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Highlights
e The adsorbent was developed from Phragmites australis biomass.
e The physicochemical properties of the adsorbent were analyzed comprehensively.
e The adsorption capacity was significantly improved after chemical modification with
sodium hydroxide and citric acid.

e The adsorption mechanism was investigated in detail.
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ABSTRACT

An adsorbent named SA-RPB, derived from raw biomass of Phragmites australis and chemically
modified with sodium hydroxide and citric acid for adsorbing methylene blue (MB) dye from
aqueous solutions, was developed in this study. X-ray diffraction (XRD) results showed that the
adsorbent existed mainly as cellulose crystals. The Brunauer—-Emmett-Teller (BET) specific
surface area analysis indicated that the material formed micropores, each with a capillary diameter
of 15.97 nm on average. Fourier-transform infrared spectroscopy (FTIR) results confirmed a
significant enhancement of hydroxyl and carboxyl groups on the adsorbent surface after
denaturation by citric acid. The adsorption Kinetics showed that the pseudo-second-order model
precisely simulated the adsorption process. The adsorption isotherm process satisfactorily fitted
with the Langmuir model, and the maximum adsorption capacity was 191.49 mg/g at 303 K. The
adsorption mechanism analysis showed that the MB adsorption onto the SA-RPB was mainly
influenced by electrostatic interactions, hydrogen bonding, n—= stacking, and capillary filling of
micropores. These findings show that adsorbents developed from raw biomass of Phragmites

australis modified with NaOH and citric acid can remove MB from aqueous solutions.

Keywords: Adsorbent; Phragmites australis; Methylene blue; Kinetics; Adsorption mechanism

1. Introduction

Dyes have been extensively used in various industries, such as textile, leather, cosmetics,
tanning, paper, food technology, hair coloring, pulp mill, pharmaceuticals, and plastics.! The
wastewater discharged from these industries causes severe environmental pollution.? Among
different dyes, methylene blue (MB) is the most widely used for coloring cotton, wood, and silk.?
MB can damage the eyes of humans and animals. Moreover, MB triggers nausea, vomiting, profuse
sweating, and mental instability when it passes through the mouth, and it causes rapid or difficult
breathing within short periods after inhaling.* Therefore, it is necessary to remove MB from
wastewater.

Many advanced techniques have been developed for removing MB. Examples include the
Fenton process and combined electrochemical treatments, electrochemical degradation, reverse

osmosis, photodecomposition, coagulation/flocculation, membrane processing, oxidative
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degradation, electrocoagulation, and carbonaceous nanomaterials.> 2 Activated carbon is widely
and effectively used for removing different dye molecules.’*® However, these methods are
expensive, owing to poor regeneration. In recent years, considerable efforts have been made in
developing sorbents derived from plant materials, such as mango peels, pistachio shell, cladodes
of Opuntia ficus indica, peach stone, carbonized watermelon, seed fibers, and potato peels.”2

P. australis is a type of reed that mainly grows around lakes, rivers, streams, and brackish
water worldwide between 10° and 70° northern latitudes.?* The plant has a high tissue porosity
formed by cellulose, hemicellulose, and lignin, which are vital constituents for developing
absorbents.? P. australis naturally and abundantly grows in Viet Nam. In previous studies, low-
cost adsorbents were generated from P. australis biomass and removed MB.?%?" In these studies,
MB adsorption was conducted using a raw material and a raw material modified with NaOH.?5
Plant materials modified with citric acid (CA) show good potential for wastewater treatment.2%-28:2%
Cellulose fibrils extracted from P. australis treated with NaOH and citric acid may be more
effectively modified, enhancing the MB adsorption capacity compared to only treatment with
NaOH as described in the previous report.?® In addition, the effects of environmental parameters

on the MB adsorption of raw and modified adsorbents were evaluated.

2. Materials and Methods
2.1. Chemicals and materials

Citric acid (HOC(COOH)(CH2COOH)2, > 99.5%), sodium hypophosphite monohydrate
(NaH2P0O2.H20, > 99.5%), sodium hydroxide (NaOH, > 97%), hydrochloric acid (HCI, 37%),
sodium chloride (NaCl, > 99.5%), and MB (C16H1sN3SCI, 99.5%) were purchased from Sigma-
Aldrich. The MB was diluted with double-distilled water to a range of 125-300 mg/L. The pH was
adjusted using NaOH (0.1 M) and HCI (0.1 M).

Plant samples of P. australis gathered from a wetland in Dong Thap province, Vietnam were
used for experiments. The plants were cleaned with tap water to remove dirt and other impurities
adhered to their surfaces. The plant stems were collected and dried under the sun for four days
before being finely ground to approximately 1-2 mm sizes. The obtained biomass was rinsed with
distilled water and dried in a vacuum oven at 70 °C to a constant weight. The product was stored

in a desiccator and used as raw P. australis biomass (RPB).
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2.2. Chemical modifications of P. australis biomass

