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Abstract: To solve the water pollution problem caused by methylene blue (MB), areca residue biochar
(ARB) was prepared by pyrolysis at 600 ◦C, and modified areca residue biochar (M-ARB) was
obtained by modifying ARB with 1.5 mol/L NaOH, and they were utilized to adsorb and eliminate
MB from water. The structural characteristics of ARB and M-ARB were examined, and the main
influencing factors and adsorption mechanism of MB adsorption process were investigated. The
outcomes demonstrated an increase in M-ARB’s specific surface area and total pore volume of 66.67%
and 79.61%, respectively, compared with ARB, and the pore structure was more abundant, and the
content of oxygen element was also significantly increased. When the reaction temperature was 25 ◦C,
starting pH of the mixture was 10, the initial MB concentration was 50 mg/L, the ARB and M-ARB
dosages were 0.07 g/L and 0.04 g/L, respectively, the adsorption equilibrium was achieved at about
210 min, and the elimination rate for MB exceeded 94%. The adsorption behaviors of ARB and M-ARB
on MB were more in line with the Langmuir isotherm model (R2 > 0.95) and the quasi-secondary
kinetic model (R2 > 0.97), which was characterized by single-molecule layer chemisorption. The
highest amount of MB that may theoretically be absorbed by M-ARB in water ranging from 136.81 to
152.72 mg/g was 74.99–76.59% higher than that of ARB. The adsorption process was a spontaneous
heat absorption reaction driven by entropy increase, and the adsorption mechanism mainly involved
electrostatic gravitational force, pore filling, hydrogen bonding, and π–π bonding, which was a
complex process containing multiple mechanisms of action. NaOH modification can make the ARB
have more perfect surface properties and more functional group structures that can participate in
the adsorption reaction, which can be used as an advantageous adsorption material for MB removal
in water.

Keywords: areca residue; methylene blue; biochar; modification; adsorption

1. Introduction

Areca as a leisure food in the market that the majority of consumers love, and its
market demand is increasing day-by-day. Along with the economic development and the
growth of areca demand, there is also the growth of the waste areca residue produced
by people after consuming areca fruits [1]. Areca residue is a solid waste contains a
large amount of coarse fiber components, which lacks specialized treatment and disposal
methods and is usually discarded directly in the natural environment [2]. The random
disposal of areca residue not only affects environmental hygiene, but also causes different
degrees of damage to the water, soil, and its surrounding environment.
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A type of cationic organic dyes, called methylene blue (MB), are employed not only
in textile, paper, and leather industries, but also has a large market in rubber and phar-
maceutical production [3,4]. MB, as one of the most prevalent contaminants in dyeing
water, is frequently detected in the natural environment [5]. The untreated MB wastewater
discharged directly into the water will cause adverse effects on the aquatic ecological envi-
ronment and may also directly or indirectly pose a threat to human health [6]. Therefore,
the search for effective removal methods of MB in water has recently emerged as a hub for
water treatment at home and abroad in recent years.

To lessen the negative impacts of MB on the aquatic environment, the effectiveness
of adsorption [7], photocatalysis [8], electrocatalysis [9], nanofilms [10], and ultrasonic
irradiation [11] for the treatment of MB in water has been reported extensively in the
literature previously. Biochar, a new class of adsorbent emerged from adsorption method,
is an environmental functional material with rich carbon content, well-developed pore
structure, and high stability generated by high-temperature pyrolysis of biomass raw mate-
rials under anaerobic or oxygen-limited conditions, which shows a very broad application
prospect in the field of MB treatment because of its cheap cost and numerous feedstock
sources [12,13]. Common waste biomass feedstocks include plant waste [14–16], animal
manure waste [17], and residual sludge [18]. Among them, the conversion of plant residues
into carbon adsorbents is considered to be an economic, efficient, and environmentally
friendly way to remove pollutants from wastewater. Ezz et al. [19] used rice straw diges-
tate to prepare biochar, with a total cost of 0.3022 US $/kg and a maximum adsorption
capacity of 18.90 mg/g for MB, which was a feasible economic adsorbent. Chen et al. [20]
prepared biochar with rape straw residue, which can achieve the adsorption capacity of
148.94 mg/g of MB in water. Sawalha et al. [21] used eight kinds of plant biomass residues
(coffee granules, almond shells, sunflower shells, pistachio shells, peanut shells, jujube
seeds, jute stalks, and grape vine stalks) available locally in Palestine to prepare biochar for
adsorption of MB in water and found that jute stalks provide the highest removal efficiency.
The performance of biochar prepared from different types of residues varies widely. To
improve the performance of biochar, a series of physical, chemical, or biological methods
are usually used to modify it to have greater adsorption potential [22–26]. Among the
many modification methods, alkali modification can effectively reduce the ash content of
biochar, change the elemental composition, functional group distribution, specific surface
area, and pore structure of biochar surface [27]. Thus, it becomes a promising modification
pathway. Areca residue is a waste biomass that contains a lot of organic material and
can be processed to yield biochar. However, the conventional treatment of areca residue
is still mainly to treat it as solid waste, and there are few reports on the exploration of
making it into biochar or modified biochar. What is more, the research on the application
of modified areca residue biochar in the removal of MB from wastewater are even less, and
its adsorption feasibility and mechanisms are still unclear.

Therefore, in this study, waste areca residue was selected for the preparation of biochar,
and NaOH was used as a modifier to modify them and investigate their feasibility for
application in the removal of MB from water. The primary goals of this research were (1) to
look into how NaOH modification affects the structural features of areca residue biochar;
(2) to investigate the factors influencing the adsorption effect of areca residue biochar
on MB before and after NaOH modification; and (3) to resolve the kinetics, isotherms,
thermodynamic characteristics, and adsorption mechanism of the adsorption process, as
well as to address the issue of waste areca residue pollution, while also reusing it to treat
MB in water, and realize the reuse of waste biomass.

