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a b s t r a c t

Methylene blue, a prevalent cationic type dye, has been extensively utilized in textile in-

dustry. Lignin generates as a byproduct and its utilization is required to add a potential

economic benefit of a biorefinery process. Lignin-derived porous biochar, as a promising

adsorbent, was propitiously prepared by chemical modification with different oxidation

number manganese compounds (KMnO4, MnSO4, and MnO2). The adsorption capacity of

MnO2-loaded biochar to methylene blue dye was substantially higher relative to original

biochar. The maximum adsorption capacity was 248.96 mg/g and removal rate was 99.73%,

as compared to 234.65 mg/g and 94.0% for unmodified biochar. In comparison, the decol-

orization rate of the modified biochar exceeded 95%.

Substantial results showed that methylene blue has a strong binding affinity with MnO2

modified biochar. Adsorption kinetics was described by a quasi-second order model and

methylene blue adsorption isotherm was better fitted by Langmuir model. The research

provides a promising way for the removal of methylene blue from wastewater through the

manufacture of adsorbent from byproduct of biorefinery process.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
become a significant concern over society and the environ-

1. Introduction

Methylene blue, a prevalent cationic type industrial dye [1],

has been extensively utilized in textile, printing, leather, and

other industries as a biochemical colorant [2]. Exposure to the

dye, may severely affect human health, causing symptoms

such as nausea, vomiting, and difficulty breathing [3,4]. Long-

term exposure of methylene blue can even lead to cancer or

genetic mutations in humans and other organisms. How to

effectively eliminate or substitute methylene blue has
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ment. Methylene blue is a typical organic pollution that

originates from drain water. Its removal is straited by using a

conventional technique, i.e., photocatalytic performance [5].

Many technologies, including adsorption and biological

treatment [6], membrane process [7], solidification [8],

photolysis [9], ozonation [10], chemical oxidation [11,12] and

electrochemical oxidation [13], are used to eliminate dyes

from wastewater. The adsorbing material, on account of its

moderate price, easy removal processes, and outbound

loading capacity, is extensively used in a sewage treatment. A
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mass of materials having adsorption capacity, was used for

wastewater treatment, such as kaolin [14] and porous acti-

vated carbon material [15]. These materials are characterized

as excellent candidates [16]. However, due to high production

cost, difficulty in regeneration, and long consumption time,

these adsorbents are challenging for a wide range of utiliza-

tion in practical production. Activated carbon has been

characterized as an exceptional dye adsorption performance

[17]. For example, the activated carbon with a high

specific surface area, was prepared by ZnCl2 activation-

carbonization, and it has an adsorption capacity of

1193 mg/g for methylene blue [18]. However, substantial

challenges remain in improving regeneration capacity,

adsorption efficacy, dispersity, and affinity for dyes.

Lignocellulosic biomass material is mainly composed of

carbohydrates (cellulose and hemicelluloses) and lignin, in

which cellulose is a principal feedstock to produce bioethanol

through a biorefinery process. Bioethanol production from

lignocellulose includes several steps, i.e., pretreatment, hy-

drolysis, fermentation, and ethanol distillation [19]. Effective

pretreatment is an essential step to increase ethanol yield [20].

There are several pretreatment methods, including dilute

acid, alkaline pretreatment, organic solvent and more, known

to effectively reduce or remove the lignin content [21]. Lignin,

is a highly functionalized aromatic polymer, accounts for

15e30% of dried lignocellulose mass [22]. The utilization of

lignin waste released from pretreatment as well as hydroly-

sate, is an urgent issue for the cleaner production of bio-

ethanol in a biorefinery scenario to reach maximum carbon

efficacy. Lignin contains a high amount of carbons [23] relative

to polysaccharides in lignocellulosic biomass, which can be a

potential source to produce biochar. Conversion of low-value

lignin into efficient adsorbent, is an essential and promising

strategy for an economical biorefinery.

