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ABSTRACT KEYWORDS

In this study, we used a simple and low-toxicity chemical treatment to make a carboxylate-func- Adsorption; dragon fruit
tionalized dragon fruit peel powder (CF-DFPP) from dragon fruit peel to improve its capacity for peel; mechanism;
adsorbing Rhodamine B (RhB) from an aqueous medium. Field Emission-Scanning Electron  regeneration; rhodamine B
Microscopy/Energy-Dispersive X-ray (FE-SEM/EDX), point of zero charges (pHpzc), Brunauer-

Emmett-Teller (BET), and Fourier Transform Infrared (FT-IR) analyses were performed to character-

ize the adsorbent materials. The adsorption performance and mechanism for the removal of RhB

were examined. The kinetic, isotherm and thermodynamic parameters were employed to evaluate

the adsorption mechanism. Compared to other models, the Langmuir isotherm and PSO kinetic

models better defined the experimental data. CF-DFPP adsorbent exhibited a maximum adsorp-

tion efficiency of 228.7mg/g at 298K for RhB adsorption. Thermodynamic analysis revealed that

the adsorption of RhB by CF-DFPP was spontaneous (AG° < 0) and exothermic (AH® < 0) nature

of the process. Different eluting agents were used in desorption tests, and NaOH was revealed to

have greater desorption efficiency (96.8%). Furthermore, regeneration examinations revealed that

the biosorbent could effectively retain RhB, even after six adsorption/desorption cycles. These find-

ings demonstrated that the CF-DFPP might be a novel material for removing RhB from an aque-

ous medium.

GRAPHICAL ABSTRACT
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NOVELTY STATEMENT

To improve the efficiency of adsorbing Rhodamine B (RhB) from aqueous streams, a low-toxic
carboxylate-functionalized (CF) dragon fruit peel powder sorbent material was synthesized.
Following the chemical transfer, the surface area of DFPP was increased dramatically from 4.49 to
23.6m?/g, resulting in a higher adsorption efficiency and reusability than previously reported. The
choice of the CF significantly increases the number of anions and attracts the positively charged
RhB, increasing the sorption tendency. Despite the abundance of material on the direct use of
dragon fruit peel as an adsorbent, no research has been done on the adsorbent surface modifica-
tion. As a result, an effort has been made to add a novel adsorbent to the adsorbents database in
this approach.

CONTACT Jet-Chau Wen @ wenjc@yuntech.edu.tw @ Research Centre for Soil & Water Resources and Natural Disaster Prevention (SWAN), National Yunlin
University of Science and Technology, Douliou, 640 Taiwan.
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Nomenclature: C, & C.: starting & equilibrium RhB solution concentration; Cg: solid phase con-
centration at equilibrium; k; & k,: constant of the PFO and PSO; K. distribution constant; K¢
Freundlich constant related to adsorption capacity; K;: adsorption energy constant of the
Langmuir isotherm; K: constant related to sorption energy; M: mass of CF-DFPP; n: Freundlich con-
stant related to the adsorption intensity; 7/n: heterogeneity factor; PFO: pseudo-first-order; PSO:
pseudo-second-order; g.: adsorption equilibrium amount; Gecar & Geexp: Calculate & experimental
adsorption amounts; g.; & ge: amount of dye adsorbed at equilibrium; g;: adsorption rate on at
time; gmax: Maximum adsorption quantity; g: theoretical saturation uptake of the D-R model; R: gas
constant (8.314 kJ/mol K); t: contact time, min; T: temperature (K); V: RhB solution volume (L). Greek
letters:; o: initial adsorption rate of Elovich model; f: desorption constant; £: Polanyi potential.

