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ABSTRACT

In this research, rice husk-derived biochar (BC) was evaluated to determine the suitable conditions for the
methylene blue (MB) solution adsorption. The characterization of BC was identified by the methods of FT-IR,
Raman, and point of zero charges (PZC). The adsorption studies were carried out with BC at different activation
conditions (raw BC, HNOj; 25% for 4 hours, NaOH 25% for 4 hours, H,O at 90°C for 2 hours and 4 hours, HNO;
25% at 90°C for 2 hours and 4 hours). The activated material then went through an adsorption assessment. Activated
BC with NaOH 25% showed its preeminence compared to the other six conditions when reaching the maximum
efficiency after the first hour of adsorption. The investigation revealed that the adsorption capacity of the material
depends on the activation methods, including pH, activation agent, temperature, and time. The adsorption of BC was
consistent with the pseudo-first-order kinetic model and the Langmuir isotherm model, with high correlation
coefficients (R% 0.9838 and 0.9975, respectively). Therefore, it can be concluded that the use of rice husk is feasible
for the removal of MB from aqueous solutions.

Keywords: Biochar, Methylene blue, adsorption, rice husk.

1. Introduction industry, which is one of the largest industries

Methylene blue (CcHysCINSS, MB), a in the world but also a serious threat to -the
. . . . . environment. The textile industry raises
cationic dye is being used extensively in

R S bout the discharged tewat
chemical indicators and dyes. It is originated concetns about Hhe dIscharged wastewater

from various dyeing processes of the textile from - the - dyeing 'p rocesses' (Pesore and
Narula, 2018), leaving negative impacts on

ecosystems and human health (Manzoor and
*Corresponding author, Email: le-phuong.thu@usth.edu.vn Sharma, 2020). Several properties of dye
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wastewater, including high discharge,
chromaticity, organic matter content, and low
biodegradability, negatively impact the health
of water bodies and the photosynthesis of
microorganisms in the aquatic environment
(Kuang et al.,, 2020). For a long time,
scientists have made countless efforts towards
the removal of dyes from contaminated water
sources (Bisschops and Spanjers, 2003; Lin
and Peng, 1994; Pazdzior et al., 2019). Many
conventional methods have been applied to
treat textile wastewater (Holkar et al., 2016;
Sarayu and Sandhya, 2012), including
electrochemical (Sala and Gutiérrez-Bouzan,
2012), photocatalysis (Al-Mamun et al,
2019), biological (Shoukat et al., 2019), or
using membranes methods (Lagbagbi et al.,
2019), etc. Within different methods used for
textile wastewater treatment, adsorption
showed its advantages over other technologies
(Siddique et al.,, 2017) by its high
performance, low cost, and ability to remove a
wide range of dyes.

With adsorption, the priority is to search
for efficient adsorbents matching different
wastewater characteristics and conditions.
Along with improving the performance of the
materials, reducing production expenses must
also be a focus. Hence, utilizing agricultural
by-products as adsorbents has intrigued the
interest of numerous researchers. Biochar
(BC) from sugar cane bagasse (Raymundo et
al., 2010), sunflower seed hull (Hameed,
2008), palm kernel shell (Kyi et al., 2020),
pecan nutshell (Zazycki et al., 2018), coir
pith, rice husk (Rubeena et al., 2018), and
many more, has proven to be effective in
treating textile wastewater.

Taking advantage of  Vietnam’s
agricultural solid background with an
abundant supply of agricultural by-products,
this study selected BC from rice husks as the
adsorbent in the use of removing dye ions
from aqueous solutions.

The common BC is not widely used to
adsorb and remove pollutants due to its low
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adsorption capacity, which is caused by a
small specific surface area, poor adsorption
selection performance, and limitations in the
surface functional groups. The surface of
activated carbon must be modified in many
circumstances to improve its affinity with
target pollutants, raise its adsorption capacity,
and enhance the removal impact of pollutants
in many forms of industrial effluent.