Lignin is a renewable and high-quality precursor for acti-

vated carbon. Lignin derived carbon-based adsorbents have

been used to adsorb dyes [24]. The activated carbon rooted in

lignin has a relatively high structural order and large micro-

pore volume [25]. Consequently, the recent engineering bio-

char studies are abundant in the new structure and surface

properties of biochar [26]. Due to presence of somemetals and

glorious adsorption capacity, the modification of somemetals

with activated carbon impregnated with silver, copper, man-

ganese, and iron, has aroused extensive research interests [27,

28]. Metal-modified lignin composites have a high specific

surface area and negative surface charge, which lead to

excellent adsorption capacity for methylene blue [29]. For

example, ZnO composites supported by biochar show excel-

lent adsorption performance in the process of adsorption of

methylene blue [30]. Synthesized Fe3O4/lignin nanoparticles

by modifying biochar with Fe, which showed low equilibrium

time and removal capacity of methylene blue up to 621.52mg/

g [31]. It was reported that manganese modified nano-lignin-

based biochar shorted the issues of easy agglomeration, re-

covery of biochar, improved the material efficacy, enhanced

the surface binding ability of the biochar composite, and

improved the adsorption capacity of the biochar to methylene

blue [32].

Doping of Mn can improve the surface electron transfer

[33], and ion exchange functional groups of activated carbon’s
surface. Highly functionalized active functional groups can

significantly improve the binding sites of biochar tometal ions

[34]. Researchers [35] reported the synthesis of aqueous

manganese oxides with MnSO4$H2O and the analysis showed

that the synthesizedmaterials were in amorphous. Increasing

surface binding sites and improving agglomeration are the

vital properties of a high-value biochar, but related reports

have not been addressed. To the best of our studies, the

adsorption properties of manganese lignin carbon-based

composites for methylene blue, have not been reported.

Therefore, this work provides an approach to transform

waste lignin into a high-grade adsorbent for methylene blue.

Lignin-derived porous carbon was prepared using a chemical

modification of lignin by manganese compounds (KMnO4,

MnSO4, and MnO2). The aperture structure and surface prop-

erties of the prepared porous biochar were measured.

Different adsorption models were selected to discuss the

adsorption feasibility of the prepared porous biochar. The

possible mechanism of methylene blue adsorption by biochar

rooted in manganese embellished lignin, was proposed. The

lignin-derived material showed a high capacity of adsorption,

and provided a promising path for the manufacture of

adsorbent for methylene blue in sewage treatment.
2. Material and methods

2.1. Materials

Lignin (purity 94%), a pretreatment byproduct during bio-

ethanol production, was provided by a bioethanol mill

(Shandong Longlive Biotechnology Co., Ltd, China), which was

released from corncob residue during alkali treatment.

Methylene blue, KMnO4, and anhydrous MnCl2 were pur-

chased fromMacleans, Shanghai. NH4OH, H3PO4 andHClwere

provided from Beijing Chemical Co. Ltd., China.

2.2. Preparation of biochar

Lignin was washed with deionized water (18.2 MU/cm) to

eliminate fines and contaminants, then dried overnight in an

oven at 110 �C. Lignin (5 g) was suspended in 50mL 20 wt/wt %

H3PO4 solution. It was then dispersed evenly for 12 h before

drying at 105 �C. Thereafter, an impregnated mixture was

obtained. The immersed sample was carbonized in a muffle

furnace at 400 �C for 1 h under air atmosphere. The rate of

temperature increase was 5 �C/min. The carbonized sample

was grinded, washed, and filtered using a funnel. The solid

was washed with 100 mL HCl (1.0 M) solution to eliminate the

remained chemicals, followed by washed with deionized

water till the filtrate turns to neutral pH. The washed

carbonized sample was dried at 100 �C for 24 h. The prepared

sample was assigned as A0.

2.3. Modification of biochar

2 g biochar (A0) was added to 50mL ofMnCl2 solution (0.002M).

After vigorous stirring (600 rpm) for 6 h, 100mLKMnO4 (0.02M)

solutionwas added to themixture until the suspension turned

to dark brown. The suspension was filtered, washed and dried
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overnight. The obtained sample was assigned as BC-MnO2.

The reactions of biochar with KMnO4 (0.02 M, 50 mL), MnCl2
(0.02 M, 50 mL), MnSO4 (0.02 M, 50 mL) solutions were also

performed by following the similar methods as produced

modified biochars and named as BC-KMnO4, BC-MnO2, and

BC-MnSO4, respectively.

