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Preparation, characterization, and adsorption performance of activated rice
straw as a bioadsorbent for Cr(VI) removal from aqueous solution using a
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Adewirli Putra®®, Syiffa Fauzia®, Deswati?, Syukri Arief®, Rahmiana Zein**

“Laboratory of Analytical Environmental Chemistry, Department of Chemistry, Andalas University, Padang 25163, West Sumatera,
Indonesia, Tel. +62751-71671; Fax: +62751-73118; emails: mimiedison@yahoo.co.id/rzein@sci.unand.ac.id (R. Zein),

adewirliputra@gmail.com (A. Putra)

"Laboratory of Chemistry, Department of Medical Laboratory Technology, College of Health Sciences Syedza Saintika, Padang 25132,

West Sumatera, Indonesia

‘Research Center for Chemistry, National Research and Innovation Agency, Jakarta, 10340 Indonesia, Tel. +62 21-3169010;

email: syiffa.fauzia@brin.go.id (S. Fauzia)

Laboratory of Applied Chemistry, Department of Chemistry, Andalas University, Padang 25163, West Sumatera, Indonesia,
Tel. +62751-71671; Fax: +62751-73118; email: deswati_ua@yahoo.co.id (Deswati)

¢Laboratory of Material Chemistry, Department of Chemistry, Andalas University, Padang 25163, West Sumatera, Indonesia,
Tel. +62751-71671; Fax: +62751-73118; email: syukriarief@yahoo.com (S. Arief)

Received 9 November 2021; Accepted 12 May 2022

ABSTRACT

This research investigated the adsorption of Cr(VI) using HNO, 0,01 M-activated rice straw in
a batch system. Some parameters such as pH, initial Cr(VI) concentration, and contact times
were examined. The optimum conditions were achieved at the pH 3, initial Cr(VI) concentra-
tion 800 mg/L in 15 min with adsorption capacity 60.204 mg/g. It was found that the adsorption
of Cr(VI) onto activated rice straw was followed the Freundlich isotherm model (R? = 0.9957) and
pseudo-second-order model (R* = 0.9995) indicating that adsorption chemically occurred and mul-
tilayer. Whereas the thermodynamic study revealed that Cr(VI) adsorption onto activated rice
straw was exothermic (AH® = -8.658 kJ/mol) non-spontaneous reaction (AG°® = positive) with lig-
uid/solid interface disorder (AS° = -65,297 J/mol). The physicochemical characterization of the bio-
adsorbent showed a wavenumber shifting of some functional groups. The percentage of Cr(VI) in
bioadsorbent increased and the surface morphology of the bioadsorbent was smoother after adsorp-
tion occurred. Thus, this locally abundant rice straw could be used as a bioadsorbent for Cr(VI)

removal.
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1. Introduction

In the last decades, wastewater containing heavy met-
als has become a world concern [1,2]. Chromium is one
of the heavy metals that could threaten the environment
and human health. Chromium exists in several oxidation
states: Cr(VI) and Cr(IIl). Cr(IlI) was less harmful than

* Corresponding author.

Cr(VI) [3]. Exposure to Cr(VI) can cause tubular swelling,
severe necrosis of the kidneys, stomach, impaired liver
function, and cause lung cancer [4,5]. The maximum limit
of chromium that is allowed according to the standards
of EPA [5], WHO [6], and Permenkes RI No.32 of 2017
[7] is 0.05 mg/L for drinking water; 0.1 mg/L, surface or
groundwater, and 0.25 mg/L for industrial water. Recently,
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common methods for removing Cr(VI) from water and
industrial effluents include electrocoagulation [8], electro-
chemical ion-exchange [9], photocatalytic reduction [10]
and membrane filtration [11]. Unfortunately, those men-
tioned methods have some drawbacks such as high cost,
complicated and need advanced technology [12]. Thus,
an alternative approach was required to replace those
mentioned methods. An adsorption method as an alter-
native method offered several advantages such as effi-
cient, effective, and low cost because it utilized biomass
waste as an adsorbent for pollutant removal in the solution
[13,14]. Some previous studies have reported the appli-
cation of bioadsorbent for Cr(VI) removal such as neem
bark powder [15], aminated rice straw-grafted-poly(vinyl
alcohol) (A-RS/PVA) [16], mucilaginous seeds of Cydonia
oblonga [17], amine-functionalized modified rice straw
[18], Bauhinia rufescens [19], sagwan sawdust biochar [20],
Magnolia leaf [21], etc.

