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Abstract: Adsorbent made by carbonization of biomass under oxygen-limited conditions has become
a promising material for wastewater treatment owing to its cost-effective, simple, and eco-friendly
processing method. Ultrasound is considered a green technique to modify carbon materials because
it uses water as the solvent. In this study, a comparison of Reactive Black 5 (RB5) adsorption capacity
between biochar (BC) generated by pyrolysis of water bamboo (Zizania latifolia) husks at 600 °C and
ultrasound-assisted biochar (UBC) produced by pyrolysis at 600 °C assisted by ultrasonic irradiation
was performed. UBC showed a greater reaction rate and reached about 80% removal efficiency
after 4 h, while it took 24 h for BC to reach that level. Scanning electron microscope (SEM) images
indicated that the UBC morphology surface was more porous, with the structure of the combination
of denser mesopores enhancing physiochemical properties of UBC. By Brunauer, Emmett, and Teller
(BET), the specific surface areas of adsorbent materials were analyzed, and the surface areas of BC
and UBC were 56.296 m? /g and 141.213 m?/g, respectively. Moreover, the pore volume of UBC
was 0.039 cm® /g, which was higher than that of BC at 0.013 cm®/g. The adsorption isotherms and
kinetics revealed the better fits of reactions to Langmuir isotherm and pseudo-second-order kinetic
model, indicating the inclination towards monolayer adsorption and chemisorption of RB5 on water
bamboo husk-based UBC.

Keywords: biochar; pyrolysis; ultrasonic cavitation; water bamboo; Reactive Black 5

1. Introduction

Biochar, which is produced by thermal decomposition of carbon-rich biomass wastes
under oxygen-limited conditions (<900 °C), has attracted progressive interest as a greatly
promising and economical material for a number of applications, including soil amend-
ment [1-3], carbon sequestration [4-9], activator and catalyst [10-12], electrode materi-
als [13-16], and wastewater treatment [17-19]. This is attributed to its high carbon content,
stable structure, large area, and porous surface, cation exchange capacity, and eco-friendly
characteristics [20]. Biochar is a potential and low-cost adsorbent for organic and inorganic
contaminants in the environment; however, the removal efficiency is lower than that of
activated carbon [21]. Therefore, biochar has been modified to enhance its physiochemical
properties by physical and chemical approaches [22]. To chemically modulate the prop-
erties of biochar, acid-base, oxidizing agent, and carbonaceous materials, modifications
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have been applied. On the other hand, steam and gas purging are the main methods for
physical modification.

However, these modifications might suffer from high costs, complex processes, po-
tential pollution, and high energy consumption [23,24] The ultrasonic method, a green
technology that requires no additional chemicals and generates no harmful products, has
been recently employed as an efficient method for the activation of biochar due to the
cost-effective, simple, and safe operation [24]. When ultrasound waves propagate in water,
fine bubbles originating from bubble nuclei appear, grow to the resonance size, and then
rapidly collapse. During the bubble collapse, extremely high temperature and pressure of
5000 K and 1000 atm are reached, respectively. Simultaneously, generated shock waves,
shearing stress, and jet flow lead to the physical and chemical effects of ultrasound. At
the hot spots, large particles are split into smaller ones, the material surface is smoothly
cleaned, new pores are created, and the porosity of the surface increases. Consequently,
biochar is structurally modified with a combination of micro and mesoporous surfaces,
promoting the efficiency of technical applications, especially in the adsorption process [25].

Ultrasonic sonication-combined amination has been used to activate pinewood-derived
biochar for CO; capture [20]. Low-frequency ultrasonic irradiation at 30 s led to the phys-
ical activation of biochar owing to the exfoliating surface and dispatching the irregular
graphitic layers of biochar, creating new pores and unclogging blocked micropores. There-
after, the porosity and permeability of biochar were enhanced, leading to more efficient
functionalization and CO, capture. Research on camphor leaves-derived biochar synthe-
sized by ultrasound-assisted alkali activation expressed the larger surface area and pore
volume of biochar because these activations escalated surface cracks. Furthermore, ultra-
sonic irradiation intensified chemical etching of the biochar surface by facilitating mass
transfer of molecules and particles and promoting nucleation, growth, and violent collapse
of cavitation bubbles. Additionally, Pb(II) adsorption experiments were performed, and
the data demonstrated the higher rapid sorption capacity of the sono-modified biochar
as exhibited in the increase of sorption rate from 0.0005 to 0.0208 (40 times) compared to
raw biochar with pyrolysis [23]. In 2019, ultrasonic pretreatment of switchgrass and mis-
canthus biochar in the presence of CO, within a short irradiation time led to a significant
increase of heating value of biochar gasification, which reduced the energy consumption
and processing time of biochar preparation [26].