The modification mechanism of MnO2 is as follows:

2MnO4
2�þ 3Mn2þþ 2H2O ¼ 5MnO2Yþ 4Hþ

2.4. Characterization

The microscopic surface texture of biochar and modified

biocharwas examined by employing a field emission scanning

electron microscope (Zeiss, German) in which the samples

were sprayed with gold. The functional groups were investi-

gated by a Fourier-transform infrared spectroscopy combined

with an X-ray photoelectron instrument (Thermo Kalpha),

which was used to determine the surface elementals of

samples and perform peak fitting. Fourier transform infrared

(FTIR) spectra of samples were recorded on a Nicolet IS 10

model FTIR spectrometer with a KBr pellet technique scanned

128 times in the region 4000-400 cm�1 with a resolution of

4 cm�1. The X-ray diffraction analysis was tested using an

Ultima IV instrument at a face velocity of the sweep 10�/min

from 5� to 90�. The deconvolution analysis was performed

using XPS peak. The specific surface area and porosity were

determined by an automatic specific surface analyzer (Auto-

sorb-iQ) and a porosity analyzer (Mike ASAP2460). Prior to

process for surface analysis, sampleswere degassed under the

relative pressure (nitrogen partial pressure) of 10�8 at 393.15 K

for 6 h. The nitrogen adsorption and desorption experiments

were conducted under liquid nitrogen at 77.35 K. The

following values of P/P0 were used in the calculation of specific

surface areas: 0.995285 (A0), 0.994668 (BC-MnO2), 0.995348 (BC-

KMnO4), 0.995040 (BC-MnCl2), and 0.995068 (BC-MnSO4).

0.995285 (A0), 0.994668 (BC-MnO2), 0.995348 (BC-KMnO4),

0.995040 (BC-MnCl2), and 0.995068 (BC-MnSO4).

2.5. Batch adsorption experiments

Erlenmeyer flasks containing biochar and methylene blue

were oscillated using a shaker (ZWYR-2102C) at 298.15 K.

Under the oscillation frequency of 150 rpm for a period until

the adsorption saturation times were achieved. The effect of

the amount of adsorbent added, contact time, initial concen-

tration of dye solution and pH were analyzed using a single

factor test. Different amounts of biochar (3, 5, 8, 10, 15, 20 mg)

were mixed with methylene blue solutions to probe the effect

of adsorbent addition amounts. The resulting solution was

stirred at 298.15 K for 24 h in the dark. Under the same con-

ditions, the effect of pH was studied by modifying the pH of

the dye solution from 3 to 12 (adjusted with 0.1 M HCl or 0.1 M

NaOH). The pHpzc (point of zero charge) of the adsorbent was

measured by gravimetric method. Under abiding adsorbent

dosage and solution solubility, the influence of the initial

concentration of dye on the removal process was probed by

changing the solution concentration (5, 10, 20, 50, and 100mg/
L). To make thorough studies of the effect of contact time of

each adsorbentwas introduced intomethylene blue solutions,

the stirring times were 5, 10, 15, 30, 60, 90, 120, 180 min,

respectively.

The concentration of filtrate was determined by using a UV

spectrophotometer (UV 2310 II) that helps to measure the

maximumabsorbance. Themaximumabsorptionwavelength

of methylene blue was noted at 664 nm. The removal capacity

of methylene blue by biochar samples was measured by the

following equations:

Removal rate: R¼ðC0�Ce

C0
Þ � 100% (1)

Adsorption capacity:Qe ¼ðC0 � CeÞ � V
M

(2)

where, C0 and Ce representative the initial and equilibrium

concentrations of methylene blue solution (mg/L), respec-

tively. M is the indication of the quality of the adsorbent (g)

and V represents the volume of the solution (L) [36].

2.6. Adsorption kinetics studies

The adsorption kinetics studies of methylene blue by biochar

samples, were investigated via the earlier-mentioned pa-

rameters. A specific count of samples was introduced into a

250 mL erlenmeyer flask and mixed with 50 mL methylene

blue solution (50 mg/L). The experimental process was carried

out at 298.15 K at 150 r/min frequency. The filtrate was dis-

closed at different adsorption time intervals. Regarding to the

adsorption kinetics, pseudo-first-order kinetic model and

pseudo-second-order kinetic models were used to probe the

adsorption capacity of methylene blue onto each adsorbent

surface. Pseudo-first/second-order kinetic models were

determined using following equations.

Pseudo-first-order kinetic model:

qt ¼ qeð1� e�k1tÞ (3)

Pseudo-second-order kinetic model:

qt ¼ k2q2
e t

1þ k2qet
(4)

where k1 (min�1) and k2 (g$mg�1$min�1) were respectively the

rate constants of two models which mentioned earlier. Be-

sides, qt (mg$g�1) and qe (mg$g�1) stand for the values for

adsorption performance [37].