Introduction

Water, a natural solvent, is known for its universal solubility
for most known substances. Industrial, agricultural, and
domestic activities produce contaminants that are readily
mixed with natural water bodies, leading to their easy con-
tamination. This water contamination takes a toll on the
humans and other living beings dependent on these water
bodies (Vigneshwaran et al. 2021b). Various dyes released
from the textile industry are significant contributors to envir-
onmental pollution (Sharma et al. 2015, 2017). An enormous
amount of dyes is produced worldwide for the textile indus-
try, among which 10-15% are directly contaminating the
water bodies creating environmental risk and not pleasing
for human consumption (Mu and Wang 2016; Naushad
et al. 2019). Dyes are resistant to several conventional water
treatments because of their complex chemical structure and
weak biodegradability (Khorasani and Shojaosadati 2019).
Rhodamine B (RhB) is a water-soluble cationic dye of the
xanthan type that is extensively used in the leather, dyeing,
textile industries, and biomedical laboratories (Cheng et al
2018). RhB is also known to cause cancers and eye, skin,
respiratory, and neuro-related problems to its exposures
(Sadegh et al. 2021). Therefore, removing RhB from the
water bodies is an immediate need of the hour.

Several treatment techniques such as advanced oxidation
processes, coagulation, photochemical degradation, chemical
oxidation, Fenton-biological degradation, membrane filtra-
tion, sedimentation, ozonolysis, electrochemical processes,
biodegradation, etc., have been applied for the elimination
of RhB from wastewater (Nazir et al. 2021). However, these
approaches have several environmental and economic draw-
backs, such as generation of secondary pollutants, inad-
equate removal efficiency, complex treatment techniques,
operations delay, high costs, and oxidizing agent depend-
ence. On the contrary, adsorption technology is a superior
alternative treatment technique due to its cheap cost, ease of
operation conditions, fast, biosorbents diversity, ease of
regenerating, inertness to materials, high efficiency, and
environmentally friendly compared to other treatment tech-
niques (Egbosiuba et al. 2020).

Dragon fruit scientifically termed Hylocereus undatus is
widely cultivated in many Southeast Asian countries. Dragon
fruits also possess many phytonutrients with many beneficial
effects, such as they can heal wounds, strengthening the
immune system, lower the risk of prostate cancer, improving
eyesight, etc. (Ahmad et al. 2021). Dragon fruit consumption
also produces lots of biodegradable wastes in the form of their

outer skin (peels). These dragon fruits are available in
red/yellowish flesh with numerous small seeds, edible, and the
peels are non-edible and usually discarded. In the present
study, these waste materials (peels) were taken as adsorbent
material to remove dyes from an aqueous solution since they
are available at no cost, reducing disposal costs.

In literature, a variety of agricultural waste materials have
been successfully employed as a biosorbent for the elimination
of dyes, such as barberry stem (Kamranifar et al. 2018), bottle
ground peel (Palamthodi and Lele 2016), pineapple plant stem
(Chan et al. 2016), pomegranate peel (Glindiiz and Bayrak
2017), Formosa papaya seed powder (Pavan et al. 2014),
Antigonon leptopus leaf powder (Devi et al. 2020), cabbage
waste powder (Wekoye et al. 2020), Moringa oleifera Lam.
seeds (Dos Santos Escobar et al. 2021) and others. However,
the utilization of these unmodified agricultural wastes for
adsorption is restricted by a variety of restrictions such as lim-
ited surface area, lesser surface factional groups, low removal
ability, fewer active sites for sorption, etc. (Wang et al. 2019).
Therefore, there is a definite need for modification with other
materials. There are several methods that exist for modifying
biomass wastes for adsorption, including doping with photoca-
talysts, coupling with two or more biosorbents to form a com-
posite, magnetization, functionalization with exogenous active
functional groups, chemical treatments, etc. All these methods
could improve adsorption efficiencies through the enhancing or
activation of surface functional groups in the agricultural by-
products. Several researchers developed modified agricultural
wastes that have been effectively used in the separation of dyes
from aqueous solutions, some of which are quaternary amine-
modified orange peel (Munagapati et al. 2019), calcined mag-
netic orange peel (Shehzad et al. 2018), acid-washed black cumin
seed powder (Siddiqui et al 2018), magnetite nanoparticles
loaded solanum tuberosum peel (Akpomie and Conradie 2021),
surface modified Delonix regia seed (Saravanan et al. 2020),
chemically treated Lawsonia inermis seeds powder (Ahmad and
Ansari 2020), and NaOH modified areca nut husk (Sukla Baidya
and Kumar 2021), etc. CF-DFPP was selected as an biosorbent
to remove RhB from an aqueous phase in the current investiga-
tion. However, according to our knowledge and literature
review, no study about RhB removal utilizing CF-DFPP.

