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Abstract: In this study, carbonized kelp biochar (AKB) modified by KOH impregnation and
photocatalytic Bi2MoO6/AKB composite (BKBC) nanomaterials were the first time successfully
synthesized for efficient removal of dyes in aqueous solution. BET, XRD, FT-IR, and SEM were
employed to characterize as-prepared samples. UV-vis and other test results indicated that the
removal efficiency of methylene blue (MB) was 61.39% and 94.12% for BKBC and AKB, respectively,
which was up to 13 times and 20 times higher in comparison with pure Bi2MoO6 (PBM). In addition,
the equilibrium adsorption capacity of MB could reach up to 324.1 mg/g for AKB. This high dyes
adsorption performance could be likely attributed to its high specific surface area (507.177 m2/g) and
its abundant presence of various functional groups such as –OH and =C–H on AKB. Particularly,
the existing of amorphous carbon and transition metal oxides, such as Fe2O3 and Mn5O8, could be
beneficial for the photodegradation of MB for AKB. Meanwhile, experimental data indicated that
adsorption kinetics complied with the pseudo-second order model well, and all of the tests had
satisfactory results in terms of the highly efficient adsorption and photodegradation activity of AKB
nanomaterials, which suggested its great potential in wastewater treatment.

Keywords: nanomaterial; kelp biochar; adsorption capacity; photocatalytic activity; removal efficiency

1. Introduction

As methylene blue (MB) was widely applied in the fields of dyes, drugs, chemical indicators,
and other fields, discharge of coloured waste without proper treatment could become serious water
pollution problems in the environment [1,2]. Discharge of dye could cause the transmittance of water to
decrease, which would result in numerous problems in the water system, even at low concentrations [3].
Several methods had been applied to degrade dyes including chemical oxidation, microbiological
degradation, electrochemical treatment, adsorption, photocatalytic degradation, etc. [4–7]. Particularly,
adsorption technology was one of the most attractive methods among them [8].

Nanoporous activated carbons have attracted considerable attention in many environmental areas
because of the hydrophobic nature of their surface, large surface area, large pore volume, as well
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as mechanical and thermal stability [9,10]. Biomaterials, especially macroalgae, have drawn much
research awareness for the production of carbon nanostructure with a good adsorption performance,
because of their high carbon content, high reproduction rate, and low price [11,12]. Utilization of
algae carbon as an adsorbent, supercapacitor, or biobriquettes has been well addressed. Rathinam
coworkers [13] has carried out research on the adsorption of phenol onto activated carbon prepared
from seaweed. The kinetics and equilibrium of adsorption of basic blue dye by green macroalgae
have been studied and analyzed [14]. Yang et al. explored the adsorption properties of fluoride on
modification of carbon derived from Sargassum sp. by lanthanum [15]. Seaweeds have been reported to
remove elemental mercury (Hg0) from flue gas by Liu et al., which were used to prepare bio-chars first
via pyrolysis process and then modification by halides reagents while using a simple impregnation
method [16]. Nautiyal et al. utilized the residual biomass of Spirulina platensis to remove up to 82.6%
of Congo red (CR) dye [17]. Zheng et al. suggested that biochar from Chlorella sp. Cha-01 had a high
potential to remove pnitrophenols in wastewater treatment [18]. Other studies on the preparation of
seaweeds carbon using as electrode materials and biobriquettes have been recorded [19–24]. However,
the utilization of macroalgae for the preparation of photocatalysis and carrier material has not been
reported elsewhere.

The aim of this study was to develop novel mesoporous kelp biochar nanomaterials to assess its
adsorption and photodegradation ability of as-prepared samples for the removal of MB in aqueous
solution. In this paper, we demonstrated that activated kelp biochar (AKB) via abundant and
local available kelp was first-time successfully prepared through pyrolysis at 800 ◦C and then by
chemical activation method while using KOH as an activating agent. Also, a novel Bi2MoO6/AKB
nanocomposite (BKBC) was fabricated by a combination of pyrolysis and a solvothermal technique.
The adsorption kinetics and photocatalytic activity of as-prepared samples for removal of MB were
investigated. In addition, the structure, morphology, and photocatalytic properties of the synthesized
samples were characterized by XRD, SEM, UV-Vis DRS, and FT-IR. The unique features of AKB
indicated that it may have a great potential and a high expectation in the practical application to
remove the organic pollutants in waste water.

2. Materials and Methods

2.1. Materials

Fresh kelp was obtained from Zhou Shan, Zhe Jiang, China. Kelp was washed with water
several times and then dried at 73 ◦C for 48 h prior to use. Dried kelp were ground and sieved to
a particle size of 100 mesh, and this particle size was used in the following pyrolysis experiments.
Bi(NO3)·5H2O, Na2MoO4·H2O, Methylene blue (MB, C16H18N3SCl), ethylene glycol (C2H6O2 ≥ 99%),
ethanol (C2H6O > 99.7%), and hydrochloric acid (HCl, 36~38%) were purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. Chemicals that were used in this study were analytical
grade and were used as received without further purification.