Physical and chemical approaches are all
utilized to change BC, and they are all proven
to be effective. Various chemical reagents
have been known to activate BC, namely
ZnCl, (Ahiduzzaman and Sadrul Islam, 2016),
KOH (Wang et al., 2018), NaOH (Acemioglu,
2019), (Lin et al., 2013), H;PO4, HNO; (Zhao
et al.,, 2017), etc. According to Dargo et al.
(2014), rice husk activated with H,SO, at pH
8-10 showed a removal efficiency yield of
methylene blue up to 99%.

In this research, our goal is to determine
the impacts of different activation conditions
on the capacity of BC adsorption and conduct
an isotherm and kinetics analysis of BC
adsorption on a cationic dye, methylene blue.

2. Materials and method
2.1. Materials
2.1.1. Chemicals

Methylene  blue  trihydrate (MB,
C,6HsCIN3S.3H,0, > 98.5%) was purchased
from Xilong Chemical Co., Ltd. (China).
Sodium hydroxide (NaOH, > 99.5%) was
from Merck (Germany). Hydrochloric acid
(HCl, 35.0-37.0%) and nitric acid (HNO;,
65%) were obtained from Daejung chemicals
and metals (Korea).

2.1.2. Preparation of biochar

The rice husk, received from a local farm,
was sieved to collect husk with a diameter of
5 mm. Then, the material was rinsed three
times with tap water and twice with distilled
water. The clean husk was dried in an oven at
105°C for 5 hours. The pyrolysis of the
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material took place in a stainless steel pot with
a closed lid. The rice husk was fully covered
with a layer of commercial charcoal, this was
to prevent the rice husk BC from turning into
ash and maintain its original husk shape. The
pyrolysis was carried out under a heating
program in a Nabertherm furnace (Germany),
which raised the temperature to 600°C with a
heating rate of 5°C.min” for a period of 2
hours (Le et al., 2021).

2.1.3. Activation of biochar

To access the effect of activation
conditions on the adsorption of MB, six
different  conditions  were  conducted,
including two conditions at room temperature:
HNO; 25% for 4 hours, NaOH 25% for 4
hours and four conditions at high temperature
(T): H,O at 90°C for 2 hours and 4 hours,
HNO; 25% at 90°C for 2 hours and 4 hours.

For the BC activation at room temperature,
BC was activated for 4 hours by HNO; 25%
and by NaOH 25% with the following
procedure: In a 500 mL Duran bottle, 18 g of
BC and 300 mL of chemical solution were
prepared. The bottle was then placed in an
IKA KS4000i incubator shaker at 250 rpm for
4 hours at room temperature.

For the BC activation at high temperature,
BC was activated by H,O at 90°C for 2 hours
and 4 hours, respectively, and at the same
conditions for BC activation with HNO; 25%.
In a round bottom-flask, 18 g of BC and
300 mL of chemical solution were added, then
installed into a Soxhlet system with the
temperature raised to 90°C for 2 hours or 4
hours. The materials were cooled down for 15
minutes.

All the activated BCs were filtered,
washed with Mili-Q water to neutrality, dried
in an oven at 105°C for 24 hours, and finally
kept in sealed brown bottles.

2.2. Adsorption capacity

Methylene blue trihydrate
(Ci6H3CIN3S.3H,0) is a cationic dye that can

dissociate into positively charged ions in an
aqueous solution. To evaluate the MB
adsorption capacity by activated BC, 5 g.L"
of BC and 10 mgL' of MB solution,
precisely at pH = 12 and neutral pH, were
chosen.