Rice straw is a by-product of the rice-growing process,
which plays an important role in the world’s food supply.
In Indonesia, the production capacity of rice straw was esti-
mated to be close to 106 million tons per year [22]. However,
it has not been used optimally, which has the potential to
be converted into large amounts of bioadsorbent. Many
researchers started to pay attention to this type of agricul-
tural waste to increase its economic, social, and environ-
mental benefits [23]. Rice straw is a biomaterial with high
and distinctive fiber such as the lignocellulosic group rich
in cellulose, hemicellulose, lignin, and silica. The rice straw
consists of 32.0%-38.6% cellulose, 19.7%-35.7% hemicel-
lulose, 13.5%-22.3% lignin, 10%-17% ash, and 70.8% sil-
ica [24,25]. These compounds have many active groups
such as hydroxyl, carbonyl, carboxyl groups, and oth-
ers, playing an active site in the adsorption process and
giving a flocculation effect with heavy metals [26,27].

The utilization of rice straw coming from various places
such as China [27,28] India [29] as bioadsorbent for Cr(VI)
ions removal has been reported. But the utilization of rice
straw originated from Tarusan, West Sumatera, Indonesia,
which was acid-modified, has not been reported yet. The
location, type of soil, and climate affected rice straw’s
chemical composition, providing different characteris-
tics in Cr(VI) removal [30]. Thus, this research was aimed
to investigate the ability of local rice straw that has been
activated by HNO, for removing Cr(VI) ions from aque-
ous solution. This research also studied the parameters
affecting Cr(VI) adsorption onto activated rice straw such
as pH, initial Cr(VI) concentration and predicted its mech-
anism by investigating isotherm, kinetic thermodynamic,
physical, and chemical characterization bioadsorbent.

2. Experimental
2.1. Materials

Rice straw (Oryza sativa) was collected from Tarusan,
Pesisir Selatan, West Sumatra, Indonesia. All chemicals such
as potassium dichromate (K,Cr,0O,), nitric acid (HNO,),
sodium hydroxide (NaOH), and buffer solution (pH 2-6)
were supplied by Merck as analytical grade. All reagents
were dissolved in distilled water.

2.2. Bioadsorbent preparation and characterization

The rice straw was rinsed and dried at room tempera-
ture for +2 weeks. Later, the rice straw was cut into smaller
pieces (2-3 cm), ground, and the powder was sieved with
size 236 um. Then the bioadsorbent was soaked into HNO,
0.01 M with a ratio of 1:3 for 120 min. After that, the bio-
adsorbent was filtered and rinsed until neutral pH was
reached. The powder was dried and sieved using the
same size sieving. The bioadsorbent was ready for further
use. The characterization of bioadsorbent was done using
Fourier-transform infrared spectroscopy (FTIR) (Unican
Mattson Mod 7000), X-ray fluorescence (XRF, PANalytical
Epsilon 3), scanning electron microscopy with energy-dis-
persive X-ray spectroscopy (SEM-EDX, Hitachi S-3400N),
and thermogravimetric analysis (TGA, Linseiss, Type:
STA PT 360).

2.3. Point zero charge adsorption study

0.1 M KCl with various pH (2-7) was prepared by add-
ing 0.01 M HNO, or 0.01 M NaOH. 0.1 g of bioadsorbent
was added into 25 mL of each 0.1 M KCl solution and stirred
for 24 h with an agitation speed of 100 rpm. The curve was
made by connecting pHo (initial pH) vs. ApH (change
in pH) [31].

