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Indonesian rice husk biochar (RH-BC) was prepared by pyrolysis method at
500°C and characterized using X-ray diffraction, Fourier-transform infrared
spectroscopy, surface-area-specific analysis by Brunauer-Emmett-Teller, and
scanning electron microscopy. The RH-BC were used as adsorbents for
enhancing the adsorption of Congo red compared to pristine rice husk (RH) in
aqueous solutions. The results of characterization through surface-area-specific
analysis showed the surface area of RH-BC (72.25 m?/g) was ten times higher
than RH (7.08 m?/g) owing to high-temperature treatment. The results of the
adsorption study showed that the RH and RH-BC followed the pseudo-second-
order kinetic model and the Freundlich isotherm equation with maximum
adsorption capacities of 85.470 mg/g and 72.993 mg/g for the RH-BC and
RH, respectively. The thermodynamic parameters of adsorption indicated
spontaneous and endothermic processes. The reusability of the adsorbents (RH
and RH-BC) showed that they are potentially suitable for extracting Congo red
from aqueous solution up to three adsorption-desorption cycles. Their

performance sharply decreases after the fourth and fifth cycles.

1. INTRODUCTION

Indonesia has many industries, such as plastics,
textiles, pulps, papers, pharmaceuticals, and cosmetics
that produce waste pollutants, such as dyes, that are
released into the environment. The presence of dyes in
aguatic systems can cause severe environmental
problems (Saini, 2017; Vinsiah et al., 2017; Malik et
al., 2020) These dyes are carcinogenic, non-
biodegradable, and toxic to humans and biota in
environmental systems (Hassaan and Nemr, 2017
Yaseen and Scholz, 2019). Several methods for
removing dyes from wastewater have been developed
to decrease their impact on health and environment
(Banerjee and Chattopadhyaya, 2017). These methods
include adsorption (Palapa et al., 2021), coagulation/
flocculation  (Mozumder and Islam, 2010),
electrochemical (Cotillas et al., 2018), microbial
decomposition (Patil et al., 2016), sonochemical

(Gholami et al., 2019), wet air oxidation, ozonation
(Banerjee and Chattopadhyaya, 2017), and ion
exchange (Choi et al., 2020).

Among these methods, adsorption is a well-
known separation method that provides an effective
process for dye removal from wastewater. The
adsorption performance is based on the properties of
the adsorbent materials. (Han et al., 2008; Banerjee
and Chattopadhyaya, 2017). Several adsorbents have
been tested for dye removal from wastewater, such as
activated zeolites, clays, bentonite, chitin, chitosan,
cellulose, algae, and carbon-based materials (Kandisa
et al., 2016; Momina et al., 2018; Boulaiche et al.,
2019; Rabie et al., 2020).

Activated carbon is an effective adsorbent for
dye removal; however, the high cost of activated
carbon limits its application (Azargohar and Dalai,
2006). Recently, agricultural wastes, such as orange
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peel (Annadurai et al., 2002), longan peel (Wang et al.,
2016), limetta peel (Shakoor and Nasar, 2016), and
rice husk (RH) (Liu and Zhang, 2009), have been used
as feedstock for adsorbents. RH is agricultural waste
feedstock produced from the rice milling industry, and
it contains chemical compounds, such as lignin,
cellulose, and hemicellulose, which can be used as
active-site adsorbents for dye removal (Connor et al.,
2018). However, the RH has a low adsorption
capacity. Thus, to increase this adsorption capacity,
they should be activated by carbonization
(Bamroongwongdee et al., 2019; Milla et al., 2013).

Malik et al. (2020) also reported comparative
comparison of RH, RH char, and chemically modified
RH used as adsorbents for the removal of the Congo
red dye. This study reported that the adsorption
capacities of the RH, RH char, and chemically
modified RH char (CMRHC) are 1.58 mg/g, 1.28
mg/g, and 2.04 mg/g, respectively, for Congo red dye
removal. This comparative study indicated that the
adsorption efficiency of the CMRHC was higher than
that of the RH and RH char. Herlina and Masri (2017)
reported that the adsorption of Congo red using the RH
occurred in an optimum contact time of 30 min, with
an adsorption percentage of 91.99%. The adsorption
capacity was 7.19 mg/g. Gad et al. (2016) also used
the RH as an adsorbent of metal ion Co(ll) from
wastewater, which resulted in a maximum adsorption
capacity of 75.70 mg/g, and it followed the Langmuir
isotherm model.