RPB (5 g) was added to a 250 mL glass beaker containing 100 mL NaOH (0.5 M). The
solution was stirred at 60 °C and 400 rpm using a magnetic bar for 5 h. The biomass was collected
and cleaned with distilled water until the pH of the solution was 7.0. The product was then dried
in a vacuum oven at 60 °C for 12 h to yield an adsorbent. The biomass modified with NaOH was
designated as S-RPB. The S-RPB material was further denatured using a CA solution. Fifty
milliliters of CA solution (0.1 M) were added to a 2.0 g S-RPB. NaH2PO2.H20 (2.65 g), used as a
catalyst, was added to the solution. The biomass was collected after stirring at 60 °C and 400 rpm
using a magnetic bar for 5 h. The biomass was soaked in 50 mL distilled water several times until
the pH became 7.0, and it was dried at 60 °C for 12 h, and subsequently, at 140 °C for 3 h. The
second modified adsorbent was designated as SA-RPB.
2.3. Characterization of materials

The lignocellulosic composition before and after modification was determined according

to the National Renewable Energy Laboratory (NREL) compositional analysis procedure.®® The C,
H, N, S, and O contents of the materials were analyzed using a CHNS-O Elemental Analyzer
(Thermo, Flash EA1112, USA). XRD of the products was performed using a MiniFlex 600
diffractometer (Rigaku, Japan) with a radiation source of Cu Ka, A = 0.15406 nm. The scanned
angle (20 values) ranged between 5° and 80° with a step size of 0.01°. The surface morphology of
the adsorbents was scanned using the scanning electron microscopy (SEM) technique (FEI-SEM
NOVA NanoSEM 450-USA). FTIR spectra of the samples were recorded using an Infrared
Affinity-1S spectrophotometer (Shimadzu). BET was determined using N2 adsorption—desorption
isotherms at liquid nitrogen temperature (77 K) using a Quantachrome TriStar 3000 V6.07A

adsorption instrument.

2.4. Determination of point of zero charge (pHrzc)

The pHpzc of the adsorbents was determined using the pH drift method described in a
previous study.3! Forty-five milliliters of 0.5 M NaCl with pH values were adjusted from 2 to 12
using 0.1 M NaOH or 0.1 M HCI solution. Distilled water (50 mL) was added, and the pH values
were readjusted and considered the initial pH (pHi). Next, an adsorbent was added to each flask at

1.0 g/L, incubated at 180 rpm using a magnetic stir bar for 24 h at room temperature (~30 °C). The
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differences in the pH (ApH) values between the initial pH and final pH (pHy) (ApH = pHi — pHs)
were plotted against pHi. The points of intersection of the curve with the abscissa at which ApH is

equal to zero were presented as the pHpzc.

2.5. Adsorption tests

Adsorption tests were performed by adding an adsorbent to a 250 mL glass beaker containing
100 mL MB solution. For the effects of MB concentrations of adsorption, the MB was diluted to
125-300 mg/L. For the effects of the adsorbent on adsorption, SA-RPB (0.4-1.4 g/L) was used.
The solution was stirred at 300 rpm, and liquid media were collected from 2 to 105 min. Liquid
media samples were centrifuged at 3000 rpm for 5 min to remove solid particles. MB
concentrations were measured using an ultraviolet—visual spectrophotometer (Spectro UV-2650,
Labomed, USA) at a wavelength of 665 nm. The percent removal (R) and adsorption capacity per
unit mass (q) after a specific contact time (t) were calculated using Egs. (1) and (2), respectively:
C,-C

R(%) = £ %100 1)

0

4 = (C,-C)xV (2)
m
where Co (mg/L) and C; (mg/L) are the MB concentrations in liquid media at the initial and time t,

respectively, and V is the volume of the solution (L).

2.5.1. Adsorption kinetics
The adsorption kinetics were fitted to the pseudo-first-order and pseudo-second-order kinetic
models. The pseudo-first-order and pseudo-second-order equations are expressed by Egs. (3) and

(4), respectively:3222

g =q.1-e™) (3)
2
g = R Q
1+q.k,t

where ki (min~!) and k2 (g/mg.min) are the rate constants of the pseudo-first-order and pseudo-
second-order, respectively, and t (min) is the contact time.
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2.5.2. Adsorption isotherms

Four isotherm equations, that is, the Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich equations, were used to fit the experimental equilibrium isotherm data for the MB
adsorption on SA-RPB. Adsorption isotherm tests were performed by adding 0.1 g SA-RPB into
100 mL MB (150 mg/L). The initial pH of the MB solution was 6.5, and the controlled temperatures
were 30 °C (303 K), 40 °C (313 K), and 50 °C (323 K). The Langmuir model assumes that
adsorption is localized on a monolayer, and all adsorption sites on the adsorbent are homogeneous

and possess the same adsorption capacity, as expressed by Eq. (5)°:

. = qmaxKLCe (5)
1+K,C,

where Ce (mg/L) is the equilibrium concentration, ge (mg/L) is the amount of adsorbed dye at
equilibrium, gmax (Mg/g) is the maximum adsorption capacity, and K. (L/mg) is the Langmuir
adsorption equilibrium constant. The equilibrium parameter (RL) is a dimensionless constant of the

Langmuir isotherm, expressed by Eq. (6) :

