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KEYWORDS Abstract Hierarchical porous carbon spheres (HPCS) were synthetized utilizing tannic acid as bio-
Biomass: mass source and Zn? " as cross-linking agent. Metal Zn?>* prove to be pivotal in the preparation of
Porous materials; materials, which can promote the formation of spherical structure and make materials have both
Tannin acid; micropores and mesopores. The adsorbent has regular spherical shape, specific surface areas
Adsorption; of > 1000 m?/g, the maximum adsorption capacity (¢.q) of methylene blue is 697 mg/g. It has stable
Dye wastewater adsorption performance in a broad pH environment (3—11), and the methylene blue removal

remains at 91.9% after five cycles. The hierarchical porous structure is beneficial to the immobiliza-
tion process of methylene blue, and hydrogen bonding, n-n interaction and electrostatic attraction
are the main forces for the immobilization of methylene blue. This research offers a promising way
for the exploration of biomass-based materials for efficacious dye removal.

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction (such as benzidine dyes, some azo dyes, etc.) (Yuan et al., 2022;
Albadarin et al., 2017; Chen et al., 2021). The dyes discharged in the

Organic dyes are typical organic pollutants (Jiao et al., 2022; Xiao environment enter the organism transit the food chain and pose a men-
et al., 2021; Najafi et al., 2022), which pollute the ecological environ- ace to the health of human beings or other organisms (Li et al., 2022;
ment mainly through the following ways: i) Most of the dyes are toxic Kaya-Ozkiper et al., 2021; Omrani et al., 2022). ii) For the visual pol-

lution of water color, colored water will not only affect the visual
senses, but also prevent sunlight from penetrating the water, weaken

* Corresponding authors. the photosynthesis of aquatic organisms, and affect the growth of
E-mail addresses: liuxiaoning(@nankai.edu.cn (X. Liu), qixinhua(@- aquatic organisms (El-Sewify et al., 2022; Ismail et al., 2019; He
nankai.edu.cn (X. Qi). et al., 2021). iii) When the dye is decomposed in the water environ-
Peer review under responsibility of King Saud University. ment, it will consume a lot of oxygen, resulting in anoxia, odor and

corruption of the water body, which is not conducive to the growth
of aquatic animals and plants (Zhu et al., 2019; Khatri et al., 2015;
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Alizadeh et al., 2022). Therefore, how to efficiently remove organic,
dyes in the water environment has been widely concerned by countries
all over the world.

Great effort has been put forward to develop effective technologies
for removing organic dyes. Adsorption (Georgouvelas et al., 2021;
Brar et al.,, 2020; R et al., 2022; Alipanahpour Dil et al., 2019),
advanced oxidation (Cao et al., 2019), photocatalysis (Heitmann
et al., 2016; Parvizi et al., 2019; Sajjadnejad and Haghshenas, 2023),
biodegradation (Pereira et al., 2014) and other methods have been
explored and utilized to dislodge organic dyes from aqueous environ-
ment. Adsorption is recognized as an ideal way to remove pollutants
such as dyes by reason of its cost-effective, simplicity and wide appli-
cation range, et al (Liu et al., 2019; Zhou et al., 2022). Biomass is one
of the most aplenty renewable carbon sources on the globe, and the
carbon materials prepared from biomass have been extensively applied
in the range of dye removal (Yang et al., 2019; Sellaoui et al., 2020; Dil
et al., 2016). However, traditional biochar has low porosity, irregular
pore structure and single function, which cannot meet the increasing
demand of water treatment (Liu et al., 2021; Merdas et al., 2022). If
the morphology and function of biochar are designed, the biochar
adsorbent with regular morphology, high porosity and cycle stability
can be synthesized by improving the preparation and modification
methods of materials, which can efficiently remove organic dyes from
water (Huang et al., 2022; Banisheykholeslami et al., 2021; Bastami
et al., 2020; Bagheri et al., 2019; Tayebee et al., 2020).

