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Abstract

In this study, the biomass of Phragmites australis was chemically modified using NaOH and subsequently citric acid
to produce an effective adsorbent named SA-RPB. The absorbent was characterized using XRD, SEM, BET, and FT-IR
methods. The study’s findings indicated that the adsorbent existed mainly as cellulose crystals, contained micropores
with an average diameter of 15.97 nm, and had a large number of hydroxyl and carboxyl groups on the surface. The
adsorption process of SA-RPB was evaluated through the adsorption of methylene blue (MB) dye in aqueous solution.
Adsorption kinetics showed that the pseudo-second-order model well described the adsorption process. The adsorption
isotherm process satisfactorily fitted with the Langmuir model with the maximum adsorption capacity of 191.49 mg/g at
303 K. These findings show that MB may be efficiently removed from aqueous solutions using the adsorbent made from
the raw biomass of Phragmites australis treated with NaOH and then citric acid.
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1. Introduction

Dye has been extensively used in various industries
such as textile, leather, cosmetics, tanning, paper, food
technology, hair coloring, pulp mill, pharmaceuticals, and
plastics.! Wastewater discharged from these industries has
reportedly caused severe environmental pollution? and
health problems. Specifically, methylene blue (MB), wide-
ly used for coloring cotton, wood, and silk?, can damage
humans’ and animals’ eyes and trigger nausea, vomiting,
profuse sweating, and mental instability when it passes
through the mouth, causing rapid or difficult breathing
within short periods of inhaling.? Therefore, it is practical-
ly essential to remove MB from dye wastewater.

Many advanced techniques have been developed for
removing MB, including the Fenton process and combined
electrochemical treatments, electrochemical degradation,
reverse osmosis, photodecomposition, coagulation/floc-
culation, membrane processing, oxidative degradation,
electrocoagulation, and carbonaceous nanomaterials.>~!3
In addition, activated carbon has been recognized to ef-

fectively remove different dye molecules.!*!¢ However,
these methods are costly, owing to poor regeneration. In
recent years, considerable efforts have been made in de-
veloping adsorbents derived from plant materials such as
mango peels, pistachio shell, cladodes of Opuntia ficus in-
dica, peach stone, carbonized watermelon, seed fibers, and
potato peels.!”-23

Some recent studies have used raw materials or
raw materials modified with NaOH to treat MB.2%%” For
instance, plant materials modified with citric acid (CA)
show good potential for wastewater treatment.??%2° Cel-
lulose fibrils extracted from P. australis and treated by both
NaOH and CA appear to be a better-modified material
compared to being treated with only NaOH as described
in the previous report.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.*
This plant type has a high tissue porosity formed by cel-
lulose, hemicellulose, and lignin, which are vital constit-
uents for developing adsorbents.?’ It wildly grows all year
round throughout the country of Viet Nam, especially in
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wetlands. In this study, the biomass of P. australis modified
with NaOH and followed by esterification using citric acid
(NaOH-then-CA treatment) was investigated in adsorb-
ing MB from aqueous solutions. In addition, the effects of
environmental parameters on MB adsorption by raw and
modified adsorbents were evaluated.

2. Materials and Methods

2. 1. Chemicals and Materials

Citric acid (HOC(COOH)(CH,COOH),, = 99.5%),
sodium hypophosphite monohydrate (NaH,PO,.H,0, >
99.5%), sodium hydroxide (NaOH, = 97%), hydrochlo-
ric acid (HCl, 37%), sodium chloride (NaCl, = 99.5%),
and MB (C,¢H,gN,SCl, 99.5%) were purchased from Sig-
ma-Aldrich. Then, 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).

P, australis samples were collected from a wetland in
Dong Thap province, Vietnam and cleaned with tap water
to remove dirt and other impurities adhered to their sur-
faces. The plant stems were dried under the sunlight for
four days prior to being finely ground to approximately
1-2 mm sizes. The obtained biomass was rinsed with dis-
tilled water and dried in a vacuum oven at 70 °C to a con-
stant weight. The product was stored in a desiccator and
used as raw P, australis biomass (RPB).

2. 2. Chemical Modifications of P. australis
Biomass

RPB (5 g) was added to a 250 mL glass beaker con-
taining 100 mL NaOH (0.5 M). The solution was stirred at
60 °C and 400 rpm using a magnetic bar for 5 h. After that,
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 until it yielded
an adsorbent. The biomass modified with NaOH was des-
ignated as S-RPB, which was further denatured with a 50
mL (0.1 M) CA solution added to a 2.0 g S-RPB. Then,
NaH,P0O,.H,0 (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. After that, it
was soaked in 50 mL distilled water several times until the
pH reached 7.0, and then was dried at 60 °C for 12 h, and
subsequently arriving at 140 °C for 3 h. The second modi-
fied adsorbent was designated as SA-RPB.