=1 (6)
1+ K,C,

where Co is the highest initial solute concentration. The Freundlich isotherm model Freundlich

assumes multilayer adsorption processes occur on heterogeneous surfaces, expressed by Eq. (7)%:
q, =K.C™ ()
where Ke (mg/g.(L/mg)Y") and n are Freundlich constants related to the adsorption capacity and
adsorption intensity, respectively. The adsorbate—adsorbate interactions can cause a decrease in the
heat of adsorption of all the molecules in the layer. The Temkin isotherm reflects the effect of the
adsorbate interaction on SA-RPB, expressed by Eq. (8)%":
g, = (RT/b)In(A.C,) (8)
B, =RT/b ©)
where A¢ (L/g) and b (g.J/mg.mol) are Temkin’s isotherm constants, R (8.314 J/mol.K) is the

universal gas constant, and T (K) is the absolute temperature. The Dubinin—Radushkevich isotherm
can be applied to examine the characteristics, free energy, and porosity of any adsorbent.® The
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model has been used to determine the mean free energy of biosorption, expressed by Egs. (10)—
(12):

Qe = QDR(:*'_KDRE2 (10)
E=1/{/2K (11)
£=RTIn(L+ Ci) (12)

e

where Kpr is a constant related to the adsorption energy (mol?/kJ?), gor (mg/g) is the Dubinin—
Radushkevich isotherm adsorption capacity, ¢ (kJ/mol) is the Polanyi potential, R is the ideal gas
constant, and T (K) is the temperature. The free energy of adsorption (E) is considered as chemical

adsorption (E = 8-16 kJ/mol) or physical adsorption (E < 8 kJ/mol).

2.5.3. Adsorption thermodynamics

The thermodynamic parameters for the MB adsorption onto SA-RPB were evaluated at 303,
313, and 323 K. Gibb’s free energy change (4G°), enthalpy (4H°), and entropy (4S°) were
calculated using Egs. (13)—(15).

AG® = —RTInK, (13)
AG® = AH® —TAS® (14)
The combination of Egs. (13) and (14) yields Eq. (15):
nK, = —AH", AS® (15)
RT R

where R (8.314 J/mol.K) is the universal gas constant, T (K) is the absolute temperature, and K is
the Langmuir equilibrium constant. The values of AH® and AS° can be calculated from the slope

and intercept, respectively, of the linear plot of InK_ versus 1/T.

2.6. Reusability

After each cycle of batch experiment, the SA-RPB was collected through centrifugation at
5000 rpm for 10 min. The adsorbent was first washed with absolute ethanol and subsequently rinsed
with double-distilled water three times. The adsorbent (0.1 mg) was transferred into 100 mL of the
rinse media, stirred at 300 rpm for 6 hours, and collected through centrifugation at 5000 rpm for

10 min. The adsorbent was then dried for 24 h at 100 °C until its weight became constant.
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3. Results and discussion

3.1. Characterization of materials

The biomass components of P. australis are listed in Table 1. The components of the raw

RPB were also determined in previous studies **4°. The cellulose content significantly increased,

whereas hemicellulose and lignin contents comparatively decreased after treatment with NaOH (S-
RPB) and NaOH followed with citric acid (SA-RPB) (Table 1). The C content in RBB (46.42%)
decreased slightly, whereas the O content (45.82%) and the ratio of O to C increased slightly after

treatment with NaOH and citric acid (Table 1). Moreover, the percentages of N, S, Si, K, and Mg

significantly decreased after treatment. Acidic and basic solutions are typically used for modifying

and/or removing lignin and hemicellulose from plant biomass.*! The treatment with NaOH resulted

in the formation of hydroxyl groups on the S-RPB, which then reacted with citric acid, forming an

ester linkage to introduce carboxyl groups into the SA-RPB.?°
Table 1. Chemical compositions of RPB, S-RPB, and SA-RPB

Parameter RPB S-RPB SA-RPB
Lignocellulosic analysis (dry weight basis), wt%

Cellulose (%) 43.31 66.32 71.21
Hemicellulose (%) 30.82 15.17 13.28
Lignin (%) 20.37 12.30 9.19
Elemental analysis (dry weight basis), wt%

C (%) 46.42 45.71 45.23
O (%) 45.82 47.72 48.83
H (%) 5.910 5.610 5.720
N (%) 0.232 0.111 0.021
S (%) 0.313 0.222 0.107
O/C (mol/mol) 0.7403 0.7830  0.8097
Si (%) 1.050 0.021 -

K (%) 0.454 0.284 0.182
Mg (%) 0.601 0.322 0.110
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SEM micrograph images of P. australis biomass before and after treatment with NaOH and
citric acid were captured (Fig. 1). The raw material had a surface composed of fibrous rods (Fig.
1(a)). The surface morphology changed after denaturing with NaOH. The S-RPB sample retained
its tubular structure, but the surface became more porous and uneven (Fig. 1(b)). The texture was
also rough and irregular after treatment with NaOH, followed by citric acid treatment (Fig. 1(c)).

