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• The monolayered MPs uniformly grew
on the surface of PAC.

• MPs loading ratios will trade-off be-
tween magnetism and adsorption ca-
pacity.

• The formed (−)CAHB was responsible
for SMX− adsorption on MPAC.

• MPAC was suggested as efficient and
sustainable adsorbent for SMX removal.
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Magnetic particles (MPs) assisted powdered activated carbon (PAC) is a promising composite material for ad-
sorption removal ofmicropollutants. The fractional amount of Fe3O4 impacts the balance between adsorption ca-
pacity and magnetic property of magnetic activated carbons (MPACs), and therefore it affects the extent of
sulfamethoxazole (SMX) removal. Here, five MPACs with different mass ratios of Fe3O4: PAC (1:1, 1:2, 1:4, 1:6,
and 1:8) were prepared using a hydrothermal method and characterized by various spectroscopic methods.
The spherical shaped MPs were monolayerly deposited on PAC with fewer pores blocked when the mass ratio
of Fe3O4 was comparatively low (≤ 20%). MPAC6 (14.3 wt% of Fe3O4) had the best overall performance, with
good Langmuir adsorption capacities for SMX (173.0 mg g−1) and excellent magnetic properties
(9.0 emu g−1). Corresponding adsorption kinetics fitted well with the pseudo second-order kinetic model. The
negativeΔG0 (−25.6 to−27.2 KJmol−1) andΔH0 (−9.14 KJmol−1), and positiveΔS0 (0.55 KJmol−1 K−1) prop-
erties indicated the spontaneous and exothermic nature of the adsorption process accompanied by an increase in
entropy. The strong cation-assisted electron donor-acceptor and hydrophobic interactions were contributed to a
high extent of SMX removal in the pH range of 2–4. Formation of negative charge-assisted H-bonds was respon-
sible for the adsorption of hydrophilic SMX− on negatively charged MPAC6 in alkaline solution. Desorption and
regeneration experiments showed SMX removal was still 92.3% in the 5th cycle. These findings give valuable in-
sights into the interactions between SMX andMPACs and guide for choosing sustainablemagnetic adsorbents for
environmental applications.
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1. Introduction

Sulfamethoxazole (SMX) is an antibiotic that is widely used in
human and veterinary pharmaceuticals to prevent and treat diseases
(Straub, 2016; Liu et al., 2017a). In China, 313 tons of SMX were pro-
duced for human and animal use in 2013, and a large fraction of it
was discharged into the environment due to its poor degradation
in the wastewater treatment plant (WWTP) (Zhang et al., 2015).
SMX is one of the most frequently detected antibiotics in surface wa-
ters and wastewaters (Wei et al., 2011), and long-term exposure of
SMX could induce antibiotic-resistance to pathogens and be toxic
to aquatic organisms (Gao et al., 2012; Sun et al., 2020). Moreover,
the continuous release of SMX increased the possibility of bioaccu-
mulation and biomagnification of SMX in aquatic organisms and
eventually be transmitted to humans through the food chain (Liu
et al., 2017b). Thus, it is of great importance to remove SMX from
the water before discharging into aquatic environments.

Commonly used techniques for SMX removal include adsorption,
membrane filtration, ion exchange, and advanced oxidation processes
(Pamphile et al., 2019; Bao et al., 2018; Tong et al., 2017; Tang and
Wang, 2018). Among them, adsorption is considered to be the most
competitive method because it is relatively inexpensive and it can be
easily implemented in large-scale applications without generating un-
desired oxidation-derived products (Heo et al., 2019). Activated carbon
(AC) is an effective adsorbent for organic pollutants removal due to its
high surface area, rich porous structure, excellent stability, and diverse
surface functional groups (Zhang et al., 2016). Powdered activated car-
bon (PAC) is superior to granular activated carbon (GAC) for adsorption
due to its larger surface area per mass of material (Gong et al., 2016;
Altmannet al., 2014). PAC is an extremely versatilematerial that can ad-
sorb a wide range of organic micro-pollutants, such as endocrine-
disrupting chemicals, pharmaceuticals, and personal care products
(Zietzschmann et al., 2016; Joseph et al., 2013; Kaur et al., 2018). How-
ever, a major drawback for practical applications of PAC is the difficulty
of efficiently separating PAC fromaqueous solutions after treatment due
to its small size.

The magnetization of PACs by jointing the adsorbent with magnetic
particles has been confirmed to be an efficient and promising approach
to collect PACs (Rezaei Kalantary et al., 2016; Rezaei Kalantry et al.,
2016). The high-speed recovery of magnetic activated carbons
(MPACs) from the treatedwater can be attained by applying an external
magneticfield, avoiding inefficient and costly coagulation,filtration, and
centrifugation processes. MPACs have therefore been widely employed
as economic, efficient, and eco-friendly adsorbents for organic contam-
inants removal. Some studies have recently reported on usingmagnetic
carbon composites for sulfonamides removal. Wan et al. measured 27%
lower SMX adsorption capacity of MPAC compared to PAC (159mg g−1

vs. 217 mg g−1) and attributed this to the 26% reduction in the surface
area (652 m2 g−1vs. 875 m2 g−1), although the reduction might also
have originated from the lower PAC mass fraction in the MPAC (Wan
et al., 2014). Reguyal et al. synthesized the magnetic biochar that had
21% reduced SMX adsorption capacities than pristine biochar
(13.8 mg g−1 vs. 17.5 mg g−1), while its surface area was 58% lower
than that of the pristine biochar (125.8 m2 g−1 vs. 297.8 m2 g−1) with
27% less C mass fractions (Reguyal et al., 2017). In contrast, Zhang
et al. reported the SMX adsorption capacity of prepared magnetic bio-
char was 5.3 times higher than the pristine biochar (Zhang et al.,
2020). Therefore, it is still unclear howMPs influence the adsorption be-
havior of MPACs. Our understandings of the links between the surface
area, activated carbon content and the adsorption capacities of pollut-
ants on MPACs are still developing. A systematic study evaluating the
adsorption behavior of MPACs with varying mass fractions of MPs is
vital for the elaboration of the separate contributions of MPs and PAC
on MPACs.