2.7. Adsorption isotherm studies

The adsorption process was proceeded in an erlenmeyer flask

with predetermined amounts of sample that introduced into

50mL different concentrationmethylene blue solutions in the

range from 5 to 50mg/L. The resultingmixture was placed in a

shaker (150 rpm) at 298.15 K for 24 h. Thereafter, the super-

natant was taken to determine the concentration at equilib-

rium condition (Ce). The isotherm studies were depicted by

using Langmuir and Freundlich adsorption isotherm models.

Langmuir and Freundlich adsorption isotherm models are

shown as below:

Langmuir adsorption isotherm model:

https://doi.org/10.1016/j.jmrt.2021.03.076
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Ce

qe
¼ 1
qm

Ce þ 1
qmkL

(5)

where qm (mg$g�1) and qe (mg$g�1) depicts the saturated

adsorption capacity and equilibrium adsorption capacity

severally, kL (mg$L�1) is the adsorption constant, which reflect

the degree of adsorption capacity [38]. Using this equation, the

values of kL and 1/qm were calculated from the slope and

intercept of the plot of Ce/qe versus Ce, respectively [39].

Freundlich adsorption isotherm model:

lnqe ¼ 1
n
lnCe þ lnkF (6)

where kF (mg$g�1 (L$mg�1)1/n) is the representation of the

Freundlich constant. Furthermore, n is intensity of adsorp-

tion, which illustrates the adsorption strength [40].Using this

equation, the values of kF and 1/n were calculated from the

slope and intercept of the plot of lnqe versus lnCe, respectively

[36].
Fig. 1 e (a) N2 sorption isotherm and (b) pore size

distribution (desorption) curve A0 and BC-MnO2, BC-

MnSO4, and BC-KMnO4, and (c) effect of

adsorptionedesorption equilibrium time.
3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. FT-IR
Biochar (A0) was synthesized by using a chemical activation

method, and lignin-derived porous biocharswere successfully

prepared by a chemical modification of manganese com-

pounds (KMnO4, MnSO4, and MnO2). FT-IR spectra of the A0

and BC-MnO2, BC-MnSO4, and BC-KMnO4 are given in Fig. S1.

The lignin-based biochar prepared has abundant functional

groups on the surface, containing both aromatic and aliphatic

hydrocarbons. The absorption peak ~ 3442 cm�1 is attributed

to the stretching vibration of hydroxyl groups (-OH) [41]. The

peaks ~1620 cm�1 is presumed to CeH stretching mode of

aromatic ring. The peak ~1384 cm�1 reveals the symmetric

bending vibration of eCH2 and eCH3. The absorption peak ~

1262 cm�1 represents the characteristic absorption peak of

ether bond. The absorption peak ~ 1082 cm�1 belongs to the

stretching vibration of the carboneoxygen bond in ether bond.

Compared with unmodified biochar A0, the intensity of the

absorption peak of modified biochar was reduced, mainly

because carbonecarbon bonds and ether bondswere themain

linkages that are present in lignin structure. The bond energy

of the ether bonds is less relative to carbonecarbon bond, and

ether bonds were more likely to easily cleave when heated

[42]. The vibration peaks below 600 cm�1, indicated the tensile

vibration caused by the compounds formed with metal ions.

3.1.2. Characterization of morphological structure
The pore size and distribution of samples were analyzed via

nitrogen adsorptionedesorption method and the isotherms

are shown in Fig. 1a and b, and Table 1. These four biochar

samples pertain to a typical IV isotherm with different BET

specific surface areas [43]. A0 and modified biochar samples

had similar pore diameter distributions (Fig. 1 (b)), and the

https://doi.org/10.1016/j.jmrt.2021.03.076
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Table 1 e Aperture features and surface area values of biochar among modified and unmodified biochars.

