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In this study, rice husk charcoal prepared with KOH and KOH-NaOH as activators were investigated as adsorbents for the
removal of methylene blue from aqueous solutions in order to improve the utilisation of rice husk. Firstly, the rice husk carbon was
morphologically and chemically characterised using scanning electron microscopy, specific surface area analyser, and infrared
spectroscopy. Secondly, the effects of the alkali-carbon ratio, pyrolysis temperature, and pyrolysis time on the activation of KOH
alone and combined activation of KOH-NaOH were investigated. The results showed that the adsorption capacity of the activated
biochar was 359.7 mg/g (higher than that of 315.4 mg/g when KOH alone was activated) under the same adsorption conditions
when KOH-NaOH was coactivated. Finally, combined with the characterization results and data analysis, it can be seen that the
rice husk carbon obtained by KOH-NaOH composite activation is predominantly microporous with a more uniform pore size

distribution, making it an economical and efficient adsorbent for the removal of methylene blue from aqueous solutions.

1. Introduction

Water is vital to human survival. With increased urbani-
sation and industrialisation, water resources are heavily
polluted [1]. Due to limited fresh water resources, one billion
people currently do not have access to safe drinking water. In
recent years, with the rapid development of the dye industry,
the number and types of dyes are increasing, the compo-
sition is becoming more complex, and a large amount of
water is consumed in the dyeing process, thus inevitably
producing a large amount of industrial wastewater con-
taining dyes in the process of dye production and use, and
causing serious damage to the ecosystem [2, 3]. The large
amount of dye effluent not only causes serious damage to the
existing ecological environment and water resources but also
poses a threat to aquatic life and human health [4]. The high
chromaticity of dye wastewater, which can reach
500-500000, produces visual pollution to a certain extent.
The inflow into the water body will reduce the light per-
meability of the water body, leading to the weakening of the

incident light intensity, affecting the photosynthesis of
aquatic organisms, reducing the dissolved oxygen content of
the water body, increasing the biological oxygen demand
(BOD) and chemical oxygen demand (COD), which in turn
affects other aquatic organisms and breaks the ecological
balance of the water body [5]. Various salts are used in the
production and processing of dyestuffs, increasing the total
dissolved solids (TDS) in wastewater. The presence of TDS
in wastewater can alter the osmotic balance and lead to
swelling or dehydration of aquatic organisms, which can
lead to death [6]. Some of the dyestuffs themselves, their
degradation products, and the toxic substances contained in
the dye effluent have a “triple-causing” effect and pose
a serious risk to human health. Under certain conditions, azo
dyes can reduce certain aromatic amines, which are carci-
nogenic to humans or animals [7].

With the general improvement of people’s awareness of
environmental protection, the potential toxicity and visi-
bility of dye wastewater have caused more attention [8, 9].
Various methods of removing and treating dyes wastewater
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have been used to reduce the impact on the environment
[10, 11]. Adsorption is the most effective, simple, and low-
pollution way among many methods [12, 13]. Among the
adsorbent materials, activated carbon is considered to be
one of the most widely developed adsorbents owing to its
high porosity, large specific surface area, good surface
activity, and chemical stability [14, 15]. However, com-
mercial activated carbon, which is mainly made from coal
and wood, etc., is costly and its use is limited [16]. So
researchers look for low-cost adsorbent materials as an
alternative to activated carbon [17]. In the past, agricultural
waste was often buried or burnt in the open, which had
a negative impact on human health and the environment.
However, there has been a trend to reuse this agricultural
waste as a feedstock for various energy and environmental
applications [18]. The synthesis and application of high
performance biomass and biochar has received widespread
attention in order to make high value use of biomass re-
sources and reduce environmental pollution. Biochar is
a solid produced by ultrahigh temperature decomposition
of organic materials (pyrolysis) in partial or complete
absence of oxygen, which contains elemental carbon and is
physically stable. Due to its high specific surface area, high
porosity, and high surface charge concentration, as well as
its low price and abundant sources of raw materials, it has
been widely used for the adsorption of organic and in-
organic pollutants in wastewater. Biomass resources (e.g.
nut shell [19, 20], waste bamboo [21], palm oil waste [22],
maize straw [23], coir pith [24], Jatropha curcas husk [25],
rice husk [26], etc.), which are low cost, readily available,
renewable, and widely sourced, are potential materials for
the preparation of activated carbon for the removal of dye
wastewater.

