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Abstract: To solve the double problems of methylene blue (MB) pollution in water and waste of
straw resources, rape straw biochar (RSBgyp) was made by thermal decomposition of discarded
rape residues at 600 °C, and modified RSB600(M-RSBgq) was prepared after treatment with NaOH
for MB adsorption. The physicochemical properties, MB adsorption properties and mechanism of
RSB600 and M-RSB600 were studied. According to the experimental findings, M-RSBgq has stronger
aromaticity, higher hydrophilicity, and more polarity than RSBgyy. Under the same adsorption
conditions, M-RSB600 obtained better MB adsorption effect with less dosage. The MB equilibrium
adsorption capacity of M-RSB600 reached 268.46 mg/g, which was 65.6% higher than that of RSB600.
The quasi-second-order kinetic model better described the adsorption kinetics of MB on RSB
and M-RSBg (R? > 0.98), and the Freundlich and Temkin models better described the adsorption
isotherms (R? > 0.95). The adsorption process was spontaneous, internal heat and entropy driven
multilayer adsorption, dominated by chemical adsorption, specifically involving multiple interaction
mechanisms, including electrostatic adherence, hydrogen-bond, 7-7t bond and ion-exchange. The
results demonstrated that NaOH modification obviously improved the structure of RSB and make it
had better adsorption and regeneration performance. M-RSB600 can be utilized as the ideal substance
for effectively removing MB from effluent.

Keywords: biochar; rape straw; methylene blue; modification; adsorption mechanism

1. Introduction

Methylene blue (MB), an azo organic dye with excellent resistance to acids and bases,
has a complex structure that is stable in air and not susceptible to chemical changes and
is widely used in biomedical, dyeing, leather, paper and other industries [1]. The dye
wastewater produced during the production and use of MB is characterized by high
concentration, high chroma, high pH, difficult degradation and many changes. The water’s
chroma will alter, its organic pollutant content will rise, and its amount of dissolved oxygen
will decrease if it is discharged directly into natural water without strict treatment [2]. When
its concentration reaches a certain level, it can cause massive death of the aquatic plants
and animals and damage the aquatic ecosystem. In addition, MB can cause irreparable
damage to human eyes, and can also cause heart rate rise, vomiting, shock, pallor disease,
jaundice, Heinz corpuscle disease, tissue necrosis and other diseases. Long-term exposure
or enrichment in human body can cause cancer [3]. Finding a low-cost, effective, and
ecologically friendly method to handle MB dye effluent is therefore vital.

Currently, advanced oxidation [4], photocatalysis [5], membrane technology [6,7]
and adsorption [8,9] are the key techniques for eliminating organic contaminant from
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water. Adsorption method is one of the most popular methods, mainly because of its wide
range of use, good treatment effect, easier practical operation, lower treatment cost, not
easy to produce secondary pollutants, etc. The commonly used MB adsorbents mainly
include activated carbon series [10], biochar series [11], hyper-crosslinked hydroxylated
polystyrenes [12], leaves [13], quality [14], zeolitic imidazole framework [15], waste phos-
phorsum [16], etc. Among them, biochar, such as charcoal, is a black solid with high carbon
content produced by pyrolysis of biomass but with a difference from charcoal. This is
mainly because the production process of biochar requires not only strict restriction of the
oxygen content in the air but also strict control of the temperature and time of pyrolysis. It
not only has low raw material price and simple preparation process but can also form a
unique surface and internal structure. Therefore, the preparation of biochar from waste
biomass for MB adsorption has become a research hotspot [17]. The biomass raw materials
commonly used for preparing biochar mainly include plant sources, animal sources, sludge
sources, etc. Plant-derived materials include rice husk [18], waste bamboo [19], eucalyptus
camulensis [20], cassava peel [21], cotton residues [22], microalga residue [23], etc. Most
of them contain abundant lignocellulose, so the carbon content of the prepared biochar
is relatively high. The preparation of biochar from animal feces can not only reduce fecal
pollution but also provide a new way for the reuse of fecal resources. Therefore, it has
attracted attention in recent years [24]. As a by-product of the biological treatment method,
the surplus sludge has a huge output, which is enriched with many perishable organic
matter and toxic and harmful substances. Making biochar is a novel treatment method [25].
Since biochar is produced using a variety of source materials and preparation techniques,
it has heterogeneous physical and chemical properties that affect how well it adsorbs
contaminants from water [26]. As a result, the sector of wastewater treatment for printing
and dyeing has an urgent need for the development of novel, effective, and affordable
biochar materials and preparation techniques.

Rape is one of the most important oil crops in China, accounting for about one=fourth
of the world’s planting area, ranking first in the world. Since the 1990s, the planting area of
rape has accounted for about 50% of the total planting area of various oil crops in China [27].
The amount of rape straw produced during rape planting and processing is huge every
year, which can reach 2 x 107 t/a, becoming a large agricultural by-product. With the
continuous improvement of rural living facilities, coal, liquefied gas, electricity, biogas and
other energy sources are gradually popularized in rural areas, and the traditional fuel value
of rapeseed straw is gradually lost. In addition, due to the problems of scattered planting,
large volume, high processing cost and the presence of anti-nutritional factors such as
erucic acid and glucosinolate, the utilization rate of waste rape straw as fertilizer and feed
is low in recent years. A large number of stalks were discarded or burned in the open
air without effective utilization, resulting in serious resource waste and environmental
pollution [28]. Therefore, it has become an urgent need for the sustainable development of
the rape industry to explore new methods of the efficient utilization of abandoned rape
straw. Rape straw can be utilized as the preferred raw material for making biochar since it
is simple to obtain and abundant in organic materials. However, at present, there are few
reports on the preparation of biochar from rape straw and its application to MB adsorption
after modification, and its adsorption performance, adsorption influencing factors and
adsorption mechanism are still not clear.