2.2. Preparation of Activated Kelp Biochar (AKB)

45 g of the dried and sieved kelp powder was pre-carbonized in a tubular furnace under nitrogen
flow (100 mL min−1) up to 800 ◦C with a rate of 10 ◦C min−1, and the final temperature was on hold
for 3 h. The pre-carbonized kelp biochar mixed with KOH (KOH weight/carbon weight = 3:1) and
then activated in that tubular furnace at 800 ◦C for 2 h under the same conditions. This cooled mixture
was washed with 0.1 mol/L HCl solution to achieve a pH of 7 in a water bath at 80 ◦C, then filtered,
and washed with deionized water three times. The washed product was further dried in an oven at
73 ◦C for a night and stored in air-tight sample vessel, and the as-prepared samples were denoted
as AKB.
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2.3. Fabrication of Bi2MoO6–AKB Composite (BKBC)

Bi2MoO6/AKB composite was synthesized by a solvothermal technique. In a typical case, 0.9144 g
AKB was dispersed into 20 mL ethanol under magnetic stirring [25]. Then, 0.363 g Bi(NO3)3·5H2O
and 0.0907 g Na2MoO4·2H2O were dissolved in 7 mL of ethylene glycol under magnetic stirring for
30 min, respectively, followed by two solutions slowly added drop-wise into the above solution under
magnetic stirring for 12 h [26,27]. The resulting mixtures were heated to 160 ◦C and maintained for
24 h in a 50 mL Teflon-lined stainless steel autoclave (KH-50 mL, Gongyi Yuhua Instrument Factory,
He Nan, China). After the sample cooled down to room temperature, it was then washed with
deionized water and ethanol to remove any ionic residual, and then dried in an oven at 73 ◦C for 12 h.
Finally, the as-fabricated sample was denoted as BKBC. For comparison, pure Bi2MoO6 (PBM) was
prepared by adopting the method in the absence of AKB [28,29].

2.4. Characterization

Scanning electron microscopy (SEM Hitachi S-4800, Tokyo, Japan) was employed to investigate
microstructures and morphology of the samples. An elemental analyzer (G4ICARUS, Bruker,
Karlsruhe, Germany) was manipulated to measure the C, H, and N contents in AKB. Meanwhile,
inductively coupled plasma-optical emission spectroscopy (ICP-OES, 5300DV, PerkinElmer, Waltham,
Massachusetts USA) was also set to evaluate the chemical composition of the samples. X-ray diffraction
(XRD) patterns of the samples were recorded on an Ultima IV X-ray Diffractometer (Ultima IV,
Rigaku Corporation, Tokyo, Japan) in the range of 2θ from 20 to 80◦. The UV–vis diffuse reflectance
spectra were obtained by using UV–Vis spectrophotometer (model no: UV 2600, Shimadzu, Shanghai
(branch office), China) in the wavelength range of 200–1000 nm at room temperature. Moreover,
surface chemical functional groups were measured by Perkin Elmer Fourier transform infrared (FT-IR,
Nicoletteis 50, Thermo Fourier, Waltham, Massachusetts USA) spectrometer. Specific surface areas
measurements were performed on a Micromeritics ASAP 2010 instrument (ASAP 2010, Micromeritics,
Shanghai (branch office), China) and analyzed by the BET method.

2.5. Adsorption and Degradation Experiments

The adsorption experiments of MB on as-fabricated samples were carried out by adding 0.01 g of
samples into 50 mL dye aqueous solution (80 mg/L). The suspension was stirred in the dark for 4 h to
ensure the dye and catalyst to reach adsorption-desorption equilibrium. The adsorption performance
of sample was calculated according to Equation shown as following:

Adsorption capacity (mg/g) = (C0 − Ce) × (V/m) (1)

where qe is equilibrium adsorption capacity of samples, mg/g; C0 is initial dye concentration and Ce is
the equilibrium adsorption concentration of dye concentration, mg/L; V is the volume of the solution,
L; and, m is the mass of samples, g.

Adsorption = [(A0 − A1)/A0] × 100% (2)

where A0 is an initial absorbance of MB, A1 is an absorbance measured at a definite time.
The photocatalytic activity of the samples was evaluated by photo degradation of MB solution

with a cooling-water-cycle system 0 A 300 W xenon lamp (FSX–300, NBeT Group Corp., Beijing, China)
with a 420 nm cut off filter was used as a visible light source. At specific intervals of illumination, 2 mL
of suspension was sampled and centrifuged to obtain clear solution. Decreases in the concentrations
of MB solution were measured at 665 nm via a UV–vis spectroscopy (UV 2600, Shimadzu, Shanghai
(branch office), China). The photocatalytic degradation was estimated from Equation (3) [30].

Photocatalytic degradation = [(A2 − At)/A2] × 100% (3)
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where A2 is an initial photocatalytic degradation of dye and At is an absorbance measured at a
definite time.

2.6. Main Kinetics Models

Two main kinetics models were used to investigate the dye adsorption and photodegradation
kinetics on the AKB, PBM, and BKBC. The expressions of models were presented, as following:

a. Pseudo-first order model

log
(
qe − qt

)
= log

(
qe
)
− KT·t

2.303
(4)

qe and qt are, respectively, the amounts of MB (mg/g) adsorbed at equilibrium and at time t.
K1 is the rate constant of the pseudo-first order (min−1).

b. Pseudo-second order model
t

qt
=

1
(K2q2

e)
+

1
qe

t (5)

qe and qt are, respectively, the amounts of MB (mg/g) adsorbed at equilibrium and at time t.
K2 is the rate constant of the pseudo-second order (min−1).

2.7. Photodegradation Formula

ln(
C′0
C′t

) = Kappt (6)

where C′0 is the initial photodegradation concentration of MB and C′t is the photodegradation
concentration of MB under light irradiation at the time, t.

In this study, all of the texts results were indicated as mean ± standard deviation. Moreover,
every experimental treatment would obtain an average calculated from three replicates. The analysis
of variance of data was adopted and it would be acceptable when p was less than 0.05 [31].

3. Results and Discussion

3.1. Characterization of Activated Kelp Biochar Nanomaterials

As shown in Figure 1, nitrogen adsorption isotherm and the pore size distribution (PSD) of AKB
are exhibited that AKB is type IV isotherms with a hysteresis loop at P/P0 > 0.4. The capacity of
nitrogen adsorption increases slowly as relative pressure less than 0.05, which suggests the presence of
both micropores and mesopores. The analysis of specific surface areas and pore volumes from nitrogen
adsorption isotherm data are calculated as 507.177 m2/g and 0.3797 cm3/g, respectively.