2.3. Characterization of modified biochar

Many methods were performed to examine
the characterization of activated BC. An FTIR
spectrometer (Thermo Scientific iS50) was
used to identify the functional groups of the
BCs with a wavenumber variation from
400 cm” to 4000 cm” and the resolution
factor at 4 cm™. A Raman spectrometer (NRS-
5100, JASCO Corporation) determined the
material’s molecules, chemical bonding, and
intramolecular bonds. As for the pHpzc, NaCl
was added to deionized water to prepare
solutions with the concentration of 10* M and
5%102 M, then HCI and NaOH were used to
customize the pH of the NaCl solution to 2, 4,
6, 8, 10 and 12. In an incubator shaker, bottles
of 70 mL adjusted solutions with 0.35 g of BC
were shaken for 24 hours. The pH values of
the solutions were then collected to make the
pH diagrams.

2.4. The study of adsorption kinetics and
isotherms

To better understand the mechanism
during the adsorption process, the adsorption
experiments of BC were conducted with
the MB concentration from 10 mg.L™ to
50 mg.L" with 5 gL of BC. The initial pH
of the solution was selected based on the
optimal results from the previous experiment.
In this study, three kinetic models were
evaluated, precisely pseudo first-order
(Lagergreen and Svenska, 1907), pseudo
second-order (Ho and McKay, 1999), and
intraparticle diffusion (Weber and Morris,
1963; Qiu et al., 2009).

The adsorbed capacity of MB (q,) (mg.g")
was calculated with the following formula
(Robati, 2013):
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(Co—C) XV

qe = W
Where C, and C, (mgL™') are the
concentrations of the dye at t = 0 and at time

Table 1. Kinetic model and equations

t, V is the solution volume (L) and W is the
weight of BC (g). The reaction rate equations
according to the kinetic models are presented
in Table 1.

Kinetic model Linear equation Linear graphs Constant
Pseudo first-order In(q. — q¢) = Inq, — kqt In(g, —q¢) vst ki and q,
t 1 1 t
IPseudo second-order —=——+—Xt — vst k, and
Qe k2qc* e 9 2 e e
Intraparticle diffusion qe = kip X ti2 4 ¢, g, vs ti/? Kip
In addition, two isotherm models were also Here, C, and C, (mgL™') are the

under evaluation by Langmuir (1916) and
Freundlich (1906).

(CO _Ce) XV

de = W

Table 2. Isotherm model and equations

concentrations of the dye at t = 0 and at
equilibrium, V is the solution volume (L) and
W is the weight of BC (g). The reaction rate
equations according to the isotherm models
are presented in Table 2.

Isotherm model Linear equation Linear graphs Constant
L i Ce Ly G <vsC db
angmuir —= — vs an
Qe quax ‘imax e ¢ qmax
Freundlich logq, = logKy + —logC, logq. vs logC, Krandn
n

Jmax 18 the maximum adsorption capacity

(mg.g™").

The Qum.x indicates the maximum MB
adsorption capacity (mg.g"), this value can be
calculated from the slope of the Langmuir
linear equation.

3. Results and discussions
3.1. Characterization of modified biochar

The FTIR analysis result of modified BCs
corresponding to  different  activation
conditions is demonstrated in Fig. 1.

It can be seen that BC has a wide band at
3500-3300 cm™ which is assigned to the O-H
stretching mode of the hydroxyl groups.
Weak, poorly resolved aliphatic C-H
stretching bands between 2750 and 2950 cm’
were also present in the spectra, which is
consistent with the expected trends based on
prior NMR and FT-IR biochar
characterization studies (Kloss et al., 2012;
McBeath and Smernik, 2009). The adsorption
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band at 1650 cm™ is assigned to C=0 and
C=N stretching. The most intense bands are
observed at 1050 cm™', which is assigned to
C-N, C-O stretching of BC. The sharp bands
at 461 cm’' were attributed to the presence of
Si-O stretching (Lin and Wang, 2014).
Therefore, different activation conditions do
not affect the bonding of BC.

Raman spectroscopy was used to identify
the chemical bonding and intramolecular
bonds of the BC with the obtained spectra
illustrated in Fig. 2.