2.4. Biosorption study

0.1 g of bioadsorbent was added into 10 mL of Cr(VI)
solution in Erlenmeyer flask 25 mL. The experimental con-
ditions were set at the different variations of parameters
(pH 2-6, Cr(VI) initial concentration 100-1,400 mg/L, contact
time 15-90 min, and temperature 298-318 K). The agitation
rate was 100 rpm with particle size 236 um. The concen-
tration of metal ions before and after adsorption was mea-
sured by Atomic Absorption Spectrophotometer (AA240)
at the wavenumber 429 nm [31]. The adsorption capacity
and adsorption efficiency were calculated by the following
Egs. (1) and (2):

. N (S e 14
Adsorption Capacity, g = ~——— (1)
m
e (¢,-C.)
Adsorption Efficiency, %R = —e x100% )

0

where C and C, (mg/L) were initial and equilibrium con-
centrations of Cr(VI). V (L) was the volume of Cr(VI) ion
solution and m (g) was the mass of bioadsorbent.

3. Results and discussion
3.1. Bioadsorbent characterization
3.1.1. FTIR and XRF analysis

Rice straw was characterized using FTIR within wave-
number 4,000-450 cm™. FTIR analysis provided information
regarding functional groups involved in Cr(VI) sorption
and predicted the mechanism between bioadsorbent and
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adsorbate [32]. Fig. 1 shows that the functional groups
existed in rice straw. The wavenumber at 3,861.14 cm™ indi-
cated N-H stretching. The broad peak at 3,400.31 cm™ was
O-H stretching, and the peak at 2,918.03 cm™ described C-H
aliphatic, the peak at 2,850.28 cm™ indicated C-H stretch-
ing of aldehyde. Meanwhile, C=O stretching and C=C were
shown at 2,352.06 and 1,653.06 cm™, respectively. C-NO,
aromatic stretching was indicated at 1,516.92 cm™. The peak
at 1,320.08 and 1,104.51 cm™ represented C=O stretching
and Si-O, respectively. Those mentioned peaks revealed
the complexity of bioadsorbent properties and played an
important role in adsorption [33]. The FTIR spectra of acti-
vated rice straw showed some missing peaks due to HNO,
0.01M activation. The missing peaks included N-H stretch-
ing at 3,861.14 cm™, C-H stretching at 2,850.28 cm™, C=O
stretching at 2,352.06 cm™. The wavenumber of some peaks
even shifted due to the activation process. The FTIR spectra
of activated rice straw after adsorption revealed a shifting
of each functional group (Table 1). This shifting indicated
an interaction between functional groups and Cr(VI) ions
[20,34,35].

From the results of the characterization using XRF, the
chemical composition of the bioadsorbent (Table 2) changed
after the adsorption of Cr(VI) ions. The percentage of some
elements and metal oxides decreased after adsorption
occurred, such as Mg, K, Cl, MgO, KO, and others. It indi-
cated that, under acidic conditions (pH 3), some metal oxides
on the surface of the bioadsorbent dissolved. The presence
of a functional group (electron donor), which has a lower
reduction potential value, caused Cr(VI) ion (anion) to be
reduced to Cr(Ill) (cation) [Eq. (3)]. So that the Cr(III) ion
forms a complex compound with a functional group and
ion exchange between Cr(Ill) and Ca*, Mg*, K" on the
surface of the bioadsorbent [27].

Cr,0} +14H" + 6e —» 2Cr’* +7H,O 3)

In acidic conditions, the bioadsorbent surface under-
went protonation that later provoked CI~ ion releasing
from the bioadsorbent surface. Then it was followed by
electrostatic interaction between anionic species (HCrO,,
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Fig. 1. FTIR spectrum of the activated rice straw for Cr(VI) ion adsorption.
Table 1
Detected functional groups in rice straw
Functional groups RS (cm™) RSA (cm™) RSA-Cr (cm™)
N-H stretching 3,861.14 - -
Surface O-H stretching 3,400.31 3,400.65 3,400.58
Aliphatic C-H stretching 2,918.03 2,918.48 2,918.28
Aldehyde C-H stretching 2,850.28 - -
C=0 Asymmetric stretching 2,352.06 - -
Alkene C=C stretching 1,653.06 1,647.60 1,643.67
Aromatic C-NO, stretching 1,516.92 1,515.82 1,516.58
Carboxylate anion C=0O stretching 1,320.08 1,319.27 1,319.53
Si-O stretching 1,104.51 1,103.17 1,105.26
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Table 2
XRF study of rice straw composition

Compound Before adsorption After adsorption

Concentration (%w/w) Concentration (%ow/w)

Mg 1.593 0

Si 50.492 51.846
K 21.232 8.416
Ca 10.766 14.062
Cl 3.234 0.164
MgO 1.923 0
SiO, 66.19 67.034
K,0 11.806 4.898
CaO 6.258 8.926
Cr 0 7.015
CrOf and Cr,0]) in solution and bioadsorbent [36,37].