2. 3. Characterization of Materials

The lignocellulosic composition before and after
being modified (as mentioned above) 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). Also, the products’ XRD was performed by a Mini-
Flex 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 adsorbents’ surface morphology was scanned under
the scanning electron microscopy (SEM) technique (FEI-
SEM NOVA NanoSEM 450-USA). Meanwhile, the sam-
ples’ FTIR spectra were recorded by an Infrared Affinity-1S
spectrophotometer (Shimadzu) and BET was determined
by N, adsorption-desorption isotherms at liquid nitrogen
temperature (77 K) using a Quantachrome TriStar 3000
V6.07A absorption instrument.

2. 4. Determination of Point of Zero Charge
(PHpzc)

The pHpyc of the adsorbents was determined using
the pH drift method described in a previous study.?! For-
ty-five milliliters of 0.5 M NaCl with pH values were ad-
justed from 2 to 12 by either 0.1 M NaOH or 0.1 M HCI
solution. Then, distilled water (50 mL) was added, and the
pH values were readjusted, closely noting the initial pH
(pHj). Next, an obtained 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 differences in
the pH (ApH) values between the initial pH and final pH
(pHy) (ApH = pH; - pHy) were plotted against pH;. The
points of intersection of the curve with the abscissa at
which ApH is equal to zero were presented as the pHpy.

2. 5. Adsorption Tests

Adsorption tests were performed by adding an ad-
sorbent into a 250 mL glass beaker containing 100 mL MB
solution. For the effects of the adsorbent on adsorption,
the MB was diluted to 125-300 mg/L, while SA-RPB was
used from 0.4 tol.4 g/L. 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. Also, MB concentrations
were measured by an ultraviolet-visual spectrophotome-
ter (Spectro UV-2650, Labomed, USA) at a wavelength of
665 nm. The percent removal (R) and adsorption capacity
per unit mass (g;) after a specific contact time (t) were cal-
culated via Egs. (1) and (2), respectively, as follows:

=i

R(%)= L5100 (1)

(]

g = Ca=CIxV )

t
m

where Cy (mg/L) and C, (mg/L) are MB concentrations in
liquid media at the initial and time ¢, respectively, and V is
the volume of the solution (L).
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2. 5. 1. Adsorption Kinetics

The adsorption kinetics were fitted to the pseu-
do-first-order and pseudo-second-order kinetic models,
which are expressed by Egs. (3) and (4), respectively®>?2,
below:

g, =q.(1-¢™) @)
= qszf 4
i 1+ ¢k t )

where k; (1/min) and k, (1/min) are rate constants of the
pseudo-first-order and pseudo-second-order, respectively;
and t (min) is the contact time.

2.5. 2. Adsorption Mechanisms

The Weber-Morris intra-particle diffusion and
Boyd models were applied in order to investigate diffu-
sion mechanisms. The former model was derived from the
Fick’s second law of diffusion as expressed by Egs. (5):1*

Qr :k111{l1+(‘¢ 5)

where k,,; (mg/gmin'/?) means the diffusion rate constant at
stage i, and C; is the intercept which can be evaluated from
the slope of the linear plot of g, versus /2. The g, (mg/g)
is adsorption capacity per unit weight of adsorbent per
time, and "2 (min'/?) denotes half adsorption time. The
intercept, C;, relates to the extent of external mass trans-
fer during the adsorption, acting as the rate-controlling
step. When the linear plot of g, versus t'/> passes through
the origin, intra-particle diffusion is the sole rate-limiting
step. However, if the linear plots at each concentration do
not pass through the origin, when it indicates that the in-
tra-particle diffusion was not only rate controlling step.!

Meanwhile, the Boyd model was implemented to
distinguish between film diffusion and intra-particle dif-
fusion as expressed by Egs. (6) and (7):!>16

B

t

B, [\/E /:r—(}r’TF)] (for FF < 0.85) %)

where B, is a mathematical function of F representing the
fractional attainment of equilibrium at any time t given by
Egs.(8):

-0.4977-In(1-F) (for F > 0.85) 6)

poo 4
q. ®)
The plot Bt versus time ¢ (s) is used to anticipate the
diffusion limit. If the plot is linear and passes through the
origin, it indicates that the pore diffusion occurs. If the
lines are linear and pass through the origin, the intra-par-
ticle diffusion takes place. However, if the lines are linear
but do not pass through the origin or non-linear, the film
diffusion controls the adsorption process.

2. 5. 3. Adsorption Isotherms

Four isotherm equations, namely the Langmuir, Fre-
undlich, Temkin, and Dubinin-Radushkevich, were used
to fit the experimental equilibrium isotherm data for MB
adsorption on SA-RPB. Adsorption isotherm tests were
performed by adding 0.1 g SA-RPB into 100 mL MB at a
concentration range of 125-300 mg/L. The initial pH of
the MB solution was 6.5, and the controlled temperatures
were 30 °C (303 K). The Langmuir model assumes that ad-
sorption is localized on a monolayer, and all adsorption
sites on the adsorbent homogeneously possess the same
adsorption capacity, as expressed by Egs. (9)*:

G K, C,

% 1+K,C, ©)

where C, (mg/L) is the equilibrium concentration; g,
(mg/L) is the amount of adsorbed dye at equilibrium; g,
(mg/g) is the maximum adsorption capacity; and K; (L/
mg) is the Langmuir adsorption equilibrium constant. The
equilibrium parameter (R;) is a dimensionless constant of
the Langmuir isotherm, expressed by Egs. (10) %:

1
1+K,C,

" (10)
where C, is the highest initial solute concentration. The
Freundlich isotherm model assumes that multilayer ad-
sorption processes occur on heterogeneous surfaces, ex-
pressed by Egs. (11)°:

q, =K. (11)

where Ky (mg/g.(L/mg)") 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 ad-
sorbate interaction on SA-RPB, expressed by Egs. (12)*":

q. = (RT / b)In(4,C,) (12)
B, = RT/b (13)

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;
T (K) is the absolute temperature. The Dubinin-Radush-
kevich isotherm model®® was used to determine the mean
free energy of biosorption, expressed by Eqgs. (14)-(16):

Kpge~

4, = Ap€ (14)

E: ]/ 2KDR (15)
1

:=RT In(1 + —

P n( +(,)) (16)

€

where Kpp is a constant related to the adsorption energy
(mol?/kJ?); gpr (mg/g) is the Dubinin-Radushkevich iso-
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therm adsorption capacity; & (kJ/mol) is the Polanyi po-
tential; R is the ideal gas constant; and T (K) is the temper-
ature. The free energy of adsorption (E) is considered as
either chemical adsorption (E = 8-16 kJ/mol) or physical
adsorption (E < 8 kJ/mol).

2. 5. 4. Adsorption Thermodynamics

The thermodynamic parameters for MB adsorption
onto SA-RPB were evaluated at 303, 313, and 323 K. The
Gibb’s free energy change (AG®), enthalpy (AH®), and en-
tropy (AS®) were calculated using Eqgs. (17)-(19).

AG"= -RTInK, (17)
AG" = AH" —TAS" (18)
Adding Eqgs. (17) and (18) amounts to Eq. (19):

AH" AS° (19)

L% T N
RT R

where R (8.314 J/mol K) is the universal gas constant; T
(K) the absolute temperature, and K; the Langmuir equi-
librium constant. The values of AH® and AS° can be cal-
culated 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 then 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, followed
by being dried for 24 h at 100 °C until its weight stayed
constant.

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 deter-
mined in previous studies®**?. The cellulose content signif-
icantly increased, whereas hemicellulose and lignin con-
tents comparatively decreased after the NaOH treatment
(S-RPB) and the NaOH-then-CA treatment (SA-RPB)
(Table 1). The C content in RBB (46.42%) decreased slight-
ly, whereas the O content (45.82%) and the ratio of O to
C increased slightly after NaOH-then-CA treatment (Ta-
ble 1) was done. Moreover, the percentages of N, S, §i, K,
and Mg significantly decreased after the 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 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

SEM micrograph images of P. australis biomass be-
fore and after the NaOH-then-CA treatment were cap-
tured (Fig. 1). The raw material had a surface composed of
fibrous rods (Fig. 1(a)). The surface morphology was found
to transform, being affected by NaOH. The S-RPB sample
retained its tubular structure, but the surface turned out
to be more porous and uneven (Fig. 1(b)). The texture was
also rough and irregular after being treated with CA (Fig.
1(c)). The treatment with citric acid reduces the cavities on
the adsorbent surface. Citric acid clogged the carbon sur-
face, which explains for a spotted reduction in the surface
area and pore volume of the adsorbent.*?

Table 2. Porous textural parameters of RPB, S-RPB, and SA-RPB
samples

Sample Surface area Pore volume Average pore
(m?%/g) (dm3/g) diameter (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°, corre-
sponding 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-then-
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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

CA treatment enhanced the cellulose crystallinity. The
increased crystallization attributed to the partial removal
of amorphous polymers (hemicellulose and lignin) from
plant structures has also been reported.2®** 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
the NaOH treatment and went down to 26.7%, resulting
from that of the NaOH-then-CA treatment, while the pore
volumes decreased by 21.8% and 26.3%. Besides, the aver-
age pore diameter slightly decreased after the treatment.
Citric acid can easily penetrate the pore structure because
of its small molecular size, causing the pore block of the
absorbent.*? These results indicate that the dye adsorption

capacity can be boosted 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
differing intensities of the observed peaks during P. aus-
tralis biomass modification were analyzed via FTIR (Fig.
2). Adsorption bands corresponding to functional groups
were determined according to Reddy.*® A broad peak of
approximately 3321 cm™! corresponded to the stretch-
ing vibration of the hydroxyl groups (-OH) for cellulose,
hemicellulose, and lignin, whereas the 2918 cm™! band in-
dicated the presence of C-H stretching vibrations of me-
thyl and methylene. After the raw material was modified
with NaOH and NaOH-then-CA, the stretching vibration
bands of OH shifted to 3443 and 3438 cm™, respective-
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ly. The band at 1734 cm™! could be attributed to the C=0
bond stretching of acetyl ester groups in hemicellulose,
lignin, or both.

180

Transmittance (%)
>
o
!