Sample SBET (m2/g) Average pore size (nm) Mesopore volumes (cm3/g) Pore volume (cm3/g) Pore width (nm)

A0 48.136 2.184 0.027 0.029 1.178

BC-MnO2 349.646 3.892 0.336 0.447 2.769

BC-MnSO4 547.234 3.129 0.472 0.520 1.178

BC-KMnO4 186.328 4.434 0.240 0.342 2.769
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pore diameters were 0.5e2 nm, indicating that the biochar

samples had micropores structure, which can be a beneficial

for improvement in adsorption capacity. As shown in Table 1,

the pore volume and specific surface area of A0 were

0.029 cm3/g and 48.136 m2/g, respectively. Furthermore, the

specific surface area and pore volume of biochar increased

obviously after modification. After the modification with

MnSO4, the specific surface area of the original biochar was

much enlarged, and the pore volume and average pore

diameter were also increased, due to dispersion of MnSO4 into

the pores of the original biochar through dissociation. Thus

the pore density on surfacewas improved. Comparedwith BC-

MnSO4, the specific surface area and pore volume of BC-MnO2

were reduced to 349.646 m2/g and 0.447 cm3/g, respectively.

The analysis suggests that manganese oxide scattered in the

micropores andmesopores blocks part of the pores, leading to

reduced specific surface area and pore volume of micropores

[33]. Specially, due to strong oxidation of KMnO4, the modifi-

cation with KMnO4 significantly reduced the pore volume and

specific surface area. Besides, the average pore size was

slightly increased and resulted in the collapse of some

microspore structures [34].

3.1.3. Effect of adsorptionedesorption equilibrium time
The adsorption of activated carbon in methylene blue solu-

tion, is a dynamic and continuous reaction process, i.e.,

adsorption and desorption reach equilibrium for a certain

time. The adsorptionedesorption of methylene blue dye was

carried out using a fixed amount of unmodified biochar (A0)

and modified biochar (BCeKMnO4, BC-MnO2, and BC-MnSO4)

under dark conditions. The known amounts of samples were

taken in a 50 mL dye solution (0.16 mM). The dye solution was

centrifuged at an interval of 1 h before measuring the absor-

bance of the solution. The adsorptionedesorption equilibrium

time results of biochar are mentioned in Fig. 1 (c). During the

whole adsorption process, the significant variation of biochar

desorption efficacywas observed over time. It can be observed

that under the same adsorption time, the adsorption rate of

biochar has marked a substantial difference. In the first hour

of adsorption, the adsorption rate of unmodified biochar was

much lower than that of modified biochar. The decolorization

rate was unchanged after 3 h, which can be considered as

maximumabsorption limit. Under equilibrium conditions, the

decolorization rate of the unmodified biochar (A0) reached

about 94.0% and the maximum adsorption capacity was

234.65 mg/g. In comparison, the decolorization rate of the

modified biochar exceeded 95%, the maximum adsorption

capacity of BC-KMnO4 and BC-MnSO4 were 241.35 mg/g and

237.82mg/g, among which the decolorization rate of BC-MnO2

reached up to 99.7%.
3.1.4. Analysis of surface and structure of BC-MnO2

Since the BC-MnO2 biochar showed the best adsorption ca-

pacity, the structure and adsorption capacity analyzed further

concentrated on it. Themicrographs of these samples showed

that the surface morphology of the original biochar changed

significantly after modification. A0 sample showed a highly

developed small pore structure with uniform, smooth, and

dense texture. On the contrary, for the MnO2 treated samples,

the surface morphology of BC-MnO2 changed, and its surface

was relatively rough with noticeable fine particles attached,

and a small portion of grayewhite impurities were distributed

around it. It is indicated that the surface grain structure of BC-

MnO2 was prominent, and MnO2 was almost uniformly

deposited on the surface. The enhanced adsorption perfor-

mance of biochar may be related to MnO2 covered on the

surface of biochar.

X-ray diffraction was applied to represent the materials

and lignin-derived biochar. It can be presented that the XRD

pattern of lignin showed prominent diffraction peaks at 2q of

15�e23�, indicating that lignin raw materials contained a rich

polycrystalline structure [44]. A0 and BC-MnO2 showed two

substantial diffraction peaks around 2q of 25� and 43�,
respectively, corresponding to graphite’s (002) and (100)

diffraction peaks [45]. The 002 plane represents as a narrow

peak, with a steep rise. Besides, a broad, small diffraction peak

appeared on the 100 plane. These properties indicate that A0

and BC-MnO2 were dominated by amorphous carbon struc-

ture [46]. For BC-MnO2 sample, the diffraction peaks at 2q of

37.07� and 42.54� indicated the presence of MnO2 [43]. These

results confirmed that MnO2 was successfully formed in the

surface pores of biochar during the modification process.

XPS spectroscopy was used to examine the surface char-

acteristics of the original biochar andmodified biochar (Fig. 2).