Table 2 also indicates an ion exchange between Cr(VI)
and CI". The number of Cr(VI) ions adsorbed was propor-
tional to 2 times the released CI” ions. It indicated that the
exchange of Cr(VI) ions in solution in the form of CrO3
species with Cl” followed the charge balance reaction rules

[Eq. (4)] [38]:

2FG-Cl +CrO;” —[FG |, CrO} +2CI° 4)

-

Element Weight% Atomic%
51.85
4531

0 10
Full Scale 4720 cts Cursor: 0.000
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where FG represented the exchange site on the RSA surface.

3.1.2. SEM-EDX analysis

The surface morphology of activated rice straw was
described using the result of SEM examination (1000x mag-
nification). As seen in Fig. 2, activated straw’s rough and
porous surface has become smoother after the adsorption of
Cr(VI) ions. This phenomenon revealed that Cr(VI) ions had
covered the bioadsorbent surface. In agreement with other
references, the smoother surface structure was due to the
reduction of cellulose, hemicellulose lignin, and others and
the addition of particles or metal ions on the surface of the
bioadsorbent [16,18].

Meanwhile, the EDX spectrum proved that Cr(VI) ions
had coated the surface of the activated rice straw. It indi-
cated that chemical interactions have occurred through
complex formation, ion exchange, electrostatic interac-
tions, or through pores between Cr(VI) ions and the bioad-
sorbent [39].

3.1.3. TGA analysis

TGA analysis was conducted to determine the thermal
stability of activated rice straw. As shown in Fig. 3, Cr(VI)
ion adsorption capacity dropped from 60.94 to 16.91 mg/g
along with the increase in temperature from 25 to 250°C,
due to the decomposition of chemical compounds in acti-
vated rice straw. The stability of bioadsorbent decreased

Element
CK

Weight% Atomic%
50.25
40.43
23
7.02

0 10 20
Full Scale 5050 cts Curzor: 0.000 ket

Fig. 2. SEM-EDX of activated rice straw, (a) before Cr(VI) ions adsorption and (b) after Cr(VI) ions adsorption (magnification 1,000x).
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Fig. 3. (a) TGA curve and (b) effect of heating temperature-
activated rice straw behavior on Cr(VI) ions removal; initial
concentration of 800 mg/L, pH 3, a mass of bioadsorbent 0.1 g
and stirring speed of 100 rpm, contact time of 15 min.

significantly at the temperature of around 250°C. It might
be due to the main components that made up activated rice
straw such as cellulose, hemicellulose, lignin, silica were
damaged [25,40]. Therefore, the decomposition of carboxyl
and hydroxyl groups caused glycoside bonds to break and
the initiation of breaking of C=O and C-C bonds. When
the crystal structure of the compound was damaged, the
degree of polymerization decreased, so the activated rice
straw experienced the highest mass loss at the tempera-
ture of 400°C. When the temperature reached 500°C, an
aromatic ring developed, followed by the development
of a graphite structure. The residual mass did not change
further [41].

3.2. Biosorption study
3.2.1. Point zero charge and the effects of pH on adsorption

pH,. was an important function of physicochemi-
cal characterization that predicted the point where the
number of positive and negative charges were equal. The
data show that pH_ _ of activated rice straw was reached
at pH 5.7 (Fig. 4). This was suggested that the bioadsor-
bent surface was positively charged at the pH < pH _ due
to the protonation of the functional groups. While the pH
value was above pH_, the bioadsorbent surface was neg-
atively charged due to the deprotonation of the functional
groups [42].

pH played a significant role in adsorption. pH affected
the interaction between bioadsorbent and Cr(VI) ions related
to the surface charge of bioadsorbent. The maximum adsorp-
tion capacity of Cr(VI) removal was reached at pH 3. When
pH < 3, the adsorbent surface was positively charged due
to the protonation of hydrogen ion in the solution. This
phenomenon induced electrostatic interaction between
activated rice straw and chromium ion’s species consist-
ing of HCrO,, CrOZ, and Cr,03 [28,43].