The goal of this work was to synthesize carboxylate-func-
tionalized dragon fruit peel powder (CF-DFPP) utilizing
monochloroacetic acid as an etherifying agent in a simple
and low-toxic procedure. DFPP, CF-DFPP, and RhB loaded
CF-DFPP were characterized by FE-SEM/EDX, BET-BJH,
pHpzc, and FT-IR analysis. The effect of temperature,
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solution pH, starting dye concentration, adsorbent dosage,
adsorption time, and stirring speed were examined to inves-
tigate the adsorption behavior of RhB onto CF-DFPP. The
properties like adsorption isotherms, kinetics, and thermo-
dynamics were also determined using the experimental batch
method. The regeneration experiments were also performed
to determine whether this adsorbent could be reused.

Materials and methods
Materials

The peels of dragon fruit were gathered from a local market
in Douliu, Taiwan. Rhodamine B (RhB) was acquired from
Sigma-Aldrich (USA), was used as adsorbate. The properties
and characteristics of the RhB dye are presented in Table 1.
All additional chemicals/reagents were of analytical quality
and were utilized just as they were received, with no further
purification. An exactly weighed amount of the RhB dye
was dissolved in deionized (DI) water (< 18 MOhm-cm) to
prepare stock and the diluted dye solutions.

CF-DFPP preparation

The collected dragon fruit peels were cleaned with DI water
multiple times to remove adhering filth and dust particles
and then dried at 343K in an oven for 48 h. The dried peels
were ground into a mechanical grinder to get a fine powder
and sieved to get a uniform particle size (0.35 mm). The fine
power is named dragon fruit peel powder (DFPP).

The prior obtained powder was synthesized as follows,
10.0g of DFPP and 100mL of 80% ethanol were taken in a
glass beaker (250 mL). Afterwards, an aliquot of NaOH (20%,
22.2mlL) was added to this solution, followed by monochloro-
acetic acid (10.75 g). Then added a magnetic bar to the beaker,
the reaction mixture was mixed using a magnetic stirrer at
200rpm for 3h at 353K. Following the reaction, the treated
material was filtered, washed with ethanol (80%) until the pH
was stable at 7.0, and then dried in an oven at 343K for 7h
to get CF-DFPP. The schematic representation of adsorbent
preparation is as follows:

H
—OH . C|/\|ro Na?H(aQ) .
5  s0c

Instrumentation

ar
+ NaCl + Hy,0

oy

The characteristics of the samples were examined using vari-
ous instrumental analyses. The functional groups present in

Table 1. Characteristics of Rhodamine B.

the DFPP, CF-DFPP, and RhB loaded CF-CFPP were
recorded using FT-IR spectrometer by KBr pellet procedure
using the range 400.0-4,000cm™ " by Nicolet iS-10 model.
10.0mg of the adsorbent was combined and mashed with
100.0 mg of KBr to make a pellet for IR spectral measure-
ments. The elemental composition and surface morphology
of the DEPP, CF-DFPP, and RhB loaded CF-DFPP was ana-
lyzed by FE-SEM (JSM-7610F plus, JEOL, Japan) coupled
with an EDX spectrometer. Before the test, the samples were
coated with a homogeneous layer of gold in a sputter coater
for 2min and then loaded onto a copper substrate. The sur-
face area of the DFPP and CF-DFPP was quantified from
the N, adsorption/desorption isotherms on the basis of the
BET method using Quantachrome NOVA 2,000 surface area
analyzer at 77K. Before the analysis; each sample was
degassed at 378 K for 12 h. The pore radius and pore volume
were evaluated by the BJH method. The pHpyc (point of
zero charges) was determined to ascertain the surface charge
of CE-DFPP.