A noticeable heighten of Mn (2p) was traced out from the

spectra of sample after modifying the original biochar by

MnO2. After modification of original biochar by MnO2, BC-

MnO2 showed a significant increase in Mn (2p) strength. The

binding energy of Mn (2p) was within the range of

641.7e642.0 eV [34], and Mn2p3 peak confirmed the existence

of MnO2 at 642 eV. It was revealed that BC-MnO2 was

composed ofmultiple phases, includingmanganese oxide and

biochar. The spectral intensity of O1s after MnO2 treatment,

was also significantly increased (Fig. 2 (a)). Three components

are considered to constitute the corresponding chemical

displacement of C1s of A0, and the binding energies of CeC,

CeN, and OeC]O (carboxyl or ester group) are 284.4 eV,

286.0 eV, and 288.4 eV, respectively [47] (Fig. 2 (b)). It was found

that the O1s spectrum of A0 showed two peaks at 531.6 and

531.1 eV, representing for oxygen atoms in the carbonyl group

and oxygen atoms in the hydroxyl group or the ether (Fig. 2

(c)). For BC-MnO2, the O1s spectrum was divided into three

https://doi.org/10.1016/j.jmrt.2021.03.076
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Fig. 2 e (a) XPS survey of A0 and BC-MnO2, (b) high-resolution spectra showing O1s and C1s core level in A0, and (c) high-

resolution spectra O1s showing Mn2p core level in BC-MnO2 along with its deconvolution.
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peaks: 530.2, 531.9, and 532.9 eV, respectively (Fig. 2 (d)). They

were belonged to metallic oxide (MneO) [48], hydroxyl groups

bonded with manganese (MneOH) [34], and C]O groups on

the surface of BC-MnO2. It can be observed that the oxygen on

the surface of biochar was mainly bound to manganese in the

form of MneO and MneOH, which provided vast opportu-

nities for methylene blue dye adsorption.

3.2. Adsorption performance of adsorbents

3.2.1. Effect of pH on adsorption
Initial pH has a crucial effect in the adsorption efficacy of

adsorbing materials on account of the presence of functional

groups on the adsorbent surface and the surface charge.-

Fig.3(a) illustrated the methylene blue removal efficacy and

adsorption capacity of BC-MnO2 at a series of pH values.

Removal efficiency and adsorption capacity also increased

with the increment of pH. The removal efficiency of methy-

lene blue was low ~ 77% at pH 2. As the pH of the methylene

blue dye reached 11, the adsorbability approached to ~100%,

the maximum adsorption capacity reached 248.96 mg/g. The

surface of biochar contains chemical groups such aseOH and

eCOOH, and the pH of the dye altered the charge and electric

quantity of these groups [49]. Under acidic conditions, the

capacity of Hþ ions combined binding sites on biochar was

restricted, while methylene blue was a positively charged

cationic dye [50], which was also positively charged. That

would lead to the electrostatic repulsion between methylene

blue and BC-MnO2, thus reducing adsorption capacity was
characterized. Therefore, it was unable to show the adsorp-

tion of methylene blue by BC-MnO2 at low pH. At higher pH,

hydrogen ion competition becomes less critical in the alkaline

environment, and electrostatic attraction was enhanced with

the heightening of negative charge on the adsorbent surface

between BC-MnO2 and methylene blue molecules [51].

Besides, the curve of the pHzppzc (point of zero charge) of

BC-MnO2 shown in Fig. S4 indicated that the pHpzc value of BC-

MnO2 was 3.4. Thus, at pH < pHpzc, the surface of the adsor-

bent was positively charged due to protonation, while at

pH > pHpzc, the surface of the adsorbent got negatively

charged due to deprotonation.Meanwhile,methylene blue is a

cationic dye, therefore, electrostatic repulsion occurred be-

tween the cationic dye and the positive load on the adsorbent

surface, resulting in a decrease in adsorption efficiency.

However, under the condition of pH > pHpzc, the electrostatic

attraction between the negative surface charge of adsorbents

and the positive charge of methylene blue molecules, which

resulted in high removal efficiency. This was consistent with

the results in Fig. 3(a).