To guide the optimization of the magnetic adsorbent regarding
magnetic separation while minimizing interference on pollutants
2

adsorption capacity, the objectives of this study were to: (i) prepare
and characterize the MPACs containing different mass fractions of
MPs; (ii) investigate the effects of the pH, ion species/strength, and nat-
ural organic matter (NOM) on the adsorption of SMX; (iii) illuminate
the influence of MPs in the adsorption behavior and mechanisms of
SMX on MPACs; (iv) determine the regeneration extent and durability
of MPACs. Obtaining such information can provide a more theoretical
and technological basis for producing more efficient magnetic adsor-
bents for SMX removal.

2. Materials and methods

2.1. Materials

Powder activated carbon was purchased from Benchmark Instru-
ment (Tianjin, China). Ferric chloride (Fe3Cl6∙6H2O, 99%), sodium ace-
tate (NaOAc, 99%), polyethylene glycol (PEG2000, 99%), and ethylene
glycol (EG) were obtained from Sinopharm (Beijing, China) and used
for Fe3O4 preparation. Sulfamethoxazole (SMX, 99%) was purchased
from Sigma-Aldrich (St. Louis, MO). Themolecular structure and physi-
cochemical properties of SMX are summarized in Fig. S1 and Table S1.
Acetonitrile and formic acid were HPLC grade and obtained from Fisher
Chemicals (Fair Lawn, NJ, USA). All chemicals were used as received
without any further treatment. In all cases, deionized water was used
to prepare the solutions.

2.2. Preparation of MPACs

MPACs nanocomposites were prepared based on a facile hydrother-
mal method (Deng et al., 2005). Different amounts of PAC were dis-
persed in EG (60 mL) by ultrasonication for 30 min at room
temperature (25 °C). Then, Fe3Cl6∙6H2O (2.03 g, 7.5 mM) was dissolved
in the PAC solution, followed by the addition of NaOAc (4.9 g) and PEG
(1.0 g). The mixture was stirred vigorously for 60 min, sealed in a
Teflon-lined stainless-steel autoclave (100 mL) which was heated at
200 °C for 8 h, and then cooled to room temperature. The obtained prod-
ucts were washed six times with ethanol and ultrapure water, dried at
60 °C for 8 h in the vacuumdrying oven, and grinded into powder for ex-
periments. A series of mass ratios of Fe3O4: PAC were tested of 1:1, 1:2,
1:4, 1:6, and 1:8 (designated as MPAC1, MPAC2, MPAC4, MPAC6, and
MPAC8, respectively) to investigate the influence of MPs in the adsorp-
tion behavior of SMX on MPACs.

2.3. Characterization of MPACs

The morphologies of the prepared MPACs were characterized by
scanning electron microscope (Sigma500, Zeiss, Germany) operating
at an accelerating voltage of 10 kV, which was equipped with an Oxford
Link X-Max 50 energy dispersion spectrometry (Oxford Instruments,
UK) for elemental mapping analysis. Powder X-ray diffraction (XRD)
patternswere acquiredwith aD8 advanceX-ray diffractometer (Bruker,
Germany) using Cu Ka radiation (40 kV, 300 mA) from 10° to 90°. The
crystal sizes of samples were calculated from the strongest peak (311)
according to the Debye-Scherrer's formula D = Kλ/(βcosθ) (Li et al.,
2010), where K=0.94 is a dimensionless constant for a cubic structure,
λ=0.154 nm thewavelength of X-ray radiation, β the full width at half
maximum (FWHM) of the peak (311), and θ the Bragg's diffraction
angle. Themagnetic properties weremeasured using a vibrating sample
magnetometer (VSM, Lake Shore 7404, USA). The Brunauer–Emmett–
Teller (BET) surface area was analyzed with Micromeritics ASAP 2020
surface area and porosity analyzer with N2 gas (Quantachrome, USA).
The precise carbon content in themagnetic composites was determined
by a Vario EL cube elemental analyzer (Elementar, Germany). Zeta po-
tentials were measured using a Zetasizer 2000 (Malvern, UK). Thermal
gravimetric analysis (TGA) was measured in the nitrogen flow with a
PerkinElmer Thermal Analyzer at a heating rate of 10 °C min−1. FTIR
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spectrawere recorded in the region of 4000–400 cm−1 on a Perkin-Elmer
Spectrum One FTIR spectrometer (Perkin-Elmer, USA). The elemental
compositions and their chemical states of the adsorbents were deter-
mined through the X-ray photoelectron spectroscopy (XPS, PHI 5700
ESCA System, USA) with an Al Kα source (1486.6 eV, 10 mA 15 kV).

2.4. Adsorption experiments designs

Batch adsorption experiments were conducted on a model
KYC-1102C thermostat shaker (Ningbo, China) at 150 rpm. The SMX so-
lutions (0.6 mg L−1, 50 mL) with 5 mg of adsorbents were placed in
stoppered conicalflasks and shaken at 25 °C for 60min unless otherwise
noted. The background solutions were prepared by 0.01 M NaCl to
maintain constant ionic strength. For kinetic studies, the residual SMX
was measured after adsorption times of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12,
15, 20, 25, 30, 45, and 60 min. The sorption isotherm experiments
were conducted at the initial concentrations of SMX ranging from 0.5
to 50 mg L−1 at 25 °C for 180 min. The adsorption thermodynamics
were investigated at three temperatures of 25 °C, 35 °C, 45 °C, and
55 °C with varying initial concentrations.