The treatment with citric acid reduces the cavities on the adsorbent surface. Citric acid clogged the

carbon surface, which explains the reasons for the reduction in the surface area and pore volume

of the adsorbent.*2

SA-RPB

(002)
(101)

Intensity (a.u)

S-RPB

10 20 30 40 50 60 70 80
2-theta (degree)

Fig. 1. Morphology and crystallization of samples. SEM images of (a) RPB, (b) S-RPB, and (c)
SA-RPB; (d) XRD patterns of RPB, S-RPB, and SA-RPB samples.
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Table 2. Porous textural parameters of RPB, S-RPB, and SA-RPB samples

Average pore diameter

Sample Surface area (m?/g)  Pore volume (dm?/g) (nm)
RPB 1.01 2.626 16.64
S-RPB 0.87 2.052 16.86
SA-RPB 0.74 1.935 15.97

The crystallographic structures of the RPB, S-RPB, and SA-RPB were analyzed using the
XRD technique (Fig. 1(d)). The results indicated that all samples had two diffraction peaks at
angles 20 of 15.7° and 22.3°, corresponding to (101) and (002) planes of cellulose crystals.*® The
diffraction intensities were in the order of SA-RPB > S-RPB > RPB (Fig. 1(d)), indicating that
NaOH and citric acid enhanced the cellulose crystallinity. Increased crystallization attributed to the
partial removal of amorphous polymers (hemicellulose and lignin) from plant structures has also
been reported.?®4 The specific surface area and porous texture of the obtained samples were
evaluated using the nitrogen adsorption—desorption isotherms at 77 K (Table 2). The RRB sample
had a specific surface area of 1.01 m?/g, a common property of raw plant biomasses.* The surface
areas decreased by 13.9% after treatment with NaOH and 26.7% after treatment with NaOH and
citric acid, while the pore volumes decreased by 21.8% and 26.3%. Besides, the average pore
diameter slightly decreased after treatment. Citric acid can easily penetrate the pore structure
because of its small molecular size, causing the pore block of the adsorbent.*? These results indicate
that the dye adsorption capacity can be improved due to the formation of hydroxyl and carboxyl
groups on the surface of P. australis biomass, and the functional groups might play a more
important role than the surface area in MB adsorption.

The functional groups on the adsorbent surfaces with differences in intensities of the
observed peaks during P. australis biomass modification were analyzed using FTIR (Fig. 2).
Absorption bands corresponding to functional groups were determined according to Reddy.*®¢ A
broad peak of approximately 3321 cm™! corresponded to the stretching vibration of the hydroxyl
groups (—OH) for cellulose, hemicellulose, and lignin, whereas the 2918 cm™! band indicated the
presence of C—H stretching vibrations of methyl and methylene. After the raw material was
modified with NaOH and NaOH followed with citric acid, the stretching vibration bands of OH

10
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shifted to 3443 and 3438 cm, respectively. The band at 1734 cm™ could be attributed to the C=0

bond stretching of acetyl ester groups in hemicellulose, lignin, or both.
180

160 -

140 -

Transmittance (%)

1457 1645
N e

1380 R et e e s e s m s PR
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Fig. 2. FTIR spectra of RPB, S-RPB and SA-RPB samples.

This absorption peak was absent from the FTIR spectrum of the S-RPB sample (Fig. 2) after
alkaline treatment because of the removal of hemicellulose and lignin through a process called de-
esterification. Moreover, C=0 bond stretching was observed after treatment with NaOH and citric
acid, owing to the esterification reaction. The band at 1645 cm™ could be attributed to -COO~
stretching of carboxylate groups with the aromatic ring. The band at approximately 1512 cm™ was
associated with C=C stretching vibrations in aromatic rings of lignin, whereas the band at 1427
cm* was attributed to the C—H bond deformation of lignin. The peak intensities at 1457 and 1380
cm? reflected C-H symmetric and asymmetric deformations of cellulose, respectively. The
appearance of peaks at 1334 and 1327 cm* could be attributed to the —OH bending vibration in C—
OH and C1-0 vibrations in S derivative vibrations of cellulose, respectively. The signal at 1249
cm corresponded to the —COO vibration of acetyl groups in hemicellulose and lignin.?%4” The
absorption peaks at 1159 and 1111 cm™ were attributed to C-O-C antisymmetric and
anhydroglucose ring vibrations, respectively, whereas the band at 1049 cm corresponded to C-O
stretching vibrations of cellulose, hemicellulose, and lignin.*® A band at 899 cm™ corresponds to

C—H rocking vibrations of cellulose.®® The intensities of these parts of S-RPB and SA-RPB

11
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decreased, owing to the removal of lignin. The weak absorption peaks of 832-400 cm™* were
probably related to C=H and C=H bending in aromatic rings, C—H bending, and C—O stretching.4-*
The FTIR results indicated abundant functional groups of —OH, —COOH, and —COO™ on the
adsorbent surfaces.

3.2. pHezc determination

The differences in the pHpzc of RPB, S-RPB, and SA-RPB are shown in Fig. 3(a). The raw
P. australis biomass had a pHpzc of 6.72, also obtained in a previous study.?” The pHpzc levels of
S-RPB and SA-RPB were 6.17 and 3.10, respectively.

b
——RPB a) 100 - ) 1
ER
—A—S-RPB
44 —e—SA-RPB =
S 80+
>
5]
24 pHpzC = 6.72 g =
S 60+ i
&
I S
s 2
0 T E 1 [
10 12 é 40
() 3
-2 4
pHpzc =3.10 pHpzc = 6.17 20 4
-4 4 0 T T T
RPB S-RPB SA-RPB

Fig. 3. (a) Plots of point of zero charges of RPB, S-RPB, and SA-RPB and (b) percentage removal
efficiency values for MB on RPB, S-RPB, and SA-RPB samples.