2500 2000

3000

1500

Wavenumber (cm™)

Fig. 2. FTIR spectra of RPB, S-RPB and SA-RPB samples

This adsorption peak was absent from the FTIR spec-
trum of the S-RPB sample (Fig. 2) after the alkaline treat-
ment because of the removal of hemicellulose and lignin
through a process called de-esterification. Moreover, C=O
bond stretching was observed after the NaOH-then-CA
treatment, 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 ap-
proximately 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™! re-
flected 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

—+—RPB a)

pHpzc = 6.72

10 12

Removal efficiency (%)

pHpzc =3.10 pHpzc = 6.17

vibration in C-OH and C1-0O vibrations in S derivative vi-
brations of cellulose, respectively. The signal at 1249 cm™!
corresponded to the ~COO vibration of acetyl groups in
hemicellulose and lignin.2**” The adsorption 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 vi-
brations of cellulose, hemicellulose, and lignin.*® A band at
899 cm™ corresponds to C-H rocking vibrations of cellu-
lose.* The intensities of these parts of S-RPB and SA-RPB
decreased, owing to the removal of lignin. The weak ad-
sorption 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.*>>° The FTIR results indicated abun-
dant functional groups of ~-OH, —~COOH, and —-COO"~ on
the adsorbent surfaces.

3. 2. pHpyc determination

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

The pHpy level slightly decreased after the NaOH
treatment, possibly because of de-esterification and the re-
moval of a part of hemicellulose and lignin.>! The pHpyc
value of the SA-RPB was significantly lower than those of
RPB and S-RPB, which could be attributed to the esteri-
fication reaction of hydroxyl on the raw material surface
with the carboxyl group of citric acid to increase the car-
boxyl group on its surface.?>>? Absorbents with pH values
lower than pHpy absorb compounds with a positive sur-
face 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

b)

100 -

Hi

80

HH

60 +

40 1

H

20 -

RPB S-RPB SA-RPB

Fig. 3. (a) Plots of point of zero charges of RPB, S-RPB, and SA-RPB (1.0 g/L adsorbent at different pH values); (b) percentage removal efficiency values for

MB on RPB, S-RPB, and SA-RPB samples (150 mg/L MB at 6.5 pH value)
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showed that the removal efficiency by 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 by SA-RPB was due to both NaOH and
CA modified to the raw material. Therefore, SA-RPB was
used for other experiments.

3. 3. Batch Adsorption

3. 3. 1. Effect of Adsorbent Dosage

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

280+
7 ; 4100
A
4 \ /./ {95
4 90

B 2001 o —A—R (%) o5 =
= —e—q, (mg.g”) kel
@ ®
o

120- / .\ﬁ\. 1

80 T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4

Adsorbent dosage (g/L)

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

3. 3. 2. Effects of Contact Time, Temperature, and
Adsorption Kinetics

The effect of contact time on MB removal via the
SA-RPB adsorbent is depicted in Fig. 5. The adsorption
sharply increased within 20 min at the initial stage and
then attained equilibrium after 60 min at all temperatures,
followed by a maximum removal. About 89.98% of equi-
librium adsorption capacity was achieved within 10 min.
The fast adsorption at the initial stage was probably caused
by available vacant active sites of the adsorbent (with func-
tional groups of ~-OH, ~COOH, and —~COO") and a high-
er driving force between MB ions and the surface. How-
ever, adsorption isotherms at three temperatures were not
statistically different. This phenomenon is due to available

active sites for adsorption, which previous studies used to
modify plant materials for MB removal>>>¢. Meanwhile,
decreased vacant sites and insufficient active sites of the
adsorbent slowed down the adsorption rate and equilib-
rium.>

150 -
PORDY S5 Yory tHEE EELE |
140 = : ;
130 -
:*i 303K
=) 4
g ] o 313K
g1o] B 4 323K
- - - - Pseudo-second-order fit
Loy —— Pseudo-first-order fit
r
%04 §
80 . . : ‘ .

0 15 30 45 60 75 90 105 120

Time (min)

Fig. 5. Pseudo-first and pseudo-second-order kinetics for MB ad-
sorption by SA-RPB at different temperatures. The experiments
were conducted by 1.0 g/L SA-RPB and 150 mg/L MB at 6.5 pH

Two kinetic models (pseudo-first-order and pseu-
do-second-order) were used to determine adsorption rate
and analyze kinetic data. The calculated correlation coef-
ficients (R?) and other data are listed in Table 3. The g,
and q,,, values for each model at different temperatures
slightly rose, whereas (and) k; and k, tended to increase
at higher temperatures, indicating that adsorption kinetics
was faster at higher temperatures. This shows that the ad-
sorption is the endothermic, in which higher temperature
is more favorable for dye adsorption.