Figure 1 shows pore size distribution (PSDS) mainly in the range of 1.1–15 nm, which mostly
consists of mesopores. This indicates that, in this experiment, as-prepared AKB has a wide range of
specific surface areas. This high and uniform porosity may provide abundant adsorption sites and
help highly enhance the photocatalytic activity of pollutant decomposition.

Some of transition metal elements are detected by ICP analyses and listed in Table 1. Results
of element analysis of AKB via ICP are shown that Ca (1.07 × 105 mg/kg), Mg (1.49 × 104 mg/kg),
Al (6.15 × 104 mg/kg), Sr (2.38 × 103 mg/kg), and K (2.61 × 103 mg/kg) are major cations in AKB.
It has been found that the total contents of transition metal elements are more than 698.1 mg/kg, Fe2O3,
MnO2, Mn3O4, Mn5O8, or other metal oxide are likely to exist in AKB, which might be beneficial to the
generation of photoinduced electron–hole pairs [32–34]. As illustrated in Table 2, some non-metallic
elements of AKB are also detected and measured via an elemental analyzer, which indicates to consist
of abundant carbon content in AKB.
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Figure 1. Curves of N2 sorption isotherms and pore size distribution (inserted) calculated from the
density functional theory for activated kelp biochar (AKB). (* STP represents a temperature of 0 ◦C
(273.15 K) and a pressure of 101.325 KPa (1 standard atmosphere, 760 mm Hg). P represents the vapor
pressure on the meniscus with a temperature T and a radius of curvature r; P0 represents the saturated
vapor pressure on a flat liquid of temperature T).

Table 1. Main metal elements of AKB obtained by inductively coupled plasma (ICP), mg/kg.

Metal Elements Cr Er Fe Mn Ni Ti Y

AKB 37.9 17.9 510 72.1 3.4 8.8 15.3
Metal elements Sr Al Ca K Mg Zn Cu

AKB 2.38 × 103 6.15 × 104 1.07 × 105 2.61 × 103 1.49 × 104 37.8 11.1

Table 2. Some non-metallic elements of AKB obtained by elemental analyzer (mass, %).

Non-Metallic Elements C H N

AKB 59.81 2.30 2.41

The surface morphologies of AKB, PBM, and BKBC composite are investigated by SEM, as shown
in Figure 2. AKB possesses abundant pore structures. A large number of pores with an average
diameter of 200–300 nm are shown in Figure 2b. Meanwhile, BET data above show the main distribution
of pores in the range of 1.1–15 nm for AKB. Figure 2c shows the SEM images of BKBC. It can
be observed that a large quantity of Bi2MoO6 nanosheets grow on the surface of activated kelp
carbon with well dispersity, which indicates that the successful formation of BKBC composite. As a
comparison, pure Bi2MoO6 crystals synthesized without the presence of AKB appear to be microsphere,
as shown in Figure 2d. Although some nano-flakes emerge on the surface of microspheres of Bi2MoO6,
this aggregation form of Bi2MoO6 can only result in less efficiency of its photocatalysis.
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Figure 2. Scanning electron microscopy (SEM) images of AKB with a higher magnification (a,b); (c)
Bi2MoO6/AKB nanocomposite (BKBC); and, (d) pure Bi2MoO6 (PBM).

In Figure 3, the XRD pattern was employed to analyze the crystal structure and phase analysis of
as-fabricated samples. As for the pattern of PBM, the observed diffraction peaks located at about 23.3◦,
28.1◦, 32.3◦, 35.8◦, 46.7◦, 55.3◦, and 58.2◦ could be perfectly indexed to the (111), (131), (200), (151),
(062), (331), and (191) crystal planes of orthorhombic Bi2MoO6 (JCPDS76-2388), respectively.

In the XRD pattern of AKB, the diffraction peaks were mainly concentrated between 20◦ and
60◦, the peaks that were located at 29.5◦, 35.2◦, 39.5◦, 43.0◦, and 47.6◦ could be indexed to the (203),
(301), (205), (304), and (305) planes of carbon black (JCPDS22-1069), indicating that the as-prepared
kelp biochar nanomaterial might be an excellent electrical conductor with effective photocatalytic
performance, which could promote the migration rate of photogenerated carriers and decelerate
the electron-hole recombination [35,36]. Two main peaks that were located at 2θ = 23.0◦ and 29.34◦,
which could be indexed to calcite according to the JCPDS database No.81-2027. Therefore, the main
components of AKB were proven to be CaCO3, and amorphous carbon, i.e., active carbon. In addition,
it was surprising that the XRD diagram of AKB was in good agreement with our above assumptions.
The obtained XRD pattern peaks located at 35.1◦, 39.3◦ and 48.6◦ could derive from the hexagonal
crystal structure of Fe2O3 (JCPDS40-1139) [37], and two evident diffraction peaks at 2θ = 35.3◦ and
47.6◦ assigned to (002) and (401) planes in the monoclinic phase of Mn5O8 (JCPDS39-1218) might
suggest the presence of Mn5O8 components, and it could make a contribution to photocatalysis of
AKB [38].

For BKBC composite, the primary diffraction peaks of Bi2MoO6 and CaCO3 could be clearly
noticed, indicating that part of Bi2MoO6 was successfully combined with AKB. Moreover, the intensity
of diffraction peaks of Bi2MoO6 exhibited a relative increase with the increase of Bi2MoO6 content.