The pHrzc level slightly decreased after treatment with NaOH, possibly because of de-
esterification and the removal of a part of hemicellulose and lignin.>* The pHpzc value of the SA-
RPB was significantly lower than those of RPB and S-RPB, which could be attributed to the
esterification reaction of hydroxyl on the raw material surface with the carboxyl group of citric
acid to increase the carboxyl group on its surface.?%*2 Absorbents with pH values lower than pHpezc
absorb compounds with a positive surface charge.>® The MB dye with a molecular diameter of 0.8
nm>* was smaller than the pore diameter of SA-RPB (15.97 nm, Table 2); hence, MB could easily

penetrate the SA-RPB pore structure. The batch adsorption test results showed that the removal

12
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efficiency of SA-RPB adsorbent was 98.11+1.76%, about 68.8 and 35.1% higher than that of RPB
and S-RPB, respectively (Fig. 3(b)). The increase in removal efficiency of SA-RPB was due to the
chemical modification of the raw material with NaOH and citric acid. Therefore, SA-RPB was

used for other experiments.

3.3. Batch adsorption
3.3.1. Effect of adsorbent dosage

For this experiment, the effects of the adsorbent dose (SA-RPB) on MB adsorption were
examined. Fig. 4 shows that an increase in the adsorbent mass from 0.4 to 1.0 g/L improved the
MB removal rate because of the increase in the sites available for absorption. However, the
adsorption did not statistically increase at adsorbent doses higher than 1.0 g/L. The adsorption
tended to an equilibrium when the adsorbent mass reached a particular value, possibly because the
available number of MB dye molecules in the solution was insufficient to combine with all

effective adsorption sites on the adsorbent.

280

Py 4100
240 195
_ A 490
(=]
E" 200— o _A_R(OA,) 1 85 §
—— - 7 e
= ®—q, (mg.g”) o
(=2

_ . _
160 ’

_ P \§ {80
120'_ §/ \Q\; 1"

470

80 T . T . T . T . T . T
04 0.6 0.8 1.0 1.2 1.4

Adsorbent dosage (g/L)

Fig. 4. Effect of SA-RPB dosages on equilibrium adsorption capacity (ge, mg/g) and removal
efficiency of MB (R, %). The tests were conducted for 105 min using 150 mg/L MB at pH of 6.5.

3.3.2. Effects of contact time, temperature, and adsorption kinetics
The effect of contact time on MB removal using the SA-RPB adsorbent is depicted in Fig. 5.
The absorption sharply increased within 20 min at the initial stage and then attained equilibrium

13
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after 60 min at all temperatures, after that a maximum removal was attained. About 89.98% of
equilibrium adsorption capacity was achieved within 10 min. The fast adsorption at the initial stage
may be due to the available vacant active sites of the adsorbent (with functional groups of —OH,
—COOH, and —COOQO") and the higher driving force between MB ions and the surface. However,
the adsorption isotherms at three temperatures were not statistically different. This phenomenon is
due to the available active sites for adsorption, which previous studies used modified plant
materials to remove MB.%>® The decrease in the number of vacant sites and the lack of available

active sites of the adsorbent decreased the adsorption rate and slowed down the equilibrium.®

150 - i
1401
130 -
CER » 303K
[=)) i
£ L ] e 313K
g_-’ 110 - A 323K
1 - - -- Pseudo-second-order fit
100 Pseudo-first-order fit
90 -
80 T T T T T T

0 15 30 45 60 75 90 105 120
Time (min)

Fig. 5. Pseudo-first and pseudo-second-order kinetics for MB adsorption onto SA-RPB at different
temperatures. The tests were conducted using 1.0 g/L SA-RPB and 150 mg/L MB at pH of 6.5.

Two kinetic models (pseudo-first-order and pseudo-second-order models) were used to
determine the adsorption rate and analyze the kinetic data. The calculated correlation coefficients
(R?) and other data are listed in Table 3. The Qecal and Qeexp Values for each model at different
temperatures slightly increased, whereas (and) ki and ko tended to increase at higher temperatures,
indicating that the adsorption kinetics was more rapid at higher temperatures. This shows that the
adsorption is the endothermic, in which higher temperature is more favorable for the dye

adsorption.

14



333

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

Table 3. Kinetic parameters for MB adsorption onto SA-RPB at different temperatures.

First-order kinetic model Second-order kinetic model
Temp. Qeexp . . 5
(K) (mg/g) k1 Qe,cal R X k2 Qe,cal R 2{2
(mint)  (mg/g) (9/mg.min) (mg/g)

303 143.56 0.4047 139.36 0.807 4.084 0.0049 145.64 0.987 0.340
313 144.75 0.4192 14035 0.849 3.841 0.0051 146.58 0.989 0.281
323 145.11 04275 141.79 0.828 4.241 0.0052 14793 0.981 0.467

The second-order kinetic model of MB adsorption onto SA-RPB fitted precisely with high
correlation coefficients (R? > 0.98). Moreover, slight differences between the calculated data (Qe,cal)
and experimental data (geexp) and the low y? values of the second-order kinetic model indicated the
optimum adsorption at the equilibrium of the kinetic model. The pseudo-second-order model better
described the experimental data indicating the adsorption highly depended on available active sites
than the concentrations of MB. The second-order kinetic model satisfactorily simulates MB

adsorption onto modified cellulose fibers of P. australis.?®?