Regarding the second-order kinetic model as seen
in Table 3, it fitted well with high correlation coefficients
(R? > 0.98). Moreover, slight differences between calculat-
ed data (g,,,) and experimental data (q,,.,) and its low X
values indicated the optimum adsorption at the equilib-
rium. Therefore, the model better described experimental
data indicating the adsorption highly depended on availa-
ble active sites more than MB concentrations. Thus, it sat-
isfactorily simulates MB adsorption onto modified cellu-
lose fibers of P. australis.**’

3. 3. 3. Intra-particle Diffusion and Film Diffusion
Models

Intra-particle diffusion was used to analyze kinetic
adsorption at different MB concentrations. The multi-lin-
ear (Fig. 6) shows three phases of the adsorption process.
The first phase occurred within first 10 min, probably due
to the adsorption on external surface of the adsorbent, or
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Table 3. Kinetic parameters for MB adsorption by SA-RPB at different temperatures

Temp. G exp First-order kinetic model Second-order kinetic model

(K) (mg/ g) kl qe,cal R2 Xz kZ qe,cal Rz Xz
(1/min) (mg/g) (1/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 140.35 0.849 3.841 0.0051 146.58 0.989 0.281

323 145.11 0.4275 141.79 0.828 4.241 0.0052 147.93 0.981 0.467

boundary layer diffusion of solute molecules (film diffu-
sion).>1? The electrostatic attraction between MB and the
adsorbent might involve in this phase. The second phase
was intra-particle diffusion at a gradual adsorption stage.
The last one was equilibrium phase during which in-
tra-particle diffusion occurred when MB concentration
was reduced.

Non-zero C; intercepts (Table 4) showed that the in-
tra-particle diffusion was not the only rate limiting step.
Moreover, the fact that the first and second phases did not
pass through the origin signifies the intra-particle diffu-
sion. C; enhanced when the temperature increased (Table
4), indicating that temperature promoted the boundary
layer diffusion effect.!

The boundary layer diffusion rate constants of the
first phase (k,;) were significantly higher than those of

the second and third ones (Table 4). These results signify
that mass transfer from bulk solution to exterior surface of
SA-RPB was higher than that from exterior surface into its
pores. Moreover, k,, value at 313 K was higher than at 303
K, boosting MB diffusion rate.

As shown in Fig. 8, calculated Bt values were plotted
adsorption against time ¢ (min). It denotes that linear lines
for all MB initial concentrations did not pass through the
origin. This indicates that MB adsorption on prepared SA-
RPB is mainly governed by external mass transport, where
particle diffusion is the rate limiting step.

Boyd model was used to distinguish between film
and intra-particle diffusions. Accordingly, Bt values plot-
ted against time can be used to determine diffusion pro-
cesses. If the lines are linear and pass through the origin,
then intra-particle diffusion occurs. However, if they are
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A ' t 1 i ¢
140 i 0 A
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130 | i 4
3 | 1 !
<) & A
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100 - ] A 323K
A 24 #
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Fig. 6. Plots of intra-particle diffusion model for the adsorption of

MB dye onto SA-RPB at 203; 313 and 323 K

323K

Table 4. Intra-particle diffusion model constant for MB adsorption by SA-RPB at different temperatures

Fig. 7. Boyd plots for MB adsorption by SA-RPB at 303, 313, and

Temp. Intra-particle diffusion model

(K) kpl kp2 kp3 CI CZ C3 (RI)2 (Rz)z (R3)2
(mg/gmin'?)  (mg/gmin?)  (mg/gmin'?)

303 22.065 2.607 0.220 58.823 125.330 141.099 0.996  0.862 0.939

313 22.114 3.000 0.342 60.732 123.992 141.161 0.994  0.926 0.953

323 21.584 2.520 0.470 63.361 128.449 141.652 0.999 0.940 0.870
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linear but do not pass through the origin, or non-linear,
then film diffusion controls the adsorption process. 1>16
Fig. 7 shows that the Boyd plots at all temperatures are
non-linear, indicating the film diffusion occurred. This
probably resulted from a mass transfer difference in the
first and second phases.

3. 3. 4. Effects of Initial MB Concentration and
Adsorption Isotherms

The effects of initial MB concentration (from 125 to
300 mg/L) on adsorption were determined by 0.1 g/L SA-
RPB, at pH 6.5 and 303 K. Adsorption isotherms were ana-
lyzed at different initial MB concentrations, reflecting MB
removal by SA-RPB (Fig. 8(a)). It clearly displays that the
removal rate rapidly went up from 125 to 250 mg/L MB
concentrations and gradually increased at higher concen-
trations. More than 94% MB was absorbed at 125 and 150
mg/L concentrations, and the MB equilibrium adsorption
capacity (q,) increased with higher initial dye concentra-
tions (Fig. 8(a)). However, the initial MB concentration
(from 125 to 300 mg/L) resulted in a decreased MB re-
moval from 96.93% to 63.64% at 303 K (Fig. 8(a)). The
lack of available active sites required for high initial MB
concentrations accounted for these reductions. The ad-
sorption isotherms, which revealed the interactive behav-
iors between the adsorbate and adsorbent at liquid-solid
interfaces, were analyzed.