Single-point adsorption experiments were conducted to investigate
the effects of pH, ion species/strength, and natural organic matter
(NOM) on the adsorption of SMX. The initial pH values were adjusted to
2–12 by 0.1 M HCl or NaOH. Five different ions, i.e., SO4

2−, Cl−, NO3
−,

PO4
3−, and NH4

+ were selected as representative ions in real water. The
ion concentration of 0–0.5 M and NOM (humic acid) concentration of
0–10 mg L−1 were applied. SMX solutions were filtered with 0.45 μm
membranes and analyzed using an ultra-performance liquid chromatog-
raphy (UPLC) system (Waters, Milford MA) equipped with a UV absor-
bance detector. An ACQUITY UPLC BEH C18 column (130 Å, 1.7 μm,
1 mm × 100 mm;Waters) was used for analytes separation. The two el-
uents were a 70:30mixture of ultra-pure water with 0.1% formic acid (v/
v) and acetonitrile at a total flow rate of 0.1 mL min−1. The detection
wavelength for SMX was 260 nm, and the limit of quantitation was
10 μg L−1.

Desorption experiments were conducted to evaluate the regenera-
tion characteristics of MPAC6. MPAC6 (5 mg) was added to 50 mL
SMX solution (25 mg L−1) with a contact time of 60 min. After adsorp-
tion, the separated MPAC6 was treated by four regeneration methods
including (i) acid washing; (ii) alkaline washing; (iii) ethanol washing;
and (iv) thermal treatment. For the first three methods, the adsorbents
were each placed into conical flasks containing 10 mL of 0.1 M HCl,
0.1 M NaOH, and ethanol, shaken for 60 min, separated from the sus-
pension, and then dried at 60 °C for 2 h. For the thermal regeneration
test, the adsorbents were heated at 350 °C for 2 h in a tubular furnace
with a continuous flow of N2. Five sequential cycles of adsorption-
desorption were carried out to evaluate the recycling performance.

2.5. Calculations

The adsorption kinetics were fitted to describe the solid phase mass
loading of SMX with pseudo-first-order (Qt,1) (Jiang et al., 2017),
pseudo-second-order (Qt,2) (Zhu et al., 2011a), intraparticle diffusion
(Qt,diff) (Fan et al., 2012), and Elovich (Qt,e) (Kakavandi et al., 2016) ki-
netic models. The three models were:

Qt ¼ Qe 1−e−k1t
� �

ð1Þ

Qt ¼
Q2

ek2t
1þ Qek2t

ð2Þ

Qt ¼
1
β

ln 1þαβtð Þ ð3Þ

Qt ¼ kdiff t0:5 þ C ð4Þ
3

where Qt (mg g−1) is the solid-phase loading of SMX at the adsorbent
time t (min), Qe (mg g−1) the adsorption capacity at equilibrium, k1
(min−1) the first-order rate constant, k2 (g mg−1 min−1) the second-
order rate constant, kdiff (mg g−1 min−0.5) the intraparticle diffusion
rate constant, C (mg g−1) a constant that indicated the thickness of
boundary layer (Valderrama et al., 2008), α (mg g−1 min−1) the initial
adsorption rate, and β (g mg−1) the desorption constant.

Adsorption data were fit by the Langmuir adsorption (Qe,L),
Freundlich (Qe,F), Temkin (Qe,T), and Dubinin-Radushkevich models
(Qe,DR) using:

Qe;L ¼
QLmaxKLCe

1þ KLCe
ð5Þ

Qe;F ¼ KFC
1=n ð6Þ

Qe;T ¼ RT
bT

ln KTCeð Þ ð7Þ

Qe;DR ¼ QDRmax exp −KDA RTln
Cs

Ce

� �� �� �2
ð8Þ

where QLmax (mg g−1) is the maximum adsorption capacity calculated
from the Langmuir model, KL (L mg−1) the Langmuir constant, Ce

(mg L−1) the aqueous equilibrium concentration of SMX, KF [(mg g−1)
(L mg−1)1/n] the Freundlich constant, 1/n the Freundlich adsorption in-
tensity parameter, bT the Temkin constant related to the adsorption
heat (J g mol−1 mg−1), KT the Temkin equilibrium binding constant
(dm3mg−1), QDRmax themaximumadsorption capacity calculated from
Dubinin-Radushkevich model (mg g−1), Cs monolayer saturation con-
centration of adsorbate (mg L−1), KDR the isotherm constant related to
the sorption energy (mol2 kJ−2).

The standard Gibbs free energy change (ΔG0), enthalpy change
(ΔH0), and entropy change (ΔS0) were determined using:

ΔG0 ¼ −RTlnKa ð9Þ

ΔG0 ¼ ΔH0−TΔS0 ð10Þ

lnKa ¼ −
ΔH0

RT
þ ΔS0

R
ð11Þ

where Ka is the thermodynamic equilibrium constant without units, T
(K) is the operating temperature in Kelvin, R is the gas constant with a
value of 8.314 J mol−1 K−1, and ΔH0 and ΔS0 were obtained from the
slope and intercept of the linear plot of lnKa versus 1/T (Liu andXu, 2007).

3. Results and discussion

3.1. Characterization of adsorbents

Elemental analysis was employed to characterize the chemical com-
positions of the adsorbents. The amounts of C and H decreasedwith the
increased Fe3O4 fractions in MPACs (Table 1). This result is expected
since PAC could be the only source of C and H and Fe3O4 could be the
main source of Fe in the MPACs. The N% for all adsorbent was very
low (<0.42%). The O content in the MPACs could be derived from both
PAC and Fe3O4, which could not be obtained by mass difference. The
ash content of PAC was very low (2.6%). The ash content of the MPACs
was notmeasured because the residuals of iron oxide after the combus-
tion of magnetic carbons could lead to significant errors.

The results of the N2 adsorption/desorption showed that the surface
area was reduced from 2040 m2 g−1 to 665–1230 m2 g−1 based on dif-
ferent ratios of MPs impregnating the PACs (Table 1). The reduction of
the surface area of carbonaceous adsorbents by the addition of MPs
has been reported in the previous studies. Based on IUPAC classification,



Table 1
The textural properties of adsorbents.