Batch adsorption experiments

The batch mode adsorption tests are performed in 30 mL of
RhB solution with different adsorbent weights ranging from
10 to 70 mg to find the best weight that will be employed in
this study. Various contact periods (0-480min) were
explored in order to estimate the contact time required to
attain adsorption equilibrium and to conduct the kinetic
analysis by investigating the PFO, PSO, and Elovich kinetic
models. By varying the concentration of RhB from 50 to
400 mg/L, the starting dye concentration impact was exam-
ined. This study allowed plotting the adsorption isotherms
of Dubinin-Radushkevich (D-R), Freundlich, and Langmuir.
The effect of temperature is then investigated by varying it
from 298 to 328 K. Using these data, we were able to deter-
mine the following thermodynamic variables (AH®, AS’, and
AG®). The impact of altering the pH of the solution from
1.0 to 10.0 was evaluated by adding a few drops of NaOH
(0.1 M) and HCI (0.1 M) before adsorbent addition. All of
the samples were removed from the incubator after the
specified time span. To get clear solutions, the adsorbent
samples were removed from the solution by centrifugation
at 8,000rpm for 10min. The concentration of the final
supernatant was calculated by measuring its absorbance
using a UV-Vis (Ultraviolet-Visible) spectrophotometer. The
tests were repeated in duplicate, and the average value was
taken. The amount of dye adsorbed per unit mass of sorbent
at equilibrium, g, (mg/g), and removal rate, R (%), were

Characteristics

Rhodamine B

Chemical names

IUPAC name

C.I number 45170

Application class Cationic dye
max 554 nm

Molecular formula CogH39N5,05C1

Molecular weight 479.02 g/mol

Chemical structure

Basic violet 10, Brilliant pink B, Tetraethylrhodamine
[9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride




obtained using the following Equations.

q.(mg/g) = W (1)
R% = C"C_ Ce o 100 2)

0o

Desorption and reusability studies

After adsorption, the RhB adsorbed CF-DFPP adsorbent was
used for desorption studies. The desorbing eluents used in
this study were 0.1M NaCl, H,0, 0.IM NaOH, 0.1M
CH3COOH, and 0.1M HCI. After each adsorption cycle,
40 mg of dried RhB loaded CF-DFPP was added to 30 mL of
eluent and stirred for 120 min at 298 K to achieve complete
desorption. After then, the mixture was centrifuged and the
residual dye concentration in the supernatant was evaluated
by using a UV-Vis spectrophotometer. The adsorbent was
cleaned with DI water until neutral pH and then oven-dried
at 60°C for 4h. Then, the desorbed adsorbent was used for
the subsequent adsorption/desorption cycle. Each experi-
ment was repeated under the same conditions two times
and the average value was taken. The regeneration efficiency
was determined using Equation (2), while the desorption
efficiency was computed using the following relationship:

RhB desorbed

RhB adsorbed X 100

Desorption (%) = (3)

Results and discussion
Characterization of the adsorbent

FT-IR analysis

The FT-IR spectrum of DFPP, CE-DFPP, and RhB loaded
CF-DFPP are displayed in Figure 1 to identify some of the
distinctive functional groups present on the surface of the
adsorbents. In the DFPP spectrum (Figure la), the strong
and wide absorption peak that appears in the region of
3,409cm ™" was ascribed to the O-H stretching vibration of
the hydroxyl functional groups of the cellulosic structure
forming DFPP (Gundiiz and Bayrak 2017). The two bands
detected at 2,938 and 2,895cm™! were assigned to (-CH)
stretching vibrations in methylene (—CH,) and methyl
(—CHs;) in lignocellulosic groups, respectively (Thabede
et al. 2020). The bands at 1,645 and 1,412cm™" are due to
symmetric and asymmetric stretching vibrations of C=0 in
ionic carboxylic groups (—COQ"), respectively (Liang et al.
2010). The band at 1,328cm™' can be attributed to the
C—O stretching vibrations in carboxylate groups (alkanes
and alkyl groups) (Giindiiz and Bayrak 2017). The band
detected at 1,244cm ™" was assigned to the C—O stretching
vibration of the alcohol, phenol, ester, or ether groups (Sahu
et al. 2020). The peak at 1,062 cm ! was attributed to the
C—0 and C—O—C vibrations and indicated the existence of
cellulose, hemicellulose, and lignin in DFPP (Yang and
Hong 2018). The band at 763cm ™" was attributed to C—H
out-of-plane bending in aromatics substituted by aliphatic
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Figure 1. FT-IR spectrum of (a) DFPP, (b) CF-DFPP, and (c) RhB loaded CF-DFPP.