Recently, many researchers have examined the mod-
ification of biochar to improve its adsorption performance
[27]. Jawad et al. [28] used KOH as a chemical activator to
convert dragon fruit peel into activated biochar, and the
maximum adsorption capacity of methylene blue (MB)
was 195.2mg/g at 50°C. Malik et al. [29] prepared rice
husk, rice husk biochar, and chemically modified rice
husk biochar for adsorption of Congo red dye. The ac-
tivated biochar was 98.9% effective in removal of Congo
red dye at pH 6. Do et al. [30] used NaOH modified
Moringa oleifera leaf to prepare activated biochar to
remove MB from aqueous solution. The study showed that
the maximum adsorption capacity for MB was 136.99 mg/
g when the pH was 7 and the adsorbent dosage was 1.67 g/
L. Activated biochar was mainly prepared by chemical
activation and physical activation methods, of which,
ZnCl,, KOH, and NaOH are commonly used as activators
to produce activated biochar with high specific surface
area [31-33]. NaOH and KOH are commonly used for
lignocellulosic biomass chemical activation [34]. How-
ever, the activation effect of combined activation of KOH-
NaOH on activated biochar is rarely reported. Rice husk,
a low-cost lignocellulosic agricultural waste, accounts for
15% to 20% of rice production. It contains approximately
32% cellulose, 21% hemicellulose, 21% lignin, etc. [35].
This shows that rice husk has a high cellulose content and
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is a polymer containing three active hydroxyl groups. This
indicates a potential adsorbent material [36]. The prep-
aration of rice husk as an inexpensive adsorbent will not
only make efficient use of rice husk resources but will also
promote the development of the rice husk industry and
improve economic efficiency.

In this study, rice husk was used as the raw material, and
KOH and KOH-NaOH were used as activators to prepare
rice husk biochar for the adsorption of methylene blue. The
effects of pyrolysis temperature, pyrolysis time and amount
of activators on synthesis of biochar were investigated. The
adsorption model and kinetic model of activated biochar for
methylene blue were also studied. Furthermore, BET, FT-IR,
and SEM were carried out to prove the feasibility of alter-
native preparation of traditional activated carbon materials
from rice husk to achieve the purpose of agricultural waste
utilization.

2. Experimental Section

2.1. Materials and Instruments. Rice husk comes from the
College of Food Science and Engineering of Henan Uni-
versity of Technology. MB was purchased from Kemiou
Chemical Reagent Co., Ltd, Tianjin. It was used as adsorbate.
KOH, NaOH, HCI, and absolute ethyl alcohol were pur-
chased from the local chemical dealer. These reagents used
were of analytical grade.

GSL1200B tube furnace (Zhengzhou Kejing Electric
Furnace Co., Ltd.) for rice husk pyrolysis; UV 6000 UV-
Visible spectrophotometer (Shanghai Yuananalysis In-
struments Co., Ltd.) for measuring MB; Micromeritics
ASAP 2460 gas adsorption analyzer (Shanghai McMur-
ritic Instruments Co., Ltd.) for determining specific
surface area and porosity analysis; FEI Quanta FEG 250
scanning electron microscope (Zhejiang Nader Scientific
Instruments Co., Ltd.) was used to observe the surface
morphology of rice husk biochar; Perkin Elmer Spectrum
FT-IR infrared spectrometer (Shanghai Perkin Elmer
Enterprise Management Co., Ltd.) was used to analyze the
structure of functional groups on the surface of rice husk
biochar.