2. Materials and Methods
2.1. Reagents and Raw Materials

The areca residue was gathered in the streets of Zhuzhou City, Hunan Province, China,
from an areca residue collection column, a portable device specifically designed to collect
areca residue discarded by the public. After removing the impurities from the waste areca



Processes 2022, 10, 2729 3 of 23

residue and drying it, the residue was crushed by a crusher. After being crushed, the
powdered areca residue was sieved using a 60 mesh sieve to remove any particles larger
than 0.25 mm before being used as a raw material for the subsequent preparation of biochar.

The main chemical reagents used in the experiments included analytically pure MB
(C16H18ClN3S), hydrochloric acid (HCl), caustic soda (NaOH), and ethanol (C2H5OH),
which was purchased from Chengdu Kelong Chemical Reagent Factory, and C16H18ClN3S
was used to prepare the MB solution. The water used in the experiment for solution
preparation, sample analysis, and vessel rinsing referred to deionized water, unless other-
wise specified.

2.2. Preparation and Modification of Biochar

After drying, the powdered areca residue was packed in a quartz boat, put into the
chamber of a tube furnace, warmed to 600 ◦C with a 20 ◦C/min temperature gradient, and
then set 150 min at a steady temperature. The quartz boat was chilled to room temperature
after the pyrolysis. Then, the item was split into two sections. The pH of the supernatant
was stabilized by washing one portion of the pyrolysis product with deionized water, dried,
and sieved through a 100-mesh sieve to obtain a sieve out product with particle size less
than 0.15 mm, which was areca residue biochar labeled as ARB and stored for backup.
Another part of the pyrolysis product was modified with NaOH solution at 1.5 mol/L. The
following was the course of treatment: 50 mL NaOH solution was added to each 1 g of
pyrolysis product, and the product was shaken at a frequency of 150 rpm one day at 25 ◦C.
The residue was sorted out and repeatedly rinsed with deionized water to stabilize the
supernatant’s pH, dried and sieved through 100-mesh sieve to obtain a sieve product with
particles size of no more than than 0.15 mm, which was the modified areca residue biochar
labeled as M-ARB and kept as a reserve.

2.3. Characterization of Biochar

The structures of ARB and M-ARB were characterized using BET, SEM-EDS, and
FTIR techniques to analyze their basic physicochemical properties. Among them, the
total pore volume, average pore size, and specific surface area of ARB and M-ARB were
analyzed by NOVA 4000e-type specific surface area analyzer (Quantachrome, Beijing,
China). The surface morphology was examined by Gemini 300 field emission scanning
electron microscope (ZEISS, Oberkochen, Germany), and the EDS (line scan) was analyzed
by Xplore energy spectrometer (OXFORD, Oxfordshire , UK). Surface functional groups
were analyzed by a Nicolet 670 FTIR spectrometer (Thermo Fisher, Waltham, MA, USA).

2.4. Sequential Batch Adsorption Experiments

In a batch of 250 mL conical flasks, 100 mL of MB solution and an appropriate amount
of biochar were added to each batch, and the sequential batch tests were run at various
initial pH of the solutions (2–11), biochar dosing amounts (0.02–0.11 g), contact times
(30–400 min), and initial MB concentrations (40–150 mg/L), in order to study the effects of
ARB and M-ARB on the adsorption of MB. The main factors influencing the adsorption of
ARB and M-ARB were investigated. By adding 1 mol/L of HCl and NaOH, the solution’s
original pH was changed. To investigate the effect of biochar dosing, the pH, reaction time,
and starting MB concentration were set to 10, 400 min, and 50 mg/L, respectively. To study
the influence of reaction time, the initial pH, ARB dosing, M-ARB dosing, and initial MB
concentration were set to 10, 0.07 g, 0.04 g, and 50 mg/L, respectively. To exam the impact
of the starting MB concentration, the pH, ARB dosage, M-ARB dosage, and contact time
were set to 10, 0.07 g, 0.04 g, and 400 min, respectively. Experiments were conducted in a
THZ-82 air-bath thermostat shaker (Changzhou Yineng Experimental Instrument Factory,
Changzhou, China) with the oscillation frequency set to 150 rpm and the temperature set
to 25 ◦C.

After the shaking, the mixture was put into a 2–16P centrifuge (SIGMA, Osterode,
Germany) and spun for five minutes at 4000 rpm. After centrifugation, the supernatant
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was loaded into a cuvette, and the remaining MB concentration was tested by a 722S
visible spectrophotometer (Shanghai Jingke, Shanghai, China) at 665 nm. Equations (1) and
(2) were used to calculate the adsorption amount (qt, mg/g) and removal rate (w, %) of
MB, respectively.

w =
ρ0 − ρt

ρ0
× 100% (1)

qt =
(ρ0 − ρt)V

m
(2)

where ρ0 refers to the MB starting mass concentration in solution, mg/L; ρt refers to the
MB mass concentration at moment t, mg/L; V refers to the water sample volume, mL; m
refers to the dosage of ARB and M-ARB, g.

During the analysis of regeneration performance, ethanol was used as the desorption
agent. ARB and M-ARB saturated with MB were added to ethanol, respectively, and the
constant temperature oscillation was conducted for 90 min at 25 ◦C and 150 r/min. After
the oscillation, the filter residue was washed with deionized water three times. After drying
the filter residue, the removal rates of MB by ARB and M-ARB after desorption were tested.
The same batch of ARB and M-ARB was repeatedly operated five times to investigate the
changes in the adsorption properties of ARB and M-ARB.

2.5. Adsorption Kinetics

In order to better understand the kinetics of adsorption behavior of MB on ARB and
M-ARB, the experimental data of the adsorption amount at different adsorption times
were selected and fitted with the quasi-primary kinetic model, quasi-secondary kinetic
model, Elovich model, and Weber–Morris model, as shown in Equations (3), (4), (5), and
(6), respectively.

i. Quasi-primary kinetic model

ln(qe − qt) = ln qe − k1t (3)

ii. Quasi-secondary dynamical model

t
qt

=
t

qe
+

1
k2q2

e
(4)

iii. Elovich model

qt = k3 ln t + a (5)

iv. Weber–Morris model

qt = k4it0.5 + bi (6)

where the MB adsorption at equilibrium and at time t are represented by qe and qt ,
respectively, mg/g; t is the contact time, min. k1 is the quasi-primary kinetic model’s rate
constant, min−1; k2 is the quasi-secondary kinetic model’s rate constant, g/(mg × min); k3
is the Elovich model’s rate constant, mg/(g × min); k4i is the Weber–Morris model rate
constant, mg/(g × min0.5); © is the i-th stage of adsorption; a and bi are the empirical
constants of the Elovich and Weber–Morris models, respectively.