Plant polyphenols are common biomass resources widely exist in
nature, their content in plants is second only to lignin, cellulose and
hemicellulose, mainly in plant fruits, stems, roots and leaves (Liu
et al., 2023). Tannic acid is a typical plant polyphenol, which has rich
hydroxyl groups in its molecular structure and can link with metal ions
to form a puissant plant polyphenol-metal network (Guo et al., 2021).
Making use of this characteristic of tannic acid, templates and cross-
linking agents can be used to guide plant polyphenols and metals to
form a regular coordination network, thus the new biochar materials
with specific morphology can be synthesized. Among them, the mate-
rials with spherical morphology have strong structural stability, short
channel, abundant pore, and are more in line with hydraulics to facil-
itate their rapid movement and diffusion in water (Xi et al., 2022; Zhu
et al., 2017).

In this study, a high-performance carbon sphere adsorbent with
hierarchical pore structure was synthesized by utilizing tannic acid as
biomass source, Zn>" as metal cross-linking agent, formaldehyde
and amphiphilic nonionic surfactant as structure directing agent. By
using the typical cationic organic dye (methylene blue) as the target
contaminants, the adsorption ability of the synthesized hierarchical
porous carbon spheres for methylene blue were studied in combination
with adsorption experiments and related adsorption models. The sta-
bility of the materials under different adsorption conditions and during
recycling were evaluated, at same time the main mechanism of methy-
lene blue removal by the adsorbents was clarified. This work can sup-
ply a theoretical foundation for the exploration of efficacious materials
for removing cationic dyes.

2. Materials and method

2.1. Reagents

Triblock copolymer nonionic surfactant (F127) and tannic
acid were provided from Sigma-Aldrich Co., Ltd. Formalde-
hyde (CH,O, 37%), ammonium hydroxide (NH3$H,O,
25%), methylene blue (C;¢H;gCIN3S, 99.5%), zinc nitrate
(Zn(NO3)»,-H>O, 99.9%), sodium hydroxide(NaOH, 98%),
hydrochloric acid (HCI, 37%) were provided by Shanghai
Maclean Reagent Co., Ltd.. Anhydrous ethanol was provided
by Shanghai Meryer biochemical technology Co., Ltd. All

chemicals in this study were used directly without further
purification.

2.2. Preparation of HPCS materials

The materials were prepared by sol-gel method (Wei et al.,
2018). Typically, 0.8 g triblock copolymer nonionic surfactant
(F127) and 2 mL ammonium hydroxide were put into 216 mL
of ethanol-water mixed solution (volume ratio of ethanol:
water = 1: 5.75) and stirred for 45 min at 25 °C. Immediately
afterwards, 0.8 g TA (tannic acid) and 2.5 mL FA (formalde-
hyde) were poured sequentially into the mixed liquor and stir-
ring was continued for 24 h. Then different amounts (0.2, 0.4
and 0.8 g) of Zn(NOs),-H,O were put into 10 mL of ultrapure
water and poured dropwise to the mixed solution and vibrated
for 24 h. After the vibrating was completed, the mixed solution
was transferred to the autoclave and heated with water at
100 °C for 24 h. Then the mixture was centrifuged and the
solid part was washed 3 times with ultrapure water, stoved
under vacuum for 8 h at 60 °C subsequently. Eventually, the
solid precursors were calcined at (600, 900) °C for 2 h under
N, atmosphere at a heating speed of 2 °C/min. The resulted
samples were named as HPCS-A-B, where A is the amount
of Zn added and B is the calcination temperature. The sample
without Zn was used as a control named as tannin—formalde-
hyde carbon spheres (TFCS).

2.3. Characterization of materials

The pore characteristics of hierarchical carbon spheres were
measured by Micrometrice ASAP 2460 (USA) automatic
specific surface area analyzer. The microstructure of hierarchi-
cal carbon sphere was characterized by a scanning electron
microscope from Carl Zeiss (Germany). Functional groups
of the samples were tested with a Fourier transform infrared
spectrometer (FT-IR, Thermo Scientific Nicolet 1210, USA)
with KBr as matrix. The charging characteristics of materials
surface at different pH were determined by Maivern Zetasizer
nano-ZS (UK) equipment. The JEM-2010PLUS Transmission
Electron Microscope (Japan) was used for probing the internal
microstructure of carbon materials. The Ultima IV X-ray
diffractometer (Japan) was used to collect X-ray diffraction
patterns to determine the crystal structure of the sample.