3.3.3. Effects of initial MB concentration and adsorption isotherms

The removal efficiency of MB using SA-RPB depended on the chemical concentration (Fig.
6(a)). The removal rate rapidly increased from 125 to 250 mg/L MB concentrations and gradually
increased at higher concentrations. More than 94% MB was absorbed using 125 and 150 mg/L
concentrations, and the dye equilibrium adsorption capacity (qe) decreased at higher concentrations
(Fig. 6(a)). However, the increase in the initial concentration of MB from 125 to 300 mg/L resulted
in the decreases in MB removal from 96.93% to 63.64% at 303 K, from 97.32% to 64.09% at 313
K, and from 97.94% to 64.69% at 324 K (Fig. 6(a)). The lack of available active sites required for
the high initial concentration of MB resulted in these reductions. The adsorption isotherms, which
revealed the interactive behaviors between the adsorbate and adsorbent at liquid—solid interfaces,

were analyzed.
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Fig. 6. (a) Effect of initial MB concentration on removal efficiency of MB using SA-RPB at
different temperatures (the tests were performed using 1.0 g/L SA-RPB and pH of 6.5); (b)—(d)
Analyses of MB adsorption isotherm using SA-RPB based on Langmuir, Freundlich, Temkin, and
Dubinin—Radushkevich isotherm models at 303, 313, and 323 K. The experiments were conducted
using 1.0 g/L SA-RPB at 150 mg/L MB concentration and pH of 6.5.

The Langmuir, Freundlich, Dubinin—Radushkevitch, and Temkin models simulated the MB
adsorption onto SA-RPB. The nonlinear plots of the isotherm models at different temperatures are
shown in Fig. 6(b)—(d), and their corresponding parameters are listed in Table 4. R? and »? were
used as indicators to analyze the adsorption at equilibrium. The Langmuir model yielded the best
fit because of its higher R?and lower y? than those of other models. The Langmuir isotherm model
showed the homogeneous nature of the adsorbent surface and the monolayer cover of dye
molecules formed on the outer surface of the adsorbents under NaOH and citric acid treatment.
The R. values of the Langmuir isotherm indicated that the fundamental features were higher than
0 and less than 1.0; thus, the adsorption was favorable within the evaluated concentration range.®’

RL increased with temperatures, suggesting favorable adsorption of the MB onto the SA-RPB under

16



372
373
374
375
376

377
378
379
380
381
382
383
384

the conditions. For the Freundlich model, the 1/n values (Table 4) were within the range of 0.1 <

1/n < 1.0, signifying physisorption mechanism, and the adsorption process was considered

favorable, rapid, and effective.%® The equilibrium models provide insight adsorption mechanism,

the surface properties and affinity of the adsorbent.

Table 4. Isotherm parameters for MB adsorption onto SA-RPB at different temperatures.

Temp. Qeexp

Langmuir isotherm

Freundlich isotherm

Omax Ki 2 Ke (mg/g 2
(K) (mge) o (mg R RL) 20 (mgm ™ RO Z2F)
303 190.94 191.49 0.404 0.0082 0.981 0.548 109.15 7.739 0.946 99.505
313 192.27 191.68 0.484 0.0068 0.983 0.482 113,53 8.194 0.946 97.580
323 194.07 192.64 0.629 0.0053 0.983 0.491 119.74 8.815 0.933 96.707
Dubinin—Radushkevitch isotherm Temkin isotherm
Tlgmp' gy @R E Kor RYDR)ADR) Ar(L/mg) o7 RYT) AT
303 190.94 177.62 0.615 -1.32x10% 0.817 5.135 95.656 21.470 0.970 0.867
313 192.27 179.47 0.716 —-0.97x10° 0.846 4.414 163.32 20.414 0.967 0.980
323 194.07 181.48 0.924 —-0.58x10° 0.847 4.441 336.91 19.263 0.959 1.244

The obtained adsorbent modified with NaOH and citric acid exhibited effective MB removal

with the maximum adsorption capacity of 191.49 mg/g at 150 mg/L MB concentration. This value

is higher than those obtained in other studies using modified P. australis biomass and other

modified plant materials listed in Table 5. For example, Kankilig et al. reported that the maximum

adsorption capacity of cellulose microfibrils of P. australis modified with NaOH was 54.9 mg/g at

400 mg/L.%8 The treatment with citric acid increased the adsorption ability in this study.

Table 5. Comparison of adsorption capacities of different MB adsorbents.

Adsorbent Temperature (K) pH  Qmax (Mg/Q)
P. australis treated with NaOH and citric acid 303 6.5 191.49

P. australis treated with NaOH% 298 70 549

Raw P. australis®® 298 6.5 227

P. australis treated with organic compounds®® 298 6.5 46.8

Raw Tunisian P. australis?’ 298 8.0 412

Peach stones modified with citric acid® 303 6.0 17825
Lawny grass treated with citric acid® 298 57 3011
Peanut shell modified with citric acid®® 303 10.0 120.48
Activated carbon?® 303 7 81.20
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3.3.4. Adsorption thermodynamics

Determining thermodynamic parameters is conducted to better understand the effect of
temperature on dye adsorption on adsorbents. The Arrhenius equation (Eg. (16)) was used to
calculate the effect of temperature on the velocity of a chemical reaction, which is the basis for all

predictive expressions of reaction-rate constants.