Adsorbents C
(%)

H
(%)

N
(%)

Oa

(%)
Feb

(%)
PAC
(%)

SB–E–T
(m2g−1)

V
(cm3 g−1)

DBJH

(nm)

PAC 92.2 1.67 0.42 5.91 – 100 2040 0.47 2.83
MPAC1 47.8 0.82 <0.3 – 46.4 51.2 387 0.19 3.22
MPAC2 59.9 0.95 <0.3 – 35.9 65.1 428 0.20 3.11
MPAC4 69.2 1.16 <0.3 – 22.4 75.2 498 0.24 3.20
MPAC6 75.4 1.32 <0.3 – 21.3 81.9 794 0.29 2.82
MPAC8 76.8 1.35 <0.3 – 15.5 83.5 1014 0.32 2.88
MPs – – – – 82.9 0 40 0.15 13.1

a O (%) for MPACs could not be obtained by mass difference.
b Obtained from EDS results.
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N2 adsorption-desorption isotherms of PAC and MPACs belonged to a
hybrid type I and IV, corresponding to porous carbon with hierarchical
pore size distribution (Fig. 1). In the case of PAC, significant uptake at
low relative pressure was in accordance with the isotherm of type I
representing the presence of many micropores (Yang et al., 2018).
With the increase of P/P0 to 0.4–1.0, the isotherms of PAC and MPACs
all exhibited type H4 hysteresis loops, which were associated with nar-
row slit pores and some mesopores (Nguyen et al., 2011). Fe3O4 exhib-
ited adsorption features of type III, indicating that magnetic particles
were nonporous or macroporous adsorbents with weak affinities. Ac-
cording to the corresponding pore size distribution (Fig. S2),micropores
and mesoporous both gradually decreased with an increase in Fe3O4

content. Although some pores of the activated carbon were blocked by
MPs, these MPACs still retained a large BET surface area and a high
pore volume.

The crystalline structures of the prepared materials were further in-
vestigated through XRD analysis (Fig. 2a). For pristine PAC, the diffrac-
tion profiles exhibited two broad peaks at around 23° and 43° which
were assigned to the reflection from (002) and (100)/(101) planes of
graphite, indicating the growth of graphite-like microcrystalites on
this amorphous carbon (Huang et al., 2015). The MPs had six peaks at
30.1°, 35.5°, 43.2°, 53.6°, 57.1°, and 62.7°, corresponding to (220),
(311), (400), (422), (511), and (440) plane of Fe3O4 with cubic spinel
structure (JCPDS 75–1609), respectively. The peaks of Fe3O4 were
sharp and intense, indicating their highly crystalline nature. No charac-
teristic peaks of impurities were detected in the XRD pattern. The dif-
fraction peaks appearing in MPACs were indicative of Fe3O4 and PAC.
Moreover, the observed broader diffraction peaks with increasing car-
bon loading rates implied that the crystallite sizes of Fe3O4 in MPACs
gradually decreased. Based on the calculated results, the crystallite
sizes of Fe3O4 in different materials followed the order of 21.07 nm
(Fe3O4) > 14.78 nm (MPAC1) > 12.97 nm (MPAC2) > 12.40 nm
(MPAC4) > 12.16 nm (MPAC6) > 12.14 nm (MPAC8).

The magnetization curves of Fe3O4 and MPACs were measured at
27 °Cwith an appliedmagneticfield of±15 kOe (Fig. 2b). The hysteresis
loops of these adsorbents followed a typical super-paramagnetic ‘S’-like
shape, inwhich the coercivity and remanencewere negligible. TheMs of
Fe3O4 prepared by the hydrothermal methodwas 87.4 emu g−1, similar
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Fig. 1. Nitrogen adsorption–desorption isotherms of (a) Fe3O4, (b) MPACs and (c)
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to a previous study (Deng et al., 2005). For MPACs, Ms. values were ob-
tained as 30.1, 17.2, 9.5, 9.0, and 6.1 emu g−1, respectively, performed in
the order of decreasing Fe3O4 mass proportion from 50% to 11.1%. Do
et al. reported that the Ms of xFe3O4/PAC (x refers to wt% of Fe3O4)
were 0.3, 4.7, and 7.0 emu g−1 for x = 5, 10, and 30 (Do et al., 2011).
For CuFe2O4/AC magnetic adsorbents with mass ratio of 1:1, 1:1.5 and
1:2, the Ms. were 0.97, 2.30 and 5.93 emu g−1 (Zhang et al., 2007).
These magnetic properties were good indicators that adsorbents could
be easily separated from the solution.

The FTIR spectroscopic analysis in Fig. 2c shows a high-intensity sig-
nal for the hydroxyl (—OH) group at 3433 cm−1 for Fe3O4 and MPAC6,
while it is relatively week for PAC. Peaks at 2860 cm−1 and
2930 cm−1 on PAC andMPAC6 could be ascribed to the stretching vibra-
tion of C\\H, which came from the characteristic —CH2— or —CH3 and
indicated the existence of some groups of PAC (Luo et al., 2017). Also,
the characteristic peaks in 2376 cm−1 and 1506–1540 cm−1 due to
the stretching vibration of C\\C in PAC and MPAC6 confirmed that the
carbon was not destroyed in the composite (Ranjithkumar et al.,
2014). The peak at 600 cm−1 corresponds to the stretching vibration
of Fe\\O and implies that the presence of iron oxides in the magnetic
carbons.

Thermogravimetric analysis of Fe3O4, PAC, and magnetic carbons in
the nitrogen atmosphere was carried out, with the results shown in
Fig. 2d. About 5.4% of mass loss was observed on the TGA curve of
Fe3O4 at 200–300 °C,while a sharpdecrease of PACweightwas obtained
at 900 °C. Two steps ofmass losswere seen on the TGA curves ofMPACs.
The first mass loss of MPACs was determined at 300–400 °C and varied
irregularly, which might be caused by the evaporation of the adsorbed
chemicals during the synthetic process of Fe3O4 andMPACs. The second
mass loss increased as the increase of carbon content in MPACs, which
were attributed to the pyrolysis of PAC. These results indicated that
the synthesized magnetic carbons are stable below 900 °C at the nitro-
gen atmosphere.

