', SMZ=10mg L', pH=
6.1, t=48 h, shaking speed 120 rpm.
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than that of the pseudo-first-order kinetics model (Fig. 3(b) and
(c)). At the same time, the maximum adsorption capacity (qs )
values also approached the experimental data, indicating that physi-
cal adsorption was most likely to be the control step of the adsorp-
tion process [39]. The intraparticle diffusion model could well
explain the rate-limiting mechanism. As shown in Fig. 3(d), diftu-
sion-controlled adsorption process could be divided into three lin-
ear parts, which indicated that the process was controlled by two
or more simultaneous mechanisms [40,41]. In the first sharp slope
stage, the SMZ molecular quickly bound to the active sites on the
surface Mn-Fe;O,/AC. In the second stage, when the surface active
sites were quickly occupied, the SMZ molecules continued to bind
to active sites inside the Mn-Fe;O,/AC, which caused the adsorp-
tion rate to decrease. And in the last stage, the SMZ molecules relied
on intraparticle diffusion binding to the remaining small number
of active sites, which needed to overcome molecular diffusion resis-
tance [39,42].

3. Adsorption Isotherms and Thermodynamics

Isothermal adsorption was used to describe the distribution char-
acteristics of adsorbates and understand the process of adsorption.
The isotherm models, including Langmuir, Freundlich, and Tem-
kin isotherm, were employed, and their description was shown in
Text S2. Fig. 4 showed the isotherms of Mn-Fe,O,/AC-10 at differ-
ent temperatures. According to the comparison of the regression
coefficient R* (Table 3), the adsorption process fitted well the Lang-
muir isotherm model, indicating that the adsorption of Mn-Fe,O,/
AC-10 to SMZ was monolayer adsorption. In addition, the ad-
sorption process was favorable because of the R;=0.58. According
to thermodynamic analysis of Langmuir isotherm model, the q .,
could reach 380 mg g ' at 298 K.

According to the adsorption isotherm, thermodynamic param-
eters including Gibbs free energy (AG k] mol™'), enthalpy change
(AH, k] mol™"), and entropy change (AS, kJ kmol ™' K™!) could be
calculated via Egs. (4-6) [44]. And the thermodynamic parame-
ters were shown in Table 4.

V(C,-C)
K=

©)

e

Table 3. Isotherm parameters for SMZ adsorbed onto Mn-Fe,O,/

AC-10
Temperature (K)
Type

298 308 318
Langmuir isotherm
Qorax (Mg g ) 380 348 297
K; (L mg™) 0.0718 0.0629 0.0792
R? 0.985 0.988 0.991
Freundlich isotherm
K: (mg g )L mg )" 456 335 36.4
n 1.78 1.56 1.75
R’ 0.949 0.967 0.968
Temkin isotherm
B (J mol™") 92.4 71.9 71.6
KrLgh 0.701 0.894 0.758
R? 0.988 0.961 0.989
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Table 4. Thermodynamic parameters for SMZ adsorbed onto Mn-

Fe;0,/AC-10

T AG AH AS Lok,
K) (Wmol") (Jmol")  (Jkmol' K"

298 -142 0.359 0.475 57.3
308 -147 57.3
318 -152 57.3
AG=-RTLnK, Q)

AS AH
LnK =2 - o= 6)

where K, is the distribution coefficient, R is molar gas constant
(8314] mol ' K™"), K, is the equilibrium constant, and LnK, can
be calculated by plotting LnK; versus C, and extrapolating C, to 0
[45], and the linear graph between 1/T and LnK is shown in Fig.
4(d).

The AG value was negative, which confirmed that adsorption
was spontaneous. The AS value was greater than zero, which was
conducive to the rapid diffusion of SMZ molecules to the adsor-
bent, and also explained the random and disorderly increase of the
adsorbent-adsorbent interface [46]. The value of AH was negative,
indicating that the adsorption was exothermic. The reason might
be that the temperature rise caused the bond energy between the
adsorbate and the active site on the surface of the adsorbent to
weaken [47], and it also indicated that the adsorption process was
chemical adsorption [48].