2.4. Adsorption experiment

To study the adsorption kinetics of HPCS-A-B materials for
methylene blue, 10 mg adsorbents were soaked in 10 mL
methylene blue solution (pH = 7) with a concentration of
800 mg/L, and then shaken at 25 °C and 180 rpm. A group
of experiments were set up at each time point. The mixture
was taken out at (5, 15 and 30) min, (1, 2, 4, 6, 8, 12, 18, 24,
36 and 48) h and separated by 0.22 um polyether sulfone mem-
brane. The concentration of methylene blue was analyzed by
ultraviolet—visible spectrophotometer (Shimadzu UV-1780,
Japan) at the maximum absorption wavelength of methylene
blue (664 nm) (Liu et al., 2022; Sadiq and Saleh, 2023).
Adsorption isotherms of methylene blue onto the HPCS-A-
B materials were explored by put 10 mg of the materials into
10 mL of methylene blue solutions (pH = 7) with diverse ini-
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tial concentrations (0-1000 mg/L) (He et al., 2021). The above
mixed solution was oscillated at 25 °C for 24 h, and then fil-
tered. The concentration of methylene blue in the separated
liquid was detected.

10 mg of HPCS-A-B samples were added in 10 mL of dye
solution with diverse initial concentrations. 0.1 M HCI and
NaOH were used to adjust the pH (3, 5, 7, 9 and 11) of the
solution to study the effect of pH, and the initial concentration
of dye solution was 1000 mg/L (Sellaoui et al., 2020). Then, the
mixed solution was vibrated for 24 h at 25 °C and filtered, the
concentration of methylene blue in liquid part was detected.

Recyclability of HPCS-A-B was examined through 5 cycle
experiments in which 0.1 g HPCS material was put into a
10 mL methylene blue solution (5 mg/L) and vibrated at
25 °C for 24 h. The used HPCS material was filtered and sep-
arated, then soaked in acidic ethanol solution (pH = 2) and
oscillated at 25 °C and 200 rpm for 12 h to desorb the adsor-
bate (Hameed et al., 2007). The desorbed solid material was
stored at 60 °C for 12 h, and then subsequent adsorption—des-
orption cycle experiment was carried out.

3. Results and discussion

3.1. The preparation of HPCS

Fig. 1 shows the SEM of the porous carbon sphere materials
(HPCS) with different Zn addition amount. It can be found
that Zn is extremely important for the formation of HPCS
sphere structure. Without Zn, the morphology of pure tan-
nin—formaldehyde (TFCS) is irregular and mulberry-like. With
the increase of Zn content (0 g-0.4 g), HPCS materials tend to

100 nm

Fig. 1

be spherical and the degree of regularity increases, which indi-
cates that the increase of Zn>" in a certain range can promote
the formation of HPCS spheres (Fig. | b-c). It can be inferred
that the coordination between Zn>"' and tannic acid is the key
for the formation of HPCS spherical materials. As the addition
of Zn?>" continues to increase (0.8 g), some flocculent particles
appeared at the edge of the sphere of HPCS-0.8-900 (Fig. 1 d).
This is caused by excessive Zn volatilization. During the calci-
nation process, the Zn precursor is gradually decomposed into
ZnO. As the calcination temperature further increases, the
ZnO produced in the C skeleton is reduced to Zn at about
820 °C and evaporated at about 900 °C (Wang et al., 2019).
When the excessive content of Zn in HPCS, the evaporation
of Zn in the calcination process leads to the fall down of the
C skeleton in the material.