As displayed in Fig. 3a, the prepared MPs were spherical shaped,
narrowly distributed, and well dispersed, with an average size of
164 ± 14 nm in the diameter. The external surface of raw commer-
cial PAC showed a larger number of pores with various sizes and
shapes (Fig. 3c). SEM images of five MPACs demonstrated that the
MPs were successfully deposited and randomly distributed on the
surface of PAC in the MPACs composites (Fig. 3d–h). Higher loading
of MPs led to stacking and forming an irregular crust of MPs on the
PAC surface, which could result in PAC pore blockage (Fig. 3d, e). In
contrast, the monolayered MPs had uniformly grown on PAC with
fewer pores blocked when the MPs content was comparatively low
(<20 wt% of Fe3O4) (Fig. 3f–h). SEM images of MPAC6 and elemental
mappings of carbon (red), oxygen (yellow), and iron (cyan) further
confirmed that the homogeneous distribution of MPs on PAC
(Fig. 3i–l), based on a brighter area in the elemental map indicating
a higher concentration of the corresponding element. The EDS re-
sults showed that the compositional ratio of Fe:O was 1:2.3 and the
high oxygen content could be attributed to the intrinsic oxygen-
functional groups of the PAC (Fig. S3).
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3.2. Effect of pH on SMX adsorption

Solution pH is an essential variable for adsorption characteristics as
it not only affects the surface binding sites of the adsorbents but also
the ionization of the adsorbates. As shown in Fig. 4, SMX sorption on
the prepared sorbents exhibited a prominent pH dependence, and the
largest SMX removal was observed at a pH of 2–4 (>98.6%). π-π elec-
tron donor-accepter (EDA) interactions between aromatic pollutants
and carbonaceous adsorbents have been frequently mentioned in low
pH values, which occurs between two oppositely polarized quadrupoles
of benzene rings (Keiluweit and Kleber, 2009; Pan and Xing, 2008). Ac-
cording to the XRD results, MPAC6 can act as a strong π-electron donor
due to the presence of π-electron-rich graphene sheets. SMX is recog-
nized as a π-electron acceptor because of the strong electron-
withdrawing ability of the sulfonamide group, which could endow the
two aromatic rings in SMX with electronic defects (Ji et al., 2011).
Also, the protonated amino group (—NH3

+) was proven to improve the
electron-accepting ability of SMX+ (Wang et al., 2019). The main spe-
cies of SMXwere SMX0 and SMX+ in thepH range of 2–4,where the dis-
tribution fraction of SMX+ decreased from 33.38% to 0.49% while SMX0

increased from 66.60% to 97.08% (Fig. S4). The decreased SMX+ con-
tents at pH 2–4 could lead to a decrease of π-π EDA attractive forces.
However, decreased ionization could improve the hydrophobic interac-
tions with the adsorbents (Chen et al., 2017). Thus, the apparent pH in-
fluence on the slightly decreased adsorption of SMX at pH 2–4
depended on the increase in hydrophobic interactions counteracts the
decrease of π-π EDA interactions. SMX removal gradually decreased
from 95.4% to 80.6% as pH increased from 5 to 9, and then quickly de-
clined to 19.5% with a further increase in pH to 12. At a pH of ~5, the
SMX− ratio was about 20%, which increased to over 99% at pH 7.6 and
then was essentially constant at higher pH values (Fig. S4). As the
pHZPC (zero point of charge) of MPAC6 was about 5.7 (Fig. S5), MPAC6
was negatively charged when the pH was greater than 6. Therefore,
the adsorption reduction observed at pH > 6 was due to the electro-
static repulsion between SMX− and the negatively charged MPAC6.
The SMX removal efficiencies remained in the range of 86.7–80.6% at
pH 7–9, which meant that the overall negatively charged MPAC6 was
capable of adsorbing SMX− (Fig. 4). This clear adsorption of SMX−

over this pH range of 7–9 was assumed to be caused by the formation
of a negative charge-assisted H-bond, (−)CAHB, or anion exchange.
(−)CAHB was strongly demonstrated to form between anionic sulfon-
amides and O-containing groups (e.g. carboxyl or phenolic hydroxyl)
of biochars or CNTS (Teixidó et al., 2011; Li et al., 2013). Here, SMX−

was capable of engaging in H-bonding as H-donor, while the surface
oxo-anion of MPAC6 served as H-acceptor. As the (−)CAHB generally
derived from the sharing of a proton between H-donor and acceptor
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with small ΔpKa (≤~4) (Ling et al., 2016; Gilli et al., 2009), the closer
pKa (5.6) of SMX and pHZPC (5.7) of SMX6 further determined this
stronger (−)CAHB interaction.

3.3. Effect of co-existing interferents on SMX adsorption

As displayed in Fig. 5a, the effects of ion species (Cl−, SO4
2−, NO3

−,
PO4

3−, NH4
+) and strength (0–0.05 M) on the adsorption of SMX on

MPAC6 were further investigated. Previous research has shown that
ionic strength can suppress anion exchange by electrostatic screening
(Li et al., 2013; Peng et al., 2018). The adsorption capacities decreased
with the increasing ionic strength of these ion species, which confirmed
that anion exchange could be responsible for the SMX− adsorption on
negatively chargedMPAC6. Comparing the decreased adsorption capac-
ities with the coexistence of monovalent (Cl−, NO3

−), divalent (SO4
2−),

and trivalent (PO4
3−) cations, it can be concluded that the inhibition of

anions varied from species rather than the amount of charges. The
high NO3

− concentration (0.05 M) showed a pronounced inhibitory ef-
fect (41%) on SMX adsorption. There was no significant negative influ-
ence (<20%) on the adsorption process at the lowest ionic strength
(0.001 M).
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Humic acid (HA), as oneof the typical components of natural organic
matter (NOM), was used to investigate the interference of organic mat-
ters on SMX adsorption. The adsorption capacities were slightly de-
creased at the HA concentration of 1 mg L−1 (<6.5%), while they were
decreased by 44–71% when added with 10 mg L−1 HA (Fig. 5b). This
might be due to the HA with abundant phenolic and carboxylic group
competed with SMX for adsorption sites on the surface of MPAC6. The
remaining SMX adsorbed on the surfacewas attributed to the existence
of micropores onMPAC6, which would not have adsorbed organic mat-
ter with large molecular sizes.
Table 2
Kinetic parameters for adsorption of SMX onto MPACs and PAC.