2.6. Adsorption Isotherm

To investigate the relationship between MB concentration and MB adsorption at
adsorption equilibrium, the experimental data of MB adsorption at reaction temperatures
of 25–45 ◦C and initial MB concentrations of 40–150 mg/L were selected and fitted with the
Langmuir model, Freundlich model, and Temkin model, given by Equations (7), (8), and
(9), respectively.
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i. Langmuir model.

qe =
qmKLρe

1 + KLρe
(7)

ii. Freundlich model.

qe = KFρ1/n
e (8)

iii. Temkin model.

qe = KT ln ρe + c (9)

where qe and qm are the equilibrium adsorption and theoretical maximum adsorption of
MB, respectively, mg/g; ρe refers the MB mass concentration at adsorption equilibrium,
mg/L; KL is the Langmuir constant, L/mg; kF and n are the correlation constants of the
Freundlich model; KT and c are the correlation constants of the Temkin model.

2.7. Adsorption Thermodynamics

A thermodynamic model, as shown in Equations (10) and (11), was used to make
the experimental results more suitable for the adsorption of MB in water by ARB and
M-ARB at different reaction temperatures to analyze the thermodynamic characteristics of
the adsorption process.

∆Gθ = −RT ln
qe
ρe

(10)

ln
qe

ρe
= −∆Hθ

RT
+

∆Sθ

R
(11)

where ∆Gθ refers the Gibbs free energy change, kJ/mol; R refers the ideal gas constant,
8.314 J/(mol × K); T refers the thermodynamic temperature, K; qe refers the equilibrium
adsorption amount of MB, mg/g; ρe refers the mass concentration of MB at adsorption
equilibrium, mg/L; ∆Hθ refers the enthalpy change, kJ/mol; ∆Sθ is the entropy change,
kJ/(mol × K).

3. Results and Discussion
3.1. Structural Characterization of ARB

Table 1 reflects the results regarding the BET analysis of ARB and M-ARB. It demon-
strates that, as compared to ARB, M-ARB’s specific surface area and total pore volume
increased, but the average pore size decreased, which meant the pore structure of areca
residue biochar could be altered by NaOH modification. The specific surface area of M-ARB
reached 105 m2/g, which increased by 66.67%, compared with ARB. The total pore volume
of M-ARB increased by 79.61%, compared with ARB and reached 0.282 cm3/g, while the
average pore size decreased by 38.92%, compared with ARB. Mu et al. [28] prepared tea
residue biochar (TRB) by NaOH-assisted pyrolysis, and compared to unmodified TRB,
its specific surface area and total pore volume lessened by 59.64% and 24.77%, while the
average pore size increased by 85.35%, contrary to the change pattern obtained in this
study. This may be because the specific surface area and total pore volume of TRB de-
creased because of the inhibition of biomass pyrolysis by the addition of NaOH during the
pyrolysis process in this study. In contrast, in this study, NaOH was used to modify the
products after pyrolysis, and during the modification process, NaOH was in full contact
with the areca residue biochar and chemically reacted with the impurities produced by the
thermal decomposition of the biochar, which led to the solubilization of the pores, causing
more pore structures and bringing about the pores’ enlargement. The investigation by
Choudhary et al. [29] confirmed a related occurrence using NaOH impregnation to treat Op-
untia ficus-indica biochar. The increase in the specific surface area and total pore volume of
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M-ARB can give more adsorption places for the attachment of more places for contaminants
to attach themselves to adsorb, which makes the adsorption potential of M-ARB better
than that of ARB. Zhou et al. [30] prepared nitrogen-doped biochar nanomaterials for the
adsorption of cationic dyes from seaweed at 600 ◦C pyrolysis temperature and found that a
greater specific surface area and appropriate pore structure can minimize the resistance
to the diffusion process of pollutants to biochar and provide more active adsorption sites,
which was beneficial for improving the adsorption capacity of organic dyes.

Table 1. Results of BET analysis of ARB and M-ARB.

Biochar Specific Surface Area
(m2/g)

Total Hole Volume
(cm3/g) Average Pore Size (nm)

ARB 63 0.157 5.593
M-ARB 105 0.282 3.416

The SEM analysis results of ARB and M-ARB can be seen in Figure 1. As can be
observed, ARB’s surface was comparatively smooth, and the pore structure was not imme-
diately apparent. Compared with ARB, the porosity of M-ARB was significantly higher,
the diameter of pores was reduced, the pores were more densely arranged, and the surface
was more concave and uneven, showing a honeycomb shape. The analysis suggested that,
during the pyrolysis process, water, organic matter, and other volatile substances inside the
areca residue were released, which prompted the formation of pore structure. However,
some substances were not volatile, and their blockage inside the biochar or attachment to
the biochar surface resulted in the insufficient opening of pores [31]. The etching effect
of NaOH cleared the impurities attached to the biochar surface and blocked inside the
biochar, which led to the formation of more pore structures. The etching pore-making effect
of NaOH led to the appearance of more microporous structures in the biochar, which can
provide more subsequent pollutant adsorption. The pore-forming effect of NaOH made
biochar appear to have more microporous structures, which can provide more adsorption
sites and larger adsorption space for subsequent pollutant adsorption [32].
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Figure 1. Scanning electron microscope of ARB (a) and M-ARB (b).

