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Abstract
Methylene blue (MB) removal from dyeing wastewater using low-cost bio-derived adsorbent is a significant and challenging 
field. Herein, magnetic sugar hydrochar (MGHC) precursors derived from sugar-rich wastewater with small particle size 
and rich oxygen-containing functional groups (OCFGs) are prepared from sugar-rich aqueous solution via Fe salt-modified 
hydrothermal procedure. The role of Fe3O4 nanoparticles formed during the sugar carbonization is to provide numerous 
magnetic seeds to generate MGHC with core–shell structure, which reduces the particle size of hydrochar. This increases 
the amount of OCFGs on the surface of MGHC for bonding the sulfonic acid groups. Therefore, sulfonic acid-modified 
MGHC-SA shows the rapid MB adsorption rate and excellent adsorption capacity. The highest MB capacity is 869.6 mg/g 
at pH = 11.0 and 298 K. Additionally, the MGHC-SA can be easily recovery by magnet. And the stability of MGHC-SA was 
also evaluated, no degradation of adsorption performance was observed, even the adsorbent was regenerated 10 times. This 
study puts forward a promising way to acquire functional groups rich and easy recovery hydrochar from sugar wastewater 
for MB removal.

Keywords  Sugar-rich wastewater · Hydrothermal reaction · Biochar · Magnetic adsorbent · Sulfonic acid group · Methylene 
blue

Introduction

Organic dye effluent is one of the major sources of water pol-
lution, which is highly toxic and difficult to be degraded by 
biochemical treatment (Anuma et al. 2021; Methneni et al. 
2021; Samuchiwal et al. 2021; Varjani et al. 2021). As a rep-
resentative of dye pollutants, methylene blue (MB) removal 
in industrial wastewater has been widely studied for several 
decades (Jawad et al. 2019; Li et al. 2018, 2021; Zhang et al. 

2021). Although advanced oxidation techniques (AOT) have 
been proved to be extraordinarily effective at breaking MB 
molecules (Dong et al. 2021; Javanbakht & Mohammadian 
2021), great concerns of economic and environmental issues 
(energy intensive, reagent addition, sludge, etc.) caused by 
AOT have been paid for many years (Ismail & Sakai 2022; 
Wolski et al. 2021; Wu et al. 2022). Therefore, removing MB 
from wastewater via adsorption process is another feasible and 
mainstream strategy possessing low operation cost and good 
removal effect of organic matters (Bhadra & Jhung 2020; 
Cheng et al. 2021; Zhang et al. 2020). In general, the key of 
adsorption treatment is to develop high adsorption capacity, 
easy recovery, reproducible, and low-cost adsorbent (Deng 
et al. 2019; Gao et al. 2019; Phetphaisit et al. 2016; Qu et al. 
2021; Zhao et al. 2020).

Biochar is a kind of promising candidate adsorbents, which 
is prepared via thermal treatment of biomass materials such 
as pyrolysis and hydrothermal carbonization process (Gusain 
et al. 2020; Viotti et al. 2019). Currently, sugar-rich wastewa-
ter is typical biomass waste in the southwest of China where 
sugar industry is rather prevalent (Zeydouni et al. 2018). 
Traditional biotreatments are widely used to degrade organic 
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matters in sugar-rich wastewater (Li et al. 2020; Pirsaheb et al. 
2020), which results in waste of valuable carbon resources 
(Karray et al. 2017; Kumar et al. 2021; Li et al. 2016; Liu 
et al. 2021; Oliveira et al. 2021). Consequently, hydrother-
mal conversion of biomass waste including concentrated sugar 
water into value-added hydrochar (HC) is a promising and 
eco-friendly approach which has been verified in recent years 
(Han et al. 2018, Yang and Cannon 2021).