Ink, = InA — £ (16)
RT

In Eq. (16), A (g/mgmin) is the pre-exponential factor, Ea (kJ/mol) is the activation energy
of the adsorption, R (8.314 J/mol.K) is the gas constant, and T (K) is the absolute temperature.
Plots of InK versus 1/T and InK\ versus 1/T were straight lines with R? values of 0.99 and 0.98,
respectively, from which Ea and A values were calculated (Table 6). The low values of activation
energy (< 42 kJ/mol) obtained in this study indicated a diffusion-controlled process and a
physisorption mechanism.”® The negative values of AGP at all temperatures revealed that the
adsorption process was feasible and spontaneous. The obtained AH® was positive, showing the
endothermic nature of adsorption. The positive 4S° suggested increased randomness of the solid—
liquid and adsorption medium interface during adsorption. The positive value of 45° also indicates
the affinity of the adsorbent for the MB, and some structural changes in adsorbate and adsorbent.®

Table 6. Thermodynamic parameters for MB adsorption onto SA-RPB.

Ea (kJ/mol) A (g/mg.min) Temperature (K) AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol.K)

303 —28.63
2.242 0.012 313 —30.18 16.82 0.155
323 —31.73

3.3.5. Effect of initial pH

The increase in pH from 1.0 to 6.5 significantly increased the adsorption, and the adsorption
rates were not significantly changed at a higher pH (Fig. 7). The adsorbent surface becomes more
positively charged at low pH, which reduces the attraction between adsorbent and MB. A more
negatively charged surface is available when pH increases, facilitating greater MB uptake.® The
effect of pH on the MB removal efficiency could be attributed to the characteristics of the

functional groups on the surface and isoelectric point pHpzc of the SA-RPB adsorbent. The
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isoelectric point pHpzc value of SA-RPB, determined using the drift pH method, was 3.1 (Fig.
3(a)). The hydroxyl (—OH) and carboxyl (—COOH) groups were dominant on the SA-RPB surface,
which was deprotonated and became less charged, that is pHpzc < 3.1.51 When the initial pH (pHin)
was lower than pHpzc (3.1), the adsorbent surface was protonated and became more positive.® In
this case, the SA-RPB surface exhibited an electrostatic repulsion between the SA-RPB surface
and the MB—N" cation in the solution, leading to poor adsorption efficiency.®? In contrast, when
the pH value was lower than pHpzc, the functional groups on the SA-RPB surface were
deprotonated and became more negative; this phenomenon induced electrostatic attraction to

MB-N*, increasing the removal efficiency.®?

100

90 -

80

70

R (%)

60 -

50

40
1 3 5 6.5 9 11

pHin

Fig. 7. Effect of initial pH value on MB adsorption onto SA-RPB. The tests were performed using
1.0 g/L SA-RPB at 150 mg/L MB concentration.

3.3.6. Possible mechanism of MB adsorption onto SA-RPB

Dye adsorption involves interactions between the adsorbent and the adsorbate in the solution.
Based on the result (AH° = 16.82 kJ/mol), adsorption was mainly induced by electrostatic and/or
hydrogen bond forces.®® At a pH < 3.1 (pHpzc of SA-RPB), the protonated adsorbent surface
became positively charged (Fig. 3(a)). Therefore, the MB-N* adsorption was mainly attributed to
the physical interaction caused by capillary diffusion and weak hydrogen bonds. The surface of the

negatively charged adsorbent electrostatically interacted with MB-N* at pH > 3.1, improving the
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430  adsorption efficiency. The MB adsorption efficiency of the SA-RPB reached the maximum value
431  at the initial pH of the MB solution (6.5); hence, this pH value was selected to evaluate the

432  adsorption mechanism.

180 - ——MB
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160
g 140
Q
e
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£
w0
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4000 3300 3000 2500 2000 1500 1000 500
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433
434  Fig. 8. FTIR spectra of SA-RPB (1) before and (2) after MB adsorption and (3) pure MB.
435 The FTIR analysis plots showed the spectra of the MB, SA-RPB, and SA-RPB after MB

436  adsorption and were used to describe the adsorption mechanisms. From the spectral peaks (Fig. 8),
437  vibrations were revealed (Table 7). Based on the wavenumbers, it was inferred that pure MB had
438  functional groups, that is, ~OH, C=C, C=N, C=N*, C-N, C=S, C-S, and C—H.54% The variations
439  in peak positions of the functional groups and the strength of the SA-RPB dye complex indicated
440 MB adsorption onto the SA-RPB surface. The differences in the wavenumbers for C—H
441  deformation in the benzene ring, C—N in the heterocycle and C—N bonds connected with the
442  benzene ring in the MB, C—H aromatic rings, C=C stretching vibrations in aromatic rings, and C—
443  H asymmetric deformation in the SA-RPB and SA-RPB dye complex (Table 7) corresponded to
444  MB attachment to the surface of the adsorbent by n—= stacking between the aromatic backbone of
445  the MB and SA-RPB.5%% This interaction was evident with absorption peaks of MB and SA-RPB
446  at 1599 and 1506 cm™!, respectively, disappearing in the SA-RPB dye complex. Furthermore, the
447  SA-RPB peak at 897 cm™! after MB adsorption (Fig. 8), attributed to the bending vibration of C—H

448 inthe aromatic ring, increased to a higher intensity than the SA-RPB sample before MB adsorption.
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Table 7. FTIR spectral characteristics of MB and SA-RPB before and after MB adsorption.