For the sake of explore the impact of different calcination
temperature on the structure and chemical composition of
HPCS materials, the TEM and element mapping of HPCS-
0.4-600 and HPCS-0.4-900 were tested, as shown in Fig. 2.
Both HPCS-0.4-600 and HPCS-0.4-900 have regular spherical
structure, and the structure has excellent stability during the
calcination process. It can be found from SEM and TEM that
there are great quantity of loose pores on the surface of HPCS-
0.4-900 (Fig. lc, 2e) compared with HPCS-0.4-600 (Fig. 2a).
Moreover, there is obvious Zn in the element mapping dia-
gram of HPCS-0.4-600, the characteristic peak of ZnO is
detected in HPCS-0.4-600 material by XRD (Fig. 3). No obvi-
ous Zn was detected in HPCS-0.4-900 (Fig. 2h). At the same
time, the XRD pattern of HPCS-0.4-900 material only shows
the peaks of carbon at 260 = 25°, and no obvious peaks of Zn
can be found (Fig. S1). These shows that the Zn in HPCS is

SEM images of HPCS materials with different Zn additions:(a) TFCS, (b) HPCS-0.2-900, (c) HPCS-0.4-900, (d) HPCS-0.8-900.
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Fig. 2
mappings of HPCS-0.4-900: (f) C, (g) O, (h) Zn.
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Fig. 3  XRD pattern of HPCS-0.4-600.

evaporated at 900 °C calcination temperature, and this process
can produce extensive pores on the surface of the material.
The nitrogen adsorption and desorption isotherms of
HPCS materials under different preparation conditions are
shown in Fig. 4a. HPCS materials show typical IV isotherms,
obvious capillary condensation steps, and H3 hysteresis loop,
declaring that the HPCS have the characteristics of crack-
like mesoporous structure (Liu et al., 2021; Jiao et al., 2017).
The pore size distribution (PSD) of HPCS materials calculated
by the BJH model is shown in the Fig. 4b, and the pore struc-
ture parameters such as specific surface area (Sggt), pore vol-
ume, and average pore size are given in Table 1. HPCS
materials have a large number of micropores at 0—2 nm
besides mesopores at 2.4—7.2 nm, indicating that this kind

(a) TEM of HPCS-0.4-600; elemental mappings of HPCS-0.4-600: (b) C, (c) O, (d) Zn; (¢) TEM of HPCS-0.4-900; elemental

of materials have hierarchical pore structure, which is be
instrumental in adsorption. In the extent of 0.2 to 0.4 g, the
increase of Zn significantly broadens the Sggt of HPCS mate-
rials, and the Sggpr of HPCS-0.4-900 is 5.24 times that of
HPCS-0.2-900. However, when the addition continues to
increase (>0.4 g), excessive Zn volatilization leads to the
crumble of the C skeleton and the descend of Sggr of HPCS
materials, which in accordance with that shown in the SEM
images (Fig. 1d). In addition, the calcination temperature
can also significantly affect the pore characteristics of HPCS.
The Sgpr of HPCS-0.4-600 is 574 mz/g, while the HPCS-
0.4-900 is increased to 1001 m?/g. Compared with HPCS-
0.4-600, the Sggr of mesoporous s and micropore in HPCS-
0.4-900 increased by 1.17 times and 1.61 times, respectively.
This fully shows that the evaporation of Zn is the main reason
why HPCS materials have hierarchical pores, and the area of
micropores produced is larger than that of mesopores.

The preparation of HPCS is mainly divided into three steps,
the process is shown in Fig. 5. i) The-O-in the hydrophilic seg-
ment (PEO) of triblock nonionic surfactant (PEO-PPO-PEO,
F127) interacts with phenolic hydroxyl groups in tannic acid
to form hydrogen bonds (Liu et al., 2022). The continuous
addition of formaldehyde can form tannin—formaldehyde-
F127 oligomer through phenolic condensation. ii) With the
addition of metal ion Zn*>", the oligomers are further con-
densed to form spherical tannin-Zn polymer through the coor-
dination between phenolic hydroxyl group in tannin molecule
and Zn>" (Feng et al., 2022). iii) Hierarchical porous carbon
spheres containing ZnO (<820 °C), Zn (820—900 °C) or
Zn-free (>900 °C) are obtained by calcination at different tem-
peratures. The addition of Zn?" and calcination temperature
significantly affect the morphology, pore structure and chemi-
cal composition of this kind of materials, so the preparation
parameters can be adjusted according to the practical applica-
tion to obtain the materials with the best properties.
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(a) nitrogen adsorption—desorption curves of HPCS materials; (b) pore size distributions of HPCS materials.