Because of their peculiar advantages, like bright colors, ease of application, brilliant
shades, and excellent colorfastness, reactive dyes have been increasingly used in the textile
industry, especially Reactive Black 5 (RB5), contributing to 50% of the reactive dyes world-
wide [27,28]. However, discharge of RB5, with poor biodegradability and high solubility,
into the environment threatens the ecosystem and health because RB5 and its intermediates
are highly toxic, causing carcinogenic, mutagenic, and allergic effects. Moreover, they can
also reduce the sunlight penetration into water, which affects aquatic creatures. The elimi-
nation of reactive dyes from wastewater by conventional physicochemical and biological
treatment methods is difficult because of their highly soluble properties [29].

The adsorption process has been found to be one of the superior pathways to treat
RB5 due to its low cost, simplicity, and efficiency [30]. There have been a variety of biomass
successfully applied in the production of biochar for RB5 removal, including walnut [31],
carob [32], and bamboo [27]. Water bamboo (Zizania latifolia) shoot is one of the major
agricultural products in Puli Township, Nantou County, Taiwan; therefore, the water
bamboo husk waste is readily available, free of charge, and is an eco-friendly source to
reuse in the adsorption application [33].

Water bamboo husk is carbon-rich agricultural waste that has the potential to de-
velop biochar for the removal of water pollutants. Additionally, ultrasound is a practical
technique to increase pores and enhance the pollutant removal ability of biochar. In this
study, the outer husks of water bamboo shoots were used to prepare biochar (BC) for RB5
removal by pyrolysis. Simultaneously, ultrasound-assisted biochar (UBC) was produced
by pyrolysis and accompanied by ultrasonic irradiation. This work was aimed at creating a
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new biochar material from water bamboo husks with enhanced physicochemical properties
by low energy-consuming ultrasonic irradiation for RB5 removal in the wastewater. The
equilibrium isotherms and adsorption kinetics were studied to perceive the adsorption
mechanisms of RB5 molecules onto the produced water bamboo-derived UBC.

2. Materials and Methods
2.1. Materials and Analytical Methods

The adsorbate, RB5, was imported from Sigma-Aldrich, MO, USA. The dye solution was
prepared with deionized (DI) water, and 0.1 M HCl or NaOH was used to adjust the pH. The
chemical formula of RB5 (4-amino-5-hydroxy-3,6-bis ((4-((2-sulfooxy)ethyl)sulfonyl)phenyl)azo)-
2,7-naphthalenedisulfonic acid tetrasodium salt) is CocHp1 N5NasO19Ss and RB5 molecular
weight is 991.82 g/mol. The structural formula of RB5 is shown in Figure S1. RB5 is an
anionic dye because, after dissolution, anionic sulfonate exists in the solution [34]. The RB5
concentration was measured by DR 5000 UV-Vis spectrophotometer (HACH, CO, USA). A
wavelength of 597 nm was used for all measurements because the RB5 absorption peaks
were the same at the value of 597 nm at all different pH values (Figure S2). All samples
gathered from the adsorption tests were filtered through a 0.45-um filter membrane prior
to examination to eliminate carbon fines.

2.2. BC and UBC Preparation and RB5 Adsorption-Capacity Comparison

Water bamboo husks were collected from Puli Township, Nantou County, Taiwan.
The husks were then washed with water, cut into small pieces (about 2-3 cm), and dried
in an oven at 105 °C for several days. Chopped water bamboo husks were ground by a
grinder and sieved with a 2 mm screen. Thereafter, the powder was placed into a muffle
furnace (Chengsang, Taiwan) and carbonized at 600 °C for 2 h with the heating rate of
5 °C/min and the nitrogen flow rate of 1 L/min. After carbonization, the powder was
cooled and washed several times with DI water until the washing water became neutral.
Finally, the BC was oven-dried at 105 °C for 2 days and then stored in a glass bottle.