The obtained results show that Langmuir, Freun-
dlich, Dubinin-Radushkevitch, and Temkin models sim-
ulated MB adsorption on SA-RPB. The nonlinear plots
at different concentrations are evident in Fig. 8(b), while
Table 4 depicts their corresponding parameters. R? and x?
were used as indicators to analyze adsorption at equilibri-
um. Langmuir model appeared to yield the best fit because
of its higher R? and lower x? than those of other models.
The Langmuir isotherm model showed the homogeneous

a) 303K
200 -4 100
180 4 - 90
=
S
o
£ 160 480
o
o
140 470
120 4 — - 60
T T T T T T T T
125 150 175 200 225 250 275 300
C, (mg/L})

R (%)

nature of the adsorbent surface and the monolayer cover
of dye molecules formed on the outer surface of SA-RPB.
Also, its isotherm R; values indicate that the fundamental
features were higher than 0 and less than 1.0; thus, the ad-
sorption was favorable within the evaluated concentration
range.”’ For the Freundlich model, the 1/n values (Table
5) were within the range of 0.1 < 1/n < 1.0, signifying phy-
sisorption mechanism, and the adsorption process was
considered favorable, rapid, and effective.’® The equilibri-
um models provide insights on the adsorbent’s adsorption
mechanism, surface properties, and affinity.

Non-linear regression of the Temkin model fitted
well with the experimental data with high R*(T) and low
X2(T) (Table 5). By was 21.47 J/mol at 303K, reflecting
the endothermic nature of adsorption. The R*(DR) value
generated by Dubinin-Radushkevitch isotherm (Table 5)
was significantly lower than those of other isotherms men-
tioned above. This result shows that the MB adsorption by
SA-RPB was not well-aligned with the Dubinin-Radush-
kevitch isotherm. Moreover, mean energy of sorption (E)
calculated from this model was 0.615 kJ/mol at 303 K,
which proved the endothermic nature of adsorption.!®

The NaOH-then-CA adsorbent exhibited its effec-
tive MB removal with a 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 6. For example, Kankili¢ 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.%® The treatment with citric acid increased the ab-
sorption ability in our study.

3. 3. 5. Adsorption Thermodynamics

Determining thermodynamic parameters is also
conducted to better understand temperature effects on

b) 200 - 303K
[ |
180
=]
E 160
E
o Experimental
140 Langmuir
Freundlich
Temkin
120 4 Dubinin-Radushkevich
T T T T T T 1
0 20 40 60 80 100 120
C,(mg/L)

Fig. 8. (a) Effect of initial MB concentration on MB removal efficiency and adsorption capacity by SA-RPB at 303 K; (b) MB adsorption isotherm by
SA-RPB based on Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models at 303 K. The experiments were conducted using

1.0 g/L SA-RPB at different initial MB concentrations and 6.5 pH value
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Table 5. Isotherm parameters for MB adsorption by SA-RPB at 303K

Temp.  Geexp Langmuir isotherm Freundlich isotherm
(K) (mg/g) Qmax K;, Ry R?(L) Xz(L) K (mg/g. np R%(F) xz(F)
(mg/g) (L/mg) (L/mg)'/m)
303 190.94 191.49 0.404 0.0082 0.981 0.548 109.15 7.739 0.946 99.505
Temp.  qeexp Dubinin-Radushkevitch isotherm Temkin isotherm
(K) (mg/g) qdpr E Kpr R?(DR) Xz(DR) Ay (L/mg) By R%(T) xz(T)
(mg/g)  (kJ/mol) (mol*/kJ?) (J/mol)
303 190.94 177.62 0.615 -1.32x10° 0.817 5.135 95.66 21.47 0.970 0.867
Table 6. MB adsorbents’ capacities in comparison
Absorbent Temperature (K) pH Gmax (Mg/g)
P, australis treated with NaOH and citric acid 303 6.5 191.49
P, australis treated with NaOH?® 298 7.0 54.9
Raw P, australis>® 298 6.5 22.7
P, australis treated with organic compounds>® 298 6.5 46.8
Raw Tunisian P. australis?’ 298 8.0 41.2
Peach stones modified with citric acid 303 6.0 178.25
Lawny grass treated with citric acid?® 298 5.7 301.1
Peanut shell modified with citric acid? 303 10.0 120.48
Activated carbon!® 303 7 81.20

adsorption processes, applying Arrhenius equation (Egs.
(20)). Accordingly, a chemical reaction velocity is used for
all predictive expressions of reaction-rate constants.

E
Ink, = In4 ——=
ok, = Ind —2 (20)

In Egs. (20), A (g/mgmin) is the pre-exponential
factor; E, (kJ/mol) is the activation energy of absorption;
R (8.314 J/mol K) is the gas constant, and T (K) is absolute
temperature.

Plots of InK, versus 1/T and InKj versus 1/T were
straight lines with R? values of 0.99 and 0.98, respectively,
from which E, and A values were calculated (Table 7). 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 AG®
at all temperatures reveal that the adsorption process was
feasible and spontaneous. The obtained AS°® was positive,
showing the endothermic nature of adsorption, while the
positive AS° spotted an increased randomness of the solid-
liquid and adsorption medium interface over the process.
The positive AS° value also indicated the adsorbents affinity
and some structural changes in adsorbate and adsorbent.®?