In most cases, the adsorption performance of raw bio-
char is greatly inferior to other commercial adsorbents. As 
a result, modification of biochar is necessary to create more 
and higher active sites for enhancing the adsorption process 
of pollutant molecules (Li et al. 2019b; Lu et al. 2021, Wang 
and Wang 2019). Therefore, numerous studies, at present, 
have focused on raising specific surface area and introduc-
ing efficient functional groups on the surface of materials 
to achieve ideal carbon-based adsorbents. Introduction of 
functional groups into carbon adsorbents is a useful method 
to adjust surface characteristics of materials, which is cru-
cial for adsorption performance (Caldera Villalobos et al. 
2016; Han et al. 2018; Li et al. 2019a; Zhang et al. 2013). 
In order to attach stable functional groups on biochar sur-
face, oxidation of biochar with oxidizing agents such as 
H2O2, KMnO4, and HNO3 is a common and easy technique 
to generate oxygen-containing functional groups (OCFGs) 
which can be used as anchors to attach highly active groups 
(Mehmood et al. 2021; Yang et al. 2021; Zhang et al. 2021; 
Zheng et al. 2021). However, employing corrosive oxidiz-
ing agents increases the operational cost and environmental 
risks. Unlike biochar prepared by other thermal treatments, 
HC obtained via hydrothermal carbonization owns abundant 
intrinsic hydroxy and carboxyl groups (Wang et al. 2019). 
Nevertheless, in view of the feature of HC derived from 
sugar-rich wastewater, the specific surface area of this HC is 
relatively low, which inhibits the amount of active functional 
groups (Higgins et al. 2020; Marzbali et al. 2021).

Typically, biochar treated with etching additives such 
as KOH and ZnCl2 at high temperature is able to access 
high specific surface area and extensively porous struc-
ture (Islam et al. 2017; Luo et al. 2019b). However, cor-
rosive and heavy metal vapors release during the thermal 
treatment increasing the cost of exhaust gas equipment. 
Otherwise, physical route such as ball milling of biochar 
is also an efficient process which has been reported in 
recent years. In spite of this, thermal treatment and ball 
milling are likely to reduce the OCFGs in biochar. Based 
on above, in situ formation of porous HC by modifying 
with a green agent to induce sugar molecule carbonization 
specifically may be a viable solution (Luo et al. 2019a; 
Masunga et al. 2019).

Herein, complex Fe salts were introduced into sugar aque-
ous solution which was used as simulated sugar-rich waste-
water, and in situ generated Fe3O4 nanoparticles offer seeds 
for sugar carbonization during hydrothermal process to form 
HC with core–shell structure (Scheme 1). Notice that adsor-
bent with Fe3O4 core makes the recovery convenient and fast 
by magnet. The as-prepared HC (MGHC) has much larger 
specific surface area and higher density of OCFGs than that 
of raw one (GHC). Therefore, MGHC-SA modifying with sul-
fonic acid group exhibits excellent MB adsorption capacity 
(869.6 mg/g) which is approximately 13 times higher than of 
the GHC-SA. Moreover, MGHC-SA presents good recycla-
bility and no deactivation was observed after 10 times reuse.

Materials and methods

Materials

Materials used were D-glucose anhydrous (GR), ferric 
chloride anhydrous (AR), ferrous chloride anhydrous (AR), 
urea (AR), chlorosulfonic acid (AR), dichloromethane 

Scheme 1   Schematic diagram 
of material synthesis

36873Environmental Science and Pollution Research  (2023) 30:36872–36882

1 3



(AR), hydrochloric acid (0.1 mol/L), sodium hydroxide 
(0.1 mol/L), and methylene blue (C16H18ClN3S·3H2O). 
Deionized water was used throughout the experiment.