2.2. Preparation of Rice Husk Biochar. Rice husk was
smashed to 30-40 mesh as raw material. KOH and KOH-
NaOH were used as activators. Rice husk and activators were
mixed according to different mass ratios in beakers. 50 mL of
deionized water was added into the beakers to form sus-
pension solution. The suspension solution was heated and
stirred at 80°C on a magnetic stirrer for 1 h, then transferred
to 100°C oven for 12 h. Finally, the modified rice husk was
pyrolysed in a nickel ark and placed in a tube furnace.
Nitrogen was selected as the protective gas and heated to
different temperatures (700°C to 1000°C) at a heating rate of
10°C/min and kept for several hours (1h to 3h). After the
tube furnace was naturally cooled to room temperature, the
rice husk carbon was removed and washed several times
with HCI (1 mol/L) solution to remove impurities, followed
by several washes with hot distilled water and anhydrous
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ethanol until the solution was neutral. Finally, the sample
was placed in an oven at 100°C for 12h to obtain activated
biochar (KOH-activated biochar is denoted as K-AC, while
KOH-NaOH-activated biochar is denoted as KN-AC.)

2.3. Adsorption Experiments. The adsorption experiments
were performed by the batch method. Different amounts of
K-AC or KN-AC were put into 150 mL flasks with 50 mL
different initial concentrations of MB solution. The flasks
were placed in thermostat shaker with 200 rpm at room
temperature for different times. Separated by centrifuge at
8000 rpm for 3min and the residual solution of MB was
analyzed using UV 6000 at 664 nm. The adsorption capacity
of MB (q) and the removal rate (E) were calculated according
to (1) and (2), respectively

v

qt:(CO_C)XE’ (1)

E:Mx 100%, (2)
CO

where g, is the adsorption capacity of MB in mg/g; C, is
the initial MB concentration in mg/L; C is the final MB
concentration in mg/L; V is the volume of MB solution in
L; m is the weight of adsorbent in g; E is the removal rate
of MB in %.

3. Results and Discussion

3.1. Characterization of Samples. Figure 1 shows the SEM
image of activated biochar. Figure 1(a) shows that KN-AC is
magnified 1000 times and has obvious porosity. Pyrolysis
seriously damaged the surface fiber structure of rice husk.
Figure 1(c) shows that KN-AC is magnified by 10000 times,
and the surface holes are evenly distributed without obvious
collapse. Figure 1(b) shows K-AC magnified by 1000 times,
with rough surface and uneven distribution of surface holes.
In particular, Figure 1(d) shows that K-AC is magnified by
10000 times, and the porosity is developed, but the collapse
is obvious. It may be that the pyrolysis temperature is too
high, resulting in the collapse of the original pores.

The nitrogen adsorption-desorption isotherms are
shown in Figure 2. According to the IUPAC classification,
the isotherms of KN-AC and K-AC both exhibit the char-
acteristics of type I isotherms, with a sharp increase in ni-
trogen adsorption at relatively low pressure, indicating the
presence of a large number of microspores, which is con-
sistent with the SEM results.

As can be seen from Table 1, the specific surface area and
microspore capacity of KN-AC are larger than those of K-
AC. The structures of KN-AC and K-AC were investigated in
detail using the N, adsorption-desorption isotherms at 77 K,
as shown in Figure 2. The N, adsorption-desorption iso-
therms of KN-AC and K-AC are of type I. In the low relative
pressure region, the adsorption capacity of KN-AC and
K-AC increases sharply, which suggests that the adsorption
characteristics of the samples are derived from the micro-
spores. Figure 3 shows the pore size distribution of KN-AC

and K-AC. Micropores were present in KN-AC and K-AC,
mainly in the range of 2-3nm, with more micropores in
KN-AC than in K-AC, which is consistent with the results in
Table 1.