Therefore, the purposes of this study were to: (1) use waste rape straw as raw material
to prepare biochar and modify it and to explore the structural characteristics of biochar
before and after modification; (2) investigate the feasibility and influencing factors of
removing MB from aqueous solution by rape straw biochar adsorption and (3) analyze the
characteristics and mechanism of its adsorption behavior by means of kinetics, isotherm,
thermodynamic model and FTIR analysis. The outcomes are anticipated to offer both
a novel technique for the resource-efficient utilization of waste rape straw and a fresh
approach for the elimination of MB from aqueous systems.
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2. Materials and Methods
2.1. Main Reagents and Solutions

The MB (C16H18CIN3S), HCl (hydrochloric acid), NaOH (sodium hydroxide) and
C,H50H used in the experiment were all acquired from Chengdu, China’s Kelong Chemical
Co., Ltd., and were all analytical pure. Table 1 displays the primary physical and chemical
characteristics of MB. Prepare 1000 mg/L MB mother liquor and dilute it according to the
actual needs before use. Prepare 1.5 mol/L NaOH solution for the modification of biochar.
To change the solution’s original pH, prepare a 1.0 mol/L HCI and NaOH solution. The
water used in experiment was deionized water.

Table 1. Principal MB chemical and physical characteristics.

Chemical Molecular Molecular Solubility in

Formula Weight (g/mol) Structure Water (25 °C) CAS Number
C16H18C1N3S 319.85 \\/I\/\&(\‘ - 10% 61-73-4

2.2. Preparation and Modification of Biochar

By using oxygen-limited pyrolysis, the waste rape straw that was gathered from a
rape planting base in Pidu District, Chengdu City, China, was converted into biochar. After
the impurities were removed, the rape straw was cleaned and dried. After being crushed,
it was filtered with an 80-mesh screen to result in a product with particles smaller than
0.18 mm. Take an appropriate amount into a quartz boat to compact it and put it into a
tube furnace. According to the results of preliminary experiments, the temperature was
kept constant for 2 h after being heated to 600 °C at a heating rate of 20 °C/min under the
protection of the nitrogen flow. The tube furnace was equipped with a tail gas collection
port, and the tail gas generated in the pyrolysis process was discharged after being absorbed
by alkali liquor and ethanol solution.

After heating, the tube furnace was closed, and after natural cooling, the pyrolysis
solid product was taken out, ground and divided into two parts. One part of the pyrolysis
product was washed with deionized water until the pH value of the supernatant was
stabilized, then the supernatant was filtered out and the solid was dried in a drying oven,
the dried solid was sieved through 100 mesh sieve and the sieved product was rape straw
biochar (RSB) with a particle size lower than 0.15 mm, marked as RSBggg and stored in a
sealed and dry place; the other part of the pyrolysis product was modified with 1.5 mol/L
The other part of the pyrolysis product was modified with 1.5 mol/L NaOH solution,
and 100 mL of the above concentration of NaOH solution was added to each 1 g of the
pyrolysis solid product, placed in a constant temperature shaker, and shaken at 25 °C and
150 r/min for 12 h. After that, the residue was filtered out, and the residue was washed with
deionized water until the pH value of the supernatant was stabilized, then the supernatant
was filtered out and the solid was dried and the dried solid was passed through a 100-mesh
sieve. The dried solid was passed through a 100-mesh sieve, and the sieved product was the
modified rape straw biochar with a particle size lower than 0.15 mm, labeled as M-RSBgp.
The prepared biochar was sealed and stored in a dryer for standby. The specific preparation
process was shown in Figure 1.
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Figure 1. Preparation and modification process of RSB.

2.3. Experimental Scheme

Take several 250 mL conical flasks and measure 100 mL of MB solution of certain
concentration and pH using a measuring cylinder, then add a certain amount of RSB and
shake it at a certain temperature with a constant temperature of 150 r/min for a certain
time. In the study of the relationship between the MB adsorption effect and solution pH,
80 mg/L of MB solution was added to the conical flask and the initial pH of the solution
was adjusted using NaOH and HCI with a gradient set in the range of-11. The amount of
RSBgpp and M-RSBggp was 0.3 g/L, and the reaction was ensured at a constant temperature
of 25 °C with an oscillation time of 180 min. In addition, the concentration of MB solution
involved in the reaction was adjusted to 80 mg/L, the initial pH of the solution was 10,
the dosage of RSBggg and M-RSBggg was 0.1-1.0 g/L, the reaction temperature was 25 °C
and the oscillation time was 180 min, so as to investigate the relationship between the MB
removal rate in the RSB/MB system and the dosage of the RSB relationship. The reaction
time also has kind of important effect on the adsorption rate of MB. In examining the
relationship between the MB adsorption effect and reaction time, MB at a concentration of
80 mg/L was added to a conical flask, and the pH of the solution was mediated using HCI
and NaOH to make pH = 10. Immediately afterwards, 0.5 g/L of RSBgg and 0.3 g/L of
M-RSBggp were put into the conical flasks, and the reaction temperature was kept constant
at 25 °C and shaken continuously for 5-180 min. The initial concentration of the pollutant
and the temperature of the reaction affect the adsorption process of MB and therefore have
an important influence on the adsorption effect. Therefore, in studying the relationship
between them, a series of MB concentrations put into the conical flask reaction were set in
the range of 70-150 mg/L, the pH of the solution was adjusted to 10 using HCl and NaOH,
0.5 g/L of RSBggp and 0.3 g/L of M-RSBgyy were added, respectively, and the reaction
temperature was maintained at 2545 °C with an oscillation time of 180 min.

After the oscillation, the supernatant was centrifuged to detect the mass concentration
of the remaining MB. According to the adsorption amount data under different adsorption
times, the kinetic analysis was carried out. Thermodynamic and isothermal analyses were
performed in accordance with the data on the quantity of adsorption at various beginning
concentrations, reaction temperatures and times.