The D band was observed at the peak of
1361 cm’', while the G band was detected at
1591 em™. Both were consistent with the sp”
double-bonded C structure (Amen et al., 2020;
Zhang et al., 2018). The overlapping of the
bands indicated the amorphous carbon
structure, highly corresponding to aromatic
carbon, precisely benzene (Ferrari and
Robertson, 2000). Considering the similarity
of the three spectra, even though the BC went
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through different activation conditions, the
structure of the materials after pyrolysis

shaking BC in NaCl solution for 24 hours, as
shown in Fig. 3.

remained the same.
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Figure 1. FT-IR diagram of activated biochars
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Figure 2. Raman diagram of activated BCs

The diffraction diagram of the BC
activated by NaOH-4h in the previous study
(Le et al., 2021) showed two wide peaks
within a range of 20 = 22.5° and 26 = 43°
which indicates that the BCs were amorphous
carbon. In addition, the diagrams revealed the
presence of graphene structure in all BC
samples derived from agricultural by-
products. This result is similar to the
conclusions of BC diffraction studies from
Zhang et al. (2012). The activation conditions
also do not affect the phase structure of BCs.

PZC values of activated BC are determined
by the change of solution pH before and after
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Figure 3. PZC of activated BC derived from
rice husk

Figure 3 confirmed that the PZC of raw
BC, activated by distilled water, and BC
activated by NaOH was equal to 7.8, similar
to the results of Adam, (2016) where the pH
value of the aqueous solution at room
temperature was adjusted to 7.8. However, the
values for BC activated by HNO; in 4 hours
were lower, which is 2 for BC activated at a
high temperature and 5 for BC activated at
room temperature. Overall, pH 12 might be
the best pH for cation removal; however, pH
12 and neutral pH values were chosen for
further investigation.

3.2. The adsorption capacity of the activated
biochar at different pH

3.2.1. AtpH=12

MB adsorption on activated BC under
different conditions was illustrated in Fig. 4.

In general, the adsorption capacity of all
materials increased gradually with time and
after 6 hours of the experiment. MB
adsorption efficiency on activated BC under
different conditions increased rapidly in the
first hour. When comparing the three different
activation agents (water, base, and acid), the
results showed that BC activated with NaOH
had the highest adsorption capacity compared
to the others. The efficiency of this BC
rapidly reached equilibrium after 1 hour of
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adsorption; following that, BC activated with
HNO; and with H,O in last place. In addition,
the activity of BC after activation was higher
than that of raw BC when adsorbing MB at
pH=12.

100

80 |

Efficiency (%)
[<1]
S

a0 r ) -—Raw BC

——BC-H,0(T)-2h
——BC-H,0(T}-4h —BC-HNOs(T)-2h
—~—BC-HNO3z-4h  ——BC-HNO;(T)-4h
-=-BC-NaOH-4h

0 2 4 6
Time (h)
Figure 4. MB adsorption on BC activated under
six different conditions and raw BC at pH 12

In terms of temperature, four types of BC
activated at high temperature gave higher
efficiency than those activated at room
temperature, revealing that the activation
temperature influences the adsorption capacity
of the materials (Ahiduzzaman and Sadrul
Islam, 2016; Yang et al., 2019). Uniquely,
NaOH was superior, with the highest
efficiency, even without being activated at
high temperatures. In this study, BC was only
activated by NaOH at room temperature
because NaOH is corrosive to glass at high
temperatures, leading to the possibility of
damage to the tools, and if the activation took
place in a plastic bottle, there was also a risk
of denaturing the plastic.

With the variation of time, the activation of
HNO; under the same temperature conditions
confirmed that the activation time is a
negligible effect on the adsorption efficiency
of BC. However, when considering activated
BC with H,0, 2 hours of activation was more
effective than 4 hours, but the difference was
insignificant. This suggests that the activation
duration could potentially affect the
adsorption efficiency of the material, yet
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further investigation of this factor is
necessary.
Overall, all three factors including

activation agent, temperature, and time were
proven to impact the adsorption capacity of
MB onto BC.