To understand the elemental composition of ARB and M-ARB, they were analyzed
by EDS, and the results can be seen in Figure 2. Figure 2 shows that the areca residue
biochar prepared by pyrolysis was very rich in elemental species. The highest atomic mass
fraction (At) of C element was 88.59% in ARB and 79.32% in M-ARB, indicating that both
had a more stable aromatic carbon structure. However, the elemental C content in the
modified ARB was reduced, compared with the unmodified ARB, which may be due to
two reasons. One is that the NaOH modification makes some of the C elements react with it
and be carried out with the dissolution of other substances, resulting in the reduction of C
content [33]; the other is that the NaOH modification makes the content of other elements
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increase, which indirectly results in the relative reduction of C elements in M-ARB [34].
Compared with ARB, the atomic mass fraction of O element in M-ARB showed the most
significant increase by 4.89 percentage points, and the content of elements N, Na, Mg, Al, S,
Cl, and Ca also increased. NaOH modification exposed the oxygen-containing functional
groups masked by areca residue biochar, and more types of elements formed chemical
bonds with or attached to the biochar, which was more conducive to the adsorption of
pollutants. In a study by Cai et al. [35] on the modification of Oiltea camellia shells biochar
with NaOH, it was also found that the alkali modification improved the functional group
structure on biochar surface, added the number of oxygen-containing functional groups,
and consequently significantly improved its ability to absorb and remove contaminants.
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Figure 2. EDS analysis results of ARB (a) and M-ARB (b).

3.2. Analysis of Adsorption Influencing Factors
3.2.1. Effect of Initial pH of the Solution

The effect of the initial pH upon the effect of ARB and M-ARB on the adsorption
of MB can be seen in Figure 3. The adsorption and removal rate of MB by ARB and M-
ARB increased rapidly in the interval of pH range from 2 to 4. In the interval of the pH
range from 4 to 8, the increasing trend of the MB removal effect became slower. In the
interval of pH range from 8 to 10, the increasing rate of MB removal became fast again, but
showed a decreasing trend after the pH exceeded 10. When the solution’s original pH was
10, the adsorption value of MB by ARB and M-ARB were 86.23 mg/g and 120.05 mg/g,
respectively, reaching the maximum adsorption value at this pH condition, while the
adsorption of M-ARB was significantly higher than that of ARB, and its corresponding MB
removal rate was increased by 27.06%, compared with that of ARB. This showed that the
alkaline water environment was more favorable for the adsorption of MB by areca residue
biochar, and the optimal solution initial pH was 10.

It was analyzed that, under acidic conditions, the higher concentration of hydrogen
ions in water not only competed with MB cations for adsorption, but also caused electro-
static repulsion between the surface of biochar and MB cations, due to protonation; thus,
the more acidic the conditions, the less effective the MB removal [36]. As the starting pH
added, this competitive adsorption and electrostatic repulsion gradually decreased; thus,
the adsorption effect of ARB and M-ARB on MB gradually picked up with the increase
of pH [37]. However, after pH exceeded 10, the presence of too many anions in water
increased the attraction for MB, resulting in MB that is not easily diffused from the liquid
phase to biochar surface; thus, the removal of MB began to deteriorate. In examining
the pH impact from 2.5 to 11 on the removal of MB by rice husk, cow dung, and sludge
biochar, Ahmad et al. [38] found that the adsorption behavior depended mainly upon the
electrostatic gravitational force between biochar and MB. MB existed in cationic form in
aqueous solution, and higher pH biochar particles accumulated more negative charges on
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the surface, thus promoting the adsorption of MB through electrostatic gravitational force,
while lower pH slowed down the efficiency of adsorption occurrence.
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Figure 3. Effect of initial pH on MB adsorption performance.

3.2.2. Effect of Biochar Dosage

The amount of biochar added is the most direct factor for determining the adsorption
effect, which determines the number of adsorption sites available for pollutant removal
and the size of the adsorption capacity. Generally, the higher the amount of biochar added,
the better the adsorption effect, but in practice, all factors should be integrated to select
an optimal amount to achieve the best adsorption efficiency, while avoiding the waste of
resources [39].

The impacts of diverse ARB and M-ARB dosing amounts on the removal efficiency
and adsorption of MB in water were investigated, and the outcomes can be seen in Figure 4.
As depicted in Figure 4, the adsorption of MB through ARB and M-ARB showed a rapid
decreasing trend when the dosing amount raised to 0.6 g/L from 0.2 g/L, and this trend
gradually slowed down after the dosing amount exceeded 0.6 g/L. The removal rates of MB
by ARB increased rapidly when the dosage of ARB raised from 0.2 g/L to 0.7 g/L and then
slowed down after the dosage of ARB exceeded 0.7 g/L. The removal efficiency of MB by M-
ARB increased rapidly when the dosage of M-ARB raised from 0.2 g/L to 0.4 g/L and then
slowed down after the M-ARB dosage exceeded 0.4 g/L. It was analyzed that, when the MB
starting concentration was certain, with the increase of biochar dosing, the adsorption sites
on biochar increased, the total adsorption capacity raised, and the MB clearance rate was
higher because more MB might be adsorbed [40]. However, the utilization rate of biochar
per unit mass decreased; thus, the MB adsorption capacity decreased [41]. Considering both
adsorbent utilization and adsorbate removal, 0.07 g/L was selected as the ideal amount
of ARB to take, and the adsorption amount and clearance rate of MB at this dosage were
68.37 mg/g and 95.72%, respectively. In contrast, the optimum dosage of M-ARB was only
0.04 g/L. The adsorption amount and removal rate of MB reached 120.08 mg/g and 96.06%,
respectively, at this dosage. It can be seen that, compared with ARB, M-ARB can obtain
better MB treatment effect with less dosage.
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Figure 4. Effect of biochar dosage on MB adsorption performance.

3.2.3. Effect of Contact Time

Adsorption is a dynamic equilibrium process, and when pollutants are adsorbed, they
need a certain amount of time to reach adsorption equilibrium; insufficient contact time
may lead to incomplete adsorption, and too long contact time may lead to desorption and
also waste time [42]. For this reason, this study investigated the adsorption and removal of
MB from water by ARB and M-ARB at different contact times, and the results can be seen
in Figure 5.