0.5

0.0

pH (pHi-pHo)

-0.5

_1.0_-

Fig. 4. pH_, of activated rice straw.

Meanwhile, at pH > 3, Cr(VI) ion adsorption capacity
reduced from 0.524 to 0.018 mg/g due to the high num-
ber of negatively charged OH" ions on the surface of the
bioadsorbent, resulting in a repulsion force between the
oxy-anions and the surface of the bioadsorbent. This was
also related to the pHpZC value of the activated bioadsor-
bent, where the condition of providing the bioadsorbent
charge was at pH 5.7. If the pH of the Cr(VI) ion solution
approached the pHpZC of bioadsorbent, the surface of the bio-
adsorbent tended to come neutral due to deprotonation of
the functional group (Fig. 5) [42].

3.2.2. Effect of Cr(VI) ion concentration and
equilibrium study

Effect of initial concentration of Cr(VI) ion was eval-
uated within the range of 100-1,200 mg/L at 25°C. When
the initial concentration of Cr(VI) increased from 100-
800 mg/L, the adsorption capacity of activated rice straw
increased from 0.804 to 60.204 mg/g because of the large
number of active sited availability. The greater the initial
concentration, the greater the mass transfer driving force,
which overcame the barrier of Cr(VI) ions from the liquid
phase to the bioadsorbent surface. Thus, the adsorption
rate was almost directly proportional to the increase in
the initial concentration of Cr(VI) ions. Then the number
of active sites available would gradually decrease, so the
adsorption rate became slower until it reached equilib-
rium. At the higher concentration, the rate of adsorption
decreased because the active site on the outer surface has
been saturated and occupied by metal ions on the surface
of the bioadsorbent, causing a decrease in the adsorption
capacity of Cr(VI) ions, due to competition to occupy
the active sites [31,44,45]. The adsorption peak condition
was obtained at the concentration of 800 mg/L with an
adsorption capacity of 60.20 mg/g (Fig. 6).

Langmuir and Freundlich isotherms models were
used to investigate the equilibrium adsorption of Cr(VI)
with activated rice straw. Adsorption was believed to be
restricted to monolayer coverage in the Langmuir isotherm
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Fig. 5. Effect of pH on the adsorption of Cr(VI) ions with acti-
vated rice straw; initial concentration of 10 mg/L, a mass of
bioadsorbent 0.1 g, particle size 236 um, contact time 60 min,
temperature 25°C and stirring speed 100 rpm.
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Fig. 6. Effect of the initial concentration of Cr(VI) ions on
adsorption with activated rice straw; initial concentration 100-
1,200 mg/L, pH 3, bioadsorbent mass 0.1 g, contact time 60 min,
temperature 25°C, and stirring speed 100 rpm.

model. The active site was only able to bind one adsor-
bate atom, and the ability of the molecule to adsorb to the
active site was not affected by environmental conditions
[46,47]. The Langmuir isotherm model was expressed by
the following Eq. (5):

9. 9.-K. 4,

where C, was the concentration at the equilibrium (mg/L),
g, was adsorption capacity at equilibrium (mg/g), g, was

maximum adsorption capacity (mg/g), and K, was Langmuir
constant (L/mg).

The separation factor (R,) was an important the Langmuir
isotherm’s defining feature. The form of the equation is
shown in Eq. (6).

L ©)
1+K,-C,

where K, was the Langmuir constant, C, was the initial con-
centration of metal ions. This separation factor (R;) indi-
cated whether or not the adsorption process was favorable.
If the value of R, = 0, the adsorption process tended to be
irreversible. R, (0 < R, < 1), the adsorption process tended
to be favorable, if R, = 1, the adsorption process was lin-
ear, and if R, > 1, the adsorption was unfavorable [46]. The
result shows that R, value of Cr(VI) sorption onto acti-
vated rice straw was 1 revealing a linear process.