UBC was prepared from water bamboo biochar assisted by ultrasonic irradiation. Air-
saturated DI water was employed in all tests, and a water bath was employed to maintain
the water temperature at 25 °C. Then, 0.5 g BC was added into 25 mL air-saturated water
and left at rest in a bottle for 30 min before sonicating. After being irradiated, the water
in UBC was removed by a vacuum filtration pump. UBC was dried in an oven at 105 °C
overnight, followed by cooling down to room temperature, and stored in a glass bottle. To
produce UBC, an ultrasonic sonicator (130PB, Sonics & Materials Inc., CT, USA) was used
at an ultrasonic frequency of 20 kHz and the electric power of 65 W. Different irradiation
times were applied to study the optimal physicochemical properties of UBC as well as the
RB5 adsorption capacity.

Different irradiation times at 0, 0.5, 1, 3, 5, and 8 min were applied to assess the impact
of irradiation time on UBC characteristics. To compare the RB5 removal efficiency between
BC and UBC, the experiments were carried out at RB5 initial concentration of 10 mg/L and
adsorbent dosage of 10 g/L for 8 h.

To compare the RB5 adsorption capacity of BC and UBC, adsorption experiments were
conducted by adding 10 g/L BC or UBC to 10 mL RB5 at a concentration of 10 mg/L. The
glass bottles were sealed and put in an orbital shaking incubator (Kansin Instruments Co.,
LTD., Taiwan) with a shaking speed of 150 rpm. Afterward, a UV-Vis spectrophotometer’s
remaining concentration of RB5 was measured at 597 nm after filtering by a 0.45-pm filter
membrane.

2.3. Characterization of BC and UBC

Brunauer, Emmett, and Teller (BET) were applied to investigate the specific surface
area using adsorption data in the relative pressure range from 0.05 to 0.30. (AutoSorb iQ-
TPX, Quantachrome Instruments, FL, USA), and the Barrett-Joyner-Halenda (BJH) method
was utilized to calculate the pore volume. The surface morphology was obtained by scan-
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ning electron microscopy (SEM, JSM-7800F, JEOL, Japan). The surface functional groups
were determined by Fourier transform infrared (FTIR) spectroscopy (Spectrum one, Perkin-
Elmer, CT, USA) in the range 2000-500 cm~!. Zeta potential and isoelectric point were
measured at pH 2 to 12 by a zeta potential meter (Zeta-Meter 4.0, Shin Shiang, Taiwan).

2.4. Adsorption Equilibrium Isotherm Experiments

The impact of various experimental conditions on the RB5 removal performance of
prepared UBC was investigated, including adsorbent dosage, solution pH, RB5 initial
concentration, and reaction time. Experimental conditions were 10 mL RB5 (10-100 mg/L),
UBC dosage (1-30 g/L), pH (2-12), and contact time (0.5-96 h). All the experiments
were conducted at 25 °C with the exception of adsorption kinetics studies. Experiments
were carried out at 15, 25, and 35 °C to study adsorption kinetics. Triplicate tests were
implemented for each experiment.

The RB5 removal efficiency, H (%), and adsorption capacity (qe(exp), mg g’l) were
calculated by the following equations:

oo

H
Co

x 100 1)

Ge(exp) = % xV 2)
where Cy and C; define the RB5 concentration at time t = 0 and t; C, is the equilibrium
concentration of UBC (mg/L); V (L) is the volume of RB5; and m (g) is the mass of UBC.

The Langmuir and Freundlich models were utilized to investigate isotherm parameters
using Equations (3) and (4), respectively [35,36].

qe _ bC,
gm  1+bC, ®)
Je = Kf‘ Cel/" 4)

where g. (mg/g) is the equilibrium adsorption capacity; g, (mg/g) is the maximum mono-
layer adsorption capacity; b (L/mg) is the Langmuir constant, which relates to the binding
energy; C. is the equilibrium concentration of the adsorbate (mg/L); K¢ (mg/g(L/ mg)l/ ");

and n are the Freundlich constants.