Table 1 Pore size characteristic data of HPCS materials.
Sample Sger (M%/g) Pore volume (cm?/g) Average pore size (nm)
HPCS-0.2-900 191 0.243 8.61
HPCS-0.4-900 1001 0.682 4.76
HPCS-0.8-900 574 0.517 3.62
HPCS-0.4-600 405 0.342 3.78
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Fig. 5

3.2. Adsorption of methylene blue

3.2.1. Adsorption kinetics

The adsorption kinetics of methylene blue on HPCS materials
with different preparation parameters was plumbed, and the
results are shown in Fig. 6 and Table 2. It can be found that
each HPCS material has a fast adsorption rate for methylene
blue. The adsorption capacity of HPCS-0.2-900, HPCS-0.4—
900, HPCS-0.8-900, and HPCS-0.4-600 to methylene blue
solution of 800 mg/L can reach 49.2, 304, 73.3, 51.4 mg/g in
0.5 h, respectively. Furthermore, all HPCS materials can reach
adsorption equilibrium after 8 h. HPCS-0.4-900 has the best

Hierarchical porous

Tannin-Zn polymer carbon sphere

Schematic diagram of the formation of HPCS materials.

adsorption performance, which is mainly attributed to its
abundant pores, which can tender more space for immobiliza-
tion of adsorbates. In addition, the removal efficiency of the
HPCS material was tested at low dye concentrations
(Fig. S2), and it can be found that the material had faster
adsorption efficiency at low methylene blue concentrations
(10 mg/L), with dye removal efficiency of 100% within 10 min.

The immobilization process of methylene blue can was
chopped up into three stages: i) the rapid adsorption stage
(0-2 h). In this stage, there are enough adsorption sites in
HPCS, methylene blue preferentially and rapidly interact with
the active sites on HPCS surface. The adsorption capacity
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Fig. 6 The adsorption kinetics of methylene blue onto HPCS materials (HPCS dosage: 1 g/L; initial concentration: 800 mg/L; time: 0—
48 h; pH = 7; 25 °C).

Table 2 Adsorption kinetic parameters on the HPCS materials.

Adsorbents Pseudo-first-order model Pseudo-second-order model
kl qe RZ k2 qe RZ
HPCS-0.2-900 25 51.3 0.644 0.014 52.7 0.918
HPCS-0.4-900 1.25 610 0.791 0.0028 648 0.910
HPCS-0.8-900 0.63 178 0.835 0.0052 191 0.912
HPCS-0.4-600 0.70 67.5 0.980 0.013 73.1 0.996
800
700 F L iimasseeeseaseeas -
B HPCS-0.2-900
600 ® HPCS-0.4-900
A HPCS-0.8-900
500 v HPC$-0.4-600
g Langmuir
A s A TEIE Freundlich
= 300 -
200
100
= — —_—- a
0 -
100 1 L 1 1 1 1
0 200 400 600 800 1000
Ce (mg/L)

Fig. 7 The adsorption isotherm of HPCS materials. (HPCS dosage: 1 g/L; initial concentration: 0——1000 mg/L; pH = 7; 24 h; 25 °C).

increases linearly with time. ii) Slow adsorption stage (2-8 h),
in which the surface active sites of HPCS are occupied in large
quantities, and methylene blue molecules need to be combined

with the active sites in the internal voids of HPCS through dif-
fusion. At this time, the adsorption rate gradually slows down,
the adsorption capacity increases in a curve shape with time.
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iii) In the equilibrium adsorption stage (> 8h), the valid site on
the surface and interior of HPCS were occupied, and the
adsorption and desorption of dye reached equilibrium.