3.2. Effect of Mass Ratio of KN-AC and K-AC. In KN-AC and
K-AC activation experiments, 5 ratios were selected for
research. The mass ratios taken in the KN-AC activation
experiment are numbered as follows: no. 1 is 1 g rice husk:
0.1g KOH+0.9g NaOH, no. 2 is 1g rice husk: 03g
KOH + 0.7 g NaOH, no. 3 is 1 g rice husk: 0.5g KOH+0.5¢
NaOH, no. 4 is 1 g rice husk: 0.7 g KOH + 0.3 g NaOH, and
no. 5 is 1g rice husk: 0.9g KOH + 0.1 g NaOH. The mass
ratio taken in the K-AC activation experiment was num-
bered as follows: no. 1 is 1 g rice husk: 2g KOH, no. 2is 1 g
rice husk: 1 g KOH, no. 3 is 2 g rice husk: 1 gKOH, no.4is3 g
rice husk: 1g KOH, and no. 5 is 4g rice husk: 1 g KOH.
Weigh 0.02 g KN-AC and K-AC, place them in 50 mL and
150 mg/L MB solution flasks, respectively, and adsorb them
at 25°C for 4 hours. The results are shown in Figure 4. It can
be seen that in the K-AC activation experiment, sample 1
and sample 2 have good adsorption capacity for MB, but the
adsorption capacity of samples 3, 4, and 5 gradually de-
creases. This shows that too much activator will cause
channel collapse and reduce specific surface area, thus re-
ducing the adsorption performance of K-AC. In the KN-AC
activation experiment, all samples showed excellent ad-
sorption performance and slight difference. In contrast,
sample 2 (i.e., the mass ratio of 1g rice husk: 0.3g
KOH +0.7g NaOH) has the best adsorption capacity for
methylene blue. The reason may be that the boiling point of
potassium (762°C) is lower than that of sodium (882.9°C).
When the activation temperature is lower than the boiling
point of potassium, the two will be activated together to
“establish pores” on the carbon body and form a preliminary
pore structure (mainly micropores at this time). However,
when the temperature is higher than the boiling point of
potassium, the sodium vapor continues to “form pores,”
thus forming large micropores or mesopores. However, the
doping ratio of NaOH in the activator should not be too
high. If the content is too high, the activation effect will be
reduced [37, 38].

3.3. Effect of Pyrolysis Temperature of KN-AC and K-AC.
We investigated the effect of pyrolysis temperature of rice
husk carbon (700°C, 800°C, 900°C, and 1000°C) on the
adsorption performance of MB. In the KN-AC activation
experiment, the selected mass ratio is 1g rice husk: 0.3 g
KOH + 0.7 g NaOH. In the activation experiment of K-AC,
the selected mass ratio is 1g rice husk: 1g KOH. The ad-
sorption conditions are the same as Section 3.2. The results
are shown in Figure 5. It can be seen that in the KN-AC
experiment, the best adsorption performance of KN-AC
reached at the pyrolysis temperature of 800°C, which was
100°C lower than the best temperature of K-AC (900°C).
However, with the increase in pyrolysis temperature, the
adsorption performance of MB decreases significantly. This
may be because the higher the temperature is, the greater the
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FIGURE 2: Nitrogen adsorption-desorption isotherms of the
samples.

TaBLE 1: Textural parameters of samples.

Samples K-AC KN-AC
BET (m*/g) 564 1196
Total pore volume (cm*/g) 0.526 0.723
Microporous pore volume (cm’/g) 0.173 0.447
Average pore size (nm) 3.734 2.418

excessive corrosion of sodium vapor on the carbon structure,
leading to the collapse between the pore channels, a signif-
icant damage to the pore structure, and reduced adsorption
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FIGURE 3: Pore size distribution curve of the sample.

capacity. In K-AC experiment, with the increase in pyrolysis
temperature, the adsorption performance of MB first in-
creased and then decreased, and showed the maximum
adsorption performance when the pyrolysis temperature was
900°C. The possible reason is that the formation of the new
microporous structure and the destruction of the previously
generated microporous structure occur simultaneously
during the pyrolysis process, and the previously generated
microporous structure is significantly destroyed above
900°C.
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FiGure 5: Effect of pyrolysis temperature of KN-AC and K-AC.