Synthesis of adsorbent

Synthesis of magnetic sugar hydrothermal carbon 
(MGHC) was follows: first, 6 g of glucose, 3 g of urea, 
1.2 g of FeCl3, 0.6 g of FeCl2, and 60 mL of H2O were 
added together to 100 mL of liner, stirred thoroughly, and 
then placed in a stainless steel autoclave and heated to 
200 °C, and reacted for 10 h. The obtained MGHC was 
washed twice with ethanol and deionized water and then 
dried in an oven at 60 °C for 12 h. Other hydrothermal 
carbon materials including GHC and GHC-H2O2 were also 
prepared as shown in Supporting Information (S1).

Synthesis of sulfonic acid-based magnetic sugar hydro-
thermal carbon (MGHC-SA) (Goswami and Phukan 2017, 
Naeimi and Mohamadabadi 2014) was as follows: first, 1 g 
MGHC was added to 20 mL dichloromethane and soni-
cated for 30 min. 1 mL ClHSO3 was added to the ice-cold 
dispersion of MGHC and reacted at room temperature for 
30 min. After the addition was completed, the mixture was 
stirred thoroughly for 3 h to allow complete evaporation 
of HCl from the vessel. Then, MGHC-SA was separated 
from the mixture using a magnetic field and washed twice 
with ethanol and deionized water. Finally, it was dried in 
an oven at 60 °C for 12 h. Sulfonated sugar hydrothermal 
carbon (GHC-SA) and sulfonated hydrogen peroxide-
treated sugar hydrothermal carbon (GHC-H2O2-SA) were 
prepared using the same method.

The method of characterization of the material can be 
seen in the Supporting Information (S2).

Methylene blue adsorption experiments

MB stock solution (1000 mg/L) was prepared by dissolv-
ing 1 g of MB in 1 L of H2O. The fresh stock solution was 
then diluted to a specific concentration (100–600 mg/L) 
for the experiment. 100 mg of adsorbent was added to 
100 mL of a specific concentration of methylene blue 
solution, and the solution was shaken in a thermostatic 
shaker for several hours at a certain temperature; then, 
the solution was filtered using a 0.45-μm membrane and 
the concentration of MB in the filtrate was detected using 
a UV–Vis spectrophotometer with λmax at 664 nm. Other 
experiments including effect of pH, the adsorption iso-
therm experiments, kinetic analysis, and adsorption–des-
orption experiments could be seen in Supporting Informa-
tion (S3).

Results and discussions

Characterization of the synthesized materials

In order to verify the core–shell structure of MGHC, mor-
phologies of GHC, MGHC, and nano Fe3O4 were analyzed 
by scanning electron microscope (SEM) and transmission 
electron microscope (TEM). As shown in Fig.  1a  and 
Fig. S1a, GHC is assembled with micron-sized carbon 
spheres, whereas numerous nanoparticles combined with 
bits of micron-sized spheres are observed in MGHC 
(Fig. S1b). High multiple SEM image in Fig. 1b shows 
that these nanoparticles attach on the surface of carbon 
spheres. By comparing the X-ray diffraction (XRD) pat-
terns of GHC and MGHC in Fig. S2, diffraction peaks at 
34.5°, 36.5°, and 42.0° are discovered in MGHC prov-
ing the existence of Fe3O4 (Luo et al. 2019a). Moreover, 
because the size of nano Fe3O4 prepared via the same 
hydrothermal process are close to the nanoparticles in 
MGHC (Fig. 1c), it can be inferred that the structure of 
nano Fe3O4 core covering with carbon shell is formed dur-
ing the glucose carbonization. This is further confirmed by 
the TEM and high-resolution TEM (HRTEM) images of 
MGHC in Fig. 1d 10–20 nm particles buried in amorphous 
carbon shell are clearly observed and the lattice fringes on 
single nanoparticle with d-spacing of 0.296 nm correspond 
to Fe3O4 (220) plane (Fang et al. 2020).