Pseudo-first-order and pseudo-second-order kinetic equa-
tions were used to fit the adsorption data to explore the
adsorption mechanism of methylene blue on HPCS materials
and to evaluate the remove rate of methylene blue on the mate-
rials. The specific formulas are as follows:

Pseudo-first-order

In(ge-q,) = Inq.-kit (1)
Pseudo-second-order

t 1 1

= 4t 2

q  kq? g @)

Where, ¢, and ¢, are the methylene blue adsorption capacity
at ¢ time point and at adsorption equilibrium, respectively, and
k; and k, are the rate constant of the kinetic model, respec-
tively (Liu et al., 2019; Li et al., 2021; Alipanahpour Dil
et al., 2019). The kinetic data of methylene blue adsorption
on HPCS materials are given in Table 2.

The determination coefficient of pseudo-second-order
kinetics (R* > 0.910) of methylene blue adsorption by HPCS
is larger than that of pseudo-first-order kinetics
(R?> > 0.644). The immobilization process is more in accor-
dance with the pseud-second-order kinetic model, which shows
that the adsorption of methylene blue by HPCS is mainly
chemical adsorption, and there is a sharing or exchange of
electrons between the adsorbent and the adsorbate (Liu
et al., 2016).

3.2.2. Adsorption isotherm

In order to evaluate the adsorption ability of HPCS to methy-
lene blue and to explore the basic adsorption mechanism, the
adsorption properties of HPCS at different initial concentra-
tions of methylene blue were tested (Fig. 7). In addition, the
Langmuir and Freundlich isothermal adsorption models were
used to fit the adsorption data. The specific equations are as
follows:

Langmuir.

Qe = KiqpoCe/(14KLCe) 3)
Freundlich

q. = KrCy (4)

Where, K; is the characteristic constant of Langmuir
adsorption, which indicates the affinity between HPCS materi-
als and methylene blue (Chen et al., 2021); Kp; n are the char-
acteristic constant of Freundlich adsorption, which
characterizes the adsorption capacity and adsorption strength,

Table 3 The adsorption isotherm parameters of HPCS materials.

respectively (Zheng et al., 2018); ¢, represents the adsorption
capacity at adsorption equilibrium; C, represents the concen-
tration of methylene blue in solution after adsorption equilib-
rium; ¢, represents the maximum adsorption capacity of
HPCS to methylene blue in the Langmuir isotherm adsorption
curve. The data of the isothermal adsorption equation of
methylene blue on HPCS materials are given in Table 3.

It can be found that the fitting effect of Langmuir model for
methylene blue adsorption of HPCS material (R’ > 0.947) is
overshoot that of Freundlich equation (R’ > 0.733), which
indicates that the valid adsorption site of HPCS material is
monolayer homogeneous (Shang et al., 2019; Piccin et al.,
2012). The maximum adsorption capacity (¢,...) of HPCS
materials acquired from the fitting data of Langmuir model
is HPCS-0.4-900 (697 mg/g) > HPCS-0.8-900 (233 mg/g) >
HPCS-0.4-600 (79.5 mg/g) > HPCS-0.2-900 (65.2 mg/g).
There is a high positive correlation between the ¢,,,, of HPCS
materials and surface area data, which indicates that Sggt of
the material is the key factor affecting its performance in the
process of methylene blue removal. Through the comparison
of the removal capacity of HPCS-0.4-900 and other related
biochar materials, it is found that the adsorption ability is out-
strips that of other materials (Table 4), which further proves
that the hierarchical porous carbon spheres have great poten-
tial in dye adsorption. Because HPCS-0.4-900 material has the
best adsorption ability, it was selected for subsequent adsorp-
tion experiments.