FT-IR analyses are carried out to investigate the chemical structures and components of
as-prepared samples, and Figure 4 shows the FT-IR spectra of AKB, PBM, and BKBC. The FT-IR
spectrum of AKB exhibits a broad absorption around 3200–3600 cm−1, due to the stretching vibration
of –OH groups. The typical absorption behavior of a wide band appearing at 1400–1600 cm−1 is
mainly attributed to π = π stretching vibration of benzene ring, indicating that the reduction of
non-polar aliphatic functional groups in biochar and the increase of aromatization degree. A weak
band appearing at 896 cm−1 may be ascribed to the =C–H stretching vibration. Therefore, there are
an abundant of various functional groups, such as –OH and =C–H, presented on the surface of AKB,
which may contribute to the high adsorption capacity of AKB. The spectrum of PBM contains some
strong characteristic bands, such as Mo = O (~842 cm−1) stretching vibration and the absorption
at 743 cm−1 is attributed to the tetrahedral stretching vibration of Mo(VI)–O groups. However,
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a band at 580 cm−1 may be due to the bending mode of MoO6. For the as-prepared BKBC composite,
their characteristic absorption bands are all observed from the spectrum of BKBC, indicating the
presence of Bi2MoO6 nanosheets grown on AKB nanomaterials. This observation is consistent with
the analysis results of SEM results (Figure 2) and XRD patterns (Figure 3).

Figure 3. XRD patterns of AKB, BKBC, and PBM.

Figure 4. FT-IR spectra of AKB, BKBC, and PBM.

The difference in optical absorption could highly affect photocatalytic performance of samples.
As illustrated in Figure 5, the UV–vis diffuse reflectance spectra of AKB, PBM, and BKBC are various
with each other attributed to their different photoabsorption properties from UV light region to visible
light region. The absorption edges of PBM are located at 478 nm exhibiting a weak absorption in the
visible light range, and its band gaps (Eg) are calculated to be 2.59 eV. When compared with PBM,
the BKBC composite shows significantly enhanced absorbance in the visible-light region (λ > 400 nm).
As shown in Figure 5, AKB exhibits an intense absorption in the visible light range, indicating that
AKB itself may have an effective photocatalytic activity that is attributed to its internally contained
transition metal oxide, as well as its high active carbon content.
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Figure 5. UV-Vis diffuse reflectance spectra of AKB, BKBC, and PBM.

3.2. MB Sorption and Degradation

3.2.1. Adsorption Kinetics

In order to compare the adsorption capacity of MB on different samples at the following conditions:
50 mL of dye aqueous solution at a relatively high concentration of 80 mg/L, 0.01 g of adsorbent,
and an adsorption contact time of 4 h (as shown in Figure 6).

Figure 6. Effect of contact time on methylene blue (MB) adsorption by AKB, BKBC, and PBM.

Adsorption experiments are also implemented to reveal the mechanism of MB adsorption on
AKB, PBM, and BKBC composite after reached equilibrium for 4 h without exposure to visible light
illumination. The maximum adsorption capacity of different samples to MB is illustrated in Table 3.
As shown in Table 3, an adsorption capacity of 324.1 mg/g can be obtained by AKB, which is higher to
the all other adsorbents [39].
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Table 3. Maximal adsorption capacity of MB on as-prepared samples.

Adsorbents qe (mg/g)

PBM 2.65
BKBC 181.1
AKB 324.1

As shown in Figures 7 and 8, a pseudo-second order model complies with a real adsorption process
well. The maximum adsorption capacity of MB calculated by the reference of pseudo-second equations
is approximately equal to the equilibrium adsorption capacity (as shown in Table 3). Moreover,
the adsorption kinetics results are presented in Table 4. It can be seen that the calculated values of
regression coefficients of pseudo-second order model are much higher than that of pseudo-first order
model, which is very close to 1. Therefore, the sorption process involves chemical reactions while in
view of the assumption of pseudo-first-order model [40], and chemical interactions between adsorbent
and adsorbate include the sharing and the transfer of electron pairs.

Figure 7. Pseudo-first order kinetics plots for adsorption of AKB, BKBC, and PBM.

Figure 8. Pseudo-second order kinetics plots for adsorption of AKB, BKBC, and PBM.
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Table 4. Adsorption kinetics parameters of MB on samples.

Adsorbents
Pseudo-First Model Pseudo-Second Model

qe.Cal (mg/g) k1 (min−1 ) R1 qe.Cal (mg/g) k2 (g mg−1 min−1) R2

AKB 217.58 0.01214 0.97497 343.64 1.18603 × 10−4 0.97796
BKBC 42.11 0.02153 0.99412 183.49 1.57566 × 10−3 0.9997
PBM 1.83 0.00657 0.75445 2.15 0.02290 0.99582

3.2.2. Photocatalytic Activity

After the adsorption equilibrium of MB on as-prepared samples, the photodegradation studies
are implemented to evaluate the photocatalytic efficiency of as-prepared samples under visible light
irradiation. As seen in Figure 9, the degradation of MB is extremely slow with PBM, which is even
not much difference from blank control samples. The low degradation activity of PBM may be due
to the excessive high concentration of dye or insufficient reaction time. Its limited contact with dye
is because of the less available active sites and the intermolecular agglomeration of pure Bi2MoO6.
The photocatalytic activity of BKBC is better than PBM and AKB, which may be attributed to the
addition portion of Bi2MoO6 component as its large quantity of nanosheets uniformly growing on
the surface of AKB and also as it is one of the excellent photocatalysts for the degradation of organic
compounds under visible light irradiation. BKBC exhibits an enhanced photocatalytic activity that is
much higher than PBM due to the synergetic effects of effective absorption as well as heterojunctions
that are constructed between Bi2MoO6 nanosheets and AKB, which is attributed to the existence of
abundant active carbon and various transition metals oxides in kelp biomass and also can further
prevent the recombination between photoelectrons and holes. For comparison, blank tests are carried
out at the same identical conditions, except the absence of either irradiation or photocatalyst.

Figure 9. Degradation efficiency of MB for AKB, BKBC, blank, and PBM.