3.2.2. Effect of biochar addition amount on adsorption
The effect of biochar amount addition on the adsorption of

methylene blue solution, was determined by adsorption of

fixed dye concentration (0.16 mM) from 3 to 20 mg of BC-

MnO2 at room temperature in dark (Fig. 3(b)). For BC-MnO2,

the increase of adsorbent dosage led to the increase of

methylene blue adsorption removal rate. This was attributed

to a higher number of adsorption sites. When the addition of

https://doi.org/10.1016/j.jmrt.2021.03.076
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Fig. 3 e (a) Effect of initial concentration of methylene blue

solution on adsorption, (b) effect of biochar addition

amount on adsorption, and (c) effect of pH on adsorption.
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BC-MnO2 was 3 mg, the equilibrium adsorption capacity of

biochar to methylene blue was 591.9 mg/g, with 71.03%

removal rate. The adsorption capacity of activated carbon to

methylene blue, was 123.8 mg/g at addition amounts of

20 mg BC-MnO2, and removal rate was 99.05%. The concen-

tration of methylene blue in the system was high at low

amounts of BC-MnO2, and there were many active sites for

adsorption, thus the adsorption capacity was high. However,

as addition amount continued to increase, the removal rate
tended to increase with the increase of dose due to the in-

crease of vacancy adsorption sites availability. However, the

removal rate did not increase at the adsorption of methylene

blue reached saturation, even if the amount of adsorbent

increased.

3.2.3. Effect of initial concentration of methylene blue solution
on adsorption
The removal efficacy of methylene blue was investigated

based on the influence of initial concentration. BC-MnO2 was

used to conduct batch adsorption studies at predetermined

concentrations from 5 to 100 mg/L, and the findings were

shown in Fig. 3(c). The adsorption and removal rate of meth-

ylene blue solution over BC-MnO2, reached 98.6% at the

beginning (Fig. 3(c)). However, the removal rate decreased as

initial concentration increases, because of the reduced active

sites required for high concentrations of dyes [52]. Conversely,

the adsorption capacity increased rapidly due to high solution

concentration and the high adsorption impetus, which

ensured the full contact between the adsorbent and methy-

lene blue dye. The adsorption capacity reached 355.96 mg/g at

absorbability of 100 mg/L methylene blue solution, and the

removal rate reached around 71.03%. It can be considered that

the adsorption of methylene blue dye by BC-MnO2, was close

to the adsorption equilibrium when the initial concentration

was 100 mg/L. The adsorption could lose its meaning if the

removal rate was too low. Therefore, the adsorption capacity

did not increase indefinitely.

3.2.4. Adsorption isotherm experiment
To understand the interaction between the adsorbent and

biochar at the equilibrium state, Langmuir and Freundlich

isotherms were used to fit with experimental data, as shown

in Fig. 4. The isothermmodel parameters were determined by

regression analysis of experimental data, as shown in Table 2.

According to Fig. 4 and Table 2, among Langmuir and

Freundlich isothermal models used in this study, the corre-

lation coefficient of the Langmuir model in the adsorption

process of methylene blue on BC-MnO2, was higher than that

of the Freundlich model. Furthermore, the theoretical equi-

librium adsorption amount obtained by Langmuir isothermal

fitting, was 161.81 mg/g, that was near to the equilibrium

adsorption amount measured in the experiment. Therefore, it

can be concluded that the Langmuir isotherm model can

comprehensively and accurately describe the adsorption

process of methylene blue in water by BC-MnO2, that is uni-

form adsorption point positions on the surface of BC-MnO2. In

literature, similar isotherm results (Table 2) were obtained for

various adsorbateeadsorbent systems [53-55]. The methylene

blue adsorption process in water, was mainly single-

molecular layer adsorption [56]. This result is in line with

the results of removing methylene blue from crop straw bio-

char [57].

3.2.5. Adsorption kinetics study
The adsorptionmechanismof BC-MnO2wasdeterminedusing

apseudo-first-orderkinetic andapseudo-second-order kinetic

models to fit experimental data [43]. In pseudo-first-order ki-

netic fitting, although the linear fitting result was a relatively

straight line, significant deviations can be observed in the

https://doi.org/10.1016/j.jmrt.2021.03.076
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Fig. 5 e (a) Pseudo-first-order kinetic and (b) Pseudo-

second-order kinetic for methylene blue adsorbed by BC-

MnO2.

Fig. 4 e (a) Freundlich isotherms and (b) Langmuir

isotherms for methylene blue adsorbed by BC-MnO2.
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equilibrium adsorption capacity and experimental adsorption

capacity of equation fitting theory (Fig. 5(a)). In contrast, the

linearfitting effect of thepesudo-second-order dynamicmodel

was excellent in the case of no significant deviation between

the experimental (162.93 mg/g) and the calculated qe

(167.06 mg/g) (Fig.5 (b)). As shown in Table 3, the correlation
Table 2 e Langmuir and Freundlich equation fitting
parameters of methylene blue adsorbed by BC-MnO2.