It is evident that, as the reaction time increased, both the adsorption amount and
removal efficiency of MB exhibited an upward trend, and this trend, in turn, showed a
pattern of fast, then slow, and finally, stable [43]. The rate of adsorption and elimination
during the 30–120 min reaction time of MB by these two types of biochar showed a rapid
increasing trend and belonged to the rapid adsorption stage (Stage I). At a contact time of
120–210 min, the rising trend became slower and belonged to the slow adsorption stage
(Stage II). At a contact time of 210–400 min, the rising trend was very slow, and the overall
trend remained the same, which belonged to the equilibrium adsorption stage (Stage III).
Stage I was the initial step of the reaction, and the MB concentration in this stage was
high. A lot of free adsorption places can be seen on the ARB and M-ARB’s surface, and the
difference of MB concentration between solid and liquid phases was large, so the driving
force for MB to approach ARB and M-ARB was large, and MB can be rapidly adsorbed
by ARB and M-ARB in a short period of time. After entering Stage II, the concentration
of MB decreased little-by-little, and the available adsorption points on the ARB and M-
ARB gradually reduced, too. The concentration difference of MB between the solid and
liquid interface decreased, and the driving force for adsorption decreased, so the rate
of MB adsorption by ARB and M-ARB became slower. After entering Stage III, the MB
concentration decreased to a very low level, and the adsorption sites on the ARB were
gradually occupied until saturation was reached and the MB removal effect was maximized.
Therefore, the adsorption could reach equilibrium when the contact time was about 210 min.
At this time, the adsorption amount and removal rate of MB by ARB were 67.21 mg/g and
94.10%, and those of MB by M-ARB were 118.28 mg/g and 94.62%, respectively. Overall,
the NaOH modification could make the areca residue biochar possess a better MB removal
effect in a shorter time.
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Figure 5. Effect of contact time on MB adsorption performance.

3.2.4. Effect of MB Initial Concentration

The starting concentration of adsorbent is also a vital element in the adsorption
behavior. If the initial concentration of adsorbent is too low, the biochar cannot be fully
utilized. Too high an initial concentration of adsorbent tends to exceed the adsorption
capacity range of biochar [44]. The results of the investigation into the impact of various
starting MB concentrations on the adsorption effect of ARB and M-ARB are displayed in
Figure 6.

It can be seen that, at the starting MB concentration of 40 mg/L, the adsorption
amounts of ARB and M-ARB on MB were 55.53 mg/g and 97.68 mg/g, respectively, and
MB was removed at a rate of above 97%. At a 150 mg/L starting MB concentration, the
adsorption amounts of ARB and M-ARB to MB increased to 77.33 mg/g and 135.33 mg/g,
respectively, but the removal rate of MB decreased to less than 40%. When the initial
concentration of MB raised from 40 mg/L to 150 mg/L, the elimination rate of MB by ARB
and M-ARB kept decreasing. The adsorption amount increased rapidly at the initial MB
concentration of 40–60 mg/L, and then the increase gradually decreased. The analysis
suggested that ARB and M-ARB could provide sufficient adsorption sites when the initial
MB concentration was low, and thus, efficient MB removal could be achieved. However,
due to the low initial concentration of MB, there was still a large amount of unused
residual space on the ARB and M-ARB, leading to a low adsorption efficiency of MB per
unit mass of ARB and M-ARB. At a fixed amount of ARB and M-ARB dosing, as the
initial MB concentration increased, the MB concentration difference between the solid–
liquid phases increased, the adsorption driving force was enhanced, and the ARB and
M-ARB was more fully utilized, thus the adsorption capacity per unit mass of ARB and
M-ARB increased [45]. However, with the initial MB concentration rising even higher, the
sites available for adsorption on the ARB and M-ARB were insufficient or had reached
saturation, resulting in a decrease of the MB removal rate and more MB remaining in
the water that cannot be effectively adsorbed. Thus, it is evident that there was a high
removal rate, but the adsorption capacity was low when the initial MB concentration was
too low, and the adsorption capacity was high, but the removal rate was low when the
initial MB concentration was too high. Therefore, the optimum initial concentration of MB
that can be treated with the given amount of biochar was 50 mg/L. Under this condition,
the adsorption amounts of ARB and M-ARB for MB were 68.37 mg/g and 120.23 mg/g,
respectively, and the elimination rates of MB were 95.72% and 96.18%, respectively.
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Figure 6. Effect of initial MB concentration on its adsorption performance.

3.3. Adsorption Kinetics

The results of the kinetic fitting for the MB adsorption process on ARB and M-ARB
are shown in Figure 7, and the fitted factors can be seen in Table 2. The correlation coeffi-
cient R2 obtained after fitting the adsorption data can be seen using the quasi-secondary
kinetic model and exceeded 0.97, which was higher than the quasi-primary kinetic model
and the Elovich model. This showed that the adsorption behavior of MB by ARB and
M-ARB owned greater conformity to the quasi-secondary kinetic model, reflecting that
chemisorption mainly occurred in the removal of MB by these two areca residue biochar [46].
According to the fitted parameters of the quasi-secondary kinetic model, the equilibrium
adsorption capacity of M-ARB for MB was 127.23 mg/g and the rate constant k2 was
0.0005 g/(mg × min), both of which were higher than that of ARB, indicating that the
modified areca residue biochar had better adsorption performance for MB.

Table 2. Adsorption kinetics fitting parameters of MB onto ARB and M-ARB.