N2 adsorption–desorption tests were conducted to get 
insight into the influence of the modification of Fe salts 
for the specific surface area and pore size distribution of 
GHC and MGHC. As shown in Fig. 2a, higher adsorption 
volume of MGHC than that of GHC is observed, which 
demonstrates the MGHC has higher specific surface area. 
The detailed data of GHC and MGHC are 0.58 m2/g and 
4.73 m2/g, respectively. Furthermore, the d majority of 
pores in MGHC with diameter ranges from 2 to 10 nm, 
whereas the distribution of pore size in GHC is over 10 nm 
(Fig. 2b). As stated above, Fe3O4 nanoparticles formed 
during the hydrothermal process offer seeds to generate 
MGHC with core–shell structure reducing the size of GHC 
particles, which is conductive to afford more OCFGs as 
grafting sites on the surface of HC.

Subsequently, functional groups in GHC and MGHC 
were analyzed by Fourier transform infrared spectroscopy 
(FT-IR). As shown in Fig. 3a, peaks at 3257 cm−1 and 
1699  cm−1 are assigned to the stretching vibrations of 
OH and C = O groups (Deng et al. 2019; Li et al. 2019c), 
respectively, which suggests the presence of OCFGs 
in both GHC and MGHC. In addition, a new peak at 
640 cm−1 in MGHC corresponding to vibration of Fe–O 
bond attributes to the Fe3O4 nanocore. Other than that, 
X-ray photoelectron spectroscopy (XPS) was conducted 
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Fig. 1   SEM images of (a) GHC, 
(b) MGHC, (c) Fe3O4, and (d) 
TEM image of MGHC

Fig. 2   a N2 adsorption–desorp-
tion isotherm. (b) Pore size 
distribution of GHC and MGHC

Fig. 3   a FT-IR spectra of GHC, 
MGHC, and Fe3O4. (b) O 1 s 
spectra of GHC and MGHC
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to probe surface chemical state of as-prepared samples. 
The same as the FT-IR results, C and O signals are spotted 
in both survey profiles of GHC and MGHC, while Fe are 
only detected in MGHC (Fig. S3). High-resolution XPS 
spectra of O1s shows that the peaks located at 530.8 eV 
and 532.1 eV assign to lattice and adsorbed oxygen species 
(Liang et al. 2021; Wang et al. 2019; Zhang et al. 2021), 
respectively, which corresponds to Fe3O4 and OCFGs 
(Fig. 3b). Combined with morphology results, high mole 
ratio of adsorbed oxygen in MGHC (22.5%) demonstrates 
that the surface of MGHC is well covered with oxygen-
rich carbon shell. For proper investigation of the amount 
of OCFGs on the surface of as-prepared HCs, Boehm titra-
tion method was applied to determine acidic groups which 
can reflect the content of OCFGs. As shown in Table 1, 
the amount of acidic groups in MGHC (22.4 mmol/g) is 
obviously higher than that of GHC (16.6 mmol/g). Indeed, 
ruling out the impact of the mass of Fe3O4 nanocore, Fe 
oxide-free MGHC, in theory, has higher acidic groups den-
sity (38.8 mmol/g).

For results outlined above, sulfonic acid groups as typi-
cal active adsorption sites were introduced to attach on 
GHC and MGHC via graft reaction between OCFGs and 
chlorosulfonic acid molecules. SEM images of MGHC-SA 
shown in Fig. 4a and Fig. S4 reveals that the morphology 
of MGHC-SA is maintained after modifying with chloro-
sulfonic acid. EDS elemental mapping shows that Fe, C, 
and S are dispersed homogeneously (Fig. 4b), indicating 
Fe3O4 nanoparticles are well buried into HC shell with 
rich sulfonic acid groups (Li et al. 2019b). Core–shell 
structure of MGHC-SA is also clearly observed via TEM 
and HRTEM images in Fig. 4c and d which demonstrates 
that Fe3O4 were preserved during the chlorosulfonic acid 
treatment (He et al. 2020; Qu et al. 2021). FT-IR spectra 
in Fig. S5 shows that MGHC-SA displays strong absorp-
tion peaks at 1182 and 1029 cm−1 which attribute to the 
asymmetric stretching of S = O and stretching vibrations 
of S–O, respectively (Dash et al. 2018). However, the 
peaks of S = O and S–O in GHC-SA are weak. This indi-
cates that MGHC-SA contains higher density of sulfonic 
acid groups than the raw GHC. As a contrast, GHC was 
oxidized by H2O2 (named as GHC-H2O2) to increase the 
amount of OCFGs, then the chlorosulfonic acid modified 
GHC-H2O2-SA appears the obvious absorption peaks of 
S = O and S–O from FT-IR spectra, confirming the vital 
grafting role of surface OCFGs, which also demonstrates 
that Fe salts modification method is an effective strategy to 
construct HC with high-density active grafting sites. Other 