In the regeneration experiment, RSBggg and M-RSBgg saturated with adsorbed MB
were added to 100 mL ethanol solution and oscillated at a constant temperature of 25 °C
and 150 r/min for 60 min. After that, they were rinsed with deionized water. Repeat the
operation 3 times. After the filtered filter residue was dried, the removal rate of MB by
RSBggp and M-RSBg after desorption was determined. Repeat the above operation 6 times
to evaluate the regeneration performance of RSBggp and M-RSBg.
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2.4. Analysis Method

RSB’s ash content was measured using a muffle furnace (SG-XL1200, Institute of Optics
and Fine Mechanics, Shanghai, China). The contents of C, H, N and O in RSB were analyzed
by an element analyzer (VARIO EL cube, Elementar, Hunau, Germany). Determine the
specific surface area, total pore volume and mean pore diameter of RSB using a specific
surface area analyzer (NOVA 4000e, Quantachrome, Florida, USA). Meanwhile, the surface
morphology of RSBs (SEM analysis) was observed using a field emission scanning electron
microscope (Gemini 300, ZEISS, Germany). The point of zero charge (pHp,c) was measured
by a potentiometer (Zetasizer ZEN3600, Malvern Instruments, UK). FTIR can play an
important role in detecting the changes of functional groups on the RSB surface before
and after adsorption, mainly using a Fourier-infrared spectrometer (Nicolet 670, Thermo
Fisher, USA). The mass concentration of MB in the inlet and outlet water was detected
by a visible light spectrophotometer (7225, Jingke Industrial Co., Ltd., Shanghai), and the
maximum absorption wavelength was 665 nm. All experiments were performed three
times in parallel in this study, and the average values were taken to calculate the removal
rate 77 (%) and the adsorption amount q; (mg/g) of MB by RSB. The calculation formulas of
1 and q; were shown in Equations (1) and (2), respectively.

_ G -G 0

= e 100% 1)
(G —-C)V

= -—"—" ()

where Cy and C; represent the mass concentration of MB in solution (mg/L), respectively,
with 0 denoting the initial concentration and ¢ denoting the concentration of MB at time ¢;
V represents the volume of MB solution (mL), and m represents the amount of RSBggo and
M—RSBéoo (g)

3. Results and Discussion
3.1. Structural Characteristics of RSB

Table 2 displays the primary physical and chemical characteristics of RSBgpy and
M-RSBgq. In terms of the ash content, the ash content of M-RSB¢yy was 16.67% lower than
that of RSBgqp. In terms of elemental composition, both kinds of biochar contained C, H,
O and N, of which C was the most abundant. M-RSBg(, had a lower concentration of C
and H than RSBggy but a higher proportion of O and N. Biochar can be evaluated for its
aromaticity, hydrophilicity and polarity using the H/C, O/C and (O+N)/C atomic ratios,
respectively. The aromaticity of biochar decreases as the H/C atomic ratio increases. As
the O/C and (O+N)/C atomic ratios increased, so did the hydrophilicity and polarity,
respectively [29]. Table 2 shows that M-RSBgyy had lower H/C and greater O/C and
(O+N)/C atomic ratios compared to RSB, indicating that the RSB that had been modified
by NaOH had stronger aromaticity and increased hydrophilicity and polarity. The oxidation
of some functional groups on the surface of biochar and the rise in the proportion of
oxygen-containing functional groups were both factors in the high O/C (O+N)/C atomic
ratio [30]. Additionally, RSBgoy and M-RSBgpy had H/C and O/C atomic ratios that were
lower than 0.1 and 0.3, respectively, demonstrating that both types of biochar have great
biological stability [31]. The findings of the BET study showed that, in comparison to RSBgy,
M-RSBgg’s surface area and total pore volume rose by 93.94% and 81.55%, respectively,
whereas its average pore diameter dropped by 73.04%. According to the N; adsorption—
desorption isotherm and pore size distribution curve shown in Figure 2, when P/P, was less
than 0.1, the N, adsorption capacity of RSBgyy and M-RSBgq increased rapidly, indicating
that there were abundant micropores. When P/P; was less than 0.9, the N, adsorption
curve showed a slow upward trend. When P/P, was greater than 0.4, there was an obvious
hysteresis loop, which indicated that there was a certain amount of mesoporous structure
in the biochar. When P/P, was greater than 0.9, the adsorption curve still had a certain
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growth trend, indicating that there were also some macropores in RSBgpp and M-RSBgqp.
RSBggp had a large number of mesopores, mostly concentrated in the range of 2-5 nm.
Compared with RSBgpp, M-RSBggp had more micropores, which were mostly concentrated
in the range of 1-2 nm. A similar phenomenon also appeared in the study of Shin et al. [32].
Alkali modification of biochar made from used coffee grounds with NaOH led to an
increase in surface area and total pore volume, while the average pore width decreased
from 5.818 nm to 3.113 nm. Novera et al. [33] modified the betel nut shells with NaOH, and
found that its specific surface area and total pore volume increased compared with those
before modification, but different from this study, its average pore diameter increased from
4.97 nm to 6.92 nm. Different pore development results after modification may be related
to different adsorbent raw materials and modification conditions, but it can be seen that
NaOH modification can obviously improve the surface structure of adsorbents.

Table 2. The physicochemical properties of RSBggg and M-RSBgg.

Analysis Item Index RSBggo M-RSBgqo
Ash (%) 14.239 11.865
C (%) 66.417 63.674
Quality composition H (%) 2.554 1.821
O (%) 9.731 12.823
N (%) 1.428 2.956
H/C 0.038 0.029
Atomic ratio o/C 0.147 0.201
(O+N)/C 0.168 0.248
Specific surface area (m?2/ g) 61.597 119.462
BET Total pore volume (cm3/g) 0.168 0.305
Average pore diameter (nm) 7.162 4.139
250 300 S
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Figure 2. N, adsorption—desorption isotherm and pore size distribution curve of RSBgq (a) and
M-RSBg (b).

According to the SEM analysis results of RSBggg and M-RSBggp shown in Figure 3, both
two kinds of biochar had rich pore structures, which was caused by the decomposition or
precipitation of water, organic matter and other volatile components in the straw biomass
during the pyrolysis process [34]. The difference was that the surface of M-RSBgpy showed
a more lamellar structure, rougher compared to RSBggg, some areas collapsed and the pores
were more abundant and compact. Before the RSB was modified, some micropores were
blocked by impurities that were difficult to clean with water. As a result of the insoluble
materials being dissolved by NaOH during the modification process, the blocked pores
were unblocked, and the oxygenic groups were revealed. The increase of oxygenic groups
in the structure of biochar increased the hydrophilicity on the one hand and improved
the ion exchange capacity on the other [35]. The modification process also allowed for
the removal of some ash. By NaOH etching, the pores on the surface of RSB were also
made more open and numerous. Due to this, M-RSBgyy had better adsorption potential
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than RSBggy due to its greater specific surface area, total pore volume and lower average
pore width.

Figure 3. Scanning electron microscope of RSBg (a) and M-RSBgq (b).