Model Parameter ARB M-ARB

Quasi-primary kinetic qe (mg/g) 66.90 117.22
k1 (min−1) 0.0249 0.0329

R2 0.9220 0.8497
Quasi-secondary kinetic qe (mg/g) 74.33 127.23

k2 [g/(mg × min)] 0.0004 0.0005
R2 0.9761 0.9793

Elovich a 35.17 74.49
k3 [mg/(g × min)] 6.6396 9.1936

R2 0.8653 0.8761

To examine the rate-controlling steps of MB adsorption in water by ARB and M-ARB,
the segments of the adsorption experiment data were fitted with the Weber–Morris model,
and the results are given in Figure 8, along with the fitted parameters for each phase
in Table 3. Figure 8 and Table 3 show that the Weber–Morris model may be used to fit
the adsorption data into three stages. The correlation coefficient R2 of the fit for stage I
(30–120 min) was the highest, reaching over 0.99, which was higher than that of stage II
(120–210 min) and stage III (210–400 min). It is evident that the early stage of adsorption
was more consistent with the characteristics of the Weber–Morris model. In terms of the
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magnitude of the rate constant k4 values of the Weber–Morris model, stage I had the
highest k4 value, indicating that adsorption can occur rapidly at this stage. The gradually
decreasing k4 values for stages II and III indicated that the adsorption rate gradually became
slower, and MB started to travel through the internal pores of biochar and searched for
adsorption sites, but the adsorption gradually moved toward saturation as the external
driving force decreased and the internal diffusion resistance increased [47]. The results of
this analysis were consistent with the previous inferences made when it came to the impact
of reaction time upon the adsorption effect of MB. The rate constant k4 for MB adsorption
of M-ARB were 1.33 and 1.16 times higher than those of ARB in stages I and II, respectively,
indicating that the MB adsorption process on M-ARB was more likely to reach equilibrium
than on ARB. It was also because of this that the remaining MB content in the aqueous
solution available for M-ARB adsorption was very small after entering stage III; thus, the
rate constant k4 values for this stage decreased dramatically. A similar three-stage pattern
of adsorption and decreasing rate constants for adsorption was also found in the research
by Qing et al. upon the adsorption of phosphate in water by sodium alginate/zirconium
hydrogels [48]. Moreover, none of the three fitted lines crossed the origin of the coordinate
axis, indicating that the ARB and M-ARB adsorption MB process’s rate-controlling steps
involved other mechanisms besides intraparticle diffusion, which was also controlled by a
combination of other factors, such as liquid film diffusion and adsorption reaction [48,49].
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Figure 7. Adsorption kinetics fitting of MB onto ARB and M-ARB: (a) quasi-primary kinetic model,
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Table 3. Segmented fit parameters of the Weber–Morris model.

Stage Parameter ARB M-ARB

I b1 18.65 53.33
k41 (mg/(g × min0.5)) 3.9917 5.3098

R2 0.9979 0.9961
II b2 46.84 94.77

k42 (mg/(g × min0.5)) 1.4079 1.6319
R2 0.9981 0.9649

III b3 64.19 117.77
k43 (mg/(g × min0.5)) 0.2093 0.1261

R2 0.8924 0.8002

3.4. Adsorption Isotherm

The isothermal adsorption fitted consequences of MB by ARB and M-ARB are shown
in Figure 9, and their fitted parameters can be seen in Table 4. From the fitted parameters
of the three isothermal adsorption models, the adsorption procedure can be found to be
more compatible with the Langmuir model, and its fitted correlation coefficient R2 was
0.9574–0.9895, which was greater than that of the Freundlich and Temkin models by a large
margin. Therefore, the adsorption of ARB and M-ARB on MB was dominated by monolayer
molecular adsorption, and there was microporous filling during the adsorption process,
and the limit adsorption amount was the filling amount of microporous [50]. According to
the Langmuir model fitting parameters, the theoretical maximum adsorption of M-ARB on
MB was 136.81–152.72 mg/g, which was 74.99–76.59% higher than that of ARB. The values
of the Langmuir constant KL for M-ARB ranged from 2.9839 to 6.7535, which was 20.06%
to 48.81% higher than that of ARB. As seen, the biochar made from modified areca residue
displayed increased adsorption ability and can be employed as a more effective adsorbent
to remove of MB in water. Additionally showing that heat might encourage the occurrence
of adsorption, the values of qm and KL rose with the rise in reaction temperature, which led
to a more complete removal of MB from aqueous solution [51].
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Figure 9. Isothermal adsorption fitting of Langmuir model (a), Freundlich model (b), and Temkin
model (c).

Table 4. Isothermal adsorption fitting parameters of MB onto ARB and M-ARB.

Biochar T/K
Langmuir Model Freundlich Model Temkin Model

qm KL R2 1/n KF R2 c KT R2

ARB 298 78.18 2.4854 0.9574 0.0522 63.0093 0.6350 62.32 3.8667 0.6636
308 80.87 3.6369 0.9881 0.0549 65.1281 0.7405 64.63 4.1659 0.7695
318 86.56 4.5384 0.9895 0.0578 69.1859 0.7192 68.79 4.6546 0.7525

M-ARB 298 136.81 2.9839 0.9716 0.0503 111.4137 0.6477 110.38 6.5314 0.6769
308 142.81 4.6229 0.9719 0.0539 115.8897 0.7609 115.29 7.1771 0.7871
318 152.72 6.7535 0.9604 0.0566 123.5513 0.7604 123.30 7.9705 0.7904

In addition, the magnitude of the separation factor RL can be calculated from (1 + KLC0)−1

to determine whether the adsorption is beneficial. When the value of RL is 0, the adsorption
process can be considered irreversible. When the RL value is 1, it can be judged that the
adsorption is linear. When the RL value is 0–1, the adsorption can be judged as favorable.
As the RL value exceeds 1, the adsorption can be judged to be unfavorable [52]. In this
study, the RL values of ARB and M-ARB were 0.0015–0.01 and 0.001–0.0083, respectively,
demonstrating that the MB adsorption process by both ARB and M-ARB was favorable, and
the appropriate increase of the initial MB concentration was more favorable for promoting
the adsorption.

3.5. Adsorption Thermodynamics

The thermodynamic fitting results of the adsorption process of ARB and M-ARB on
MB can be seen in Figure 10, and the fitted parameters depicted in Table 5. The ∆Gθ
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values of ARB and M-ARB at different temperatures were negative and decreased with
raising reaction temperature, demonstrating that the adsorption of these two-areca residue
biochar on MB was spontaneous, and as the reaction temperature rose, this spontaneity
grew [53]. The absolute value of ∆Gθ for M-ARB was greater than that for ARB at the same
reaction temperature. It is, thus, clear that the spontaneous adsorption of MB through the
NaOH-modified areca residue biochar was enhanced, and the modification could promote
the spontaneous proceeding of the adsorption reaction, thus improving its adsorption
performance on MB. Based on the fact that the value of ∆Hθ was greater than 0, it is
known that the adsorption process of both ARB and M-ARB on MB was a heat absorption
reaction [54]. The adsorption of MB by M-ARB required more heat for the reaction, so
raising the reaction temperature can boost its ability to progress in a good way. The main
types of adsorption reactions can be determined based on the magnitude of ∆Hθ values.
When the value of ∆Hθ is less than 20 kJ/mol, the main form of adsorption could be
considered physical adsorption. When the value of ∆Hθ is 20 to 80 kJ/mol, the main type
of adsorption can be considered chemisorption [55]. In this study, the ∆Hθ values of ARB
and M-ARB exceeded 20 kJ/mol, which indicated that their main reaction type for MB
removal from water was chemisorption. The ∆Hθ value of M-ARB was 1.44 times higher
than that of ARB, which indicated that chemisorption was more dominant in the removal
of MB by M-ARB, which confirmed the results obtained from the previous adsorption
kinetic analysis.