Table 1   Content of oxygen-containing groups

Adsorbents Oxygen-containing functional groups (mmol/g)

-COOH -COOR -OH Total acidity

GHC 8.5 5.3 2.8 16.6
MGHC 0.06 20.0 2.3 22.4

Fig. 4   SEM image of (a) 
MGHC-SA. (b) The corre-
sponding elemental mapping of 
Fe, C, and S. (c) TEM and (d) 
HRTEM images of MGHC-SA
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evidence comes from XPS results shown in Fig. S6. The 
mole ratio of S on the GHC-SA surface is 0.6%, which is 
lower than that of GHC-H2O2-SA (2.1%) and MGHC-SA 
(3.6%).

Saturation f lux investigation was also conducted 
to analyze the magnetization intensity of as-prepared 
samples (Naeimi and Mohamadabadi 2014, Qu et  al. 
2021). The hysteresis regression curves in Fig. S7 shows 
that GHC, MGHC, and MGHC-SA with 0, 12.3, and 
8.7 emu/g saturation magnetization intensity, respec-
tively, illuminating in situ formed Fe3O4 nanoparticles 
afford magnetic source for HC. Although modest loss of 
magnetization intensity in MGHC-SA is observed which 
may be attributed to a spot of metal oxide leaching dur-
ing the chlorosulfonic acid treatment, MGHC-SA still 
shows a good magnetic response in the case of external 
magnets (Fig. S7, inset), demonstrating the good poten-
tial which can be used as a recyclable magnetic sorbent 
(He et al. 2020).

Adsorption performance of as‑prepared adsorbents

The adsorption performances of several as-prepared 
adsorbents for MB removal were investigated at pH = 7.0 
and 298  K. As shown in Fig.  5, Fe3O4 nanoparticles 
barely adsorb MB, implying Fe3O4 cannot afford efficient 
adsorption sites for MGHC and MGHC-SA. The MB 
adsorption capacities of GHC, GHC-H2O2, and MGHC 
are 10.0, 10.5, and 18.0 mg/g, respectively. Raw GHC 
shows the inferior performance ascribing the low specific 
surface area and low density of OCFGs. Although oxida-
tion treatment is favorable for increasing the amount of 
OCFGs, the adsorption capacity of GHC-H2O2 remains 
poor. According to SEM and N2 adsorption–desorption 

results (Fig. S8, S9), the particle size of GHC-H2O2 is 
still large, which leads to the low specific surface area. 
As expected, MGHC with abundant OCFGs exhibits the 
good MB adsorption performance. However, the perfor-
mance of OCFGs is confined due to their internal prop-
erty. The role of OCFGs in HC adsorbents were designed 
as grafting sites to fix sulfonic acid groups on the sur-
face of adsorbents. Therefore, chlorosulfonic acid-treated 
GHC-SA, GHC-H2O2-SA, and MGHC-SA show better 
MB adsorption capacity than that of original HC adsor-
bents. Specifically, MB adsorption capacity of GHC-SA 
is 15.0 mg/g which is slightly higher than GHC, whereas 
GHC-H2O2-SA presents preferable MB removal effect 
(86.4 mg/g), even both GHC-SA and GHC-H2O2-SA con-
tain the approximate specific surface area, manifesting 
the vital role of OCFGs for the performances of chloro-
sulfonic acid-modifying HC adsorbents. Hence, MGHC-
SA shows the predictable highest MB adsorption capac-
ity (199.0 mg/g) due to the precursor (MGHC) provides 
more OCFGs to immobilize active sulfonic acid groups.