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

Figure 4 shows the variation of the adsorption effect of RSB on MB in the reaction
system with different pH values. From the data in Figure 4, it can be judged that the
removal rate and adsorption amount of MB by two types of biochar (RSBggg and M-RSBgq)
varied with pH—specifically, the removal effect of MB by RSBgny and M-RSBg( increased
with the increase of pH. M-RSBggy demonstrated a better adsorption effect under the same
pH conditions. When the pH was set to 10, the adsorption capacity and removal rate
of MB by M-RSBg¢y were 182.53 mg/g and 95.80%, respectively, which was 39.96% and
27.35% greater than RSBgg. The removal impact of RSBgpy and M-RSBgg for MB was not
significantly increased when the pH was continuously raised to 11; hence, the ideal starting
pH value of the solution was decided to be 10 in the subsequent studies.

400 100
480
300
5 60 -
D S
£ 200 <
o H 40
100
H 20
0 =0

4 5 6 7

Initial pH

8 9 10 1

Figure 4. The adsorption performances under different initial pH.

This can be accounted for by the impact that the initially pH of the liquid has on the
charged state of the biochar surface and the morphology of the adsorbate present. In the
acidic solution, the highly protonated functional groups of RSB reduced the negatively
charged active sites of RSB, which led to the weakened electrostatic attraction between RSB
and the cationic form of MB in solution and inhibited the adsorption of MB. At the same
time, the more H* in the solution with low pH value, the stronger the ability to compete
with MB for the effective active sites involved in adsorption on RSB, which further caused a
decline in the adsorption capacity of MB. The adsorption capacities of RSBgny and M-RSBgqy
for MB were, respectively, 123.66 mg/g and 74.20 mg/g lower at pH value 2 than at pH
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value 10. On the contrary, the positive charge density on the RSB surface decreased due to
deprotonation at larger pH values, thus enhancing the electrostatic attraction to MB and
promoting MB to be removed by approaching the surface of RSB. Therefore, the adsorption
of MB by RSB can be maximized under alkaline conditions [36]. Novera et al. [33] used
sodium hydroxide modified betel nut shells to adsorb MB from water at pH 2 to 12, the
amount of MB adsorbed was lowest at pH 2 and the amount of adsorbed significantly
improved with the rising of pH. However, with the gradual increase of the initial pH of the
reaction solution, the adsorption effect was significantly improved. Huang et al. [37] also
found that an alkaline environment was more favorable to boost the adsorption capacity of
biochar when using biochar from sheep, rabbit and pig manure to remove MB from water.
In addition, M-RSBggg had stronger adaptability to pH changes and can still maintain a
high MB adsorption effect under acidic conditions. Salah et al. [38] prepared biochar using
industrial sludge as a carbon source under pyrolysis conditions at 750 °C and then applied
it for adsorption of dye cations from aqueous solutions. Their experimental viewpoint
concurred that the alkaline modified biochar had a more suitable zero point charge and
also concluded that the sludge-based biochar activated by KOH had a superior ability to
adapt to the initial pH of the solution during the reaction.

Zeta potential analysis results of RSBggg and M-RSBgg are shown in Figure 5. It can
be seen that the pHp,c of RSBggg and M-RSBggy were 2.78 and 2.17, respectively. When the
pH value of the solution was higher than the respective pHp,, the surface of the biochar
was negatively charged, and the number of negative charges increased with the increase of
pH, which was conducive to the adsorption of cationic MB with opposite charges in the
solution. Therefore, electrostatic attraction had a great contribution to the adsorption of
MB by RSBgny and MRSBggo. The pHp,c value of RSBggy was higher than that of M-RSBg,
which indicated that the amount of negative charge on the surface of RSB can be increased
by NaOH modification at a lower pH, and the adsorption capacity of MB in solution was
also stronger.

20

578 —o— RSB,

10

Zeta potential (mV)

1 2 3 4 5 6 7 8 9 10 11 12
pH

Figure 5. Zeta potential at different pH values.

3.2.2. Effect of RSB Dosage

Figure 6 depicts the MB adsorption effect at various RSB dosages. It is evident that as
RSB dosage was increased, MB elimination first increased and then tended to be gentle. This
is because the higher the dosage of RSB, the more active adsorption sites available for MB
were provided, so the removal rate also increased, and it did not increase significantly until
the content of MB that can be adsorbed in water dropped to a lower level [39]. However,
the amount of MB adsorbed by RSB, and the removal rate of MB showed the opposite
change law. When the dosage of RSBgpy and M-RSBg reached 1.0 g/L, although the MB
removal rate was 100%, the quantity of MB adsorbed was only 80 mg/g, which indicated
that the high dose of RSB would result in too many adsorption sites on the biochar, which
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would drastically impair the adsorption capacity of the unit mass of RSB to MB when the
MB content in the water was limited [40].

400 R 100

1 (%)

RSB dosage (g/L)

Figure 6. The adsorption performance under different RSB dosages.

Therefore, the optimum dosage levels of RSBgyy and M-RSBgyy were determined to
be 0.5 and 0.3 g/L. Under the optimum dosage level, the MB removal rate increased by
70.11% and 48.54% compared to that of RSBggg and M-RSBg at 0.1 g/L, and the adsorption
capacity increased by 0.9 and 2 times compared to that of RSBggg and M-RSBggg at 1.0 g/L,
respectively. the adsorption capacity increased by 0.9 times and 2.2 times compared with
RSBggp and M-RSBg at 1.0 g/L, respectively. These RSB dosages can not only achieve good
MB removal effect but also will not cause waste of biochar resources. It is worth noting
that, under the same biochar dosage, the adsorption effect of M-RSBg9 on MB was better
than that of RSBgg. The study found that the M-RSBgp dose with 100% MB clearance
was 0.8 g/L. It can be seen that the alkali modification made RSB have a better surface
structure, which can provide more active adsorption sites for MB and realize the more
efficient removal of MB with less biochar dosage.