3. 3. 6. Effect of Initial pH

An increase in pH from 1.0 to 6.5 significantly en-
hanced adsorption, but adsorption rates stayed almost
constant at a higher pH value (Fig. 9). The adsorbent sur-
face got more positively charged at low pH values, reduc-
ing the attraction between the adsorbent and MB. A more
negatively charged surface is available when pH increases,
facilitating greater MB uptake.” The pH effect on MB re-
moval efficiency could be attributed to functional groups’
features on the surface and isoelectric point pHpy of the
SA-RPB adsorbent. The isoelectric point pHpyc value of
SA-RPB (determined by the drift pH method) was 3.1 (as
seen in Fig. 3(a) above). The hydroxyl (~OH) and carbox-
yl (-COOH) groups were dominant on SA-RPB surface,
which was deprotonated and became less charged, i.e. pHp.
zc < 3.1.81 When initial pH (pHj,,) was lower than pHpyc
(3.1), the adsorbent surface was protonated and became
more positive.®! In this case, the SA-RPB surface exhibited
an electrostatic repulsion between SA-RPB surface and the
MB-N* cation in the solution, leading to poor adsorption
efficiency.®? In contrast, when pH value was lower than
pHpyc, functional groups on SA-RPB surface were depro-

Table 7. Thermodynamic parameters for MB adsorption by SA-RPB

E, (kJ/mol) A (g/mg min) Temperature (K) AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol K)
2.242 0.012 303 -28.63 16.82 0.155

313 -30.18

323 -31.73
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tonated and became more negative, inducing electrostatic
attraction to MB—N* and boosting the removal efficiency.®?

100 -
90 -
80 -

70

R (%)

60 4

50 +

40 -

pH

in

Fig. 9. Initial pH effects on MB adsorption by SA-RPB (The tests
performed using 1.0 g/L SA-RPB at 150 mg/L MB concentration)

3. 3. 7. Possible Mechanism of MB Adsorption
onto SA-RPB

Dye adsorption involves adsorbent-adsorbate inter-
actions 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 (pHpy¢ of
SA-RPB), the protonated adsorbent surface became pos-
itively charged (Fig. 3(a)). Therefore, the MB-N* adsorp-
tion was mainly attributed to physical interaction caused
by capillary diffusion and weak hydrogen bonds. The sur-
face of negatively charged adsorbent electrostatically inter-
acted with MB-N* at pH > 3.1, improving MB adsorption
efficiency by SA-RPB, which reached a maximum value
at the initial pH of the MB solution (6.5); hence, this pH
value was selected to evaluate the adsorption mechanism.

180 4 —MB
——SA-RPB/MB
——SARPB

160 4 (3)
140

120

100

Transmittance (%)

80
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Fig. 10. FTIR spectra of SA-RPB (1) before and (2) after MB ad-
sorption, and (3) pure MB

The FTIR analysis plots showed the spectra of MB,
SA-RPB, and SA-RPB after MB adsorption and were used
to describe their adsorption mechanisms. From the spec-
tral peaks (Fig. 10), vibrations were revealed (Table 8).
Based on the wavenumbers, it implies that pure MB had
functional groups, that is, -OH, C=C, C=N, C=N*, C-N,
C=S, C-S, and C—H.%% Variations in functional groups’
peak positions and the strength of SA-RPB dye complex
indicate MB adsorption onto the SA-RPB surface. Differ-
ences in the wavenumbers for C—-H deformation in the
benzene ring, C-N in the heterocycle, and C-N bonds
connected with the benzene ring in the MB, C—H aromat-
ic rings, C=C stretching vibrations in aromatic rings, and
C-H asymmetric deformation in SA-RPB and SA-RPB dye
complex (Table 8) corresponded to MB attachment to the
adsorbent surface by m-m stacking between the aromatic
backbone of MB and SA-RPB.>%* This interaction was ev-
idently reflected by adsorption peaks of MB and SA-RPB
at 1599 and 1506 cm™, respectively, disappearing in SA-
RPB dye complex. Furthermore, SA-RPB peak at 897 cm™!
after MB adsorption (Fig. 10), attributed to the bending vi-
bration of C—H in the aromatic ring, moved up to a higher
intensity than the SA-RPB sample before MB adsorption.

The peak ranges of 1340-1000 cm™! of SA-RPB with
oxygen-rich functional groups shifted, suggesting hydro-
gen bonds created between SA-RPB and MB molecules.
The band shifts occurred as N-CHj stretching, Ar-N
deformation vibration, C=S stretching vibration, and C-S
stretching vibration. These phenomena signify 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 ac-
ceptor and formed intramolecular hydrogen bonding with
the hydrogen atom of the ~-OH and ~-COOH groups on
the adsorbent surface.®* Hydrogen atoms in SA-RPB func-
tional groups could also generate hydrogen bonds with N
and S in MB functional groups. In addition, SA-RPB dye
complex had a new adsorption peak at 1249 cm™!, owing
to the Ar-N deformation vibration of the MB molecule;
this verified MB adsorption onto the SA-RPB surface.
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Fig. 11. Possible adsorption mechanism of MB onto SA-RPB
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Table 8. FTIR spectral features of MB and SA-RPB before and after MB adsorption