Kinetic model Parameter Adsorbent

MPAC1

Pseudo-first-order Qe (mg g−1) 3.50
k1 (min−1) 0.868
R2 0.824

Pseudo-second-order Qe (mg g−1) 3.64
k2 (g mg−1 min−1) 0.543
R2 0.713
α (×104 mg g−1 min−1) 144

Elovich β (g mg−1) 5.40
R2 0.237

7

3.4. Adsorption kinetics

The pseudo-first-order, pseudo-second-order, and Elovich
models were analyzed using non-linear expressions to avoid the
methodological bias generated by the linearization of the equations
(Simonin, 2016). The adsorption kinetics of SMX on PAC and
MPACs are shown in Fig. 6a, with the kinetic parameters summarized
in Table 2. Rapid adsorption of SMX occurred during the first 5 min,
followed by slower adsorption until the adsorption equilibrium con-
ditions were obtained within ~10 min. However, the adsorption ca-
pacities of MPAC1, MPAC2, and MPAC4 declined slightly when
extending the contact time to 60 min, resulting in a decline in the
fit of the lines to the data (R2 = 0.71–0.86). This decline could have
been caused by the grinding off of MPs from the PAC surface during
shaking due to the abrasion of MPACs with multilayered stacked
MPs, leading to some release of SMX into the solution. For the
MPAC6, MPAC8, and PAC materials, the pseudo-second-order
model fit the experimental data quite well (R2 > 0.985), resulting
in good agreement between the experimental and calculated
adsorption capacities (Table 2). It is worth noting that the correla-
tion coefficients show that the Elovich model does not match the
experimental data.

The intraparticle diffusionmodelwas further examined to identify the
rate-determining step in the adsorption of SMX. As illustrated in Fig. 6b,
the plots were divided into three-linear stages and did not pass through
the origin, suggesting multiple mass transfer steps occurred during the
adsorption process (Jiang et al., 2017). The first stage with a sharp curve
within 3minwas attributed to external adsorption or boundary layer dif-
fusion and surface adsorption, inwhich SMXwas transported through the
bulk solution to the external surface of the adsorbents (Zhu et al., 2011b).
The slopes ofMPAC6,MPAC8, and PAC in this stagewere higher than that
of MPACs with higher MPs loading contents (>20%). Hereafter, the
intraparticle diffusion and inner site adsorption were dominated in the
following stages but at a slower rate (Zhu et al., 2018). Detailed diffusion
parameters are summarized in Table S2. In this stage, the diffusion rates
(kt,2) increased slowly and gradually with increasing the contents of
MPs on PAC and MPACs, where kt,2 varied from 0.32 to 0.41 mg g−1-

min−0.5. The intraparticle diffusion rates increased after the magnetizing
impregnation of carbon materials has also been reported in a previous
study (Hao et al., 2018). Finally, the equilibrium stage was obtained. It
was noteworthy that small MPs loading on MPACs (<15%) could slightly
accelerate the adsorption process.

3.5. Adsorption isotherms

The equilibrium concentration data are correlated using fourmodels
namely Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich iso-
therms (Fig. 7a). The fitting parameters calculated from the non-linear
expressions based on Eqs. (5)–(8) are summarized in Table 3. As
shown in Table 3, the Dubinin-Radushkevich isotherms revealed the
best fit to the experimental points for the adsorption of SMX onto PAC
and MPACs with very high R2 values exceeding 0.99. This model is
MPAC2 MPAC4 MPAC6 MPAC8 PAC

3.65 3.97 4.88 5.35 5.83
0.840 0.982 0.755 0.888 1.08
0.864 0.865 0.916 0.931 0.908
3.82 4.14 5.20 5.65 6.09
0.467 0.512 0.256 0.299 0.367
0.840 0.863 0.990 0.984 0.985
6.66 42.6 0.122 1.01 21.1
4.23 4.34 2.18 2.40 2.74
0.414 0.441 0.753 0.698 0.680
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generally applied to express the adsorptionmechanismwith a Gaussian
energy distribution onto a heterogeneous surface (Saadi et al., 2015).
The mean free energy (EDR, kJ mol−1) of the adsorption per mole SMX
as it is transferred to the surface of the solid from an infinite distance
in the solution can be computed by the equation of E ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p
. The

value of EDR in SMX adsorption on PAC was 9.77 kJ mol−1 (in the
range of 8–16 kJ mol−1), which indicated that the nature of the
Table 3
Isotherm parameters calculated from nonlinear fitting analysis for SMX adsorption onto MPAC

Adsorption model Parameter Adsorbent

MPAC1

Langmuir QL(max)(mg g−1) 115
224a

KL(L mg−1) 0.0563
R2 0.994

Freundlich KF (mg g−1)(L mg−1)1/n 8.61
1/n 0.667
R2 0.998

Temkin KT(dm3 mg−1) 2.40
bT(J g mol−1 mg−1) 0.193
R2 0.889

Dubinin- Radushkevich QDAmax(mg g−1) 124
KDR(×10−2 mol2 kJ−2) 1.36
EDR(kJ mol−1) 6.07
R2 0.993

a Expressed on carbon mass basis.