3.4. Effect of Pyrolysis Time of KN-AC and K-AC. We in-
vestigated the effect of pyrolysis time (1 h, 2h and 3 h) of rice
husk carbon on the adsorption performance of MB. In the
KN-AC activation experiment, the selected mass ratiois 1 g
rice husk: 0.3 g KOH + 0.7 g NaOH and the pyrolysis tem-
perature is 800°C. In the activation experiment of K-AC, the
selected mass ratio is 1 g rice husk: 1 g KOH and the pyrolysis
temperature is 900°C. The adsorption conditions are the
same as Section 3.2. The results are shown in Figure 6. It can
be seen that the adsorption capacity of KN-AC decreases
sharply with the increase in pyrolysis time. However, the
adsorption capacity of K-AC decreased slowly with the
increase in pyrolysis time. This may be because the longer
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FI1GUrE 6: Effect of pyrolysis time of KN-AC and K-AC.

the pyrolysis time is, the more aggressive the sodium vapor is
to the carbon structure than the potassium vapor. In ad-
dition, we found that the adsorption capacity of KN-AC
prepared at 800°C for 1h is higher than that of K-AC
prepared at 900°C for 1 h, and the cost of NaOH is lower than
that of KOH. This proves that activated biochar produced by
the combined activation method has greater advantages and
can reduce energy consumption [39].

3.5. Effect of Solution pH. Figure 7 shows the effect of ad-
sorption of KN-AC and commercial samples on the MB at
various pHs. The experiments were done at 25°C. 0.4 g/L
KN-AC and commercial samples were placed in 150 mg/L
methylene blue solution with pH values of 2, 4, 6, 8, and 10
for adsorption for three hours. In the pH range of 2-10,
KN-AC adsorbed more than twice as much as the com-
mercial sample. As the pH increased from 2 to 8, the ad-
sorption capacity of KN-AC for MB continued to increase
and the adsorption amount increased from 303.5 mg/g to
359.9mg/g. The commercial samples showed the same
pattern of adsorption as that of KN-AC. As the
pH increased, the adsorption of the samples increased. There
was maximum adsorption at a pH of 8. However, the
commercial sample had a sorption of 173.3 mg/g at pH 8.
According to a previous research [40], the increase in surface
charge of the adsorbent as the pH of the solution increased
resulted in a greater attraction between the functional
groups on the adsorbent’s surface and the MB molecules.
This is because the presence of fewer H' ions reduces
competition among the molecules of MB and H" ions, which
increases the likelihood of electrostatic attraction. However,
in our samples, we observed a decrease in adsorption at
pH 9. This is consistent with the results of another study on
MB adsorption with lignocellulosic adsorbents [41], which
found that adsorption initially increased with the pH of the
solution until it reached a maximum at pH 8 and then
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decreased at pH 9. This trend may be explained by the fact
that at pH 9, there is less competition between the MB ions
and the H" ions, which decreases the ionic strength of the
solution and reduces the capacity of the adsorbent to bind
MB ions on its surface.

3.6. Desorption and Recovering. In any adsorption process,
the regeneration of the adsorbent is an important reference
factor. In order to understand the regeneration capacity of
KN-AC, we carried out an analytical study of it. First, 0.02 g
of KN-AC was placed in 50 mL of 150 mg/L MB solution and
reacted at room temperature for 12h to saturate the ad-
sorbent. KN-AC was then simply recovered by filtration
through filter paper, rinsed several times with anhydrous
ethanol and distilled water, dried at 110°C, and used again
for MB dye wastewater. The adsorption conditions were the
same as for the first adsorption. The results are shown in
Figure 8. There was no significant loss of activity of KN-AC
at the end of the fifth cycle. This proves that KN-AC can be
reused.