2.5. Adsorption Kinetics Studies

The experimental kinetic data is illustrated in the pseudo-first-order kinetic and
pseudo-second-order kinetic models utilizing the following equations to assess the reaction
rate and mechanisms of RB5 adsorption on UBC [37]. Kinetic tests were performed using
UBC dosage, pH, and RB5 initial concentration obtained from previous experiments at 15,
25, and 35 °C for 96 h.

k
log(qe — q1) = log qe — 55t (5)
t_1 1
e kaqz - qe
where g, and g; (mg/g) denote adsorption capacities at equilibrium and time ¢ (h), respec-
tively, k; (h~!) is the adsorption rate constant, and k; is the rate regular of pseudo-second-
order adsorption kinetics.

(6)

3. Results and Discussion
3.1. Effect of Ultrasonic Irradiation Time on UBC Properties
The chemical and mechanical effect of acoustic cavitation strongly depends on the

ultrasonic frequency [38]. The cavitating bubbles are larger at low frequency, and their
collapses were more violent due to the higher jet velocity. It is also known that the physical
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effect of acoustic cavitation promoted from shock waves, shearing stress, and jet flow, which
is favored at low frequency, enables the surface morphology and structure modifying of
BC [39,40]. Therefore, an ultrasonic frequency of 20 kHz was used in this study to activate
water bamboo-based BC.

Figure 1 illustrates that the removal efficiency of RB5 was enhanced by the carbon
modified by ultrasonic irradiation. RB5 removal efficiency of UBC depended on irradiation
time and reached the highest value at 3 min. Upon increased irradiation time, RB5 removal
efficiency declined again. This can be ascribed to the intense acoustic cavitation in the
solution, which destroyed the UBC structure and pores. Therefore, an ultrasonic irradiation
time of 3 min was used for all subsequent experiments.
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Figure 1. Dependence of RB5 removal efficiency on irradiation time.

3.2. Comparison of RB5 Adsorption Capacity by BC and UBC

Figure 2 exhibits the RB5 removal efficiency and adsorption capacity of BC and UBC
up to 48 h. The removal efficiency and adsorption capacity of UBC were comparatively
higher than that of BC throughout the whole experimental duration. At 0.5 h, the removal
efficiency of RB5 was 51.14% for UBC and 36.53% for BC, and it reached to about 80%
after 4 h and 24 h for UBC and BC, respectively, indicating that UBC performed the higher
reaction rate. The highest RB5 removal efficiency was 89.95% and 83.10% for UBC and
BC, respectively. It can be elucidated by the difference of surface morphology of UBC and
BC. In other words, cavitation might open new micropores and mesopores; subsequently,
surface morphology was modified, and physicochemical properties were improved.

Figure 3 shows FTIR spectra of RB5, BC, UBC, and UBC absorbed RB5. As compared
FTIR spectra of BC and UBC in Figure 3, there was no new peak of functional groups,
indicating that UBC was only physically modified by ultrasonic irradiation at 20 kHz
due to surface excoriation [24]. However, there were discrepancies on the spectra of UBC
and UBC adsorbed RB5. The peak of C=C group appeared at 875 cm ™!, which was in
accordance with spectrum of RB5. Besides, the peaks of C-O secondary alcohol stretch
were observed at 1132 cm~! and 1107 cm ™! on the spectra of RB5- and UBC-adsorbed
RB5, respectively, demonstrating the adsorption of RB5 on UBC. Since the amount of RB5
adsorbed onto UBC was small compared to the dosage of UBC, other functional groups of
RB5 on UBC shown in FTIR may not be significant.
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Figure 2. Comparison of RB5 removal efficiency and adsorption capacity between BC and UBC.
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Figure 3. FTIR spectra of RB5, BC, UBC, and UBC absorbed RB5.