Effect of pH

Because MB is a basic cationic dye, adsorbent with nega-
tive surface charge is in favor of the electrostatic adsorp-
tion of MB. Altering pH of aqueous solution can adjust 
the surface charge of MGHC-SA thanks to the existence 
of the abundant functional groups, especially sulfonic 
acid groups. In this regard, zeta potential was conducted 
to examine the surface charge of MGHC-SA at different 
pH values and probe the point of zero charge (pHPZC) 
which is a specific pH where adsorbent contains charge 
neutrality surface (Li et al. 2021; Wang et al. 2018). As 
shown in Fig. 6a, zeta potential changes from positive to 
negative when pH increases from 2 to 12, and the pHPZC 
of MGHC-SA is 6.8. Therefore, MGHC-SA in alkaline 
solution, specifically pH > 6.8, has plenty of negative 
surface charge due to deprotonation of sulfonic acid 
groups. It can be inferred that MGHC-SA possesses the 
good MB adsorption potential. Conversely, the grafting 
sulfonic acid groups on MGHC-SA will be protonated 
in acidic solution, which makes MGHC-SA positively 
charged and weakens the absorbability for MB.

On the basis of above analysis, the adsorption perfor-
mances of MGHC-SA at different pH were explored. Fig-
ure 6b shows that the MB adsorption capacity increases 
with the pH value, which is perfectly consistent with the 
surface charge results of MGHC-SA. Notice, the large 
difference in the adsorption performance at acidic and 
alkaline systems gives MGHC-SA ability which is able 
to precise regulate adsorption/ desorption process of MB 
via changing pH.Fig. 5   Adsorption capacity of different materials for MB 

(C0 = 200 mg/L, V = 50 mL, m = 30 mg, pH = 7.0, and T = 298 K)
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Adsorption kinetics

The adsorption kinetics was examined to identify the 
effect of MGHC-SA for MB removal. At first, the curves 
of adsorption capacity variation of MGHC-SA with dif-
ferent initial MB concentration (100 to 600 mg/L) and 
time show that MGHC-SA can reach the adsorption 
equilibrium in a short time, regardless of initial con-
centration of MB (Fig. 7a), which suggests the rapid 
adsorption rate and high capacity of MGHC-SA. Then, 
pseudo-first-order and pseudo-second-order kinetic mod-
els were applied to simulate the adsorption kinetics data 
to probe the possible adsorption mechanism. As shown 

in Fig. 7b and c and Table S1, the fitted curves of the 
pseudo-secondary model with R2 values of 0.993–0.920 
are better than that of the pseudo-first-order model. This 
indicates that the adsorption rate of MB on MGHC-SA 
is mainly controlled by chemisorption, and the process 
of adsorption is mainly by electron transfer and electron 
sharing between the functional groups on the adsorbent 
surface and the adsorbate.

Adsorption isotherm

To further elucidate the adsorption performance of 
MGHC-SA and to investigate the adsorption mechanism, 

Fig. 6   a Zeta potential of 
MGHC-SA. (b) Effect of pH on 
MB adsorption (C0 = 200 mg/L, 
V = 50 mL, m = 30 mg, and 
T = 298 K)

Fig. 7   a–c Adsorption kinetic model (C0 = 100–600 mg/L, V = 50 mL, m = 30 mg, t = 3 h, and T = 298 K). (d–f) Adsorption isotherm model 
(C0 = 600 mg/L, V = 50 mL, m = 30 mg, and T = 298–328 K)
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the adsorption of MGHC-SA on MB at different tem-
peratures (T = 298, 313, and 328 K) were evaluated by 
adsorption isotherms, and the adsorption data were fitted 
by Langmuir and Freundlich models. The adsorption iso-
therms characterize the interaction between the adsorbent 
and the solution when the adsorption reaches equilibrium 
at a constant temperature.