groups (Nuithitikul et al. 2010). After chemical treatment,
some characteristic bands were shifted (3,409, 2,938, 2,895,
1,645, 1,412, 1,328, 1,243, 1,062, and 763cm ' to 3,423,
2,921, 2,850, 1,638, 1,416, 1,321, 1,239, 1,017, and 789 cm ')
and significant new bands in the CF-DFPP spectrum (Figure
1b) appeared at 1,742, 1,160, 1,106, and 946 cm™'. The peak
at 1,742cm™" is the stretching vibration of the C=0 bond
due to nonionic carboxyl groups (—COOCH;, —COOH)
and may be ascribed to carboxylic acids or their esters
(Igbal et al. 2009). The bands at 1,160 and 1,106 were
assigned to the C-O stretch in the alcohol or ether or
hydroxyl group (Achour et al. 2021). The peak at 946 cm ™'
can be assigned to the aromatic —C—H bending vibrations
(Mashkoor and Nasar 2019). These results proved that carb-
oxyl groups had been successfully grafted onto DFPP by the
etherification reaction with monochloroacetic acid. The FT-
IR spectrum after RhB dye adsorption (Figure lc) showed
the bands are slightly shifted (3,423, 2,921, 1,742, 1,638,
1,416, 1,321, 1,106, 1,017, 946, and 789 cm ™' to 3,432, 2,907,
1,749, 1,631, 1,420, 1,325, 1,102, 1,024, 953, and 775cm ")
and some bands are disappeared (2,850, 1,239, and
1,160cm "), compared to the CF-DFPP spectrum (Figure
1b). These changes confirmed the interactions of RhB dye
molecules with the CF-DFPP surface.

BET analysis

The BET analysis is one of the essential factors that regulate
the adsorption efficiency of the biosorbent. Figure 2a,b show
the N, adsorption-desorption isotherm plots of DFPP and
CE-DFPP, which can be categorized as type-IV by IUPAC
with an Hj type hysteresis-loop (appearing in the relative
pressure range of 0.4-1.0) (Eltaweil et al. 2020), indicating
that DFPP and CF-DFPP have mesoporous structures. BET
surface area, pore radius, and pore volume of the DFPP and
CFE-DFPP are summarized in Table 2. The surface area of
DFPP is increased from 4.49 to 23.6 m*/g after carboxylate
functionalization (From Table 2). This enhanced surface
area of CF-DFPP will provide many active adsorption sites,
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Figure 2. N, adsorption/desorption isotherms and BJH pore size distribution (inset of BET picture) of (a) DFPP and (b) CF-DFPP.

Table 2. Surface properties of DFPP and CF-DFPP.

Sample BET surface area (m*/g)  Pore volume (cc/g)  Pore radius (nm)
DFPP 4.49 0.011 1.49
CF-DFPP 23.55 0.052 227
resulting in higher pollutant adsorption capability.

Moreover, the pore volume of DFPP also was risen from
0.011 to 0.052cm’/g after functionalization. Figure 2a,b
(inset) display the pore size distribution of DFPP and CF-
DFPP. The pore size distribution peaks of DFPP and CF-
DFPP were centered at 1.49 and 2.13 nm, respectively. These
results clarify that CF-DFPP has a large surface area and
mesopores and could be used as an efficient biosorbent for
removing pollutants from wastewater.