As can be seen from Figure 4, in the SEM images of BC and UBC, dense mesopores
with diameters between 2 and 50 nm are exposed on the UBC surface (Figure 4b), possibly
leading to the greater rate of RB5 removal. It was reported that the molecular size of RB5
(2.990 nm x 0.875 nm) [41] was slightly greater than micropores (<2 nm); therefore, it
seemed unable for unopened pores and micropores of BC to capture RB5. The BET surface
areas were 141.213 and 56.296 m? /g for UBC and BC, respectively. The pore volume of
UBC and BC were 0.039 and 0.013 cm3/g, respectively. Therefore, the enhancement in the
surface area and porosity of UBC, which was produced by an ultrasonic-assisted process,
fostered the adsorption capacity of UBC due to shockwaves and microjets with the high
velocity generated from the bubble collapse. In Chatterjee R et al. [25], the surface of raw
pinewood-derived biochar was rough and contained blocked pores, whereas the surface
of ultrasound-activated biochar was more porous and consisted of numerous opened
pores. There were pores on the layer adjacent to the surface and interlayers because of
the aid of ultrasound-penetrating under-layers in breaking biochar structure and creating
additional pores. It was also reported that the surface properties of biochar were enhanced
by ultrasonic power assisting slow pyrolysis without changing the chemical characteristics.
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Thermal gravimetric analysis displayed that, with ultrasonic pre-treatment, the thermal
stability of samples was higher than that of untreated samples, indicating the pre-treated
biochar was more structurally stable. The material surface became cleaner, contained more
micropores, and microchannels appeared, as seen in SEM images. The surface area slightly
increased from 10.48 to 12.40 m?/g. Besides, pre-treated samples also proved to have a
larger Cu(Il)-sorption capacity [42]. Experimental data of this research also demonstrated
that ultrasound-assisted modification was effective to improve the surface properties of
water bamboo-based biochar and its performance for the removal of the pollutant.

— 100nm NCHUZ2 — llf}IJnm.NCHUZ

®100,000 2.0kV WD 4mm ®100,000 15.0kV WD 10mm

(a) (b)

Figure 4. SEM images of (a) BC and (b) UBC.

The results showed that UBC had larger RB5-removal efficiency, specific surface
area, pore volume, and amount of mesopores than BC. Therefore, in the next part of the
study, the experiments focused on optimizing the operating parameters and evaluating the
adsorption mechanisms by adsorption isotherms and kinetics of UBC, since UBC is more
applicable than BC for the treatment of RB5.

3.3. Effects of Operating Conditions on RB5 Adsorption of UBC
3.3.1. UBC Dosage

This batch experiment was conducted at the initial RB5 solution pH (pH 6) with a
concentration of 10 mg/L and a volume of 10 mL for 3 h. The UBC dosages were applied in
the range of 1 to 30 g/L. As shown in Figure 5, the removal efficiency enhanced, firstly, with
the increase in UBC dosage and became unstable from 12 g/L. The adsorption capacity
increased sharply from 1 to 3 g/L, then slightly increased until 5 g/L with the adsorp-
tion capacity of about 0.80 mg/g, and was followed by a decrease from 8 g/L, as seen in
Figure 5. With higher UBC doses, increasing the surface area and the adsorption site led
to a higher adsorption rate [43,44]. This could be the explanation for the augmentation of
adsorption capacity as the absorbent quantity increased. However, a further increase in the
UBC dosage from 10 g/L speedily reduced the RB5-adsorption capacity. There might be a
conglomeration and interaction of adsorbent particles, which resulted from a high adsor-
bent amount leading to the decrement of adsorption capacity [45,46]. Consequently, the
total surface area reduced, the diffusional path length increased, and hence the functional
groups, through adsorption processes, became unsaturated [47,48]. Based on the good RB5
removal efficiency and high adsorption capacity, the UBC dosage of 10 g/L was fixed for
the following experiments.
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Figure 5. Impact of UBC dosage on adsorption of RB5 on UBC.
3.3.2. Solution pH