3.2.3. Effect of Contact Time

Figure 7 depicts the relationship between different reaction times on the adsorption
effect in the RSB/MB reaction system. In the RSBggo/MB and M-RSBgpo/MB reaction
systems, the adsorption and removal rates of MB by both biochar were proportional to
the duration of the reaction within 60 min after the onset of the reaction. During the
initial period of adsorption time, the RSB was able to adsorb a high amount of MB quickly;
this is mainly due to the presence of a significant amounts of reactive spots helping to
adsorb pollutants on the RSB surface [41]. When the reaction time between RSB and MB
reached 60 min, the removal rates of MB by RSBggg and M-RSBgyy were 93.09% and 93.86%,
respectively, and the adsorption amounts were 148.94 mg/g and 250.30 mg/g. After the
reaction time between RSB and MB reached a certain time, the concentration of remaining
MB in water decreased, and most of the adsorption sites of RSB were occupied, resulting in
no significant improvement in the removal of MB by RSB [42]. Therefore, the adsorption
equilibrium time of RSBgg and M-RSBgg for MB was about 60 min.
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Figure 7. The adsorption performance under different contact times.

Although the removal rates of MB by the two RSBs were very close, the adsorption
rates were significantly different. Within 60 min after the start of the adsorption reaction, it
was observed that the adsorption rate of 7.54 mg/(g-min) for MB was significantly higher
for M-RSBggg than RSBggg during the first 30 min, which was about 1.7 times higher than
that of RSB. The adsorption rate of M-RSBggo for MB was 4.17 mg/(g-min) in the last 30 min,
which was still 68.05% higher than that of RSB, although it decreased. It can be seen that
when alkali-modified RSB was used to treat MB, it can not only save the material cost by
reducing the dosage but also save the time cost by increasing the adsorption rate, so that
the adsorption performance of RSB can be brought into full play and has good application
value and potential in practice.

3.2.4. Effect of Initial Concentration of MB

The correlation between the initial concentration of MB and the adsorption efficiency
of RSB is illustrated in Figure 8. In this experiment, 70, 80, 90, 100, 120 and 150 mg/L
were taken as the starting mass concentration of MB solution to test the adsorption abil-
ity and removal rate of MB by RSBgyy and M-RSBggg. As shown in Figure 6, the initial
concentration of MB had a very obvious effect on RSB adsorption. The clearance rate
of MB in water exceeded 95% when the starting concentration of MB was lower than
80 mg/L. The clearance rate of MB rapidly reduced with the rise of the initial concentration
of MB when it was above 80 mg/L. The removal rates of MB by RSBgpy and M-RSBg
were only 59.97% and 60.37% when the starting concentration of MB reached 150 mg/L,
respectively. The effluent contained high concentration of residual MB, which could not
meet the discharge requirements.

In the comparative of the capacity of MB adsorption, M-RSBggy presented a more
outstanding result. When the starting density of MB involved in the reaction was changed
from 70 mg/L to 150 mg/L, the adsorption ability of RSBggg improved by 41.92 mg/g, while
that of M-RSBgp improved by 70.47 mg/g. Since biochar had a comparatively significant
adsorption capacity and can more fully adsorb MB when the initial concentration of MB
was low, the removal rate was high. When the initial concentration of MB increased, the
biochar was getting close to reaching adsorption saturation. This increased the difference
in MB concentration between the liquid and the solid, which increased the driving force for
MB migration to the RSB, and the adsorption reaction was more complete. Consequently,
MB adsorbed by RSB increased per unit mass [43]. Since the adsorption point of RSB was
limited under the fixed dosage, the rate of increase in adsorption capacity would gradually
slow down after reaching adsorption equilibrium. Due to this, the best adsorption effect
was achieved when the starting concentration of MB was 80 mg/L without determining the
optimal RSB dosage, which considered both the removal rate and the adsorption amount.
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Figure 8. The adsorption performance under different initial MB concentrations.

3.3. Adsorption Kinetics

The quasi-first-order kinetic model, quasi-second-order kinetic model, intraparticle
diffusion model and Elovich model [44] are used to fit the adsorption capacity data of
RSBgpp and M-RSBgnp on MB under different contact times in order to analyze the adsorption
kinetic characteristics of MB onto RSB in water. The fitting results are shown in Figure 9.

In(ge — q¢) = Ing, — kqt (3)
t t 1
I 4
q e kogq? @
g = kat®> + A (5)
qt:k4h’1f+B (6)

where gq; and ge, respectively, represents MB adsorption amount at time ¢ (min) and ad-
sorption equilibrium time (mg/g); k1, ky, k3 and k4 are the rate constants corresponding
to the above kinetic models, and the units are min~!, g/(mg-min), mg/(g-min®°) and
mg/(g-min), respectively; A and B are the correlation constants.

The fitting parameters for the four adsorption kinetic models discussed previously
are shown in Table 3. When the quasi-second-order kinetic model was used to fit the
adsorption experimental data, the determination coefficient R? of RSBggy and M-RSBgg
were 0.984 and 0.992, respectively, which were higher than other models. In addition, the
theoretical ge of RSBggg and M-RSBggo for MB was close to the measured ge (152.32 mg/g
and 255.77 mg/g), and the relative errors were only 6.42% and 4.96%, respectively, which
indicated that the two RSBs” adsorption behavior for MB was more consistent with the
quasi-second-order kinetic model, and chemical reaction primarily governed the adsorption
process. The M-theoretical RSBggy’s equilibrium adsorption capacity for MB was 65.6%
more than RSBggg’s. According to the research of Zhang et al. [45], the adsorption behavior
of Cu(Il) on cow manure biochar can be described by a quasi-second-order kinetic model,
and the adsorption process was governed by surface complexation and coprecipitation. It
was also discovered that the adsorption process followed the quasi-second-order kinetic
model in a study by Hoslett et al. [46] on the removal of MB from water by biochar prepared
by pyrolysis of mixed municipal solid waste. Its determination coefficient R?> was higher
than the quasi-first-order and intraparticle diffusion model. According to the quasi-second-
order kinetic model, chemical adsorption was the key rate-limiting step, but liquid film
diffusion, surface adsorption and particle diffusion might also have an impact on the
adsorption process.
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Figure 9. Adsorption kinetics fitting of RSBgyy and M-RSBgg for MB: (a) quasi-first-order kinetic
model, (b) quasi-second-order kinetic model, (c) intraparticle diffusion model and (d) Elovich model.

Table 3. Adsorption kinetics fitting parameters of RSBggy and M-RSBggg for MB.