8

adsorption process is related to the ion-exchange interactions
(Geszke-Moritz and Moritz, 2016). After the addition of the MPs to
the PAC, the values of EDR gradually decreased from 9.77 kJ mol−1

(PAC) to 6.07 kJ mol−1 (MPAC1). The 1/nF values of SMX on MPACs
ranged between 0 and 1, indicating favorable adsorption isotherms
(Saadi et al., 2015). Based on the Langmuir parameters, the maximum
adsorption capacities of SMX on MPACs increased in the order
115 mg g−1 (MPAC1) < 119 mg g−1 (MPAC2) < 124 mg g−1

(MPAC4)<173mgg−1 (MPAC6)<183mgg−1 (MPAC8)<234mgg−1

(PAC). It is noteworthy that Fe3O4 has almost no sorption affinity for
SMX (Fig. S6). After normalizing based on carbon mass, the adsorption
capacities of SMX on MPAC6 and MPAC8 were 214 mg g−1 and
222 mg g−1, which was reduced by only 8.8% and 5.1% compared with
that on PAC. The decrease in the adsorption capacities of magnetized
carbonaceous materials compared with the pristine carbonaceous ma-
terials has also been reported in other studies (Reguyal et al., 2017;
Mohan et al., 2011). However, the easy recovery of MPACs by the exter-
nal magnetic field could significantly reduce the treatment cost. In this
study, the sharp increase of adsorption capacities was obtained while
the MPs were monolayerly deposited on PAC (<20 wt% of Fe3O4).
Considering these adsorption data, combined with a need for more
MPs to achieve good separation, the optimal mass ratio of Fe3O4: PAC
was concluded to be 1:6, and therefore particles with this ratio were
used in subsequent experiments. The adsorption capacity of MPAC6
(173 mg g−1) in this study was relatively good compared to other
studies, as they were higher than results using various PACs
(94–118 mg g−1) (Teixeira et al., 2019; Calisto et al., 2015), biochars
(88–90 mg g−1) (Ahmed et al., 2017; Choi and Kan, 2019), and some
magnetic carbonaceous composites (13.8–213 mg g−1) (Table 4) (Heo
et al., 2019; Reguyal et al., 2017; Zhang et al., 2020; Reguyal and
Sarmah, 2018; Ou et al., 2020). Amagnetic CuZnFe2O4-biochar compos-
ite with a higher adsorption capacity of 213 mg g−1 was developed by
Heo et al. (Heo et al., 2019), but a long time was needed to reach equi-
librium than that measured here.

3.6. Thermodynamic studies

Adsorption rates and equilibrium concentrations are a function of
temperature changes, and therefore adsorption isotherms of SMX on
MPAC6 were obtained for temperatures of 25 °C, 35 °C, 45 °C, and
55 °C. Langmuir equilibrium constants have been frequently reported
for ΔG0 calculations in adsorption studies (Lima et al., 2019). Since the
Langmuir isotherm models fit the experimental data well (Fig. 7b), the
thermodynamic equilibrium constant (Ka) can be depicted as follows

Ka ¼ 1000KLMadsorbate adsorbate½ � °
γe

ð12Þ
s and PAC.

MPAC2 MPAC4 MPAC6 MPAC8 PAC

119
185a

124
167a

173
214a

183
222a

234

0.0616 0.0765 0.117 0.225 2.07
0.997 0.996 0.994 0.990 0.972
9.32 11.6 23.0 37.3 133
0.670 0.646 0.595 0.549 0.392
0.996 0.992 0.997 0.995 0.930
2.26 2.38 4.08 6.77 21.8
0.175 0.152 0.108 0.0919 0.0508
0.898 0.909 0.919 0.943 0.984
134 150 224 269 437
1.34 1.28 1.10 0.912 0.524
6.10 6.26 6.76 7.40 9.77
0.996 0.996 0.997 0.997 0.995



Table 4
Maximum adsorption capacity of SMX onto the adsorbents based on Langmuir isotherms.

Adsorbents SB–E–T (m2g−1) SMX concentrations
(mg L−1)

Adsorption capacity (mg g−1) Reference

Walnut based AC – 0.5–40 93.5 (Teixeira et al., 2019)
Commercial AC 848 – 118 (Calisto et al., 2015)
Functionalized BC 1.12 0.5–50 88.1 (Ahmed et al., 2017)
Alfalfa-BC 405 10–100 90.0 (Choi and Kan, 2019)
Magnetic pine sawdust BC 126 1–66.2 13.8 (Reguyal et al., 2017)
Magnetic BC 126 0.5–10 19.1 (Reguyal and Sarmah, 2018)
Fe-MIL-88B_NH2 93.0 20–170 73.5 (Ou et al., 2020)
Magnetic graphited BC 429 10–80 187 (Zhang et al., 2020)
CuZnFe2O4-BC 61.5 1–80 213 (Heo et al., 2019)
MPAC6 795 0.5–25 173 This study

BC: biochar; AC: activated carbon;
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inwhichMadsorbate is themolecularweight of adsorbate, 253.28 gmol−1

for SMX, [adsorbate]° is the standard concentration of the adsorbate,
and γe is the activity coefficient at the adsorption equilibrium (dimen-
sionless). According to the Debye-Huckel limiting law, γe is the function
of the ionic strength (Ie) and the charge carried by the solute (Z)

logγe ¼ −AZ2I1=2e ð13Þ

According to Eqs. (12)–(13), for neutral or weak charged adsorbates
(e.g., organic compounds) (Liu, 2009), theΔG0 calculation could be sim-
plified to

ΔG0 ¼ RTlnKa ≈ −RTln 1000KLMadsorbate 1 mol L−1
� �h i

ð14Þ
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Thermodynamic parameters (ΔG0, ΔH0, and ΔS0) calculated using
Eqs. (9)–(11) are summarized in Table S3. The negative value of ΔH0

(−9.14 KJ mol−1) reflected an exothermic nature of adsorption, and it
was consistent with the reduced adsorption capacity with lower tem-
peratures. Basically, the heat evolved during physical adsorption is of
the same order of magnitude as the heat of condensation,
i.e., 2.1–20.9 kJ mol−1 (Liu and Liu, 2008), which indicates that the ad-
sorption of SMX on MPAC6 could be attributed to physical adsorption.
The positive value of ΔS0 (0.055 KJ mol−1 K−1) suggested the increase
in randomness at the adsorbent-liquid interface during the adsorption
of SMX on MPAC6. The negative ΔG0 indicated that the adsorption pro-
cess is spontaneous and thermodynamically favorable. Furthermore,
the more negative theΔG0 is, the larger the driving force for adsorption
(Li et al., 2014). TheΔG0 decreased from−25.6 to−27.2 KJmol−1 with
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temperature increasing from 25 to 55 °C, which can be attributed to a
compromise between the strong driving force and the weakening of
the exothermic reaction at higher temperatures.