As shown in Fig. 7d, as the initial concentration of MB 
increases, there is a higher driving force at higher con-
centrations that promotes the diffusion of MB molecules, 
which in turn leads to an increase in the adsorption capac-
ity. When the initial concentration of MB reaches a cer-
tain level, the adsorption capacity no longer increases due 
to the saturation of the adsorbent adsorption. It was also 
found that the temperature has an effect on the adsorption 
capacity, probably because of the enhanced thermal motion 
and the increased tendency of the adsorbent activity on 
the surface of the material desorption occurs, leading to 
a decrease in the adsorption capacity of the adsorbent for 
MB. This implies that the adsorption of MB by MGHC-SA 
may be an exothermic reaction, which can be carried out 
at room temperature.

The adsorption trend of MGHC-SA on MB is closer 
to the Langmuir model in Fig. 7e and f. As can be seen 
from Table S2, the correlation coefficients of the Lang-
muir model (R2 L > 0.987) are better than those of the 
Freundlich model (R2 F < 0.980), which indicates that the 
adsorption of MGHC-SA on MB is closer to uniform mon-
olayer adsorption (Wang et al. 2019). In the Freundlich 
model, the 1/n values at all three temperatures were less 
than 1, indicating that the adsorption of MGHC-SA on 
MB is a spontaneous process (Li et al. 2019a). The qmax 
of MGHC-SA on MB was known to be 869.6–840.0 mg/g 
(298–328 K) based on Langmuir isotherm parameters, 
which is significantly higher than most previously reported 
adsorbents (Table 2). Heavy metal ions such as Cu2+, Pb2+, 
and Cd2+ were also selected to investigated the perfor-
mance of MGHC-SA, the adsorption amounts for Cu2+, 
Pb2+, and Cd2+ were shown to be 34.0 mg/g, 153.3 mg/g, 
and 54.9 mg/g, respectively (Table S3), indicating MGHC-
SA are widely applicable.

Reusability and adsorption mechanism of MGHC‑SA

Adsorbent regeneration is an important part of adsorbent 
utilization contributing to the cost and operation conveni-
ence. According to the results of the zeta potential and 
adsorption capacities at different pH, MB adsorbed on the 
surface of MGHC-SA can be rapid desorbed in acidic condi-
tion, and MGHC-SA is regenerated. Therefore, diluted HCl 
(0.1 mol/L) was chosen to elute MB from the MGHC-SA. 
After desorption, the regenerated MGHC-SA was separated 
by magnet easily (Fig. S7, inset). Reusability of MGHC-SA 
was evaluated at pH = 11.0 and 298 K. As shown in Fig. 8, 
the MB adsorption capacities and removal efficiencies are 
maintained, even the MGHC-SA was regenerated 10 times, 
indicating that the active sulfonic acid groups have good 
bonding strength on the surface of MGHC-SA.

Adsorption mechanism of MGHC‑SA

In order to investigate the adsorption mechanism of 
MGHC-SA on MB, FT-IR and XPS were used to charac-
terize and analyze the interaction between surface func-
tional groups and MB during the adsorption process of 

Table 2   Comparison of the 
adsorption capacity of various 
biochar adsorbents for MB

Adsorbent Q (mg/g) T (K) t (min) pH References

Ball milled biochar 310.0 303 360 - (Zhang et al. 2021)
Bean dreg-derived carbon 4348 298 3 10 (Wang et al. 2019)
Coconut shell-derived hydrochar 200.0 303 480 9 (Islam et al. 2017)
Aloe vera–acid activated carbon 192.3 298 40 11 (Zeydouni et al. 2018)
Carbonized watermelon rind 200.0 303 300 5.6 (Jawad et al. 2019)
Polyvinyl chloride and bamboo hydrochar 258.9 308 360 11 (Li et al. 2021)
MGHC-SA 869.6 298 40 11 This work