3.2.2. At neutral pH

From the obtained results in Fig. 4 for
pH = 12, BC activated with NaOH and with
HNO; (at high and room temperature) were
selected to investigate the removal of MB
under neutral pH conditions as in Fig. 5.

100 |

80 |

g

> 60 |

g

5 ——BC-HNOs(T)-4h

g4 ~~BC-HNOs-4h
-=-BC-NaOH-4h

20

Time (h)

Figure 5. MB adsorption on BC was activated
under three different conditions at neutral pH

The MB adsorption efficiency of the
material at neutral pH for the same duration of
4 hours tends to increase similar to that at
pH = 12, except for the BC activated by
HNO; at room temperature. NaOH-activated
BC's removal efficiency was superior to the
others and reached 100% after the first hour,
while HNO; activated BC at room
temperature was just over 10%. The
difference could be explained based on the
PZC value of each type. As for the PZC of BC
activated by HNO; (PZC = 5), was much
lower than neutral pH, while the PZC of the
others was higher than neutral pH. With pH
values above their PZC, the adsorbent will
adsorb the cations on the MB molecules.
Hence the efficiency of the HNO; activated
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BC at higher temperatures was higher because
the lower the pH compared to their PZC value
the more negatively charged the adsorbent
surface is. With pH value above their PZC,
the adsorbent would adsorb the cations on the
MB molecules. However, with the pH value
below the PZC value, in the case of NaOH
(PZC = 8), the removal efficiency of NaOH
activated BC was still prominent and reached
100% after the first hour, while HNO;
activated BC at room temperature was just
over 10%. This created a conflict because the
MB removal efficiency of BC activated by
NaOH should have been lower than the other
materials due to the positively charged surface
of the adsorbent.

Considering HNO;, it can be seen that the
activation temperature has a strong influence
on the ability to remove MB of the material.
The higher the activation temperature, the

higher the adsorption efficiency is in
comparison to BC activated at room
temperature.

According to the graphs of Fig. 5, the dye
removal efficiency of NaOH activated BC
under all reaction conditions constantly gave
the best results, reaching the maximum
efficiency after only 1 hour of reaction, and
the results remained stable in the subsequent
measurements. For this reason, BC activated
by NaOH was applied in the following
experiments. This conclusion also correlated
with the research of Youssef et al., (2012).
The adsorption of MB onto rice husk
activated by NaOH yielded the highest
capacity compared to the other conditions due
to its highest pore volumes and surface area.

Overall, the pH of the
significantly affects the adsorption capacity of

solution

Table 3. Kinetic model parameters

the material. Different pH values gave various
adsorption capacities of the adsorbent. In
contrast, at the same pH conditions, the
impact of the activation agent, temperature,
and time all influenced the efficiency of the
adsorbent. The adsorption capacity is closely
dependent on the activation methods.

3.3. Adsorption kinetics and isotherms

The adsorption kinetics data of MB
adsorption on BC activated with NaOH
(10 mg.L"' MB and 5 g.L"' adsorbent) were
presented in Figs. 6a-c. The suitability of
models depends on the error level-correlation
coefficient (R?) (Kajjumba et al., 2018).

As can be seen, both first- and second-
order kinetic models gave a relatively high
correlation coefficient, R’ = 0.9838 and
0.9594, respectively. In addition, the
adsorption capacities g, q; of the first- and
second-order kinetic models were nearly
equal, 1.7967 mg.g" and 1.8253 mg.g™' (Table
3), respectively, which were both smaller than
Qeexp (2.1725 mg.g"). The experiment for the
diffusion model illustrated a linear trend line,
with a high R* value of 0.9932. However, the
line did not pass through the origin,
suggesting that the adsorption of MB onto BC
was involved in intra-particle diffusion and
was not the only rate-controlled step. This
process was complex and might involve more
than one mechanism (Tiwari et al., 2015).