3.7. Possible adsorption mechanism

The surface structures of MPAC6 before and after adsorption of SMX
were compared to further understand the adsorption mechanisms. The
full view of XPS spectra (Fig. 8a) showed the presence of nitrogen and
sulfur after SMX adsorption, which was consistent with the EDS ele-
mental mapping results as illustrated in Fig. S7. From Fig. 8b, the high-
resolution spectrum of C 1s could be deconvoluted into five different
peaks at 284.4, 284.7, 285.9, 287.9, and 289.1 eV, assigned to sp2 C_C,
sp3 C −C, −C=C−O, −COOH and π-π* satellite, respectively (Lan
et al., 2016). The presence of abundant sp2 C_C indicated that π-π
stacking could support adsorption of the SMXonMPAC6. TheO1 s spec-
tra could be divided into four characteristic peaks of O species: Fe3O4

(530.6 eV), Fe−OH (531.6 eV), C−OH (532.6 eV), and O=C−O
(533.3 eV). As displayed in Fig. 8b and Fig. 8c, the oxygen-rich functional
groups significantly decreased after SMX adsorption, indicating that the
−OH and−COOH groups on the surface of MPAC6 played an important
role in the SMX adsorption via hydrogen bonding or Lewis acid-base in-
teraction (Zhang et al., 2020). It was noted that the oxygen content of
the MPAC6 decreased from 20.4% to 13.9% after SMX adsorption. The
N 1s spectrum of the used MPAC6 suggested the presence of N in oxi-
dized forms besides the –NH2/–NH and oxazole N in SMX (Fig. 8d).
The S 2p spectrum displayed four binding energies after SMX adsorp-
tion, implying two types of SMX existed in the used MPAC6 while
bare SMX exhibited only two binding energies at 168.5 eV (S 2p3/2)
and 169.6 eV (S 2p1/2) (Lima et al., 2019). Compared with the structure
of bare SMX, the variations of the N and S species in the spent MPAC6
could be attributed to the strong interaction between the –SO2N−–
group in SMX and the O-containing groups in MPAC6.

According to the above results, physical adsorptionwas dominant in
the process of SMX adsorption on magnetic carbons. The micro-filling
effect facilitated the adsorption of SMX that coexistedwith organicmat-
ter having molecular sizes. And the adsorption performance of SMX
onto MPAC6 was greatly governed by the pH values. The formation of
π-π EDA interactions between the aromatic rings of SMX and the
MPAC6 with π-electron-rich graphene sheets was responsible for the
high adsorption capacities of SMX at pH 2–4. As displayed in Fig. S5,
the zeta potentials of the used adsorbents were more positive than
those of fresh adsorbents at pH> 8. This could be attributed to the alka-
linity consumption by the dissociated protons formed by converting the
adsorbed SMX0 to SMX− at pH > 8, which implied that the adsorbed
SMX on the MPAC6 may exist as its neutral form. The (−)CAHB may
occur between SMX− and the adsorption sites accompanying with the
proton exchange of SMX− with water (Ling et al., 2016). Consistent
with the XPS results, the formed (−)CAHB between the –SO2N−–
group in SMX and the O-containing groups in MPAC6 could be consid-
ered as the main sorption mechanisms for SMX− adsorption on mag-
netic carbons.

3.8. Adsorbents regeneration

The reusability and stability of exhausted adsorbents are essential
for the economic application of PACs. According to Fig. S8, ethanol was
good for the desorption of SMX and the adsorption capacity of treated
adsorbents was 125 mg g−1, which were superior to the application of
other desorbent solutions. Considering the properties of SMX, it is
more easily dissolved in ethanol than water, with a water solubility of
SMX of 0.61 g L−1 at 37 °C (Yalkowsky and Dannenfelser, 1992). Thus,
the methanol-wash method was efficient. This result also corresponds
with a previous finding that the less polar solvents are more suitable
for the regeneration of SMX saturated carbonaceous adsorbents, com-
pared to polar solvents (Zhang et al., 2020). However, the solvent
10
washing methods only transfer the SMX from adsorbents to the liquid
phase and cannot eliminate the SMX in situ. Thermal treatment
methods have often been reported for the regeneration of the used ad-
sorbents, in which high energy was required to break the chemical
bonds (Zeng et al., 2020). The results of five successive adsorption-
thermal regeneration cycles (Fig. 9) show that the adsorption capacity
of MPAC6 decreased slightly and more than 90% of it was obtained in
the 5th cycle. Hence, the thermal oxidation method was chosen for
the regeneration of SMX-spent adsorbents in this study. The leaching
of Fe elements in the solution was also detected to evaluate the stability
of MPAC6. Findings revealed that in all the studied cycles the dissolved
iron concentrations were in the range of 5–10 μg L−1, which was far
below the permissible limit for drinkingwater (0.3mg L−1) determined
byWHO (Edition, 2011). The regeneration and reuse of MPAC6 further
indicated that the great potential ofMPAC6 as an efficient and stable ad-
sorbent for SMX removal.

4. Conclusions

Monolayered MPs were uniformly grown on the surface of PAC
using a facile one-pot hydrothermal method. The possible “trade-off”
of pore-blocking with magnetic strength of MPACs showed that
MPAC6 possessed good Langmuir adsorption capacities for SMX
(173 mg g−1) and also excellent magnetic properties (9.0 emu g−1).
No significant negative influenceswere observed on the adsorption pro-
cess at low ionic strength (0.001 M) of the studied ion species and low
concentration of humic acid. The big difference seen among the pH-
dependent adsorption was closely related to the speciation of SMX.
The cation-assisted electron donor-acceptor interactions (π+-π) and
hydrophobic interaction were responsible for the SMX removal at pHs
of 2–4, and (−)CAHB played an important role in the adsorption of hy-
drophilic SMX− on negatively charged MPAC6 at neutral or alkaline
conditions. The high-efficient magnetic carbon could be obtained with
an appropriate Fe3O4 loading rate, in which the MPs should be
monolayerly grown on PAC with fewer pores blocked and more expo-
sure rate of O-containing groups.
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