4. Adsorption Mechanism

As known, the pH of solution could affect the present state of
the adsorbate and the surface charge of the adsorbent [49]. SMZ
possessed amine (-NH,) and amide groups (-NH-) with the pK,,
of 2.06 and pK,, of 6.90, respectively [50]. From Fig. 5(a), when
pH of solutions was <2.06, 2.06-6.90, and >6.90, the SMZ mole-
cules would mainly exist in the form of SMZ', SMZ’, and SMZ,
respectively [38]. According to zeta potential analysis, the pHpy of
Mn-Fe;O,/AC was about 5.27, and the surface charge of Mn-Fe,O,/
AC was positive at pH<pHp,; otherwise, it was negative. When
the pH of solution was 2-6, the surface charge of the adsorbent
gradually changed from positive to negative, while the main exist-
ing states of SMZ molecules changed from SMZ' to SMZ’. Fur-
thermore, when the pH of solution continued to increase, the surface
charge of Mn-Fe;O,/AC became more negative, and the SMZ~
mainly existed in the solution, which led to reducing the removal
efficiency of SMZ via electrostatic repulsion. However, the removal
efficiency of SMZ was almost unchanged within this range pH
solution, revealing the effect of electrostatic force between SMZ
molecules and adsorbent was unobvious, and the adsorption pro-
cess might be dominated by other forces. Previous studies had
found that 7'-7 electron donor-acceptors (EDA) were generated
via interaction between the protonated aniline ring (7 electron
acceptor) caused by the high electronegativity of the -NH; and
-SO,NH- groups of SMZ" and the C-C and C=C groups ( elec-
tron donor) on the surface of adsorbents (ie., biochars [20] and
black carbon [51]). As shown in Fig. 5(b), the C 1s spectra of Mn-
Fe;O,/AC-10 before and after adsorption could be deconvoluted
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into five different peaks at 284.5-284.7, 284.7-285.0, 285.8-286.3,
287.8-287.4, and 289.1-289.6 eV, which correspond to C=C, C-C,
-C=CO, -COOH, and 7=7* satellite, respectively [52]. The con-
tents of C=C peak increased from 25.2% to 31.7% after adsorp-
tion, indicating that there was 7"-7EDA in the mode of interaction
between SMZ and Mn-Fe,O,/AC-10. Except for 7-7 EDA, the
hydrogen bond between the -NH, and -NH- groups of SMZ and
oxygen-containing functional groups of Mn-Fe;0,/AC might be
considered the other driving force [53]. As shown in O 1s (Fig.
5(c)), peaks at 532.1 and 533.2 eV were attributed to organic O
(ie., C=0, C-OH, and -COOH), and peaks at 530.4 and 532.2 eV
to inorganic O (ie., Fe and Mn oxides) [12]. The content of organic

O increased from 23.2% to 41.7% after SMZ adsorption, suggest-
ing that these groups participated in adsorption via hydrogen
bonds [9,54]. And the -OH peak of the FTIR spectra (Fig. 5(f)) of
Mn-Fe;O,/AC shifted from 3,421 to 3445cm™" after adsorption,
which could also confirm the existence of hydrogen bond interac-
tion between Mn-Fe,O,/AC-10 and SMZ [55].

Interestingly, the valence states of Mn in the Mn-Fe;O,/AC
changed before and after adsorption. As shown in the high-resolu-
tion Mn 2p spectra (Fig. 5(d)), the binding energies of Mn 2p for
Mn(II), Mn(III), and Mn(IV) were located at 641.5, 643.8, and
646.8 eV, respectively [13]. Positions of Mn had no obvious shift
before and after SMZ adsorption. However, the content of Mn(II)

Korean J. Chem. Eng.(Vol. 39, No. 11)
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decreased from 74.2% to 53.5%, and the content of Mn(IV) de-
creased from 12.2% to 7.8%, indicating that Mn participated in
the redox reaction. Obviously, the N 1s spectrum of the newly
appeared element after the adsorption of SMZ showed that there
was also the presence of oxidized N beside the -NH,/-NH- and
oxazole N of SMZ (Fig. 5(e)) [9], which further affirmed that the
redox reaction occurred between Mn-Fe;O,/AC-10 and SMZ with
-NH, and -NH- having strong reducing activity. And the peak of
M-O at 576 cm ™" of Mn-Fe;O,/AC-10 showed a clear shift to 582
cm™' in FTIR (Fig. 5(f)), which also indirectly explained that the
redox reaction occurred during the adsorption process [56]. Based
on the above analysis, the removal of SMZ by Mn-Fe;O,/AC-10
not only included adsorption via electrostatic interactions, 77'-77 EDA
interactions, and hydrogen bonds, but also had redox reaction.
5. Reusability and Regeneration

The reusability of adsorbent was considered to be a crucial fac-
tor for sustainable application. After each adsorption, the adsor-
bent was put into 0.5 mol L™ NaOH solution for desorption, and
then dried and the above conditions were repeated for adsorption.
As shown in Fig. S5, after five cycles of adsorption process, the
adsorption capacity was still high (146, 144, 137, 128, 125, and 121
mg g, respectively), indicating the material had excellent reusabil-
ity. However, the adsorption capacity was slightly reduced compared
to that of the raw Mn-Fe;O,/AC. The SMZ in the pores of Mn-
Fe;0,/AC could not be completely desorbed, and they still occu-
pied a certain quantity of adsorption sites, which led to a gradual
weakening of the adsorption capacity with the increase of the
number of cycles. To achieve the regeneration of the Mn-Fe,O,/
AC, the desorption time of the sorbent in NaOH solution was
extended or Mn-Fe,;0,/AC was treated with ozone for direct oxi-
dative removal of SMZ on the Mn-Fe;O,/AC.