In Figure 6, RB5 removal efficiency and capacity are plotted against the solution
pH, which describes the strong influence of pH on RB5 adsorption of UBC. The RB5
removal efficiency was greatest at pH 2, and nearly all of the total RB5 was removed. The
results also indicate that the removal of RB5 by the developed UBC was stable at a wide
range of pH. Two possible RB5 adsorption mechanisms on UBC, including electrostatic
interaction and chemical reaction between RB5 and UBC, may be involved. The electrostatic
interaction between the RB5 and UBC surface may explain the intensification of RB5
removal efficiency at pH 2. At a low pH, the prevailing positive charge of the UBC surface
enhanced electrostatic attraction among anionic RB5 and the UBC surface, resulting in
increased adsorption capacity [37]. The results were in accordance with the findings
reported on adsorbents derived from sawdust and rice husk [41], coir pith [49], bamboo
waste [37], and palm shell [50] for removing dye contaminants. Figure 7 shows that the
isoelectric point of prepared UBC was at pH 2.20. At pH 2, the surface charge of UBC was
positive; this supported the high RB5 removal. The removal efficiency in the pH range
of 3 to 12 was lower than removal efficiency at pH 2, and its behavior and zeta-potential
pattern (Figure 7) seemed to be in a good agreement. At alkaline pH, RB5 adsorption still
occurred, suggesting the second process, such as chemisorption, might appear between
pH 3 and 12, as seen in the additional peaks on FTIR spectrum of UBC-adsorbed RB5 [51].
It should be noted that although the best performance of UBC for RB5 removal was at
pH 2, the operation under neutral conditions is more applicable for a real wastewater
treatment system.

3.3.3. Initial RB5 Concentration

The pH of RB5 was adjusted to 2 based on the previous result in part 3.3.2. Figure 8
illustrates the initial concentration dependence of RB5 removal on the adsorbent. As the
RB5 concentration increased, the removal efficiency gradually decreased, whereas the
adsorption capacity increased. At higher RB5 concentration, a larger number of anions
existed in the solution, which was easily dispersed and absorbed on UBC. Hence, the
adsorption capacity became greater. A reversal of removal efficiency can be described
by the adsorption sites on the UBC surface becoming filled upon increased adsorbate
concentration, restricting the adsorption of the residual anions in the solution; consequently,
the adsorption efficiency decreased. Therefore, the larger the initial concentration, the
lower the removal efficiency. As seen in Figure 8, the highest adsorption capacity of 2.817
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mg/g was obtained at an initial RB5 concentration of 60 mg/L. Hence, this optimal value
was used for the next experiments.
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Figure 6. Impact of pH on adsorption of RB5 on UBC.
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3.3.4. Temperature and Reaction Time

Figure 9 illustrates the dependence of RB5 removal by UBC on experimental time at
different temperatures of 15, 25, and 35 °C. Other empirical parameters were a UBC dosage
of 10 g/L, pH 2, and an RB5 concentration of 60 mg/L. Since the temperature rose from
15 to 35 °C, the adsorption capacity enhanced from 3.223 to 3.486 mg/g, meaning that
RB5 adsorption was endothermic [52]. This was in line with data reported previously at
18-38 °C [50] and 25-55 °C [28]. Besides, a similar result was obtained from the adsorption
of methylene blue on banana peel biochar/iron oxide composite in which adsorption
capacity enhanced from 500 mg/g at 20 °C to 750 mg/g at 40 °C at methylene-blue
concentration of 25-500 mg/L and dosage of 0.5 g/L [53]. It was also stated that the
penetration of adsorbate inside pores of UBC accelerated, and the creation of new active
sites was more favorable in the condition of high temperature [28]. Simultaneously, the
same experimental procedures were carried out at each reaction time and temperature
employed for previous tests without UBC, and there was no RB5 removal observed (data
not shown). It was also indicated that the adsorption capacity increased progressively with
contact time and achieved a plateau region within 48 h. The adsorption process revealed
a faster rate at the initial phase and a slight change at the latter phase. This was possibly
explained by a decrease of available sites with time [54,55].

40
o 15°C
o0 25°C
* 35°C
35|
2 * % »
o % = 8 =
=) = a
230l-85
E |gx”
(on
25
2'0 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100

Time (h)
Figure 9. Impact of temperature and contact time on adsorption of RB5 on UBC.

3.4. Study on Adsorption Mechanism
3.4.1. Adsorption Isotherms

The plots of the linear form of Langmuir and Freundlich adsorption isotherms of RB5
on UBC are derived from the data of Section 3.3.3 for the reaction time of 3 h at 25 °C
(Figure S3). The calculated isotherms parameters are displayed in Table 1. The R? value
for the Langmuir isotherm model was high (0.999), indicating that it fit the adsorption
data properly [56]. The adsorption of RB5 onto water bamboo-based UBC was regulated
by monolayer adsorption, according to this discovery. The 1/n value obtained from the
Freundlich isotherm model was less than one, suggesting that the adsorption mechanism
followed normal Langmuir isotherm [57].