While the Freundlich isotherm models assumed that
the active sites were exponentially distributed with the
heat of adsorption [46]. The Freundlich isotherm model is
expressed by Eq. (7):

logg, =logK, + 1log C, 7)
n

where g, was adsorption capacity at equilibrium (mg/g),
K, was Freundlich constant (L/mg), and 1/n was the adsorp-
tion intensity. Table 3 shows that the adsorption constant
(n,) tended to be favorable because the n, value was in the
range of 0.1 <1/n<1.

Fig. 7 indicates the coefficient determination of the
Langmuir isotherm model (R?* = 0.6285) and Langmuir
constant (K, = 0.0186). Langmuir constant (K;) showed
the affinity of heavy metals toward bioadsorbent. The R?
value of the Freundlich isotherm model (R? = 0.9957) was
higher than the Langmuir isotherm model and close to 1.
Therefore, the adsorption process of Cr(VI) onto activated
rice straw followed the Freundlich isotherm model indi-
cating multilayer adsorption process on the heterogeneous
surface and heterogeneous energy of the active site. Similar
results have been reported by other literature [46,47].

Dubinin-Radushkevich’s isotherm model could predict
how adsorbate entered adsorbent’s pores with Gaussian
energy distribution on heterogeneous surfaces [48]. The
linear and non-linear form of the Dubinin—-Radushkevich
isotherm model were calculated by Eqs. (8)—(11):

9. =4, exp(-Ke*) ®)

Ing, =Ing, (—Kaz) )

&= RTln[l + 1} (10)
Ce

EDR = (2KDR )_0.5 (11)
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Table 3
Parameters of isotherm model on the adsorption of Cr(VI) ions

127

where g, indicates the saturation capacity of the theoretical
Dubinin-Radushkevich isotherm (mg/g). K is the isotherm
constant Dubinin—-Radushkevich (mol?/k]), € is the Polanyi
potential associated with equilibrium concentration, and
E_, is the average free energy of adsorption (kJ/mol).

Dubinin-Radushkevich isotherm models (Table 3). If
E_, was within the range of 8-16 k]/mol, the adsorption has
chemically occurred. If E, > 16 k]/mol indicated a diffusion
process and If E_, < 8 kJ/mol revealed that the adsorption
process has physically occurred [49]. In this research, the
E_, value was 2.88 kJ/mol representing physisorption and
multilayer adsorption involving Van der Waal force [50].
According to previous research of Khalil et al. [51], lower
E_, pointed out that Dubinin-Radushkevich was not suit-
able to describe the adsorption process of Cr(VI) onto
activated rice straw.

3.2.3. Effect of contact time and kinetic study

The effect of contact time on the adsorption process
aimed to determine the minimum time required by acti-
vated rice straw for removing Cr(VI) ions. Fig. 8 shows the

1y 9477x +0.0514
1 R*=0.9957
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Fig. 7. The adsorption isotherm models of Cr(VI) ions adsorption onto activated rice straw: (a) Langmuir, (b) Freundlich,

and (c) Dubinin-Radushkevich.
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Fig. 8. Effect of contact time on the adsorption of Cr(VI) ions with
activated rice straw; initial concentration of 800 mg/L, pH 3, a
mass of bioadsorbent 0.1 g, and stirring speed of 100 rpm.
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optimum condition for Cr(VI) ions removal using activated
rice straw was obtained within 15 min at the temperature
of 25°C with an adsorption capacity of 60.18 mg/g. This
condition was related to the availability of active sites that
have not been occupied, making it easier for Cr(VI) ions
to interact with bioadsorbent [44]. Then the availability
of active sited was reduced as time increased leading the
adsorption capacity to decline due to a weak bond between
bioadsorbent and adsorbate [52].