Models Parameters

Langmuir isotherm qm (mg$g�1) 161.81

kL (mg$L�1) 1.2094

R2 0.9837

SD 0.0529

Freundlich isotherm kF (mg$g�1 (L$mg�1)1/n) 85.570

N 4.3529

R2 0.9642

SD 0.1135
coefficient (R2) was 0.9997 for fitting the adsorption process of

biochar under different initial methylene blue concentrations

using the pseudo-second-order kinetic equation. Therefore, it

can be concluded that the pseudo-second-order kinetic model

can more accurately describe the kinetic effects of methylene
Table 3 e Adsorption kinetics models of methylene blue
adsorbed by BC-MnO2.

Models qe,exp

(mg$g�1)
Parameters

Pseudo-first-order

kinetic

162.93 qe (mg$g�1) 42.31

k1 (min�1) 0.0108

R2 0.9779

SD 0.4457

Pseudo-second-

order kinetic

162.93 qe (mg$g�1) 167.06

k2 ( � 10�4) (g$mg�1$min�1) 7.3237

R2 0.9997

SD 0.0317
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Table 4 e Adsorption capacities of methylene blue for
different adsorbents.

Adsorbent Adsorption capacity
(mg/g)

Reference

Mesoporous limestone 34.24 [61]

Polydopamine

microspheres

90.7 [62]

Amorphous adsorbent 53.79 [63]

Rice husk 40.6 [64]

ZnOeNReAC 89.29 [40]

MXene/sodium alginate gel

beads

92.17 [65]
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blue in BC-MnO2 adsorption solution. In literature, similar ki-

netic resultswere reported for theadsorptionkinetic of various

water pollutants by carbon-based adsorbents [53,58,59]. This

can be possibly explained that the methylene blue adsorption

process of BC-MnO2 to water, was mainly controlled by the

chemisorption mechanism rather than by material transport

step [60]. Biochar producedby pyrolysis of banana pseudostem

[61] and fallen leaf [62], has similar theory on adsorption of
Fig. 6 e (a) The removal rate and (b) adsorption capacity of

BC-MnO2 for methylene blue adsorption throughout five

consecutive cycles of reuse.
methylene blue solution. BC-MnO2 is a potential candidate to

remove methylene blue dye from aqueous solution, which is

higher than mesoporous limestone [63], polydopamine mi-

crospheres [64], amorphous adsorbent [65], rice husk [66],

ZnOeNReAC [40], and MXene/sodium alginate gel beads [67],

as shown in Table 4.

3.2.6. The regeneration of adsorbent
To measure whether adsorbent could be recycled for use, the

material prepared for adsorption of methylene blue was

recovered simply by filtering with filter paper, washing with

ethanol and deionized water several times, and drying at

105�C. The adsorbent was repeated five times for adsorption

experiments. As shown in Fig. 6(a), the recovering ability was

promising. In Fig. 6(b), the adsorption capacity showed a linear

relationship with the times of use. With the increase in the

times of use, the adsorption capacity just slightly decreased.

After five times of repeated use of the adsorbent, there was no

noticeable loss of adsorption performance.
4. Conclusion

The specific surface area of BC-MnO2 was 349.65 m2/g and the

average pore size was 3.892 nm. The methylene blue removal

rate of BC-MnO2 was as high as 99.73%. The adsorption pro-

cess of MnO2 modified biochar to methylene blue in aqueous

solution could be described by pesudo-second-order kinetics

and Langmuir isothermmodels, respectively. The equilibrium

adsorption capacity of monolayer was 162.93 mg/g and the

maximum adsorption capacity was 248.96 mg/g. Results

indicated that the modification with manganese compounds

is a promising strategy for the preparation of lignin-derived

adsorbents for methylene blue in industrial effluents.
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[11] Tunç S, Gürkan T, Duman O. On-line spectrophotometric
method for the determination of optimum operation
parameters on the decolorization of Acid Red 66 and Direct
Blue 71 from aqueous solution by Fenton process. Chem Eng
J 2012;181-182:431e42. https://doi.org/10.1016/
j.cej.2011.11.109.
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