Analysis Item Index RSBggo M-RSBgqo
de (ng/g) 147.88 247.04
Quasi-first-order ki (min—1) 0.10 0.11
R? 0.9698 0.9449
Je (Mg/g) 162.11 268.46
Quasi-second-order ko [g/(mg-min)] 8.51 6.21
R? 0.984 0.992
A 82.47 149.57
Intraparticle diffusion k3 [mg/(g-min®%)] 6.51 9.88
R? 0.622 0.642
B 39.98 85.87
Elovich k4 [mg/(g-min)] 24.22 36.55
R? 0.855 0.869

The MB adsorption quantity data was fitted in stages using the intraparticle diffusion
model to further explore the rate-limiting step of clearance for MB in aqueous environment
by RSBggp and M-RSBggg. Figure 10 displays the results of the more precise fitting.

Table 4 displays the fitting parameters for each stage. As can be seen, there are three

primary steps to the adsorption process of RSB for MB: exterior diffusion (stage I, lasting
0-30 min), internal diffusion (stage II, lasting 30—60 min) and adsorption reaction (stage III,
lasting 60-180 min) [47]. In stage I, the MB content in the reaction system was high, the
adsorption spots on the RSB were abundant and the MB diffused rapidly to the RSB surface
through the liquid phase boundary membrane, which was a short and fast adsorption
stage. This stage took a short time, and the adsorption was fast. In stage II, MB diffused to
the internal pores of RSB under the external mass transfer driving force. Compared with
the first stage, the adsorption rate constant k3 decreased significantly, and the adsorption
rate started to slow down. Stage IlI saw a further prolongation of the reaction time that
resulted in a low concentration of leftover MB in the solution and a progressive decrease
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in the number of remaining adsorption sites on the RSB. MB started to become attached
to the inner part of RSB, and the attachment gradually became saturated. The adsorption
process can be described in Figure 11. The k3 value of M-RSBgq in stage I and II was
1.47 times and 1.54 times of RSBgqy, respectively, which again confirmed the advantage
of higher adsorption efficiency of RSB after NaOH modification. It was precisely because
it had completed the removal of MB more quickly and efficiently in the first 60 min that
the k3 value of stage III decreased. Additionally, the fitting line in phases I-III had an
A value greater than 0 and did not cross the coordinate axis origin, which indicated that the
diffusion within the particles was not the only velocity-limiting cause for RSB adsorption
to remove MB in water. The adsorption of MB by RSBggg and M-RSBgg was also affected
by other processes such as liquid membrane diffusion and adsorption reaction [48].

300
250 v/v/v V‘_‘V_“’—"
200 -
%
g 1s50f ot S
= 5 m
100 F B
sol ® RSB,
I ¥ M-RSB,,
0 1 1 1 1
0 3 6 9 12 15

£ (min)
Figure 10. Staged fitting of intraparticle diffusion.

Table 4. Staged fitting parameters of the intraparticle diffusion model.

Stage Parameter RSBggo M-RSBgqo

Ay 17.30 55.12

I k31 [mg/(g-min®®)] 22.18 32.54
R? 0.902 0.909
Ay 86.92 154.02

I k3p [mg/(g-min®)] 8.01 12.33
R? 0.999 0.959
Az 144.12 248.52

111 ka3 [mg/(g-min®)] 0.62 0.53
R? 0.976 0.984

.,_.:':./MB
SN RN PR

“ reaction
RSB -
Figure 11. Adsorption process of MB onto RSB.

3.4. Adsorption Isotherm

The Langmuir, Freundlich and Temkin models [49], as illustrated in Formulas (7)—(9),
were used to fit the adsorption experimental data under various initial MB concentrations
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and reaction temperatures in order to examine the adsorption equilibrium connection
between RSB and MB. Figure 12 displays the results of the fitting.

_ gmKr Ce
e=11K.C. @)
1
ge = KpC¢' (8)
ge = Kt InC,+C 9)

where g, and gy, respectively, represent the equilibrium adsorption capacity and theoretical
maximum adsorption capacity of MB (mg/g), C, is the mass concentration of MB at the
adsorption equilibrium (mg/L), K} represents the adsorption equilibrium constant of the
Langmuir model (L/mg), Kr ((mgl’l/ n.p/myy g) and n represent the correlation constants
of the Freundlich model, Kt (L/g) represents the equilibrium binding constant of the
Temkin model and C represents the coefficient related to the adsorption heat.
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Figure 12. Isothermal adsorption fitting of RSBgq (a) and M-RSBgq (b) for MB.

Table 5 reflects the fitting parameters of the above three adsorption isotherm models. It
is evident that, as the initial mass concentration of MB and reaction temperature increased,
so did the amount of MB adsorb by RSB. The determination coefficients R? obtained by
fitting with Langmuir model were all lower than 0.8, indicating that this model was not
appropriate for representing the MB’s non-monolayer adsorption behavior on RSB [50].
The determination coefficients R? fitted by the Freundlich and Temkin models were more
than 0.95, indicating that the adsorption behavior was more suitable to be described by
these two models. The Freundlich model reflected that the adsorption process of MB by
RSBggg and M-RSBggg belonged to multilayer adsorption on a nonuniform surface [51].
According to the Temkin model, the reaction between MB and RSB brought about a linear
decline in the adsorption heat of molecules under the same layer [52]. In the study of
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adsorption of microcystin-LR by iron-activated biochar, Zeng et al. found that not only the
Freundlich model but also the Temkin model can better fit the experimental data, indicating
that temperature had a significant role in heat exchange on adsorption process’s [53]. This
result was consistent with the conclusion of this study.

Table 5. Isothermal adsorption fitting parameters of RSBggy and M-RSBgo for MB.