The behavior of Cr(VI) adsorption onto activated rice
straw was evaluated using pseudo-first-order, pseudo-
second-order, and Weber-Morris (Table 4). The pseudo-first-
order model assumed a liquid-solid system based on solid
capacity and a linear plot can be achieved by Eq. (12) [53]:

k]
t 12
2.303 (12

log(q, —q,) =logq, -
where k, was a pseudo-first-order reaction rate constant
(1/min), t was a time (min), g4, was the number of metal ions
adsorbed at equilibrium (mg/g), g, was the number of metal
ions adsorbed at the certain time (mg/g).

o7 . 18
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Fig. 9. The kinetic model of Cr(VI) ions adsorption onto activated rice straw (a) pseudo-first-order, (b) pseudo-second-order,

and (c) Weber—Morris.
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Table 4
Kinetic parameters of Cr(VI) ions adsorption onto activated rice
straw

Table 5
Thermodynamic parameter of Cr(VI) ions adsorption onto acti-
vated rice straw

Kinetic models Equations Results T (K) AH® (k]J/mol) AS° (kJ/mol K) AG® (k]/mol)

Pseudo-first-ord log(q, —q,) =logq, - b 2% 10-800
seudorirstorder U 70~ 0897 308 308 -8.658 65297 11453

k, (min™) 0.0037 318 12.106

9ocarc (ME/8) 0.2030

R 0.3804 different concentrations of Cr(VI) ion (10-50 mg/L), adsor-

Pseudo- deorder t 1 +l ; bent mass 0.1 g, contact time 15 min, and stirring speed
seudorsecond-orde Y 100 rpm. The experimental data showed that the adsorp-

k. (min 0.0647 tion capacity of activated rice straw increased as the tem-
> (min) ‘ perature increased from 298 to 318 K. This indicated that

9ocarc (M8/8) 56.1801 the adsorption process of Cr(VI) ions with activated rice

R? 0.9995 straw was exothermic (Table 5).

Intraparticle diffusion g, = K t*° +C Thermodynamic parameters confirmed the fact that the

c 60.17 reaction was exothermic in nature as indicated by AH® (-).

s ) While the value of AS° (-) indicated an increase in affinity.
Kgiff (mg/g min®?) —0.4675 Rice straw was activated for Cr(VI) ions sorption and irreg-
R 0.6173

The pseudo-second-order model assumed that the
adsorption capacity was proportional to the number of active
sites contained in the bioadsorbent. The linear equation
is shown by Eq. (13):

L1,

a, ka q,

(13)

where k, was the pseudo-second-order rate constant
(g/mg min).

The Weber-Morris kinetic model assumed that the
adsorption process occurred due to adsorbate’s move-
ment into bioadsorbent surface then diffused into bioad-
sorbent’s pores [54]. Weber-Morris kinetic model can be
represented by Eq. (14):
% +C

q,=K (14)

diff
where K . was diffusion rate constant (g/mg min®), C was
the absorption capacity (mg/g). In Table 4, the determina-
tion coefficient of pseudo-first-order and Weber—Morris
kinetic models were 0.3804 and 0.6173, respectively
(Fig. 9). Those values pointed out that Cr(VI) adsorption
onto activated rice straw did not follow both models. It
meant that intraparticle diffusion was not a rate-limiting
step but also influenced by adsorbent structure, physical
and chemical properties of sorbent and adsorbate, interac-
tion, and condition of the system [55]. Whereas, the deter-
mination coefficient of pseudo-second-order was 0.9995,
revealing that the adsorption of Cr(VI) onto activated
rice husk was chemisorption.

3.2.4. Thermodynamic study

The impact of temperature on the adsorption of Cr(VI)
ions was investigated within the range of 298-318 K, at the

ularities at the solid/liquid interface during the adsorption
process and the AG® (+) value indicated that the adsorp-
tion was not spontaneous. In addition, AG® increased with
increasing temperature, this indicated that at high tem-
peratures the adsorption process was favorable [45].

3.2.5. Comparison of adsorption capacity of Cr(VI)
ion with other bioadsorbents

Table 6 shows the comparison of Cr(VI) sorption using
various adsorbents from previous research with current
research. The result indicated that activated rice straw has a
higher adsorption capacity than other adsorbents.

3.2.6. Mechanisms of Cr(V1) adsorption onto
activated rice straw

The mechanism of Cr(VI) ion adsorption with acti-
vated rice straw is described in Fig. 10. The possible
mechanisms of Cr(VI) ions removal by activated rice
straw were including electrostatic interaction [56], reduc-
tion [57,58], complex [59], ion exchange [37,38] and pore
adsorption [28,39].

