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Abstract

Numerous reports have elucidated the use of biochar (BC) to adsorb dyes from wastewater.
However, its applicability for adsorbing Procion Red, which causes carcinogenic and mutagenic
effects on aquatic life, has not been studied. In this work, biochar produced from rice husk
in Sumatera, Indonesia was used as a biosorbent for Procion Red removal from aqueous systems.
Rice husk-BC was characterised using X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, surface area specific analysis, and scanning electron microscopy (SEM) for mor-
phological analysis. The characterisation showed a (002) reflection peak at 260 = 23° with broad and
quite intense diffraction, which indicates reflection of electromagnetic waves by silicates, oxides
and carbon present in the rice husk-BC. The surface area and SEM morphologies confirm that
after pyrolysis, the surface of the rice husk changed. The FTIR spectra confirm the presence of
functional groups such as the carboxylic acids and aromatic compounds. The surface area of rice
husk-BC was up to ten times that of its raw material. The results of adsorption studies indicate
that adsorption of Procion Red on rice husk-BC follows a pseudo-second-order (PSO) reaction
with a rate constant of 0.044 min" and Langmuir isotherm models with a coefficient of correlation
close to unity. The maximum adsorption capacity increased from 36.900 mg g™! for the rice husk
to 84.034 for the rice husk-BC. Thermodynamic analysis showed positive enthalpy and entropy,
indicating that Procion Red adsorption is endothermic; thus, the Gibbs energy values decreased
with increase in temperature, indicating that high temperatures are favourable for the adsorption
process. Furthermore, the study of adsorption of Procion Red on rice husk-BC and regeneration
of the adsorption capacity of rice husk-BC showed the largest drop in the fourth and last cycle.
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Introduction

It is important to solve the environmental
problems caused by synthetic dyes [1]. Sources
of contaminant dyes include textile industries [2],
paper industries, pulp industries, and cosmetic
industries [3—4]. Synthetic dyes are harmful to the
environment, not easily biodegradable, highly
toxic, and are highly dispersible in surface water
[5—6]. The removal of dye molecules from waste-
water is important, and it is very interesting to see
how this can be achieved [7]. Treatment methods
to remove dyes from wastewater, including photo-
degradation [8], bioremediation [9], decomposition
[10], and adsorption, have been examined [11—
13]. Among these, adsorption is more popular
because of its low setting-up cost, ease of
operation, and high efficiency [14].

The presence of synthetic dyes such as Procion
Red in wastewater causes carcinogenic and mu-
tagenic effects on aquatic life as well as environ-
mental damage [15]; this prompted Scientists to
conduct research on the removal of Procion Red
from wastewater through adsorption methods.
As reported in Nazifa et al [16], the use of acti-
vated carbon from corncob to remove Procion
Red resulted in a maximum adsorption capacity
of 2.86 mg g'!. Another research by Sarma et al.
[17] using montmorillonite to remove Procion
Red produced a maximum adsorption capacity
of 11.09 mg g'!, while Procion Red adsorption
using commercial activated carbon resulted in a
maximum adsorption capacity of 167 mg g at
273 K [18]. Biosorbent from modified avocado
shells was also found to be highly effective for
Procion Red removal, with a maximum adsorp-
tion capacity of 167 mg g [19].

A material has greater potential for use as
an effective adsorbent if it has high adsorbance
properties, larger number of active sites on the
surface, and high stability during preparation [20].
Biosorbents from natural biomass yield inex-
pensive adsorbents [21]. However, the disad-
vantages of natural materials are that they have
active sites on the surface, and low adsorption