As shown in Figure 10, the experiment data of photocatalytic degradation fit well with a first-order
model. For all samples, their apparent rate constant values for the photocatalytic degradation of MB
are represented in Figure 10. When compared with PBM, the degradation rate of BKBC has been a
dramatic change increasing from 0.00038 min−1 to 0.0079 min−1, indicating that AKB as supporter
could promote the progress of photocatalytic reactions.



Materials 2018, 11, 1709 11 of 14

Figure 10. Kinetic process of MB degradation for AKB, BKBC, PBM, and blank.

In Figure 10, BKBC exhibits the best photocatalytic performances among them, while the
percent of MB degraded (out of total MB) is 16.11%. The enhanced degradation efficiency may
be attributed to the synergetic effects of effective absorption as well as heterojunctions constructed
between Bi2MoO6 nanosheets and AKB. It is speculated that the Bi2MoO6 can be excited to produce
electrons-holes that are attributed to the utilization of solar energy. However, the Kapp value
of BKBC (as shown in Figure 10) is somehow less than other semiconductor composites such
as Bi2MoO6/graphene with K = 0.0136 min−1 [41] and Bi2MoO6/diatomite, 0.05892 min−1 [42],
Bi2MoO6/Fe2O3, 0.08586 min−1 [43], Bi2MoO6/C3N4, 0.0792 min−1 [44], and Bi2MoO6/CNTs/g-C3N4,
0.0078 min−1 [45], as listed in Table 5. This phenomenon may be caused by the excessive high
concentration (80 mg/L) of MB. Because activated kelp biochar has a very strong capacity of adsorption
towards MB. There will be no MB available for degradation of BKBC as a low concentration of MB used
in the system. In general, when the pollutant concentration exceeded to certain value, the catalytic
activity was reduced to some extent [36]. When more dye molecules were adsorbed by BKBC, less active
groups on the surface of catalyst would be available. There will be a strong competition among the
reaction sites, leading to a decrease of the photocatalytic efficiency of BKBC. Moreover, the content of
Bi2MoO6 added in BKBC is only a small amount when compared with others in literatures, as shown
in Table 5, with the mass ratio of Bi2MoO6 to activated kelp biochar of 1:4.

Table 5. Kapp values of different photocatalyst composites in literatures and this work.

Catalyst Dye Dye
(mL)

Dye Conc.
(mg/L)

Catalyst
Content (g)

Reaction
Time (min)

K0 *
(min−1)

K *
(min−1) Ref.

Bi2MoO6/graphene MB 100 0.01 0.05 120 0.0037 0.014 [41]
Bi2MoO6/diatomite RhB 40 4 0.015 60 0.019 0.059 [42]

Bi2MoO6/Fe2O3 RhB 50 5 0.03 60 0.015 0.086 [43]
Bi2MoO6/C3N4 RhB 50 10 0.02 50 0.0027 0.079 [44]

Bi2MoO6/CNTs/g-C3N4 2,4–DBP 250 20 0.25 120 0.0013 0.0078 [45]
AKB MB 50 80 0.01 60 0.00038 0.0073 This study

BKBC MB 50 80 0.01 60 0.00038 0.0079 This study

* K0 represents the Kapp value of pure Bi2MoO6, K represents the Kapp value of different photocatalyst composites.

As exhibited in Figure 11, AKB also presents an excellent sorption capacity and a high catalytic
activity, while the percent of MB degraded (out of total MB) is 13.085% after visible light illumination
for 1 h, indicating that AKB may have an excellent photodegradation activity due to the existence of
various transition metals oxides and abundant active carbon in AKB biomass, which is suggested by
the results of elemental analysis and XRD patterns. The values of MB removal for as-prepared samples
are presented in Figure 11, the highest removal efficiency approximately to 94.11% is obtained by AKB
due to its both excellent sorption and degradation properties for organic pollutants. As illustrated
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above, in Figure 5, AKB exhibits an intense absorption in the visible light range, which indicates that
AKB itself may have an effective photocatalytic activity that is attributed to its internally contained
transition metal oxide as well as its high active carbon content, the abundant active points resulting
from high specific surface areas. Therefore an excellent adsorption and photodegradation performance
of AKB has been verified and demonstrated in this work.

Figure 11. Adsorption and photodegradation progress of MB (80 mg/L) by AKB, BKBC, and PBM as a
function of time. The photocatalytic degradation was initiated after sorption for 4 h.

4. Conclusions

Novel mesoporous nanomaterials AKB and BKBC with excellent adsorption and photodegradation
ability are successfully prepared and synthesized. In this work, BKBC exhibits an enhanced
photocatalytic activity due to the synergetic effects of effective absorption as well as heterojunctions
that are constructed between Bi2MoO6 nanosheets and AKB. In addition, AKB presented the higher
efficiency of MB removal, even up to 94%, which is attributed to abundant active sites and high specific
surface areas, and the transition metal oxides contained could also promote to the evident enhancement
of degradation efficiency. Consequently, the inexpensive AKB may have its great potential for the
application of environmental remediation.

Author Contributions: Data curation, Y.Z. and H.Z.; Formal analysis, Y.Z. and H.Z.; Funding acquisition, L.C. and
J.G.; Methodology, L.J. and W.S.; Project administration, L.J. and W.S.; Resources, Y.W. and W.S.; Writing—original
draft, Y.Z. and H.Z.; Writing—review & editing, Y.Z., H.Z. and L.J.