Fig. 8   The regenerative adsorption performance of MGHC-SA 
(C0 = 600  mg/L, V = 50  mL, m = 30  mg, pH = 11.0, t = 4  h, and 
T = 298 K)
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MGHC-SA. FT-IR spectra are shown in Fig. 9. After the 
adsorption of MB, the characteristic peaks of MGHC-
SA-MB appear at 1600 cm−1 (C = N stretching vibration), 
1392 cm−1 (C-N stretching vibration), 1328 cm-1 (-CH3 
deformation vibration), and 883 cm−1 (C-H deformation 
vibration). The shift of the peaks indicates the adsorp-
tion of MB on MGHC-SA, which proves the interaction 
between MGHC-SA and MB (Li et al. 2019a). The peak 
changes of C = N bond (1591 cm−1 to 1600 cm−1) and 
C-H bond (881 to 883 cm−1) of MB indicates the pres-
ence of π–π interactions in the adsorption system (Li et al. 
2021). The transfer of O–H of MGHC-SA from 3278 to 
3301 cm−1 indicates the hydrogen bonding interaction 
between the nitrogen atom and the hydroxyl group (Li 
et  al. 2018). There is also an electrostatic interaction 
between MGHC-SA and MB, as the C-N bond of MB 
on − N(CH3)2+ is transferred from 1322 to 1328 cm−1. 

The elemental composition of MGHC-SA and MGHC-
SA-MB was further compared by analyzing the XPS spec-
tra and S 2p spectra of MGHC-SA after MB adsorption 
(Zhang et al. 2013). As shown in Fig. 10a, the character-
istic peak of N 1 s appears on MGHC-SA-MB after the 
adsorption of MB, indicating that MGHC-SA captures a 
large number of MB molecules. Figure 10b shows that 
the peak intensity of S 2p decreases and MGHC-SA-MB 
shows new characteristic peaks at 163.5 eV (S 2p3/2) and 
164.7 eV (C-S/C = S) The characteristic peaks of MGHC-
SA-MB at 163.5 eV (S 2p3/2) and 164.7 eV (C-S/C = S) 
(Xia et al. 2019) indicate that the sulfonic acid group has 
a strong affinity for MB adsorption. The above analysis 
also mirrored the FT-IR results that MGHC-SA can effec-
tively adsorb MB.

Conclusions

In summary, in situ construction of Fe3O4 nanoparticles 
during the process of hydrothermal carbonization of sugar 
molecules in water is an efficient strategy to induce HC 
coating on the Fe3O4 nanoparticles. This not only makes 
the MGHC having smaller particle size than raw HC and 
exposing plenty of OCFGs but also offers magnetic core in 
MGHC for easy recovery. A mass of OCFGs on the surface 
of MGHC provides effective grafting sites to bond sulfonic 
acid groups, which makes MGHC-SA exhibiting high MB 
adsorption rate and capacity. The highest adsorption capac-
ity of MGHC-SA for MB is 869.6 mg/g, which is achieved 
at pH = 11.0 and 298 K. Moreover, the high bond strength 
between sulfonic acid groups and adsorbent results in the 
good reusability of MGHC-SA, no degradation in adsorp-
tion performance was observed after 10 times regeneration. 
This work provides a promising strategy to prepare of high-
density sulfonic acid-based magnetic HC with good MB 
removal performance from sugar-rich wastewater.

Fig. 9   FT-IR spectra of MGHC-SA, MGHC-SA-MB, and MB

Fig. 10   a XPS and (b) S 2p 
spectra of MGHC-SA and 
MGHC-SA-MB
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