3.2.3. The influence of pH

The pH of the water can impact on the surface charge charac-
teristics of materials and the ionization form of pollutant,
which is significant factor to interfere with the adsorption per-
formance (Batzias and Sidiras, 2007; Sharifpour et al., 2019).
The adsorption performance of HPCS-0.4-900 for methylene
blue at different pH is shown in Fig. 8a. With the increase of
pH in the reaction system, the adsorption performance of
HPCS-0.4-900 showed an upward trend. When the pH of
the solution increased from 3 to 11, the methylene blue adsorp-
tion capacity of the material increased from 363 to 8§17 mg/g.
This result is mainly produced by the change of surface charge
characteristics of HPCS-0.4-900. The charge of HPCS-0.4-900
at different pH is shown in Fig. 8b, from which it can be found
that the zero point charge (pHpzc) of HPCS-0.4-900 is 1.6.
Methylene blue cationic dyes are positively charged in solu-
tion, and when pH < 1.6, the protonation on the surface of
the HPCS is also positively charged, which will cause electro-
static repulsion between the material and pollutant, thus
affecting the adsorption performance. However, when
pH > 1.6, the surface of the material is negatively charged,
and with the increase of pH, the negative potential energy of

Adsorbents Langmuir model Freundlich model

K s R’ K n R’
HPCS-0.2-900 0.271 65.2 0.979 41 0.073 0.875
HPCS-0.4-900 0.703 697 0.979 553 0.038 0.949
HPCS-0.8-900 0.342 233 0.996 166 0.055 0.899
HPCS-0.4-600 0.019 79.5 0.947 17 0.22 0.733
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Table 4 Comparison of the adsorption performance between HPCS and other biomass materials.

Adsorbents

Gmax (ME/g)

Reference

Cork-based activated carbons
Quebracho tannin gel

Cashew nut shell based carbons
Bamboo-based activated carbon
Carbon nanotubes modified with tannin
Coffee husk based activated carbon
HPCS

350 (20 °C) (Novais et al., 2018)

483 (20 °C) (Sanchez-Martin et al., 2010)
476 (Spagnoli et al., 2017)

454 (30 °C) (Hameed et al., 2007)

202 (25 °C) (Gan et al., 2018)

416 (30 °C) (Tran et al., 2020)

697 (25 °C) This work
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(b) surface charge of the HPCS material at different pH.

the material is crescendo, HPCS-0.4-900 can adsorb more
methylene blue by electrostatic action. Generally speaking,
HPCS-0.4-900 can maintain high methylene blue adsorption
performance (> 363 mg/g) in a broad scope of pH (3-11), so
it has broad perspective in practical water treatment
applications.

3.2.4. Recycling of HPCS material

In this study, methylene blue was desorbed from HPCS-0.4—
900 material by acidic ethanol solution (pH = 2) after adsorp-
tion. H' in acidic ethanol re-seizes the adsorption site of
HPCS-0.4-900 to realize the renewal of material. The reusabil-
ity and stability of HPCS-0.4-900 material were checked by
adsorption—desorption cycle (Fig. 9). After 3 cycles, the methy-
lene blue removal efficiency of HPCS-0.4-900 material was
95.5%. After 5 cycles, the removal efficiency still remained
above 91.9%. This shows that HPCS-0.4-900 material can still
keep the stability of its adsorption performance after regener-
ation cycle.

3.3. Adsorption mechanism of methylene blue by HPCS

In an effort to investigate the mechanism of methylene blue
adsorption by HPCS, the HPCS samples before and after
adsorption were detected by FT-IR, and the results are shown
in Fig. 10. After adsorbing methylene blue, the HPCS material
shows the stretching vibration peak of C-N in aromatic amine
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(a) Effect of pH on the adsorption ability of HPCS material. (HPCS dosage: 1 g/L, initial concentration: 800 mg/L, 24 h, 25 °C),