The pH, _ of activated rice straw was reached at pH
5.7, and the optimum pH for Cr(VI) ion adsorption was
reached at pH 3. These conditions indicated that at low
pH, the surface of the bioadsorbent was protonated and
the species Cr,02;, HCrO; was dominant in the solution.
Moreover, it allowed for electrostatic interactions between
activated rice straw and Cr(VI) ions [31]. The presence of
functional groups (electron donors), especially those con-
taining oxygen such as carboxyl and hydroxyl groups,
have lower reduction potential on the surface of the bio-
adsorbent, can cause Cr(VI) (anion) ions to be reduced
to Cr(I)(cations) [60]. The carboxyl functional group,
hydroxyl, which was negatively charged, could bind Cr(III)
through a complexation process on the surface of the bio-
adsorbent [20]. On the other hand, Ca, Mg, K attached to
the surface of the bioadsorbent as a cation-forming agent
could cause cation exchange between Ca*, Mg?*, K* and
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Table 6

Comparison of adsorption capacity of Cr(VI) ions onto various bioadsorbents

Adsorbent q, (mg/g) References
Neem bark powder 41.67 [11]
Aminated rice straw-grafted-poly(vinyl alcohol) (A-RS/PVA) 34.90 [12]
Mucilaginous seeds of Cydonia oblonga 33.58 [13]
Amine-functionalized modified rice straw 15.82 [14]
Bauhinia rufescens plant 9.76 [15]
Biochar from sagwan wood sawdust 9.62 [16]
Magnolia leaf 3.96 [17]

Rice straw 12.17

Rice bran 12.34

Rice husk 11.40 [25]
Hyacinth roots 15.28

Neem leaves 15.95

Coconut shell 18.69

Activated rice straw 60,204 This study

Fig. 10. Cr(VI) ions adsorption mechanism onto activated rice straw.

dissolved Cr(IlI) [60]. Also, the anion exchange between
Cr(VI) and CI, following the rules of the charge balance
reaction [Eq. (4)], where the Cr(VI) ion in solution is the
species CrOZ, adsorbed was proportional to 2 times the
Cl- ions released [38]. This fact was also confirmed by XRF
analysis (Table 2). The kinetic model proved that Cr(VI)
adsorption onto activated rice straw was chemisorption
with intraparticle diffusion rate-limiting step involving
exchanging electron/sharing electron between adsor-
bate and bioadsorbent [61]. While the isotherm model
described the adsorption of Cr(VI) onto activated rice
straw as physisorption and chemisorption [46].
Characterization using FTIR, XRF, and SEM-EDX also
supports this mechanism. Due to the adsorption process,

the wavenumbers of several functional groups such as
O-H, C=C, C=0, C=0, C-NO,, Si-O, and C-H. Although
the shift is not significant, this finding indicated that the
vibrational energy of the functional group has shifted.
XRF analysis also proved a change in the chemical compo-
sition of activated rice straw, where there was an addition
of Cr elemental composition and a decrease in Cl element
after adsorption (Table 2). The results of SEM-EDX analy-
sis (Fig. 2) confirmed a change in the surface morphology
of the bioadsorbent before and after the adsorption. The
surface of the bioadsorbent after adsorption was smoother
than before adsorption. And the appearance of Cr peaks
in the EDX analysis spectrum proved the occurrence of
physical adsorption or pores on the surface of activated
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rice straw. Thus, the mechanism of Cr(VI) ion adsorp-
tion onto activated rice straw could occur physically and
chemically [62].

4. Conclusion

Adsorption of Cr(VI) onto activated rice straw has
been successfully conducted. The adsorption reached the
peak at the pH 3, Cr(VI) concentration 800 mg/L in 15 min
with adsorption capacity 60.20 mg/g. The adsorption pro-
cess followed Freundlich isotherm model and pseudo-
second-order model indicating multilayer adsorption. Cr(VI)
covered bioadsorbent surface and confirmed a chemisorp-
tion process. Thermodynamic investigation showed that
Cr(VI) sorption onto activated rice straw was non-sponta-
neous, exothermic and the disorder on bioadsorbent sur-
face decreased. Thus, it can be concluded that activated rice
straw was efficient, effetive, abundant, simple, and low-cost
bioadsorbent for Cr(VI) removal.
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