Table 5. Adsorption thermodynamic parameters of MB onto ARB and M-ARB.

T (K)
∆Gθ (kJ/mol) ∆Hθ (kJ/mol) ∆Sθ [kJ/(mol × K)] R2

ARB M-ARB ARB M-ARB ARB M-ARB ARB M-ARB

298 −8.5827 −10.2628
38.9489 56.2585 0.1592 0.2229 0.9809 0.9937308 −9.9041 −12.2349

318 −11.7668 −14.6803

Additionally, the positive value of ∆Sθ indicated that the adsorption process of MB by
both ARB and M-ARB was driven by entropy. The greater instability between the solid–
liquid phases during the reaction improved the randomness of the reaction between MB
molecules and active sites at the solid–liquid interface, and the greater disorder between the
solid–liquid phases after the modification treatment was more favorable for the adsorption
process [56].
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3.6. BET Analysis before and after Adsorption

Table 6 compares the changes of BET of ARB and M-ARB before and after adsorption
of MB. As can be seen from Table 6, the specific surface area and total pore volume of ARB
decreased by 68.25% and 71.34%, respectively, compared with those before the adsorption
of MB. The specific surface area and total pore volume of M-ARB decreased 70.48% and
81.21%, respectively, compared with those before the adsorption of MB. While their average
pore diameters increased 2.33 and 5.95 times, respectively, compared with those before
the adsorption of MB. It demonstrated that the specific surface area and total pore volume
of both areca residue biochar decreased significantly after the adsorption of MB, while
the average pore size raised. It might because the decrease in the specific surface area
and total pore volume because of the filling of pores on the biochar with MB after the
adsorption reaction and the decrease in the number of mesopores and micropores due to
the filling, thus increasing the average pore size. It was concluded that pore filling during
adsorption was an important mechanism of action for the adsorption of MB by ARB and
M-ARB. The role of pore filling in the adsorption of pollutants by biochar has been widely
reported [57–59]. Moreover, from the comparison of the data, it can be found that the
decrease in the specific surface area and total pore volume and the increase in average
pore size of M-ARB were more obvious than those of ARB, showed that the pore filling
was more intense during adsorption of MB by M-ARB, and more specific surface area and
pores were utilized; thus, a higher amount of pollutants can be adsorbed, which became
an important reason why the adsorption effect of M-ARB on MB was better than that of
ARB. This is one of the important reasons why M-ARB had a better adsorption effect on
MB than ARB.

Table 6. Comparison of BET analysis results before and after adsorption of MB.

Stage Specific Surface Area (m2/g) Total Hole Volume (cm3/g) Average Pore Size (nm)

ARB M-ARB ARB M-ARB ARB M-ARB

Before MB
adsorption 63 105 0.157 0.282 5.593 3.416

After MB
adsorption 20 31 0.045 0.053 18.611 20.325

3.7. FTIR Comparison before and after Adsorption

ARB and M-ARB surface functional group alterations prior to and during MB adsorp-
tion are depicted in Figure 11. It is evident that the surface of the areca residue biochar
prepared by pyrolysis at 600 ◦C contained abundant functional group types. Among them,
the ARB had stretching vibration peaks of -OH at 3431 cm−1, C-H at 2926 cm−1, and
2858 cm−1, C=C and C=O at 1633 cm−1, C-C at 1400 cm−1, C-O at 1223 cm−1, and the
bending vibration peaks of Si-O-Si at 1105 cm−1 and 1034 cm−1 [60,61]. M-ARB had the
stretching vibration peaks of -OH at 3427 cm−1, C-H at 2918 cm−1, and 2860 cm−1, C=C
and C=O at 1595 cm−1, C-C at 1400 cm−1, C-O at 1271 cm−1, and the bending vibration
peaks of Si-O-Si at 1099 cm−1 and 1026 cm−1 and C-H at 796 cm−1 [62]. Except for the
absorption peak position of C-C, which was the same, after NaOH treatment, the locations
of the remaining functional groups’ absorption peaks were altered, with the most obvious
shift of the absorption peaks at C=O and C=C, and a new C-H bending vibration peak
was also generated. This showed that the NaOH modification could change the surface
functional group structure of biochar and bring more functional group types to biochar. It
was analyzed that NaOH modification could open the pores on biochar that were originally
blocked, and at the same time, dissolve some substances on the surface of biochar that
masked the functional groups, thus allowing for better exposure of the functional groups,
which could provide favorable conditions for the better adsorption of pollutants by areca
residue biochar [63].
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Figure 11. FTIR spectra of ARB (a) and M-ARB (b) before and after MB adsorption.