MB SA-RPB
Vibration Wavenumber  Vibration Wavenumber (cm™)
(cm™) Before ads.  After ads.

O-H or N-H stretching 3424 —OH stretching 3438 3427

—CHjs stretching 2939 C—H stretching vibration 2917 2915

C=N-C group 2360 —COOH stretching vibration 1735 1734

=N*(CHj3) stretching 1661 —COQO stretching of carboxylate 1633 1601
groups with an aromatic ring

C=N (and C=C) stretching 1599 C=C stretching vibrations 1506 -

in heterocycle in aromatic rings

C—H deformation 1492 C—H deformation 1456 1489

in benzene ring in aromatic rings

C-N in heterocycle 1396 C=C stretching vibrations 1431 1447
in aromatic rings

C-N bonds connected with 1356 C—H asymmetric deformation 1384 1385

benzene ring

N-CHjs stretching 1340 —OH bending vibration in C-OH 1334 1355
C1-O vibrations in S derivatives 1321 1335

Ar—N deformation vibration 1252 - 1249

C=S stretching vibration 1183 C-O-C antisymmetric vibrations 1165 1164

C-S stretching vibration 1142 Anhydroglucose ring vibration 1111 1109

C-N stretching vibration 1066; 1038 C-O stretching vibration in 1057; 1035 1056;
cellulose, hemicellulose, and lignin 1034

C-H axial deformation 950-669 C—H rocking vibrations 898 897

in aromataic rings

C-S and C-N stretching 616-449 C—H bending in aromatic rings 875-500 875-500

The peak ranges of 1340-1000 cm™! of SA-RPB with oxygen-rich functional groups shifted,

suggesting the formation of hydrogen bonds between SA-RPB and MB molecules. The band shifts

occurred as N—CHjs stretching, Ar—N deformation vibration, C=S stretching vibration, and C-S

stretching vibration. These phenomena indicated that N in the —N(CH3). and Ar—N groups and S

in the C=S and C-S groups might have been used as the hydrogen-bonding acceptor and formed

intramolecular hydrogen bonding with the hydrogen atom of the —OH and —COOH groups on the

adsorbent surface.®* Hydrogen atoms in the functional groups of SA-RPB could also form hydrogen
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bonds with N and S in the functional groups of MB. In addition, the SA-RPB dye complex had a
new absorption peak at 1249 cm™!, owing to the Ar-N deformation vibration of the MB molecule;
this verified MB adsorption onto the SA-RPB surface. Based on the above analysis results, the
adsorption efficiency of the MB onto the SA-RPB was attributed to four possible adsorption
mechanisms: electrostatic interaction, hydrogen bonding, n—n stacking interaction, and filling of

pores between the MB and SA-RPB (Fig. 9).
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Fig. 9. Possible adsorption mechanism of MB onto SA-RPB.

3.4. Reusability

The reusable efficiency of an adsorbent for wastewater treatment is a critical factor for
economic purposes. The regeneration results showed that the adsorption capacity decreased by
approximately 7% after four desorption—adsorption cycles compared with the first batch
experiment (Fig. 10(a)). Ethanol was used to desorption MB from adsorbents in some previous
reports.%®®” Additionally, FTIR spectra of adsorbents showed similar spectra after four cycles (Fig.
10(b)), indicating the stability of the adsorbent during the adsorption process. This result suggests

that the adsorbent is quite useful for treating real-time industrial effluent.
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Fig. 10. (a) Removal efficiency of MB onto SA-RPB in successive desorption—adsorption cycles;
(b) FTIR spectra of SA-RPB after four desorption—adsorption cycles. The tests were conducted
using 1.0 g/L SA-RPB at 150 mg/L MB concentration and pH of 6.5.

4. Conclusion

This study demonstrates that chemically modified P. australis biomass can be used as an
adsorbent for removing MB dye from aqueous solutions. The batch adsorption test results showed
that the material treated with NaOH and citric acid increased the removal compared with the raw
material and modified with only NaOH. The initial pH of the solution, the adsorbent dosage,
contact time, and initial MB concentrations significantly influenced the adsorption rates of SA-
RPB. SEM, FTIR, and BET analysis indicated significant modification in the structure after
chemical treatments. Moreover, the calculated adsorption energy indicated that MB adsorption
onto SA-RPB occurred through physical interactions at different temperatures when the removal
process was endothermic and spontaneous. The maximum adsorption capacity of SA-RPB for MB
was 191.49 mg/g, which was slightly decreased after four desorption—adsorption cycles. Four
possible adsorption mechanisms, i.e., electrostatic interaction, hydrogen bonding, n—n stacking
interaction, and filling of pores between the MB and SA-RPB, are attributed to the adsorption. This
study shows that a modified material derived from an abundant reed is expected to be highly
economical and efficient for removing the synthetic dye in wastewater treatment. For real
applications, column experiments are being conducted for possible industrial scale and presented

in the future.
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