FE-SEM/EDX analysis

SEM analysis is commonly utilized to investigate the mor-
phological features and surface properties of adsorbent
materials. The surface morphology and elemental compos-
ition of DFPP, CFE-DFPP, and RhB loaded CF-DFPP are
presented in Figure 3. As seen in Figure 3a, the surface of
DFPP was heterogonous, irregular in shape, and smooth.
The CE-DFPP surface had a rough and irregular shape por-
ous structure after carboxylate-functionalization (Figure 3b).
The pores available in CF-DFPP facilitate the dye adsorption
process because they provide a high internal surface area
(Vigneshwaran et al. 2021b). After adsorption (Figure 3c),
the CF-DFPP surface was completely covered by RhB dye,
confirming the successful adsorption of RhB onto CF-DFPP.
EDX analysis determines the elemental constitution of the
adsorbents. The wt % of elements in DFPP (Figure 3d) are
Carbon (44.6%), Oxygen (28.2%), Magnesium (6.7%),
Potassium (15.9%) and Calcium (4.6%). In the CF-DFPP
(Figure 3e), wt % of elements was found to be Carbon
(51.1%), Oxygen (30.6%), Sodium (10.4%), Magnesium
(2.6%), Chlorine (1.2%), Potassium (2.4%) and Calcium
(1.7%). From the results, the CF-DFPP has a higher

percentage of carbon and oxygen compared to the DFPP,
which will enhance dye adsorption. The weight % of ele-
ments in RhB loaded CF-DFPP (Figure 3f) are Carbon
(49.8%), Oxygen (26.7%), Sodium (2.2%), and Calcium
(21.3%). Some elements (Magnesium, Chlorine, and
Potassium) disappeared after dye adsorption in the CF-
DFPP. Moreover, changes in the elemental wt % values con-
firmed the successful adsorption of RhB on the surface of
CF-DFPP.

Determination of pHpzc of CF-DFPP

A solid addition method (Yadav et al. 2021) was used to
evaluate the pH at the pHpyc for CF-DFPP. Typically,
50mL of NaCl (0.01 M) solution was transferred to a
sequence of falcon tubes, and the pH was adjusted between
1.0 and 10.0 using 0.1 M NaOH and HCI. After achieving a
consistent pH, 40 mg of biosorbent was added to the falcon
tubes, and the solutions were stirred at 180 rpm at 298 K for
24 h. After filtering the suspensions, the pH of each sample
was measured using a pH meter (S20-K, Mettler Toledo,
USA). The ApH =pH; (initial) - pHy (final) and pH; were
plotted, with the point of intersection of the plot denoting
the pHpyc of the CF-DFPP.

Optimization of different parameters

Effect of pH

The pH of the solution determines and influences the
adsorbate-adsorbent interaction. Figure 4a depicts the influ-
ence of the initial pH of the RhB solution on the removal
rate. When seen in Figure 4a, the removal rate of CF-DFPP
for RhB rose steadily from 27.8 to 94.1% as the pH climbed
from 1.0 to 6.0. When the pH of the solution was higher
than 6.0, there was no discernible difference in the
adsorbent’s removal effectiveness. The maximum removal
rate of 94.1% was attained at pH 6.0. The protonation of
RhB does not favor a significant rise in the elimination rate
of the RhB dye under acidic circumstances. The positive
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Figure 3. SEM images of (a) DFPP, (b) CF-DFPP, and (c) RhB loaded CF-DFPP; EDX spectrum of (d) DFPP, (f) CF-DFPP, and (f) RhB loaded CF-DFPP.

charge on the surface of the RhB dye competes with H"
(hydroxide) ions and suffers electrostatic repulsion (Joshiba
et al. 2021), resulting in poorer adsorption of RhB molecules
by CF-DFPP. The fluctuating density of the RhB solution
reduces as the pH rises, and the attractive electrostatic force
between CF-DFPP and RhB increases, enhancing the
adsorption activity. To further investigate the interaction
between CF-DFPP and RhB molecules, pHpzc of CF-DFPP
was evaluated at various pH levels, as seen in Figure 4b.