In this study, the RH and RH-BC-based local
Indonesian feedstock were used as adsorbents of
Congo red from aqueous solutions. The factors
influencing the adsorption process, such as adsorption
time, concentration of Congo red, and temperature
adsorption, were studied in detail. The Kinetics of
adsorption, isotherm, and thermodynamics of the
adsorption process of Congo red onto the RH and RH-
BC are discussed in this article.

2. METHODOLOGY
2.1 Chemical and instrumentation

Analytical grade (p.a.) chemicals such as
sodium hydroxide, ethanol, hydrochloric acid, and
congo red (>75%) were purchased from Merck
(Darmstadt, Germany). Water was supplied by the
Research Center of Inorganic Materials and
Complexes, FMIPA Universitas Sriwijaya. Destilled
water was obtained after purify using a Pureit®, which
removed undesirable ionic, organic, and bacterial
contaminants from the water. Further, this water was
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prepared for washing the RH from rice mills in
Bukataorganics, Indonesia. The RH was washed with
distilled water and dried at 60°C in an oven for 8 h.
Production of the RH-BC by pyrolysis method was
done by placing RH in the reactor and then heating at
600°C for 1 h. The RH and RH-BC was characterized
using X-ray diffraction (XRD; Rigaku miniflex-6000).
The RH and RH-BC were scanned from 5° to 80° at a
scan rate of 1° min®. The functional groups were
analyzed using Fourier-transform infrared (FT-IR)
spectroscopy (Shimadzu Prestige-21) at 400-4,000
cm™and a KBr pellet. The adsorption-desorption of N2
was performed using a Quantachrome Micrometic
ASAP adsorption analyzer. Morphology analysis was
performed using a scanning electron microscopy
(SEM; Quanta-650 Oxford). The concentration of
Congo red was determined through an ultraviolet-
visible (UV-Vis) spectrophotometer (Biobase BK-UV
1800 PC) at 501 nm.

2.2 Adsorption process

The adsorption process was studied in a batch
system by varying the adsorption time, Congo red
concentration, and temperature for three replication
measurements. The initial pH of Congo red is 5.3, and
the adsorbents were sieved through 80 mesh. The
variation in the adsorption times was performed with
50 mg/L of Congo red dye. Further, 25 mL of the
Congo red dye was placed in a glass beaker, 0.025 g
of the adsorbent was added to it, and the mixture was
stirred by a horizontal shaker for 5-180 min at 250
rpm. The mixing solution was centrifuged at 1,000
rpm before scanning at 501 nm using a UV-Vis
spectrophotometer. The Kinetic adsorption was
calculated using the kinetic adsorption models, such as
pseudo-first-order (PFO) and pseudo-second-order
(PSO) Kkinetic models, as presented in equations
land 2.

log (d-a) = log G — (52 ) ¢ (1)

t 1 i
qt kpqe? | qe )
Where; ¢e is the adsorption capacity at

equilibrium (mg/g); q: is the adsorption capacity
(mg/g) at t, which is the adsorption time (min); k; and
k> denote the adsorption kinetic rates at PFO kinetics
(min™) and PSO kinetics (g/mg-min), respectively.
The Congo red concentration was determined at
dye concentrations of 50, 75, 100, 125, and 150 mg/L
using 0.025 g of the adsorbents and 25 mL of Congo
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red. Moreover, the mixture was stirred by a horizontal
shaker for 100 min at 250 rpm at different adsorption
temperatures of 303, 313, 323, and 333 K. The
concentration of the Congo red was analyzed using the
UV-Vis spectrophotometer at a maximum wavelength
of 501 nm. Thereafter, the thermodynamic parameters
were obtained from the Langmuir and Freundlich
equations. The Langmuir adsorption model is assumed
to be the chemical and monolayer adsorption
processes, while the Freundlich adsorption model is
assumed to be the physical and multilayer adsorption
processes. Equations 3, 4, and 5 represent the
Langmuir adsorption model, Freundlich adsorption
model, and thermodynamic equations, respectively.

C

b

_ 1
- bKmL

= ()

Where; C is the saturated concentration of the
adsorbate, m is the amount of adsorbate, b is the
maximum adsorption capacity (mg/g), and Ky is the
Langmuir constant (L/mg).

Logqge = logKy + 1/nlogC, 4)

Where; e is the adsorption capacity at
equilibrium (mg/g), C. is the concentration of
adsorbate at equilibrium (mg/L), and Kr is the
Freundlich constant.

AS AH

and= E— E

Q)

Where; R is the rate gas constant, T is the
temperature of the adsorption process (K), Kq is the
thermodynamic equilibrium constant, AH is the
enthalpy (kJ/mol), and AS is the entropy (J/mol-K).