Funding: This research was funded by the Natural Science Foundation of Zhejiang Province of China
[No. LQ16D060004], Key Research and Development Projects of Zhejiang Province of China [No. 2018C02043],
Demonstration Project of Marine Economic Innovation and Development of Zhoushan City of China,
and Demonstration Project of Marine Economic Innovation and Development of Yantai City of China
[No. YHCX-SW-L-201705].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Su, X.H.; Ling, W.L.; Teng, T.T.; Wong, Y.S. Combination and hybridisation of treatments in dye wastewater
treatment: A review. J. Environ. Chem. Eng. 2016, 4, 3618–3631. [CrossRef]

2. Chen, Y.D.; Lin, Y.C.; Ho, S.H.; Zhou, Y.; Ren, N.Q. Highly efficient adsorption of dyes by biochar derived
from pigments-extracted macroalgae pyrolyzed at different temperature. Bioresour. Technol. 2018, 259,
104–110. [CrossRef] [PubMed]

3. Lei, S.; Wan, S.; Luo, W. Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus
for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies.
Bioresour. Technol. 2013, 140, 406–413.

http://dx.doi.org/10.1016/j.jece.2016.07.026
http://dx.doi.org/10.1016/j.biortech.2018.02.094
http://www.ncbi.nlm.nih.gov/pubmed/29536868


Materials 2018, 11, 1709 13 of 14

4. Abdelwahab, N.A.; Emh, M. Synthesis and characterization of methyl pyrazolone functionalized magnetic
chitosan composite for visible light photocatalytic degradation of methylene blue. Int. J. Biol. Macromol.
2018, 108, 1035–1044. [CrossRef] [PubMed]

5. Shitu, A.M.M.A.; Ibrahim, A. Removal of Methylene Blue Using Low Cost Adsorbent: A Review.
J. Hazard. Mater. 2014, 4, 91–102.

6. Dutta, K.; Mukhopadhyay, S.; Bhattacharjee, S.; Chaudhuri, B. Chemical oxidation of methylene blue using a
Fenton-like reaction. J. Hazard. Mater. 2001, 84, 57–71. [CrossRef]

7. Gupta, V.K.; Pathania, D.; Agarwal, S.; Singh, P. Adsorptional photocatalytic degradation of methylene blue
onto pectin-CuS nanocomposite under solar light. J. Hazard. Mater. 2012, 243, 179–186. [CrossRef] [PubMed]

8. Zhang, M.; Gao, B. Removal of arsenic, methylene blue, and phosphate by biochar/alooh nanocomposite.
Chem. Eng. J. 2013, 226, 286–292. [CrossRef]

9. Tian, Z.; Qiu, Y.; Zhou, J.; Zhao, X.; Cai, J. The direct carbonization of algae biomass to hierarchical porous
carbons and CO2, adsorption properties. Mater. Lett. 2016, 180, 162–165. [CrossRef]

10. Sewu, D.D.; Boakye, P.; Jung, H.; Woo, S.H. Synergistic dye adsorption by biochar from co-pyrolysis of spent
mushroom substrate and Saccharina japonica. Bioresour. Technol. 2017, 244, 1142–1149. [CrossRef] [PubMed]

11. Shen, Y.; Li, H.; Zhu, W.; Ho, S.H.; Yuan, W.; Chen, J.; Xie, Y. Microalgal-biochar immobilized complex:
A novel efficient biosorbent for cadmium removal from aqueous solution. Bioresour. Technol. 2017, 244,
1031–1038. [CrossRef] [PubMed]

12. Chen, Y.D.; Ho, S.H.; Nagarajan, D.; Ren, N.Q.; Chang, J.S. Waste biorefineries—Integrating anaerobic
digestion and microalgae cultivation for bioenergy production. Curr. Opin. Biotechnol. 2017, 50, 101–110.
[CrossRef] [PubMed]

13. Rathinam, A.; Rao, J.R.; Nair, B.U. Adsorption of phenol onto activated carbon from seaweed: Determination
of the optimal experimental parameters using factorial design. J. Taiwan Inst. Chem. E 2011, 42, 952–956.
[CrossRef]

14. Aravindhan, R.; Rao, J.R.; Nair, B.U. Kinetic and equilibrium studies on biosorption of basic blue dye by
green macro algae Caulerpa scalpelliformis. J. Environ. Sci. Heal. A 2007, 42, 621–631. [CrossRef] [PubMed]

15. Yu, Y.; Wang, C.; Guo, X.; Paul, C.J. Modification of carbon derived from Sargassum sp. by lanthanum for
enhanced adsorption of fluoride. J. Colloid Interface Sci. 2015, 441, 113–120. [CrossRef] [PubMed]

16. Liu, Z.; Yang, W.; Xu, W.; Liu, Y. Removal of elemental mercury by bio-chars derived from seaweed
impregnated with potassium iodine. Chem. Eng. J. 2018, 339, 468–478. [CrossRef]

17. Nautiyal, P.; Subramanian, K.A.; Dastidar, M.G. Adsorptive removal of dye using biochar derived from
residual algae after in-situ transesterification: Alternate use of waste of biodiesel industry. J. Environ. Manag.
2016, 182, 187–197. [CrossRef] [PubMed]

18. Zheng, H.; Guo, W.; Li, S.; Chen, Y.; Wu, Q.; Feng, X.; Yin, R.; Ho, S.H.; Ren, N.; Chang, J.S. Adsorption
of p-nitrophenols (pnp) on microalgal biochar: Analysis of high adsorption capacity and mechanism.
Bioresour. Technol. 2017, 244, 1456–1464. [CrossRef] [PubMed]

19. Pintor, M.J.; Jean-Marius, C.; Jeanne-Rose, V.; Taberna, P.L.; Simon, P.; Gamby, J.; Gadiou, R.; Gaspard, S.
Preparation of activated carbon from Turbinaria turbinata, seaweeds and its use as supercapacitor electrode
materials. C. R. Chim. 2013, 16, 73–79. [CrossRef]