CONCLUSION

Mn-Fe;0,/AC was successfully fabricated using a simple, facile
and environmentally friendly strategy. When atom proportion of
Fe/Mn was 11.2 for the Mn-Fe;O,/AC, it exhibited excellent ad-
sorption capacity for SMZ from aqueous solution (146 mg g')
compared with other atom proportions of Fe/Mn (1:5 and 1:1),
due to its biggest specific surface area (819 m* g '), which could pro-
vide more adsorption sites for the adsorption of SMZ. Further-
more, the adsorption capacity of Mn-Fe;O,/AC was evidently higher
than some recently reported results. The efficient adsorption was
mainly attributed to hydrogen bonds, 7'-77 and electrostatic inter-
actions between SMZ and Mn-Fe,O,/AC. In addition, the part of
SMZ could be degraded via redox reactions. The adsorption pro-
cess followed the pseudo-second-order kinetic model and Lang-
muir model. After six cycles of adsorption-desorption experiments,
the adsorption capacity of Mn-Fe,O,/AC for SMZ was still high
(146, 144, 137, 128, 125, and 121 mg g ', respectively), indicating
the effective recovery performance of Mn-Fe,O,/AC in practical
application.
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Fig. S1. Preparation process of Fe;O,/AC and Mn-Fe;O,/AC.

Text S1

The equations of pseudo first-order (PFO), pseudo second-order
(PSO) and intraparticle diffusion (ID) models were shown in S1-
S3[1]:

PFO: In(q,—q)=Inq,—k;t (S1)

pso; L= L Ly ($2)

U kg L
ID: q,=k,t""+C, ($3)

where k; (h™'), k, (g mg ' h™")and k; (mgg ' h™*°) are the first-
order, second-order and intraparticle diffusion rate constant ad-
sorption, C; (mg g ') is the boundary layer effect constant. The k,;
Fig. S2. Separation of the Mn-Fe,0,/AC-10 from solution via magnet. and C; parameters can be obtained by plotting the slope and inter-

Table S1. Specific surface areas and pore sizes of AC, Fe;0,/AC, Mn-Fe;0,/AC-10, Mn-Fe;0,/AC-5 and Mn-Fe;0,/AC-1

BET surface area Total pore volume Micropore volume Mesopore volume
Sample 2 -1 3 -1 3 -1 3 1
(m g) (cm™g) (cm™g) (cm™g™)
AC 727 0.568 0.150 0417
Fe;0,/AC 800 0.559 0.199 0.360
Mn-Fe;0,/AC-10 819 0.539 0.209 0.331
Mn-Fe;0,/AC-5 678 0.446 0.171 0.275

Mn-Fe;,0,/AC-1 655 0.403 0.166 0.237
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cept of the equation by C, versus t*°. The C; value increases with

the thickness of the boundary layer [2].
Text S2

The Langmuir adsorption model often assume that the adsorp-
tion process is uniform and the monomolecular layer adsorption
[3]. The Langmuir nonlinear isotherm equation is showed by Eq.
(S4). In addition, the separation factor (R;, Eq. S5) is defined as a
dimensionless object in the Langmuir nonlinear isotherm equa-
tion, which can judge that whether the adsorption reaction is a
favorable process [4].

_ qmaxKLCe

7 1+K,C, (54)

1
R =
L1+ K, C,

(S5)

160

120 4
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Fig. S5. Reusability for SMZ adsorbed onto Mn-Fe;0,/AC-10.

where the q,,,, (mg g") is the maximum adsorption capacity;
C, is the concentration of SMZ in the solution; K; (L mg ') is the
binding constant. When R;>1, adsorption process is adverse ad-
sorption; when R =1, adsorption process is linear adsorption; when
R;=0, adsorption process is irreversible adsorption; at last, when
1>R;>0, adsorption process is favorable adsorption.

The Freundlich adsorption model is empirical formula, suitable
for non-uniform surface adsorption. The Freundlich isotherm equa-
tion is displayed Eq. (S6) [5].

1/n

q9.= KFCe (86)

where the K; and n are the constant related to adsorption capac-
ity and adsorption strength.

The Temkin isotherm assumes the linear relationship between
the heat of adsorption and the temperature, and the isothermal
constant increases with the increase of the adsorption tempera-
ture. It is displayed Eq. (S7) [1].

q.=BLnK;+BLnC, (87)

where B (J mol™') is the gas constant; K; (L g ') is the constant
related to the heat of adsorption.
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