App. Envi. Res. 43(3) (2021): 79-91

capacity [22]. Therefore, there is a growing need
to find new adsorbents for practical applications
that are economical, easily available, and effective.
Natural, carbon-rich materials known as biochar
(BC) or hydrochar have been found to be ef-
fective and renewable [20, 23]. In recent years,
researchers have explored BC or hydrochar from
natural materials such as wheat [24], coconut
shell [25], wheat straw [26], peat husk [27],
sawdust [28] and rice husk, as adsorbents. Rice
husk is a low-cost and environment-friendly
biomass, nearly 26 million tons of which is pro-
duced every year in Indonesia [29]. Rice husk
has a hard surface and high silicon content,
making it difficult to decompose; the main com-
ponents of rice husk are cellulose, lignin, and
silicon [30]. BC from rice husk is a porous
material with a large specific surface area and
contains rich functional groups on the active
sites [31-32]. Thus, BC from rice husk can be
used as an adsorbent with economic potential
for the removal of heavy metal cations and
organic contaminants from wastewater. Several
studies have used BC to adsorb dyes from waste-
water. According to Leng et al. [31], when BC
from rice husk was utilized to remove malachite
green dye from aqueous solutions it indicated an
adsorption capacity of 67.7 mg g”'. Chen et al.
[32] reported that direct red dye had been removed
by rice husk-BC at an adsorption capacity of
59.77 mg g!. Rice husk-BC was also used to
adsorb methylene blue from aqueous solutions,
and it reached an adsorption capacity of 17.92
mg g [33]. Luyen et al. [34] reported the use of
rice husk-BC nanocomposite in another case to
remove crystal violet from wastewater, where
the adsorption capacity reached 185 mg gl.
For comparison, adsorption of Procion Red was
studied using inorganic materials such as bento-
nite clay [35]. The adsorption capacity was 5.26
mg g'! for natural bentonite and 9.97 mg g™! for
activated bentonite. Similar results were obtained
by Sarma [17] when montmorillonite was used
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as the adsorbent to remove Procion Red from an
aqueous solution; the adsorption capacity was
found to be 11.04 mg g™!. Based on these results,
it can be concluded that biochar is a more ef-
fective adsorbent with higher adsorptivity for
Procion Red and higher reusability compared to
those of other materials, especially clay. In this
study, the experiments on adsorption were con-
ducted with adsorbents and Procion Red to deter-
mine adsorption times, Procion Red concentration,
and adsorption temperature setting. The regenera-
tion capacity of the adsorbent was also studied
from an economic point of view, for industrial
and large-scale practical applications.

Materials and Methods
1) Chemicals

Procion Red, the chemical formula of which
is C19H10C12NeNa207S2, was purchased from
Sigma Aldrich. All chemicals used were of ana-
lytical grade from Merck, including absolute
ethanol, sodium hydroxide, and hydrochloric
acid. Rice husk was procured from paddy fields
in Indonesia through Bukata Organics, Indonesia.

2) Biochar preparation

Rice husk-BC was produced through thermal
treatment of the rice husk; the thermal treatment
was carried out in a furnace at 600 °C under ni-
trogen flow (10 °C min™") for 2 h. Thereafter, the
reactor was cooled down and the prepared BC
was characterised. This was done through X-ray
diffraction (XRD) using a Rigaku Miniflex-600
diffractometer, Fourier transform infrared (FTIR)
spectroscopy using a Shimadzu Prestige-21
spectrophotometer, morphology analysis using a
Quanta-650 Oxford instrument scanning elec-
tron microscope (SEM), and BET using a micro-
metrics instrument by ASAP Micromeritics
2020. The BC thus prepared was used in the
adsorption experiments.
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3) Adsorption experiments