20. Ross, A.; Jones, J.; Kubacki, M.; Bridgeman, T. Classification of macroalgae as fuel and its thermochemical
behaviour. Bioresour. Technol. 2008, 99, 6494–6504. [CrossRef] [PubMed]

21. Haykiri-Acma, H.; Yaman, S.; Kucukbayrak, S. Production of biobriquettes from carbonized brown seaweed.
Fuel Process. Technol. 2013, 106, 33–40. [CrossRef]

22. Yu, K.L.; Lau, B.F.; Show, P.L.; Ong, H.C.; Ling, T.C.; Chen, W.H.; Ng, E.P.; Chang, J.S. Recent developments
on algal biochar production and characterization. Bioresour. Technol. 2017, 246, 2–11. [CrossRef] [PubMed]

23. Joonhyuk, C.; Jaewook, C.; Dongjin, S.; Jeong-Myeong, H.; Jiwon, H.; Hyunwook, J.; Kwanyoung, L.;
Heechul, W. Production of brown algae pyrolysis oils for liquid biofuels depending on the chemical
pretreatment methods. Energy Convers. Manag. 2014, 86, 371–378.

24. Wang, S.; Hu, Y.; Uzoejinwa, B.B.; Cao, B.; He, Z.; Wang, Q.; Xu, S. Pyrolysis Mechanisms of Typical Seaweed
Polysaccharides. J. Anal. Appl. Pyrolysis 2016, 124, 373–383. [CrossRef]

25. Liu, Y.; Yang, Z.H.; Song, P.P.; Xu, R.; Wang, H. Facile synthesis of Bi2MoO6/ZnSnO3, heterojunction with
enhanced visible light photocatalytic degradation of methylene blue. Appl. Surf. Sci. 2017, 430, 561–570.

http://dx.doi.org/10.1016/j.ijbiomac.2017.11.021
http://www.ncbi.nlm.nih.gov/pubmed/29122717
http://dx.doi.org/10.1016/S0304-3894(01)00202-3
http://dx.doi.org/10.1016/j.jhazmat.2012.10.018
http://www.ncbi.nlm.nih.gov/pubmed/23122730
http://dx.doi.org/10.1016/j.cej.2013.04.077
http://dx.doi.org/10.1016/j.matlet.2016.05.169
http://dx.doi.org/10.1016/j.biortech.2017.08.103
http://www.ncbi.nlm.nih.gov/pubmed/28869124
http://dx.doi.org/10.1016/j.biortech.2017.08.085
http://www.ncbi.nlm.nih.gov/pubmed/28847109
http://dx.doi.org/10.1016/j.copbio.2017.11.017
http://www.ncbi.nlm.nih.gov/pubmed/29227859
http://dx.doi.org/10.1016/j.jtice.2011.04.003
http://dx.doi.org/10.1080/10934520701244383
http://www.ncbi.nlm.nih.gov/pubmed/17454369
http://dx.doi.org/10.1016/j.jcis.2014.10.039
http://www.ncbi.nlm.nih.gov/pubmed/25498487
http://dx.doi.org/10.1016/j.cej.2018.01.148
http://dx.doi.org/10.1016/j.jenvman.2016.07.063
http://www.ncbi.nlm.nih.gov/pubmed/27474901
http://dx.doi.org/10.1016/j.biortech.2017.05.025
http://www.ncbi.nlm.nih.gov/pubmed/28522201
http://dx.doi.org/10.1016/j.crci.2012.12.016
http://dx.doi.org/10.1016/j.biortech.2007.11.036
http://www.ncbi.nlm.nih.gov/pubmed/18194859
http://dx.doi.org/10.1016/j.fuproc.2012.06.014
http://dx.doi.org/10.1016/j.biortech.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/28844690
http://dx.doi.org/10.1016/j.jaap.2016.12.005


Materials 2018, 11, 1709 14 of 14

26. Shang, M.; Wang, W.; Ren, J.; Sun, S.; Zhang, L. A novel BiVO4 hierarchical nanostructure: Controllable
synthesis, growth mechanism, and application in photocatalysis. Crystengcomm 2010, 12, 1754–1758.
[CrossRef]

27. Li, J.; Liu, X.; Zhuo, S.; Pan, L. Novel Bi2MoO6/TiO2, heterostructure microspheres for degradation of
benzene series compound under visible light irradiation. J. Colloid Interface Sci. 2016, 463, 145–153. [CrossRef]
[PubMed]

28. Umapathy, V.; Manikandan, A.; Antony, S.A.; Ramu, P.; Neeraja, P. Structure, morphology and opto-magnetic
properties of Bi2MoO6, nano-photocatalyst synthesized by sol–gel method. Trans. Nonferrous Met. Soc. China
2015, 25, 3271–3278. [CrossRef]

29. Zhang, M.; Shao, C.; Mu, J.; Zhang, Z.; Guo, Z.; Zhang, P. One-dimensional Bi2MoO6/TiO2 hierarchical
heterostructures with enhanced photocatalytic activity. Crystengcomm 2011, 14, 605–612. [CrossRef]

30. Yan, T.; Sun, M.; Liu, H.; Wu, T.; Liu, X.; Yan, Q.; Xu, W.; Du, B. Fabrication of hierarchical BiOI/Bi2MoO6,
heterojunction for degradation of bisphenol A and dye under visible light irradiation. J. Alloy. Compd. 2015,
634, 223–231. [CrossRef]

31. Wang, W.; Liu, Y.Y.; Chen, X.F.; Song, S.X. Facile synthesis of naon-modified fishbone charcoal (fbc) with
remarkable adsorption towards methylene blue. Procedia Eng. 2018, 211, 495–505. [CrossRef]

32. Yang, Q.; Wang, X.; Luo, W.; Sun, J.; Xu, Q.; Chen, F.; Zhao, J.; Wang, S.; Yao, F.; Wang, D.; et al. Effectiveness
and mechanisms of phosphate adsorption on iron-modified biochars derived from waste activated sludge.
Bioresour. Technol. 2017, 247, 537–544. [CrossRef] [PubMed]