at 1234 cm™!, which belongs to the characteristic peak of
methylene blue, indicating that HPCS material can be com-
bined with methylene blue. The stretching vibration peak of
—OH in the material has a blue shift before (3435 cm™ ') and
after adsorption (3437 cm™!), which indicates that hydrogen
bonding occurs in the process of adsorption of methylene blue.
In addition, methylene blue is an ideal planar molecule, and its
aromatic ring is rich in n electrons in its molecular structure,
which is generally regarded as an ideal m electron donor
(Diagboya et al., 2014; Yang and Cannon, 2022). HPCS mate-
rial is rich in carbon, and the C = C stretching vibration peak
of aromatic ring is detected at 1589 cm™" in FT-IR spectra, so
it can be inferred that n-xt electron donor—acceptor interaction
is another important mechanism of methylene blue adsorption
by HPCS. From the kinetic data of methylene blue adsorption
by HPCS, it is concluded that the adsorption process is close to
the pseudo-second-order kinetic equation, and chemical
adsorption is the main mechanism of methylene blue adsorp-
tion by HPCS. Hydrogen bonding and m-n interaction should
be the main forces for HPCS materials to adsorb methylene
blue.

On the other hand, methylene blue is a typical cationic dye
(Li et al., 2020; Supelano et al., 2020), which shows positive
charge in aqueous solution, while HPCS materials show nega-
tive charge in a wide range of pH environments (1.6——14).
Electrostatic interaction is another force for the fixation of
methylene blue in HPCS materials. It is worth noting that met-
als usually show positive charge in aqueous solution, and load-
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Fig. 10 FT-IR spectra of HPCS before and after adsorption of methylene blue (a) before adsorption; (b) after adsorption.

ing metals in carbon materials will affect the adsorption per-
formance of methylene blue to some extent, which is one rea-
son why the adsorption performance of HPCS-0.4-900 (pure
carbon material) is much higher than that of HPCS-0.4-600
(contains ZnO).

It is known that methylene blue has a two-dimensional
molecular structure with a molecular size of 1.43 nm x 0.61 n
m x 0.40 nm. Flat methylene blue molecules can be inserted
into micropores (<2 nm) (Zhu et al., 2016). Moreover, when
the molecular size of the adsorbate is close to the pore size
of the adsorbent, the adsorption force can be strengthened
by the overlapping adsorption potential of the relative pore
wall, that is, the pore filling mechanism (Shi et al., 2022).
HPCS material has a hierarchical porous structure, which
can capture a large number of methylene blue molecules
through diffusion, and its micropores can further hold methy-
lene blue molecules through the pore filling mechanism. Zn is

the key to the formation of HPCS hierarchical porous struc-
ture, which plays a dual role in the preparation of HPCS mate-
rials: i) in the process of material preparation, Zn>" can be
used as a cross-linking agent to ensure the formation of spher-
ical morphology of HPCS; ii) during the calcination process
(=900 °C), the evaporation of Zn can produce both microp-
ores and mesopores on the surface of HPCS, and the microp-
ore area is larger than the mesoporous area, which is beneficial
to enhance the adsorption of methylene blue on HPCS materi-
als. The overall mechanism of methylene blue adsorption by
HPCS is shown in the Fig. 11.

4. Conclusion

In this study, new hierarchical porous carbon spheres (HPCS) were
prepared using biomass tannic acid as precursor, metal Zn>" as
cross-linking agent. Metal Zn plays a dual role, which can promote
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Hydrogen bonding
interaction

-1 interaction
Electrostatic
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Hierarchical porous
carbon sphere (PCS)

Fig. 11

the formation of HPCS spherical structure and make the material sur-
face have hierarchical pore structure of both mesoporous and microp-
orous. HPCS material showed excellent performance in the application
of methylene blue adsorption that the maximum adsorption capacity
was as high as 697 mg/g, and the methylene blue removal rate
remained above 91.9% after 5 cycles. The study confirmed that hydro-
gen bonding, m-m interactions and electrostatic interactions are the
main mechanisms of methylene blue adsorption by HPCS materials,
and its hierarchical pore structure is favorable to the adsorption pro-
cess of methylene blue. This work provides a synthesis strategy of hier-
archical porous carbon spheres, which has immense application
potential in the field of pollutant adsorption. Subsequent research
should be strengthened for many types of dye pollutants and in the
complex environment of real wastewater.
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