RSBgoo M-RSBgg
Model Parameter
298K 308K 318K 298K 308K 318K
gm (mg/g) 172.36 175.22 182.06 287.20 296.15 302.21
Langmuir Ky (L/mg) 3.45 8.17 7.54 6.33 9.29 24.94
R? 0.779 0.664 0.676 0.714 0.774 0.684
1/n 0.064 0.060 0.068 0.058 0.054 0.051
Freundlich Kr
[(mgl_l/“-Ll /n)/g] 138.40 145.53 148.40 238.26 250.01 261.66
R2 0.995 0.975 0.990 0.991 0.965 0.958
C 137.63 145.63 148.57 238.03 250.37 263.09
Temkin Kr (L/g) 10.18 9.56 11.24 15.21 14.63 13.90
R? 0.995 0.971 0.987 0.987 0.964 0.954

In addition, when the Freundlich model constant 1/#n value was less than 1, the
adsorption process was prone to occur [54]. Meanwhile, the higher the Ky value, the better
the adsorption performance of biochar [55]. In this study, the 1/n value was less than
0.1, indicating that the adsorption of RSBggg and M-RSBgyy for MB was successful, and
even at low MB concentrations, a substantial adsorption efficiency could be achieved. The
KF value increased as the reaction temperature rose, indicating that higher temperatures
were favorable for better RSB adsorption efficacy. This is due to the following reasons:
(1) with the boost of temperature, the Brownian motion of MB rose significantly, which
meant that MB was easier to enter the inner pores of RSB; (2) high temperatures accelerated
the pace at which MB exchanged with other cations and (3) oxygen-containing functional
groups were activated by high temperature, which encouraged the creation of diverse
chemical bonds. When utilizing NaOH-modified cactus biochar to adsorb contaminants
from water, Choudhary et al. [56] discovered comparable outcomes. Again, demonstrating
that NaOH modification can successfully improve RSB adsorption performance, the Kr
value of M-RSBggg ranged from 238.26 to 261.66, which was 1.72 to 1.76 times that of RSBgy.
This was closely related to the increased specific surface area and richer pore structure of
RSB after alkali modification, which were both increased.

3.5. Adsorption Thermodynamics

For a better understanding of the thermodynamic properties of MB adsorption on two
types of biochar, we fitted the experimental data of MB adsorption reactions obtained for
RSBggp and M-RSBg at reaction temperatures of 298, 308 and 318 K with the following
equations [57]. Figure 13 and Table 6 display the findings.

AG = —RTInK, (10)

AG = AH — TAS (11)

where AG and AH, respectively, represent the Gibbs free energy change and enthalpy
change (kJ/mol), AS represents entropy change (kJ/(mol-K)), R represents the gas constant
(8.314 ]/ (mol-K)), T represents Kelvin temperature (K) and K. represents the thermody-
namic equilibrium constant. The value of K, is calculated by 4./C..



Water 2022, 14, 3761

16 of 23

-8
A
10 \‘A“ - RSBnoo
=) o BN
&
=2 12+
)
< ~o
d-.
14 _ MRSB,,
9
-16 1 1 1 1
295 300 305 310 315 320
T (K)

Figure 13. Adsorption thermodynamic fitting of RSBgg and M-RSBggg for MB.

Table 6. Adsorption thermodynamic parameters of RSBggg and M-RSBgg for MB.

AG (kJ/mol) AH AS N
Adsorbent = osx 308K 318K (/moD)  (/mol K K
RSB600 ~9.072 ~9.947 ~11.080 20.890 0.100 0.989
M-RSB600 ~ —10.793 ~ —13551  —15.651 61.466 0.243 0.988

Table 6 shows that the AG value was negative, demonstrating the spontaneous nature
of the RSB’s adsorption behavior for MB. The modified RSB had a stronger adsorption
spontaneity and higher adsorption efficiency for MB, as evidenced by the fact that the AG
value of M-RSBg(p was higher than that of RSBgq at the same reaction temperature [58].
The AH readings were all positive, indicating an endothermic process for the adsorption
of MB onto RSB. Increasing the reaction temperature can facilitate the adsorption. It is
commonly accepted that the adsorption process is primarily physical adsorption when AH
is less than 20 k] /mol, and the adsorption process is primarily chemical adsorption when
AH is larger than 20 k] /mol, based on the kind of dominant reaction [59]. In this study,
the AH values of RSBgpg and M-RSBggg were higher than 20 kJ/mol, so their adsorption
processes for MB were both dominated by chemical adsorption. Moreover, the AH value
of M-RSBggp was much higher than that of RSBgg, which indicated that, in the process of
eliminating MB by M-RSBg(, the chemical adsorption predominated over RSBggg, which
also became an important reason for the improvement of the adsorption performance of
NaOH modified RSB. Additionally, the AS values were all positive, indicating that the
process of MB adsorption by RSBgpg and M-RSBgyg was primarily driven by entropy and
that the degree of chaos at the interface between the solid phase and the liquid phase
increased throughout the adsorption process [60].

3.6. FTIR Comparison before and after Adsorption

The functional group structures on the surfaces of RSBgg9 and M-RSBggg before and
after adsorption were examined in order to learn more about the adsorption mechanism of
RSBgpp and M-RSBggg for MB. The results are shown in Figure 14.

From Figure 14, it is evident that before MB adsorption, both RSBgyy and M-RSBgg,
contained rich functional groups, including -OH, C-H, C=C, C=0, C-C, Si-O-5i, etc.,
which created a good foundation for their adsorption of MB [61,62]. After MB adsorption,
the -OH stretching vibration peak of RSBy moved from 3435 cm ! to 3439 cm !, while
the -OH stretching vibration peak of M-RSBgpp moved from 3440 cm ™! to 3435 cm™~!. This
indicated that -OH on RSB may form a hydrogen bond with the aromatic ring on MB,
thus changing the position of its stretching vibration peak [63]. The position of the C-H
stretching vibration peak of RSBggg did not change, while the C-H stretching vibration
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peak of M-RSBggp moved from 2856 and 2924 cm ! to 2858 and 2926 cm !, respectively,
indicating that the adsorption process of M-RSBgny was involved by these functional groups
and played a crucial role in the process. The positions of C=C and C=0 stretching vibration
peaks of RSBggp did not change, while the C=C and C=0 stretching vibration peaks of
M-RSBgpp moved from 1633 cm ! to 1632 cm !, which indicated that there may be a -
bond between the aromatic ring structure of M-RSBggy and MB [64,65]. The C—C stretching
vibration peak of RSBgyy moved from 1398 cm ™! to 1396 cm ™!, while the C-C stretching
vibration peak of M-RSBgp9 moved from 1400 em ! to 1396 cm ™!, The Si-O-Si-bending
vibration peak of RSBgpy moved from 1111 cm ! to 1117 em !, while the Si-O-Si-bending
vibration peak of M-RSBgyy moved from 1095 cm~! to 1097 cm~!. The C-H-bending
vibration peak position of RSBgq did not change, while the C-H-bending vibration peak of
M-RSBggy moved from 725 cm ™! to 721 cm L. It can be seen that C—C, Si-O-Si and C-H all
participated in the adsorption process of MB onto M-RSBgg and played important roles
in the adsorption process. In addition, MB existing in the form of a cation in water may
also have an ion exchange interaction with trace exchangeable cations (such as Ca?*, Mg?",
K*, Na*, etc.) on RSB, which would also contribute to the improvement of the adsorption
capacity [66]. However, the functional group distribution of RSBggp was not as rich as
that of M-RSBgqg, and some functional groups did not participate in the reaction during
the adsorption process, so its adsorption performance was poor compared with that of
M-RSBggo, which also confirmed the previous inference.
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Figure 14. FTIR spectra of RSBg (a) and M-RSBgqq (b) before and after MB adsorption.