When the pH is more than pHpyc, the surface is negatively
charged; the surface is positively charged when the pH is
less than pHpyc. The crossing point of the curve and zero
line is around 5.8, as illustrated in Figure 4b, which is the
pHpzc of CE-DFPP. When the pH of CF-DFPP exceeds 6.0,
the surface is negatively charged and easier to interact with
cationic dyes (Ren et al. 2021). At an acidic pH, ~-COOH
quickly ionizes to form -COO". In other words, at higher
pH, the surface of CF-DFPP has a significant number of
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Figure 4. Effect of (a) solution of pH [pH: 1-10, dosage: 40 mg, C,: 50 mg/L, V: 30 mL, speed: 200 rpm, time: 120 min, T: 298 K], (b) pHpzc of CF-DFPP [pH: 1-10, elec-
trolyte volume: 30 mL, dosage: 40 mg, speed: 120 rpm, time: 24 h, T: 298 K], (c) starting RhB dye concentration [C,: 50-350 mg/L, pH: 6.0, dosage: 40 mg, V: 30 mL,

speed: 200 rpm, T: 298K], (d) adsorbent dosage [dosage: 10-70 mg, pH: 6.0, C;:

50mg/L, V: 30 mL, speed: 200 rpm, time: 120 min, T: 298K], (e) agitation speed

[speed: 0-300rpm, C,: 50 mg/L, pH: 6.0, dosage: 40 mg, V: 30 mL, T: 298K], (f) contact time [C,: 50-350 mg/L, dosage: 40 mg, pH: 6.0, V: 30 mL, speed: 200 rpm,
T: 298K], and (g) temperature [C,: 50 mg/L, pH: 6.0, dosage: 40 mg, V: 30 mL, speed: 200 rpm, T: 298-328 K] for the RhB adsorption by CF-DFPP.

-COO" binding sites (Ren et al. 2021), which is advanta-
geous for RhB biosorption. These findings suggest that pH
and electrostatic interactions play essential roles in the sorp-
tion process and significantly impact the interaction of bio-
sorbent and dye. For further adsorption experiments pH of
solutions was set to 6.0.

Starting RhB dye concentration

The impact of starting dye concentration on RhB removal by
CF-DFPP is clearly demonstrated in Figure 4c. Adsorption
tests are carried out in a variety of starting dye concentra-
tions, including 50, 150, 250, and 350 mg/L in a constant bio-
sorbent of around 40mg/30mL. The removal % of RhB
decreases with increasing starting RhB dye concentration, as
seen in Figure 4c. Initially, at low dye concentrations, the
accessibility of the adsorption sites is somewhat high, indicat-
ing that the RhB may be easily adsorbed. Similarly, with
increasing dye concentrations, there is a decrease in activation
sites due to the obstruction of all available activation sites.
The progressive rise in dye concentration causes increased
concentration polarization around the activation sites, pre-
venting additional RhB adsorption by CE-DFPP. As a result,
the optimal starting dye concentration for subsequent experi-
ments was determined to be 50 mg/L.

Influence of CF-DFPP amount

The adsorbent dosage is an essential factor in the adsorption
process, and it has a considerable influence on the dye
removal rate. The impact of sorbent dosage on the removal
of RhB dye was tested at different amounts (10, 20, 30, 40,
50, 60, and 70mg/30mL) with other constant parameters
such as pH of 6.0, starting RhB dye concentration of 50 mg/
L, temperature of 298K, and duration of 120 min. Figure 4d
depicts the influence of adsorbent mass on the % removal of

RhB dye from aqueous solutions. With an increase in
adsorbent mass from 10 to 40 mg/30mL, the removal effi-
ciency of RhB rose from 21.3 to 94.1%. At 40 mg/30 mL, the
maximum % removal of RhB dye (94.1%) was achieved. The
rise in % removal might be attributed to an improvement in
the adsorbent’s surface as well as a rise in the number of
active dye adsorption sites (Rajoriya et al. 2021). According
to Figure 4d, dye adsorption rose rapidly up to 40mg
adsorbent dosage, after which there is no sudden rise or fall
in the degree of adsorption due to the concentration polar-
ization of pollutants on the adsorbent surface (Joshiba et al.
2021). As a result, 40 mg/30 mL was chosen as the optimal
amount of adsorbent for further studies.