33. Zhang, P.; Yang, X.; Zhao, Z.; Li, B.; Gui, J.; Liu, D.; Qiu, J. One-step synthesis of flowerlike C/Fe2O3,
nanosheet assembly with superior adsorption capacity and visible light photocatalytic performance for dye
removal. Carbon 2017, 116, 59–67. [CrossRef]

34. Peng, F.; Fu, X.-B.; Tu, H.; Wang, H.J. Preparation of carbon nanotube-supported Fe2O3, catalysts and their
catalytic activities for ethylbenzene dehydrogenation. New Carbon Mater. 2007, 22, 213–217. [CrossRef]

35. Gangaraju, D.; Sridhar, V.; Lee, I.; Park, H. Graphene–carbon nanotube-Mn3O4, mesoporous nano-alloys as
high capacity anodes for lithium-ion batteries. J. Alloy. Compd. 2016, 699, 106–111. [CrossRef]

36. Liu, D.; Zhao, X.; Song, L.; Zhang, S. Synthesis, performance and action mechanism of carbon black/Ag3PO4

photocatalysts. Ceram. Int. 2018, 44, 13712–13719. [CrossRef]
37. Liu, Y.; Wang, D.P.; Yu, Y.X.; Zhang, W.D. Preparation and photoelectrochemical properties of functional

carbon nanotubes and Ti co-doped Fe2O3, thin films. Int. J. Hydrogen Energy 2012, 37, 9566–9575. [CrossRef]
38. Paduani, C. Structure and electronic properties of a Mn nanowire encapsulated in carbon nanotubes. J. Solid

State Chem. 2013, 201, 204–207. [CrossRef]
39. Enniya, I.; Rghioui, L.; Jourani, A. Adsorption of hexavalent chromium in aqueous solution on activated

carbon prepared from apple peels. Sustain. Chem. Pharm. 2018, 7, 9–16. [CrossRef]
40. Lo, I.M.C.; Zhang, W. EDTA-enhanced washing for remediation of Pb- and/or Zn-contaminated soils.

J. Environ. Eng. 2005, 132, 1282–1288.
41. Zhou, F.; Shi, R.; Zhu, Y. Significant enhancement of the visible photocatalytic degradation performances of

γ-Bi2MoO6, nanoplate by graphene hybridization. J. Mol. Catal. A Chem. 2011, 340, 77–82. [CrossRef]
42. Cai, L.; Gong, J.; Liu, J.; Zhang, H.; Song, W.; Ji, L. Facile preparation of nano-Bi2MoO6/diatomite composite

for enhancing photocatalytic performance under visible light irradiation. Materials 2018, 11, 267. [CrossRef]
[PubMed]

43. Li, S.; Hu, S.; Zhang, J.; Jiang, W.; Liu, J. Facile synthesis of Fe2O3 nanoparticles anchored on Bi2MoO6

microflowers with improved visible light photocatalytic activity. J. Colloid Interface Sci. 2017, 497, 93–101.
[CrossRef] [PubMed]

44. Liang, Q.; Zhang, M.; Yao, C.; Liu, C.; Xu, S.; Li, Z. High performance visible-light driven photocatalysts of
Bi2MoO6-g-C3N4 with controllable solvothermal fabrication. J. Photochem. Photobiol. A 2017, 332, 357–363.
[CrossRef]

45. Ma, D.; Wu, J.; Gao, M.; Xin, Y.; Chai, C. Enhanced debromination and degradation of 2,4-dibromophenol by
an z-scheme Bi2MoO6/cnts/g-C3N4 visible light photocatalyst. Chem. Eng. J. 2017, 316, 461–470. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/b923115c
http://dx.doi.org/10.1016/j.jcis.2015.10.055
http://www.ncbi.nlm.nih.gov/pubmed/26520821
http://dx.doi.org/10.1016/S1003-6326(15)63948-6
http://dx.doi.org/10.1039/C1CE05974B
http://dx.doi.org/10.1016/j.jallcom.2015.02.064
http://dx.doi.org/10.1016/j.proeng.2017.12.041
http://dx.doi.org/10.1016/j.biortech.2017.09.136
http://www.ncbi.nlm.nih.gov/pubmed/28972907
http://dx.doi.org/10.1016/j.carbon.2017.01.087
http://dx.doi.org/10.1016/S1872-5805(07)60018-3
http://dx.doi.org/10.1016/j.jallcom.2016.12.335
http://dx.doi.org/10.1016/j.ceramint.2018.04.212
http://dx.doi.org/10.1016/j.ijhydene.2012.03.118
http://dx.doi.org/10.1016/j.jssc.2013.02.039
http://dx.doi.org/10.1016/j.scp.2017.11.003
http://dx.doi.org/10.1016/j.molcata.2011.03.012
http://dx.doi.org/10.3390/ma11020267
http://www.ncbi.nlm.nih.gov/pubmed/29425138
http://dx.doi.org/10.1016/j.jcis.2017.02.069
http://www.ncbi.nlm.nih.gov/pubmed/28273515
http://dx.doi.org/10.1016/j.jphotochem.2016.09.012
http://dx.doi.org/10.1016/j.cej.2017.01.124
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Activated Kelp Biochar (AKB) 
	Fabrication of Bi2MoO6–AKB Composite (BKBC) 
	Characterization 
	Adsorption and Degradation Experiments 
	Main Kinetics Models 
	Photodegradation Formula 

	Results and Discussion 
	Characterization of Activated Kelp Biochar Nanomaterials 
	MB Sorption and Degradation 
	Adsorption Kinetics 
	Photocatalytic Activity 


	Conclusions 
	References