MB SA-RPB
Vibration Wavenumber (cm™!) Vibration Wavenumber
(em™)
Before ads. After ads.
O-H or N-H stretching 3424 —OH stretching 3438 3427
—CHj; stretching 2939 C-H stretching vibration 2917 2915
C=N-C group 2360 —-COOH stretching vibration 1735 1734
=N*(CHj;), stretching 1661 —-COO stretching of carboxylate groups 1633 1601
with an aromatic ring
C=N (and C=C) stretching in heterocycle ~ 1599 C=C stretching vibrations in aromatic rings 1506 -
C-H deformation in benzene ring 1492 C-H deformation in aromatic rings 1456 1489
C-N in heterocycle 1396 C=C stretching vibrations in aromatic rings 1431 1447
C-N bonds connected with benzene ring 1356 C-H asymmetric deformation 1384 1385
N-CHj stretching 1340 -OH bending vibration in C-OH 1334 1355
C1-0 vibrations in S derivatives 1321 1335
Ar-N deformation vibration 1252 - 1249
C=S stretching vibration 1183 C-0-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 cellulose, 1057; 1035 1056; 1034
hemicellulose, and lignin
C-H axial deformation in aromataic rings 950-669 C-H rocking vibrations 898 897
C-S and C-N stretching 616-449 C-H bending in aromatic rings 875-500 875-500

These obtained results clearly show that MB adsorption by
SA-RPB was attributed to four possible adsorption mech-
anisms: electrostatic interaction, hydrogen bonding, n-n
stacking interaction, and pores filling between MB and
SA-RPB (Fig. 11) (i.e., adsorbent-adsorbate interactions).

3. 4. Reusability

The reusable efficiency of adsorbents for wastewater
treatment is economically and environmentally critical.
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The regeneration results showed that the adsorption efhi-
ciency decreased by approximately 11.69% after six des-
orption-adsorption cycles compared with the first batch
experiment (Fig. 12(a)). Ethanol was used to desorption
MB from adsorbents in some previous reports.®%” Addi-
tionally, FTIR spectra of adsorbents showed similar spec-
tra after six cycles (Fig. 12(b)), indicating the adsorbent
stability during the adsorption process. This result sug-
gests that the adsorbent is practically useful for treating
real-time industrial effluent.
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Fig. 12. (a) Removal efficiency of MB onto SA-RPB in successive desorption-adsorption cycles; (b) FTIR spectra of SA-RPB after six desorption—ab-
sorption cycles. The tests were done using 1.0 g/L SA-RPB at 150 mg/L MB concentration and 6.5 pH
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4. Conclusion

This study demonstrates that chemically modified P,
australis biomass can be used as an effective adsorbent for
removing MB dye from aqueous solutions. Batch adsorp-
tion test results show that materials treated with NaOH
followed by citric acid boosted the removal compared with
raw materials or those modified with only NaOH. The ini-
tial pH of the solution, the adsorbent dosage, contact time,
and initial MB concentrations significantly influenced the
adsorption rates of SA-RPB. All SEM, FTIR, and BET anal-
yses indicate significant modifications in the structure af-
ter chemical treatments. Moreover, calculated adsorption
energy denotes that MB adsorption by SA-RPB occurred
through physical interactions at different temperatures
when the removal process was endothermic and sponta-
neous. The maximum MB adsorption capacity of SA-RPB
was 191.49 mg/g, which was slightly decreased after four
desorption-adsorption cycles. Four possible adsorp-
tion mechanisms (i.e., electrostatic interaction, hydrogen
bonding, nm-m stacking interaction, and pores filling be-
tween MB and SA-RPB) were spotted to functionally take
place. This study shows that modified materials derived
from reeds are expected to be highly economical and effi-
cient for removing synthetic dyes in wastewater treatment.
For practical uses, column experiments are underway for
viable industrial scales and will be presented in the future.
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Povzetek

V raziskavi je bila biomasa iz vrste Phragmites australis kemi¢no modificirana z NaOH in za tem $e s citronsko kislino,
da bi proizvedli u¢inkovit adsorbent, imenovan SA-RPB. Absorbent je bil karakteriziran z metodami XRD, SEM, BET
in FT-IR. Dokazano je bilo, da adsorbent obstaja predvsem v obliki kristalov celuloze, vsebuje mikropore s povpre¢nim
premerom 15,97 nm in ima veliko $tevilo hidroksilnih in karboksilnih skupin na povrsini. Adsorpcijski proces SA-RPB
smo ovrednotili z adsorpcijo barvila metilen modrega (MB) v vodni raztopini. Kinetika adsorpcije je bila opisana z
modelom psevdo-drugega reda. Adsorpcijska izoterma je skladna z Langmuirjevim modelom z najvecjo adsorpcijsko
zmogljivostjo 191,49 mg/g pri 303 K. Ugotovitve kazejo, da je MB mogoce u¢inkovito odstraniti iz vodnih raztopin z
uporabo adsorbenta, izdelanega iz surove biomase Phragmites australis, obdelane z NaOH in nato s citronsko kislino.
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