Table 1. Correlation coefficients and isotherm parameters for adsorption of RB5 on UBC.

Langmuir Freundlich
Root-Mean-Square R? Un R?
Qun (mg/g) Deviation (RMSE) b (L/img) (p-Value) Kp(mg/g(L/mg) ™) Un (p-Value)
2.811 2.814 0.362 0.999 (5.590x 107 1.134 0.202 0.964 (5.023 x 107%)
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3.4.2. Adsorption Kinetics

By comparing the kinetic data in Table 2 and Figure 10, it was ascertained that RB5
adsorption was described better by the pseudo-second-order kinetic model for all three
different experiments. This confirmed that the adsorption of RB5 on UBC was mainly
controlled by chemisorption. This data was in line with results from the RB5 adsorption on
solid waste-based [37], palm shell-based [50], and chitosan-based [44] activated carbon. It
also acted in good accordance with other dyes, such as Reactive Blue 19 [58] and Reactive
Turquoise Blue QG [59]. The adsorption rate constant (k;) increased from 0.007-0.105 with
the temperature rising from 15-35 °C, which was likely to decrease solution viscosity.

Table 2. Pseudo-first- and pseudo-second-order kinetic parameters.

1st Order 2nd Order
Temperature
k1 R? (p-Value) ko R? (p-Value)
15°C 0.072 0.704 (1.251 x 1073)  0.007 1(<22x10716)
25°C 0.061 0.946 (5.169 x 10~7)  0.055 0.998 (3.473 x 10~ 14)
35°C 0.041 0.965 (7.592 x 1078)  0.105 0.997 (7.218 x 10~ 13)
15
m 15°C
e 25°C
[ )
1 1 1 0 N N N 1 N N N 1 N N N 1 N N N
10 20 30 40 0 10 20 30 40

Time (h) Time (h)

(a) (b)

Figure 10. Adsorption kinetics for adsorption of RB5 on UBC (a) pseudo-first-order and (b) pseudo-second-order.

4. Conclusions

Water bamboo-derived BC was prepared by pyrolysis at 600 °C, and UBC was pre-
pared to utilize pyrolysis accompanied by ultrasonic irradiation. Ultrasound successfully
activated water bamboo-based carbon material with the efficient modifying of surface
morphology and enhancement of surface area, leading to the higher adsorption rate of RB5
on UBC. The surface area and pore volume increased from 56.296 to 141.213 m? /g and 0.013
t0 0.039 cm®/g. At pH 2, the RB5 concentration of 60 mg/L, UBC dosage of 10 g/L, solution
temperature of 35 °C, and contact time of 48 h, UBC performed the highest adsorption
capacity of 3.486 mg/g. However, the operation under neutral conditions and ambient
temperature is more applicable for a real wastewater treatment system. Additionally, a
pilot scale system test is necessary to obtain feasible operating parameters and investment
costs for the practical application in the future. The mechanism of RB5 adsorption on
UBC was found to follow the Langmuir adsorption isotherm with correlation coefficient
R? =0.999, indicating the monolayer type of adsorption. The adsorption kinetic is inclined
towards pseudo-second-order kinetic, which described the chemisorption of RB5 on UBC.
At pH 2, the prevailing positive charge of the UBC surface enhanced electrostatic attraction
among anionic RB5 and the UBC surface. Chemisorption dominated the RB5 removal
by UBC at pH 3 to 12. The carbon material modification using ultrasonic cavitation from
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active bubbles at ambient temperature and a short time requirement within several minutes
requires no additional chemicals and generates no harmful by-products. In this study,
the results demonstrated that low-energy ultrasonic irradiation successfully activated the
meso-surface area and porosity of carbon material, leading to the greater RB5 adsorption
capacity of UBC with a higher reaction rate compared to that of BC. Therefore, ultrasonic
irradiation is an applicable, green, energy-saving, and promising method to modify biochar
from agricultural wastes for environmental remediation and agricultural productions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13121615/s1, Figure S1: The structural formula of RB5, Figure S2: UV-Vis absorption spectra
of RB5 at (a) pH 2, (b) pH 6, and (c) pH 10, Figure S3: Adsorption isotherms for adsorption of RB5 on
UBC (a) Langmuir and (b) Freundlich.
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