Adsorption experiments to determine the ef-
fect of adsorption time, initial concentration of
Procion Red, and temperature on the efficiency
of adsorption Procion Red as well as to deter-
mine the adsorption isotherm, adsorption kinetics,
and adsorption thermodynamics, were conducted.
This procedure was carried out for various initial
concentrations up to 50 mg of rice husk-BC and
rice husk was added to 50 mL each of Procion
Red solution, and the batch shaken for 5-180
min at 303-333 K; this procedure was carried
out for various initial concentrations of the dye.
Concentration of the adsorption process was
tested using a UV—vis spectrophotometer at 537
nm. The desorption process was induced using
a hydrochloric acid solution (0.01 M), sodium
hydroxide solution (0.01 M), water, and ethanol
(absolute for analysis). Reusability was tested
by adding 1 g of the adsorbents (i.e. rice husk and
rice husk-BC) separately to 50 mL of Procion
Red solution, the concentration of which was
100 mg L'!; then, the mixture was shook for 2
h. The dried adsorbent was reused for four
cycles through procedures similar to those in the
first adsorption experiments.

Results and discussion
1) Adsorbent characterisation

Rice husk-BC was characterised by XRD,
FTIR, SEM, and BET surface area measure-
ments. The results of the XRD analysis of the
rice husk and rice husk-BC are depicted in
Figure 1. The XRD pattern shows that rice
husk and rice husk-BC have an amorphous
regions corresponding to their lignin content.
According to Ntaflou and Vakros [36], the
broad peak at 23° corresponding to 20 indicated
the presence of carbon-rich materials with less
ordered structures due to pyrolysis. Peaks of
other raw materials indicate lignin and cellulose
[37]; however, after pyrolysis, the peaks related
to lignin and cellulose disappeared [38].
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The FTIR spectra showed indicated presence
of hydroxide groups, with transmittance/ absor-
bance of wave numbers ranging from 3400 and
3448 cm™! The FTIR spectra showed hydroxide
groups stretching to 3448 cm™!. The low trans-
mittance/absorbance at 794 cm™! indicated C-H
ring deformation or C-H wagging [39]. Other
vibration bands at 1103 cm™ are attributed to sili-
cate oxide; 1620 cm™ denotes the formation of
functional groups with oxygen, such as carboxyl
C=0 stretching and aromatic C=C stretching.

The morphologies of the rice husk and rice
husk-BC are captured in Figure 2. The morpho-
logy of the rice husk indicates homo-globular
particles when zooming to 30.0 um, assumed to
be the lemma and palea components of the rice
husk [40]; the rice husk-BC morphology showed
some pores due to pyrolysis at temperatures above
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500 °C. However, other researchers who con-
ducted the experiment at temperatures lower than
500 °C noted that during pyrolysis the hetero pores
and the pores were not fully developed [41].

The specific surface areas and porosities of
rice husk and rice husk-BC are listed in Table 1.
Table 1 shows that the specific surface area of
rice husk increased significantly after pyrolysis.
This indicates that upon heating, the volatili-
sation of organic compounds in the rice husk
created BC with a porous structure, resulting in
a much higher surface area. The average pore
size of the rice husk-BC also increased due to
the higher temperature during heating. As re-
ported by Shi et al [38], there was a dramatic
increase in the number of larger pores in the rice
husk-BC samples, due to the high temperature
prevailing during pyrolysis.
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Figure 1 Pictures of XRD powder pattern (a) and FT-IR spectrum (b) of rice husk and rice husk-BC.

Figure 2 Morphological images of rice husk

(a) and rice husk-BC(b).

Table 1 Specific surface area and porosity of rice husk and rice husk-BC

Adsorbent Surface Area (m?g™) Pore Size (nm) Pore Volume (cm’g™)
Rice husk-BC 72.25 3.33 0.060
Rice husk 7.08 3.14 0.011
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2) Adsorption behaviour of adsorbents

The contact time of the adsorption process is
an important parameter to be determined; the dye
uptake increased slightly with time till it reached
an equilibrium. The adsorption of Procion Red
using both rice husk and rice husk-BC indicated
equilibrium conditions after 120 min contact time;
at this stage, rice husk-BC had an adsorption
capacity of 25.190 mg g, and rice husk had
18.354 mg g'!. The increase in adsorption capa-
city up to the equilibrium state was caused by the
adsorption ability of active sites on the adsorbent
surface, which was rich in pores, as well as large
magnitude of unbalanced molecular forces du-
ring the initial contact time as well [42]. The results
of the adsorption time experiment are shown in
Figure 3, while Table 2 presents the kinetics of
Procion Red adsorption using rice husk-BC and
rice husk. The kinetic model is described by the
pseudo-first-order (PFO) pseudo-second-order
(PSO) and Elovich models.
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Figure 3 Effect of time adsorption of procion
red removal onto rice husk-BC and rice husk.