Overall, the kinetics of MB adsorption
onto BC was best described by the linear form
of the The
adsorption process for the adsorbent was

first-order kinetic model.
complex with intra-particle diffusion and

other rate-controlled steps.

Pseudo first-order

Pseudo second-order

Material - —
qe(mg.g") K, (min™) R’

K, (g.mg".min™) R’ qe(mg.g™)

BC 1.7967 0.0032 0.9838

0.0076 0.9594 1.8253
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The graphs (Fig. 7) and the data of the
Langmuir and Freundlich isotherm models
(Table 4) revealed that the Langmuir was the
best fit model for BC when adsorbing MB
with a high correlation coefficient R*. In

5.0 p
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contrast, the Freundlich model gave a much
lower output. This finding is consistent with
the results of the first-order kinetic model in

the adsorption kinetics study above.

[} ] y =0.2072x+0.5211
0.2 R%=0.7255
-0.5 0 0.5 (b) 1 15
Log g,

Figure 7. The isotherm models for BC - Langmuir (a) and Freundlich (b)

Table 4. Isotherm model parameters

Material Langmuir Freundlich
R | guu(mgg) [B(@Lmgh | R K, [(mg.g)(L.mg ]’ n”
BC 0.9975 5.6980 2.4930 0.7255 3.3200 0.2072
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Continuing with the results from Youssef
et al. (2012), with the same activation reagent
of NaOH, the adsorption of MB onto BC in
this research also strictly followed the
Langmuir model, whereas, for the adsorption
kinetics, it was consistent with the pseudo-
second-order with high correlation
coefficients for both models compared to the
pseudo-first-order of this investigation. This
might be due to the difference in the
activation method. The rice husk of Youssef

et al. (2012) went through a complex
multiple-step  activation course at high
temperatures compared to the simple

technique at room temperature in this study.
Many papers with different rice husk
modification conditions for the adsorption of
MB also gave the same results as the
Langmuir (Sharma et al., 2010; You et al.,
2021) and the second-order adsorption model
for MB (Ahmad et al., 2020; Chen et al.,
2019; Nworie et al., 2019). Namely, Shih
(2012) with different BC modifications of
HNO;, HCI, and H,SO, and the research of
Ahiduzzaman and Sadrul Islam (2016) using
ZnCl, activation agent for silica rice husk. In
contrast, according to Quansah et al. (2020),
in their study of nascent rice husk BC, the
pseudo-first-order was aligned with the results
of an adsorption capacity of 24.48 mg.g”" at
75°C, which was considered the optimal
activation temperature.

Commercial coal was utilized in this study
to prevent BC ash formation in the pyrolysis
process, where the temperature reached up to
600°C. This solution was more economical
than the previous studies of MB adsorption
onto BC, where an environment of N, gas had
to be maintained during the pyrolysis reaction
of the rice husk (Ahmad et al., 2020; Nworie
et al., 2019; Wang and Liu, 2017).

The inconsistency in the findings with
various modifications gives an urge to
improve the method of material preparation

and further study its principles to optimize the
efficiency of BC derived from rice husk when
adsorbing MB as well as focus on the reuse of
the material to enhance the practical
application of rice husk biochar.

4. Conclusions

Rice husk biochar (BC) was derived from
local by-product resources as an affordable
adsorbent material to treat methylene blue
(MB) in wastewater. FTIR, Raman, and PZC
were applied to analyze the characterization of
BC. After evaluating BC activation
conditions, BC activated by NaOH 25% for 4
hours at room temperature was the optimum
condition. The dye removal efficiency quickly
reached 100% after the first hour in all
experiments. The study of activation methods
also proved a strong influence of pH,
activation agent, temperature, and time upon
the MB adsorption capacity of BC. The
adsorption kinetics data revealed that the
pseudo-first-order kinetic model fit the
adsorption of BC, corresponding to the
Langmuir isotherm model. Overall, the
research showed positive results for the high
capability of the BC in terms of textile
wastewater treatment, and further studies are
necessary to improve the possibilities of the
materials.
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