The locations of the absorbance peak of several functional groups of ARB and M-
ARB were changed to varying degrees after MB had been absorbed. Among them, the
-OH absorption peaks of ARB and M-ARB were shifted to 3433 cm−1 and 3410 cm−1,
respectively. This has to do with the creation of hydrogen bonds between the biochar’s
-OH and the heterocycles on MB that contain nitrogen; thus, hydrogen bonding had a
significant impact on the adsorption [64,65]. The C-H stretching vibration peak of ARB
at 2858 cm−1 had been changed to 2860 cm−1, while the peak at 2926 cm−1 had not. The
C-H stretching vibration peak of M-ARB at 2860 cm−1 was displaced to 2862 cm−1, while
the peak at 2918 cm−1 vanished. The C=O and C=C absorption peaks of ARB remained
in their original locations, whereas M-ARB’s C=O and C=C absorption peaks changed to
1597 cm−1, implying the presence of π–π bonding between MB and NaOH-modified areca
residue biochar [66]. However, this effect was weaker in the unmodified areca residue
biochar and was not sufficient to change its absorption peak position. The C-C absorption
peaks of both ARB and M-ARB were shifted to 1398 cm−1, indicating the involvement of
C-C functional groups in the adsorption reaction. The C-O absorption peak of ARB moved
to 1200 cm−1, while that of M-ARB disappeared. The Si-O-Si bending vibration peak of
ARB at 1105 cm−1 moved to 1113 cm−1, while the peak at 1034 cm−1 was not offset. The
Si-O-Si bending vibration peak of M-ARB at 1099 cm−1 shifted to 1105 cm−1, while the peak
at 1026 cm−1 disappeared. In addition, following the adsorption of MB, the newly formed
C-H bending vibration peak of M-ARB changed to 798 cm−1, demonstrating that C-H
was also engaged in the adsorption reaction. This showed that the NaOH-modified areca
residue biochar not only had a richer surface functional group structure, but also the type
of functional groups involved in the adsorption reaction and the degree of participation
had been enhanced, which enabled it to show better MB removal during adsorption [67].

The adsorption mechanism of ARB and M-ARB for MB in water is depicted in
Figure 12.

As can be seen from Figure 12, the adsorption mechanism of ARB on MB mainly
involved electrostatic gravitational force, pore filling, and hydrogen bonding, while the
adsorption mechanism of M-ARB on MB also involved π–π bonding and the combined
effect of other types of functional groups. The adsorption of MB by ARB and M-ARB
was a complex process with multiple mechanisms. Wang et al. [68] prepared HNO3-
activated and tannic acid-enhanced reed biochar as an adsorbent for MB and showed
that the adsorption process was closely related to electrostatic interactions, hydrogen
bonding, ion exchange, and n–π/π–π interactions. Zhang et al. [69] prepared biochar from
hickory chip and obtained modified biochar for MB adsorption using ball milling and H2O2
treatment. The mechanism involved in this adsorption process includes π–π and van der
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Waals attraction mechanism, electrostatic interaction, and ion exchange. Wang et al. [70]
used K2CO3 modified waste bamboo biochar to remove MB from water, and it was found
that electrostatic attraction, hydrogen bonding, and π–π interactions all contributed to MB
adsorption. All these studies generally confirmed that the adsorption of MB by biochar was
not a single adsorption mechanism, similar to the conclusion obtained in this study. The
NaOH modification gave the areca residue biochar a better and more complex structure,
thus giving it a greater adsorption potential and creating a valuable and optional pathway
for the removal of MB.
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3.8. Analysis of Regeneration Performance

Figure 13 shows the change of MB removal rate of ARB and M-ARB after five times
of regeneration. It can be seen that, with the increase of adsorption-desorption times, the
removal rates of MB by ARB and M-ARB showed a downward trend, and the downward
trend of ARB was more obvious. After recycling twice, the removal rate of MB by M-ARB
was still above 90%. After five times of recycling, the removal rate of MB by M-ARB
decreased significantly, but still reached 85.86%, showing good reusability. The removal
rate of MB by ARB had dropped to 69.21% by the fifth time of recycling, 16.65 percentage
points lower than that of MB by M-ARB. Accordingly, the regeneration performance of
areca residue biochar without NaOH modification was relatively poor. NaOH modification
enabled areca residue biochar to have a more perfect structure and better physical and
chemical properties, so it can still have a higher pollutant removal efficiency after multiple
recycling and show better economic and environmental benefits in practical application.
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3.9. Comparison of Adsorption Capacity

Table 7 lists the adsorption capacity of several biochars for MB in water. It can
be seen that, due to the different raw materials and modification methods of biochars,
their adsorption capacity for MB also varies greatly. In contrast, under relatively simple
preparation and modification conditions, M-ARB in this study, reached a higher MB
adsorption capacity in a relatively short contact time, which has great potential to become a
high-quality MB adsorbent. The preparation of NaOH modified biochar from areca residue
for MB treatment showed good applicability in wastewater treatment and solid waste reuse
and helped to promote sustainable ecological development.

Table 7. Comparison of adsorption capacity of different biochar materials for MB.

Raw
Materials

Modifying
Agent

Pyrolysis
Temperature (◦C)

Pyrolysis Time
(min)

Contact Time
(min)

Adsorption
Capacity (mg/g) References

Tea residue NaOH 700 240 150 105.44 [28]
Reed HNO3 500 120 720 37.18 [68]

Tea residue KOH+FeCl3 700 120 360 394.30 [71]
Lychee seed KOH 700 — 300 124.53 [72]

Lasia rhizome None 300 180 — 9.58 [73]
Lasia rhizome HNO3 300 180 — 81.35 [73]

Fallen leaf None 500 120 1440 78.60 [74]
Cotton
residue None 550 15 720 9.56 [75]

Cotton
residue NaOH 550 15 720 23.82 [75]

Sewage
sludge None 600 60 — 51.10 [76]

ARB None 600 150 400 86.56 This study
M-ARB NaOH 600 150 400 152.72 This study



Processes 2022, 10, 2729 20 of 23

4. Conclusions

This research examined the viability, influencing factors, and mechanisms of adsorp-
tion of MB in water via ARB and M-ARB. NaOH modification not only dramatically raised
the specific surface area and total pore volume of ARB, but also increased its oxygen content,
and enabled it to possess a richer type of surface functional groups and exhibit greater
adsorption potential. The theoretical maximum adsorption of MB in water by M-ARB
ranged from 136.81 mg/g to 152.72 mg/g, which was increased by 74.99–76.59%, com-
pared with that before modification. The mechanism involved in the adsorption process of
M-ARB for MB was more abundant, including the electrostatic gravitational force, pore
filling, hydrogen bonding, and π–π bonding, which was a complex process. The conversion
of waste areca residue into biochar that can effectively adsorb MB in water provided a
preferred pathway for the removal of MB and also provided a new strategy to effectively
solve the environmental pollution problems caused by areca residue.
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