The kinetics of the adsorption process was
determined using three most studied kinetic
models, which can be expressed as:

k
log (ge-q:) = log ge — (2’3;3) t (Eq. 1)
t 1 1
= e T oot (Eq. 2)
q=3Inab + ;Int (Eq.3)
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where g. is the adsorption capacity at equi-
librium (mg g!), g is the adsorption capacity at
time ¢ (mg g™), ¢ is the adsorption time (min™),
k1 1s the adsorption kinetic rate at pseudo-first-
order (min), and 4 is the adsorption kinetic
rate at pseudo second-order (g mg! min); a is
Elovich adsorption rate, b is Elovich constants
(g mg! min™).

According to Table 2, the kinetics model is
explained better by PSO compared to PFO and
Elovich; values calculated using PSO are a
better match with observed with observed
values (with R?> 0.996). For both rice husk and
rice husk-BC kinetic data, the k; value was
obtained by plotting In(qe—qt) against #; the k2
value by plotting t qt"' against t; and the a and b
by plotting gt vs. In ¢ as written by Eq. 1-3. The
adsorption capacity of rice husk-BC was greater
than that of rice husk because of the higher sur-
face area and pore size of the BC. The adsorp-
tion of rice husk-BC and rice husk reached
equilibrium after 70 and 90 min, respectively; it
is assumed that the process to remove Procion
Red is quicker on rice husk-BC than on rice husk
[43]. However, the porous structure of rice husk-
BC may have resulted in longer intraparticle
diffusion path and slower kinetics, compared
with those in rice husk. In Figure 3, the symbols
denote experimental values of qt, and solid lines
denote qt calculated using kinetic parameters
including PFO and PSO; Elovich described the
activation chemisorption energy of adsorption;
qt corresponding to the PSO parameter is close
to the experimental value of q: for rice husk and
rice husk-BC, respectively. All the kinetics pa-
rameter data are listed in Table 2. The experiments
successfully demonstrated that the removal of
Procion Red reached 99% sing rice husk-BC
and 62% percent using rice husk, 3 h from the
time initial concentration of Procion Red was 25
mg L.
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Table 2 Kinetic adsorption results for Procion Red

Parameters Adsorbent
Rice husk Rice husk-BC
PFO e 17.254 17.697
ki (min™) 0.025 0.033
R? 0.990 0.992
PSO ge (mg g) 20.747 26.954
k2 (mg min™) 0.022 0.044
R? 0.996 0.999
Elovich a(gmg") 0.472 0.363
b (g mg' min™) 0.25 0.234
R? 0.9657 0.979

The graphs describe the effect of the initial
concentration and temperature on the equilibrium
state of the adsorption process. Table 3 and
Figure 4 show the results of the Langmuir and
Freundlich models that were tested in this ex-
periment; these isotherm models are formulated
as expressed in Eq. 3 and 4:

L g (Eq.4)

de dmax Amaxb Ce

Ing, =InK; + (%) InC, (Eq.5)

where gmax 1s the maximum adsorption capa-
city of the monolayer (mg g™), b is the Langmuir
adsorption equilibrium constant (mg ™), Ce is the
equilibrium concentration (mg L™!), and Kyis the
Freundlich constant. The equilibrium of the pro-
cess was analysed using the Langmuir isotherm,
where gmax Was obtained from the intercept and
slope of the plot of g Ce! vs. ge using the
Langmuir adsorption isotherm (as shown in Eq.
4). The values of Kr and n were obtained from
the intercept and slope of the line obtained by
plotting In ge versus In Ce as Eq. 5. Figure 3 shows
that the adsorption capacities increase with in-
creasing temperature. This finding indicates
that conditions are favourable for adsorption at

high temperatures, and adsorbents occupy inac-
tive sites as the saturation value is reached [44].
Thus, the efficiency of removal of Procion Red
increases with increasing temperature, with the
adsorption capacity increasing up to a tempera-
ture of 333 K. Increasing amount of adsorbed
Procion Red with increasing temperature suggests
the endothermic nature of the adsorption pro-
cess and the primary role of temperature in the
removal of Procion Red [45]. An increase in
temperature is known not only to increase the
diffusion rate of the intermediate molecules across
the external boundary layer and within the pores,
but also to modify the equilibrium capacity of
the adsorbent for a particular adsorbate. Based
on the coefficient of determination, the best-fit
isotherm model in this experiment is Langmuir,
which indicates the monolayer adsorption process.

Table 3 shows the increase in Owmax of rice
husk-BC from 36.900 mg g to 84.034 mg g
These Omar values are comparable to those of
other biosorbents used as Procion Red removal
agents such as Bacillus subtilis [15], activated
pine fruit shell [46], Res. Deffated Nigrospora
Sp [47], spirulina algae [11] and layered double
hydroxide [48], as listed in Table 4.
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Figure 4 Effect of Procion Red concentration of rice husk (a) and rice husk-BC (b),
and isotherm model (¢).

Table 3 Results of equilibrium adsorption process, and thermodynamic parameters
Adsorbent Isotherm Parameters Thermodynamic parameters

AG (kJ mol™) AH (kJ mol")  AS (J mol' K)

Rice husk-BC Qmax 84.034
kLangmuir 0.027 -0.279
RzLangmuir 0996 -0.670
11.560 0.039
n 1.815 -1.671
kFreundlich 5.705 -1.452
RzFreundlich 0999
Rice husk Qmax 36.900
kLangmuir 0.077 -0.120
R*Langmuir 0.986 -0.322
6.002 0.020
n 3.789 -0.524
kFreundlich 10.627 -0.726

RzFreundlich 0 . 999
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Table 4 Comparison of Procion Red adsorption using different adsorbents under various

adsorption conditions

Ref Adsorption Adsorption condition Adsorbents
capacity (mg g)

[35] 5.26 50 mg/303 K/pH 3 Nat-Bentonite

[35] 9.97 50 mg/303 K/pH 3 Activated Bentonite

[17] 11.04 1 g/303 K Montmorilonite

[15] 35.61 pH 2/303 K Bacilus Subtilis

[46] 195 50 mg/pH 2/4 h Pine Fruit Sheel

[18] 106 pH 2/50 mg Homemade Peach

[47] 186 pH 2/298 K/78 mg/2h Res. Deffated Nigrospora Sp

[11] 10.19 301 K/2h/pH 5 Spirulina Algae

[19] 167 pH 6/303 K Activeated-avocado shell
This research 84.034 333 K/50 mg/2 h Rice husk-BC
This research 36.900 333 K/50 mg/2 h Rice husk

The thermodynamic parameters are listed in
Table 3; they are formulated in Eq. 5 and 6:

AG = -RT In Kp (Eq. 5)
_as_an
InKp==— 22 (Eq. 6)

where Kbp is the distribution coefficient, R is
the molar gas constant, T is the absolute tem-
perature (K), AH is the enthalpy (kJ mol™), AS
is the entropy (J mol! K1), and AG is Gibbs
value (kJ mol ™). The spontaneity and feasibility
of Procion Red removal by rice husk-BC and
rice husk were confirmed by the negative Gibbs
value. Increasing temperature leads to a decrease
in the Gibbs value, which denotes the affinity of
adsorbents to the dye molecule, with favourable
conditions up to 333 K. According to Table 3,
the adsorption of Procion Red using rice husk-
BC and rice husk involves lower energy, indi-
cating physisorption. The negative value of AG
at various temperatures showed that the adsorp-
tion process is spontaneous, with the positive
value of AH indicating that the adsorption process
is endothermic. AH and AS for the liquid phase
were affected by various conditions such as tem-
perature, concentration, and interaction between
liquid and solid interfaces during the adsorption

process. In addition, the effect of temperature
on adsorption was also found to depend on the
viscosity of the solvent; with Procion Red, this
will lead to higher mobility of the solute at
higher temperatures. Thus, higher temperatures
may be favourable for adsorption, with increased
adsorption capacities. In addition, based on pre-
vious results [17], it is confirmed that the ad-
sorption process follows the Langmuir isotherm,
indicating adsorption of a monolayer on the sur-
face, although the high adsorption capacity might
suggest the formation of multiple layers. As pre-
viously reported by Ribeiro et al [49], for dye
systems, the Langmuir assumptions of infinite
dilution and monolayer saturation apply to gas
systems with uniform sites and no interaction
between monolayer adsorbed molecules on a
homogeneous surface. This finding indicates that
the interaction of the adsorbate and the adsorbent
leads to effective adsorption of Procion Red.

3) Desorption and reusability

Desorption studies were performed, and re-
usability of the materials was then investigated
by studying the effectiveness of the adsorbent
after desorption. Figure 5 (A) shows the per-
centage of Procion Red desorption by several
reagents. Among all the reagents used, ethanol
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produced the highest desorption, with a desorp-
tion percentage of up to 89%. Thus, the regene-
ration process is most effective when ethanol is
used as the desorbing reagent. Experiments in-
volving three cycles of adsorption-desorption
were conducted. Figure 5 (B) shows the decrease
in efficiency of adsorbents with each succeeding
cycle; the first cycle showed a higher adsorption
of Procion Red onto rice husk than onto rice
husk-BC. The results indicated that Procion Red
adsorption onto fresh rice husk-BC is 97% while
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it is only 34% after desorption. On the other hand,
adsorption onto fresh rice husk was 69% and
50% after desorption. We assume that after the
first desorption cycle, the adsorption capacity of
rice husk-BC decreased; this may be because
adsorbed Procion Red molecules are trapped in
the active sites of rice husk-BC. However, it is
observed that the rice husk-BC has better ability
for regeneration after the first cycle as evident
from the fact that adsorption percentage after
the third cycle increases from 48% to 59%.
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Figure 5 Graph of desorption (a) and reusability studies (b) of rice husk and rice husk-BC.

Conclusion

BC from rice husk was prepared and used as
an effective biosorbent to remove Procion Red in
the aqueous phase. The effectiveness of adsorp-
tion by rice husk-BC was examined using certain
variables, including adsorption times, Procion
Red concentration, and adsorption temperature
settings. The adsorption processes of Procion
Red onto both rice husk and rice husk-BC are
demonstrated by the pseudo-second-order and
Langmuir isotherm models. The increasing of
adsorption maximum capacity in Qmax calculation
from Langmuir model showed that rice husk
has lower capacity than rice husk-BC which
amount of Qmax is 36.900 mg g to 84.034 mg g™
These findings can related that the rice husk-BC
has large surface area specific. Furthermore, ther-
modynamic parameters indicated that the ad-
sorption process was endothermic, spontaneous,
and efficient at high temperatures. The regene-

ration of Procion Red adsorption showed the
largest drop in the last cycle. Furthermore, these
experimental are useful to increase the use of
biomass as a potential adsorbent for wastewater
treatment. The studied adsorbents are suitable to
remove Procion red in an aqueous solution.
besides that, the uses of agricultural waste as
one source of potential can further help to
reduce agricultural waste in the environment.
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