3.7. Comparison of KN-AC with Existing Adsorbents. The
adsorption efficiency of KN-AC for methylene blue dye
obtained in this study was compared with other adsorbents
reported in the literature (Table 2). The BET specific surface
area and the maximum adsorption capacity were used as
important parameters for comparison. It can be seen that the
biomass activated carbon prepared with KOH as the acti-
vator had a larger specific surface area and was more ef-
fective in the adsorption of MB. The specific surface area
values of KN-AC were very high compared to other ad-
sorbents. There was also good adsorption of methylene blue.
It can be used as a better adsorbent for the preparation of
activated carbon.
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3.8. Adsorption Kinetics. The adsorption kinetics of activated
biochar was investigated at room temperature. A series of
0.02 g KN-AC with 0.3 KOH + 0.7 NaOH were added into
a 150 mL flask with 50mL of 150 mg/L of MB solution.
Samples were taken at different times. In order to analyze the
kinetics of MB adsorption on rice husk carbon, the pseudo-
first-order model (PFO) and the pseudo-second-order
model (PSO) were fitted, with the following expressions:
The pseudo-first-order model

In (qe - qt) = lnqe - Klt' (3)

The pseudo-second-order model
Lol @

q: KzQi 9e ’

where ¢, is the adsorption amount in mg/g; ¢ is the ad-
sorption time in min; g, is the equilibrium adsorption
amount in mg/g; K; is the primary kinetic rate constant in
min™'; K, is the secondary kinetic rate constant in
(g/ (mge min)).

Figure 9 shows the two kinetic models fitted to KN-AC.
Figure 9(a) is the PFO, which has a correlation coefficient of
R*=0.8398 and q.(cal) = 341.261 mg/g. Figure 9(b) is the
PSO, which has a correlation coefficient of R*=0.999 and
ge(cal) =360.780 mg/g. It is clear that the experimental data
from the PSO fit more smoothly than the results from
the PFO. Furthermore, the experimental value g.(exp)=
359.7 mg/g is the equilibrium adsorption amount when the
KN-AC adsorbed MB reaches equilibrium, which is almost
identical to the g.(cal) for PSO. These results suggest that the
PSO model is considered to be a better fitting model for
describing the adsorption of MB on KN-AC and that the
adsorption of MB is mainly controlled by chemisorption.

3.9. Adsorption Isotherms. To investigate the isothermal
behavior of KN-AC with 0.3 KOH+0.7 NaOH on MB
adsorption, initial MB concentrations between 10 and
350 mg/L were put in flasks with stirring speed of 200 rpm
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TaBLE 2: Comparison of adsorption capacity of other work in the literature with KN-AC.
Purolvsis & . Surf Process parameters
Absorbent Activating agents yrofysis (oecr;lp erature u(rnfzc Zfalr)ea Qmax (mg.g’l) Adsorbent dose References
(gL
Rice husk KOH and NaOH 800 1196 359.7 0.4 8  This work
Corn cob KOH 700 492 333 0.8 — [42]
Soybean straw KOH 550 1906 1626.4 0.3 11 [43]
Acacia wood KOH 550 1045 338.29 1 10 [44]
Sweet potato vine ZnCl, 500 1397 299.2 1 12 [45]
Prosopis juliflora stem ZnCl, 800 252 — 3.4 — [46]
Banana stem H;PO, 400 837 101.01 1 7 [47]
Waste pepper (isot) stems H;PO, 650 1003 92.6 1 8 [48]
Sugarcane Natural zeolite 500 — 51 0.1 7 [49]
Industrial lignin FeCl;-6H,O 800 885 200 0.3-2.0 4 [50]
Hickory chip H,0, 450 143.3 310 0.4 — [51]
Watermelon rind H,SO, 110 0.357 200 0.8 9 [52]
Kelp — 1000 771 379.8 1 — [53]
6
1.2 +
n
r 1.0 b
\ X
4 0.8 +
g
& y=0.00842x+4.33713 o o6l
= 3r R°=0.8398 -
=
" 04 $=0.00279x+0.01463
Zr R*=0.9999
0.2 +
n
Lr 0.0 |
1 1 1 1 1 1 " 1 " 1 " 1 1 "
0 100 200 300 400 500 0 100 200 300 400 500
t (min) t (min)
m KN-AC m  KN-AC