2.3 Desorption and reusability process

Based on the amount of adsorbed dye, the
amount of desorbed dye can be calculated using the
following equation.

%D=§ﬂ x 100%

dsp

(6)

Where; Cags is the concentration of adsorbed
Congo red (mg/L), Cusp is the concentration of
desorbed Congo red (mg/L), and %D is the percentage
of the desorption process.

The regeneration efficiency is determined using
the equation:
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% regeneration g—; X 100% @)

Where; Q; is the adsorption capacity of
reusability (mg/g) and Q. is the adsorption capacity of
the initial reusability (mg/g).

The desorption process was used to test each
adsorbent using 1 g of RH and RH-BC, followed by
the addition of 50 mL of the Congo red solution. Then,
the mixture was stirred for 2 h. The used adsorbent was
desorbed by taking 0.01 g of RH and RH-BC,
respectively, and adding 10 mL of solvent (sodium
hydroxide (0.01 M), hydrochloric acid (0.01 M),
absolute ethanol, and distilled water) and stirring the
mixture for 2 h for each conical flask. The reusability
process was performed with the desorbed adsorbent
reused to adsorb 100 mg/L of Congo red. The
adsorption was performed for 2 h using a batch system
and analyzed by UV-Vis spectrophotometry. The
reusability of the adsorbent was evaluated in three
cycles of the adsorption process.

3. RESULTS AND DISCUSSION
3.1 Adsorbent characterization

Figure 1 shows the XRD powder patterns of the
RH and RH-BC characterization at 20 diffraction
peaks shown in the range of 16°-29°. A previous study
(Suyanta and Kuncaka, 2011) reported that there were
no diffraction peaks, except one of approximately 23°
with reflection (002) at 260 diffraction. These
diffractions indicate the presence of silica in an
amorphous state from the RH and RH-BC (Millaetal.,
2013). The XRD powder pattern of the RH exhibited
diffraction at 23°. Another 20 peak (101) at 18°
disappeared after heating the RH at a high temperature
(600°C) due to decomposition of cellulose (Rosa et al.,
2012). As reported by De Bhowmick et al. (2018), the
change in the peak occurred due to the destruction of
the biomass structure by pyrolysis.

The FT-IR spectra of the RH and RH-BC are
shown in Figure 2. The vibration peak at 3,448 cm™
corresponds to the -OH group. The peak at 1,620 cm™
indicates the presence of C-O bonds in the carboxylate
group. The peak at wavenumber 794 cm™ corresponds
to the presence of Si-O bond (Bamroongwongdee et
al., 2019). The vibration at 1,103 cm™ refers to C-H
stretching of lignin in the RH and RH-BC (Gad et al.,
2016). Furthermore, the intensity of the water
molecule (OH vibration) and carboxylate group (CO
vibration) in the RH decreased after heating at 600°C
to form the RH-BC.
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Figure 1. XRD powder patterns of (a) RH-BC and (b) RH
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Figure 2. FT-IR spectra of (a) RH-BC and (b) RH

Table 1 shows the Brunauer-Emmett-Teller
(BET) surface analyses of the RH and RH-BC. The
RH-BC has a larger surface area than that of the RH
because of the use of high temperatures during RH-BC
pyrolysis. These temperatures can open the pore
channels of the RH during thermal process to form the
RH-BC (Fernandes et al., 2016). As shown in Table 1,
the larger pore size can affect the higher adsorption
capacity due to the increasing pore volume. This was
also reported by Mangun et al. (1998). They also
reported that the pore size and volume size can affect
the adsorption capacity.
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Table 1. Surface properties of RH and RH-BC

Adsorbent Surface area Pore size  Pore volume
(m?/g) (nm) (cm®/g)

RH-BC 72.25 3.33 0.060

RH 7.08 3.14 0.011

SEM-energy-dispersive X-ray (EDX) analysis
revealed the elemental composition of the RH and RH-
BC. The SEM-EDX analyses of the RH and RH-BC
are shown in Figure 3(a) and 3(b), respectively. The
morphology of the RH (Figure 3(a)) shows a uniform
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size with a round stem shape. However, the RH-BC
has an irregular pore size, as shown in Figure 3(b)
(Leng et al., 2015). As expected from the results of the
BET analysis, the opening of pores increases the
surface area of the RH-BC. Furthermore, the EDX
results showed that both the RH-BC and RH contain

C,Si, 0, S, P, N, and Al. The main contents of the RH
are C, O, and Si, which are obtained from SiOzand the
carboxylate groups. The main components of the RH-
BC are C and Si. The elements Al, P, S, and N are
obtained through plants as non-essential elements
(Wang et al., 2017).