As shown in Figure 15, the adsorption mechanism of RSB for MB in aqueous solution
mainly involved electrostatic attraction, a hydrogen bond, a =t bond and ion exchange.
Multiple research projects have indicated that the removal of pollutants from water by
biochar was a complex process. Gao et al. [67] prepared cotton straw biochar at the
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temperature of 250-650 °C to adsorb lead ions in water. It was found that the adsorption
process involved six mechanisms, of which the most important adsorption mechanisms
were precipitation, ion exchange, Pb?* 7 interaction and complexation. Sahu et al. [68] used
KOH modified litchi seed biochar to remove MB from water and confirmed that the primary
adsorption processes were electrostatic interaction, - interaction and hydrogen bond
interactions. The intricate and distinct structural qualities of biochar provided favorable
circumstances for the substance’s adsorption of contaminants in water, and at the same time,
a complex adsorption mechanism was formed, and the adsorption mechanism was different
due to the different raw materials, preparation and modification conditions, adsorption
conditions and types of target pollutants of biochar. The preparation and modification of
RSB not only provided an alternative way for the reuse of waste rape straw but also opened
up a new method for the removal of MB in water.

Figure 15. Adsorption mechanism of RSB for MB.

3.7. Analysis of Regeneration Effect

Figure 16 shows the change of MB removal rate by RSBggy and M-RSBgg under
different recycling times. With the increase of recycling times, the MB removal rate showed
a downward trend. After six cycles, the removal rate of MB by M-RSBg decreased to
81.45%. Although the removal rate of MB decreased, it still remained above 80%, indicating
that the reusability of M-RSBgog was good. The removal rate of MB by RSB decreased to
70.58%, indicating that the reusability of unmodified RSB was relatively poor. In practical
application, M-RSBggg could effectively remove MB and could be reused for many times
after regeneration, which was of better environmental and economic benefits.

Table 7 lists the adsorption capacity of several different types of biochar to MB. It
can be seen that the adsorption capacity of the biochar prepared under the conditions
of different biomass raw materials, pyrolysis temperatures and modifiers was different.
RSBgp in this study showed good MB adsorption performance without modification. The
M-RSBg obtained after NaOH modification had a better MB adsorption performance than
RSBggo, showing greater application potential. The preparation and modification of RSB
not only provided an alternative way for the reuse of waste rape straw but also opened up
a new method for the removal of MB in water.
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Figure 16. Desorption and regeneration effects of RSBgpp and M-RSBgy.
Table 7. Comparison of MB adsorption capacity by different types of biochar.
Type of Biochar Pyrolysis '}"emperature Modifying Agent Adsorption Capacity References
O (mg/g)
Rice husk — Zn/Al LDH 15.585 [18]
Sawdust 800 None 123.3 [20]
Cassava peel 300 SDBS 4.6916 [21]
Cotton residue 550 NaOH 23.82 [22]
Lychee seed 700 KOH 124.53 [68]
Tea residue 700 KOH + FeCl3 394.3 [69]
Tea residue 700 NaOH 105.44 [70]
Sewage sludge 600 None 51.1 [71]
RSBgo 600 None 148.94 Present study
M-RSBggo 600 NaOH 250.30 Present study

4. Conclusions

This study explored the adsorption properties of rape straw biochar (RSBgpp) and
NaOH modified rape straw biochar (M-RSBggo) for MB in water. The characterization
results of physical and chemical properties revealed that M-RSBggy had greater aromaticity,
higher hydrophilicity and polarity, as well as a larger specific surface area and total pore
volume. The pores were also more numerous and tightly organized. The surface structure
of RSB was obviously improved by alkali modification. The analysis results of adsorption
influencing factors showed that the optimal initial pH of solution for the adsorption of MB
by RSBggp and M-RSBggp was 10, and the alkaline environment was more favorable for the
improvement of the adsorption effect. Under the same operating conditions, the dosage
of M-RSBg required to achieve a similar MB effect was significantly lower than that of
RSBggo. The adsorption equilibrium time was about 60 min. The initial MB concentration
can be appropriately increased to boost the absorptivity of RSBgyy and M-RSBggy for MB.

The adsorption kinetics of MB on RSBgg9 and M-RSBgy were better explained by the
quasi-second-order kinetic model, according to the finds of the kinetic study. External
diffusion, internal diffusion and adsorption reaction made up the three steps of the adsorp-
tion process. These three phases had an impact on the adsorption rate. The isothermal
adsorption investigation showed that the Temkin and Freundlich models can accurately
reproduce the experimental results. The adsorption was mainly multilayer adsorption, and
the temperature had an important effect on the adsorption heat. The findings of the ther-
modynamic study demonstrated that the adsorption of MB by RSBg9 and M-RSBgny was
an entropy-driven, spontaneous process and that the temperature rise was advantageous
for enhancing the adsorption effect. M-RSBgnp had more surface functional groups than
RSBgqo, according to the comparison results from FTIR, and more functional groups were



Water 2022, 14, 3761 20 of 23

involved in the adsorption reaction. Adsorption was a complicated process, and the ion
exchange, hydrogen bond, m— bond and electrostatic attraction were all key components of
the mechanism. Compared with RSBgny, M-RSBggg had a better regeneration performance.
It can effectively solve the pollution problem of MB and waste rape straw and produce
good environmental and economic benefits. The research on the removal of MB by making
rape straw into biochar and alkali-modified biochar can effectively solve the pollution
problem of MB and waste rape straw at the same time, resulting in good environmental
and economic benefits.
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