—— pseudo first order model

(a)

—— pseudo second order model

(b)

FIGURE 9: Pseudo-first-order (a) and pseudo-second-order (b) kinetic fitting curves of KN-AC.

for 3h at 25°C. The adsorption isotherms of MB on KN-AC
were fitted using the Langmuir and Freundlich model with
the following expressions:

Langmuir isotherm equation

C, C, 1
—“£=—4 . (5)
9. Im qum
Freundlich isotherm equation
1
Ing, = Ink; +-InC,, (6)
n

where C, is the equilibrium concentration of MB in mg/L; g, is
the adsorption capacity at equilibrium in mg/g; q,, is the
maximum adsorption capacity in mg/g; k; is the Langmuir

adsorption equilibrium constant in L/mg; kr is the Freundlich
adsorption equilibrium constant in L/mg; # is the characteristic
temperature-dependent constant; and kr and #n can be de-
termined by the intercept and slope of the fitted straight line.

As can be seen from Figure 10(a), the adsorption process
of KN-AC at different temperatures can be described by the
Langmuir isotherm models. As can be seen from
Figure 10(b), the adsorption process of KN-AC at different
temperatures can be described by the Freundlich isotherm
models. If the correlation coefficients (R*=0.999) of the
Langmuir model are closer to 1.0, then the adsorption of
KN-AC is more in line with the Langmuir isotherm, and its
adsorption process belongs to single molecular layer
adsorption.
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the adsorption MB onto KN-AC.

TaBLE 3: Thermodynamic parameters of adsorption of methylene blue by KN-AC.

. G (kJ/mol)
MB concentration (mg/L) H (kJ/mol) S (J/mol)
298 K 308K 318K
150 9.146 58.982 —8.950 —8.589 —8.589
200 4.988 37.413 -5.366 -5.359 -4.716
300 7.483 34.919 —2.898 —2.780 —2.346

3.10. Thermodynamic Studies. In order to study the ability of
KN-AC to adsorb methylene blue, the adsorption conditions
at different temperatures were measured experimentally.
The adsorption thermodynamic parameters (AG, AH, AS)
are used to characterize the influence of temperature on the
adsorption effect. The calculation formula is as follows:

AG = AH - TAS,

(7)
AG = ~RTln,
where K, (value of g./c, of isotherm) is the sorption equi-
librium constant; R is the ideal gas constant
[8.314 j/(moleK)]; T is the absolute temperature in K.
Other thermodynamic parameters, including enthalpy
change AH and entropy change AS of MB adsorption value,
calculate the slope and intercept of In K, and 1/T curve with
van Hoft equation, as follows:

InK.= —— ¢ —+—. (8)

Table 3 shows that the enthalpy of AH is positive, in-
dicating that the adsorption is a heat absorption process.
Furthermore, the adsorption values of KN-AC for methy-
lene blue increased with increasing temperature. This proves

the importance of temperature in the adsorption process.
The AS value for entropy is also positive, indicating that
higher temperatures promote disorder at the solid-liquid
interface. On the other hand, AG is negative, implying that
the adsorption process of MB on KN-AC is spontaneous.
Furthermore, AG increases with increasing temperature,
suggesting that higher temperatures increase the reaction
driving force and thus promote adsorption. From these
results, it is clear that temperature plays a key role in the
adsorption process of KN-AC.

4. Conclusion

KOH and KOH-NaOH rice husk AC were produced via the
two-step method. The MB adsorption studies demonstrated
that the specific surface area and adsorption capacity of
KN-AC (specific surface area 1196 m®/g, q=359.7 mg/g)
were increased compared with those of K-AC (specific
surface area 564 m?/g, q=315.4mg/g). The combined acti-
vation not only solves the problem of KOH being envi-
ronmentally unfriendly and lacking NaOH etching ability
but also reduces the cost and energy consumption while
maintaining a good adsorption effect. In addition, these
findings indicate that rice husk is an excellent raw material
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for preparing nanoporous activated biochar and has great
potential in the wider application of biomass.
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