Figure 3. SEM-EDX analysis of (a) RH and (b) RH-BC

3.2 Adsorption study

The RH and RH-BC were used as adsorbents for
the adsorption of Congo red from aqueous solutions.
First, the adsorption was studied based on the
adsorption time, as shown in Figure 4 and Table 2. The
adsorption of Congo red on the RH and RH-BC
increased sharply with the increasing adsorption time
for both the adsorbents, and it reached equilibrium
after 100 min of adsorption. The adsorption time
data were calculated to obtain the kinetic parameters
using the PFO and PSO kinetic models, as described
by Equations 1 and 2. The adsorption of Congo red
follows the PSO kinetic model, with a correlation
coefficient R?>0.995. The RH-BC has a larger
adsorption capacity (31.619 mg/g) than that of the RH
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(22.008 mg/g) because of its large surface area, which
indicates sorbent-sorbate electrostatic attraction.
According to Bamroongwongdee et al. 2019 the PSO
kinetic model also confirmed that the adsorption
process involves a chemisorption stage, which
constitutes the rate-limiting process.

Second, the effects of the Congo red
concentration and temperature on the equilibrium of
the adsorption process were studied. Figure 5 shows
the difference in the Congo red concentration and
adsorption temperature in the case of RH and RH-BC.
The figure also shows that the adsorption capacity
increases with increasing temperature of the
adsorption process.
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Figure 4. The plot of the fitted kinetics model against the experimental data

Table 2. Kinetic adsorption of Congo red on the RH and RH-BC

140 160 180

Adsorbent Initial concentration  Qeexperiment PFO PSO
(mg/L) (mg/g) QECaIc R? k1 QECaIc R? k2
(mg/g) (mg/g)
RH-BC 51.492 31.619 29.573 0.995 0.032 36.231 0.997 0.023
RH 51.492 22.008 19.037 0.979 0.029 25.062 0.994 0.021
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Figure 5. Effects of Congo red dye concentration on the adsorption capacities of (a) RH and (b) RH-BC
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Figure 5. Effects of Congo red dye concentration on the adsorption capacities of (a) RH and (b) RH-BC (cont.)

Table 3 presents the Langmuir and Freundlich
data, which were obtained from the data provided in
Figure 5. According to the data in Table 3, the
adsorption on the RH and RH-BC is appropriate with
the Freundlich isotherm model with R?>0.99, which
suggests that the adsorption process is physisorption
and occurs through multilayer (Wijayanti et al., 2018).
However, this is in contrast to the PSO equation,
which indicated that the adsorption process involves
chemisorption. This finding suggests that physico-
chemical adsorption occurred in the adsorption
process. This conforms with the enthalpy results listed

Table 3. Isotherm models of Congo red adsorption on RH and RH-BC

in Table 4, which indicate that the adsorption of Congo
red has low enthalpy. Further, according to IUPAC,
physisorption with the enthalpy in the range of 4-40
kJ/mol and >40 kJ/mol corresponds to chemisorption
(Thommes et al., 2015; Oktriyanti et al., 2019). The
increasing dye uptake with the increasing temperature
decreased the viscosity of the solution, increased the
porosity, or interlayer, resulting in the enhancement of
active sites form (Zhu et al., 2005). According to the
results summarized in Table 4, the adsorption capacity
of Congo red removal using the RH-BC is slightly
higher than that for other adsorbents.

Isotherm Parameters 303K 313K 323K 333K
RH-BC Langmuir Qmax 77.519 79.365 83.333 85.470
ke 0.058 0.112 0.219 0.480
R? 0.971 0.992 0.999 0.998
Freundlich n 1.909 4.361 1.448 1.444
ke 7.034 1.328 3.631 3.928
R? 0.999 0.996 0.993 0.999
RH Langmuir Qmax 60.606 72.993 74.627 75.188
ko 0.067 0.088 0.039 0.058
R? 0.997 0.976 0.956 0.969
Freundlich N 1.071 10.953 5.688 9.497
ke 1.295 1.455 1.386 1.441
R? 0.999 0.979 0.983 0.994
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Table 4. Comparison of Congo red adsorption using different adsorbents.

Adsorbent Qe (mg/g) Refs

Na-bentonite 35.84 (Vimonses et al., 2009)
Bagasse fly ash 11.88 (Mall et al., 2005)

Spirulinna algae 3.11 (Mohadi et al., 2017)
m-cell/Fe3O4/ACCs 66.09 (Zhu et al., 2011)

Magnetic FesOs@graphene 33.66 (Inyang et al., 2012)

Funalia trogii 83.70 (Bayramoglu and Arica, 2018)
RH-BC 85.47 This research

RH 75.188 This research

The thermodynamic parameters of the Congo
red adsorption on the RH and RH-BC adsorbents, such
as AH (enthalpy), AG (Gibbs free energy), and AS
(entropy), are shown in Table 5. The positive values of
AS indicate an increase in the degree of irregularity

between the adsorbate and adsorbent. The positive
value of AH indicates that the Congo red adsorption on
the RH and RH-BC is endothermic. The negative
value of AG indicates that the Congo red adsorption is
spontaneous (Naushad et al., 2019).

Table 5. Thermodynamic parameters of Congo red adsorption on RH and RH-BC

Concentration T (K) Qe (mg/g) AH (kJ/mol) AS (kJ/mol) AG (kJ/mol)
48.524 mg/L 303 31.270 9.544 3.200 -0.070

313 37.063 -0.387

323 43.889 -0.704

333 47.698 -1.022
48.524 mg/L 303 24.841 19.565 6.500 -0.132

313 27.778 -0.782

323 30.714 -1.432

333 32.857 -2.082

Desorption of the adsorbent was studied using
several solvents on the RH and RH-BC after the
adsorption of Congo red, and the results are shown in
Figure 6, which indicate that hydrochloric acid as a

solvent can give higher results in the desorption
process of Congo red. This is because the H* ion from
the hydrochloric acid releases the Congo red dye anion
by interacting with the adsorbent. Congo red prefers

100 - I

80 1

60 A

% Desorption

40

20 A

®mRH ®mRH-BC

0 —
Water

Figure 6. Desorption of Congo red on the RH and RH-BC

Hydrochloric Acid

Sodium Hydroxide Ethanol
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lower number of H* ions than those present in
hydrochloric acid because of greater electrostatic
interactions than adsorbents (Palapa et al., 2020). The
reusability of the adsorbent was evaluated using
hydrochloric acid as a desorption reagent to release
Congo red after the adsorption process.

The reusability study was conducted for five
adsorption cycles, as demonstrated in Figure 7. The
adsorption capacity of Congo red on both the
adsorbents decreased sharply after three cycles, i.e.,
during the fourth and fifth adsorption processes. The
first reusabilities of the RH and RH-BC were 58.88%

and 54.32%, and the second reusabilities were 53.44%
and 47.33% for the RH and RH-BC, respectively. The
third reusability was more stable with reusability
values of 47.91% for RH and 44.24% for RH-BC.
However, the adsorption capacity decreased
significantly in the fourth and fifth adsorption
processes. Thus, the RH and RH-BC are suitable
adsorbents for the Congo red adsorption in three
adsorption cycles. Furthermore, these adsorbents can
be reused, although their adsorption capacity is
slightly reduced.

70

60

50 A

40 A

30 1

% Adsorption

20 A

10 1

RH =RH-BC

1 2

Figure 7. Reusability of the RH and RH-BC for Congo red adsorption

4. CONCLUSION

In this study, characterization of RH and RH-
BC using XRD indicated the presence of silica
molecules at a diffraction peak of 23°. The FT-IR
spectra of the RH and RH-BC showed Si-O vibrations
at 794 cm?, and the peak at 1,103 cm™ corresponded
to the C-H strain, which indicated the presence of
lignin on the RH and RH-BC. The BET analysis
showed that the surface areas of the RH and RH-BC
were 72.25 m?g and 7.08 m?/g, respectively. The
adsorption of Congo red on the RH and RH-BC
followed the PSO kinetics model with optimum
adsorption after 100 min and the Freundlich equation
model with a maximum adsorption capacity of 85.470
mg/L. The RH-BC was more effective at Congo red
dye removal than the RH. The thermodynamic
parameters indicated that the Congo red was adsorbed
spontaneously on the RH and RH-BC, and this
adsorption was an endothermic process. The

263

reusability of the adsorbents indicated that the RH and
RH-BC had a decreasing adsorption capacity after
three cycles of adsorption. Furthermore, these
experimental results are useful to increase the use of
biomass as a potential adsorbent for wastewater
treatment. The studied adsorbents are suitable to
remove Congo red in an aqueous solution. In addition,
the use of agricultural wastes as one source of
adsorbents has the potential to further help to reduce
agricultural waste in the environment.
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