Agitation rate

Indeed, agitation speed is important in the adsorption process
because it affects the amount of biosorbent/adsorbate inter-
action. The impact of RhB agitation speed on CF-DFPP was
examined by altering the agitation speed from 0 to 300 rpm
while holding the other parameters constant. The findings
shown in Figure 4e demonstrated that the removal (%) rose
from 23.2 to 93.8% when the agitation rate increased from 0
to 200rpm and thereafter marginally decreased. Although
increasing agitation speed causes more collisions between dye
molecules and active sites, dye adsorption diminishes after
200rpm. It may be said that after changing speeds after
200 rpm, the speed will be so quick that it limits and disrupts
dye molecule absorption on active sites. As a result, the opti-
mal agitation rate for RhB dye adsorption was 200rpm,
which was used for further research.

Effect of contact time
In an adsorption process, contact time is one of the critical
factors that significantly influence adsorption efficiency. The
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Figure 5. Non-linear plots of the PFO, PSO, and Elovich kinetic models for the RhB adsorption by CF-DFPP [C,: 50-350 mg/L, dosage: 40 mg, pH: 6.0, V: 30 mL,

speed: 200 rpm, T: 298 K].

optimal contact time was obtained by adjusting the contact
time from 0 to 480min for all four starting dye ion
concentrations with a constant adsorbent dose throughout
the adsorption tests. The mean contact time data are utilized
to study the kinetics of RhB adsorption by CF-DFPP. The
removal % steadily rises with increasing contact duration, as
seen in Figure 4f. The optimum contact time for successful
RhB adsorption was determined to be 120 min. Because of
the abundance of adsorption activation sites, there is no
steady rise in the elimination % of RhB after 120 min. It is
obvious that a 120min incubation period is more than
enough for increased RhB elimination. At an optimum
contact period of roughly 120 min, the highest removal %
for 50, 150, 250, and 350 mg/L RhB on CF-DFPP seemed to
be 93.9, 90.5, 85.7, and 74.2%. The adsorption of RhB onto
the CF-DFPP was discovered to be smooth, single and
continual, which drives the immersion and causes
possible monolayer inclusion on the CF-DFPP surface.
Hence, the contact time was fixed at 120 min for further
experiments.

Adsorption kinetic studies

Adsorption reaction kinetics indicate the uptake rate until
equilibrium, as well as the sorption behavior of the adsorp-
tion system. The kinetic reaction model uses time study
data to predict the kind and sequence of reaction, which
depicts the adsorbent’s sorptive profile and efficiency.

Table 3. Calculated values of the kinetic parameters at various starting RhB
dye concentrations.

Concentration of RhB solution (mg/L)

Kinetic model Parameters 50 150 250 350
Experimental value g, exp (M9/Q) 341 104.7 158.2 193.25
Pseudo-first-order  ges, cas (Mg/g)  35.29 100.57 15148  185.11
k; (1/min) 0.1134  0.0982  0.0775  0.0841
0.9382 0.9642 0.9554 0.9356
Pseudo-second-order q.; o (Mg/g)  34.68 107.78 162.71 197.89
k, (g/mg min)  0.0052 0.0014 0.0008 0.0007
0.9855  0.9958  0.9908  0.9810
Elovich o (mg/g min) 79.35 135.59 136.99 236.21
p (g/mg) 02396  0.0713  0.0450  0.0388
R 0.9445 0.9329 0.9448 0.9484

The extensively accepted reaction kinetic models, i.e., PFO,
PSO, and Elovich model, are employed in this work, and
the model equations are as follows:

qr = qa (1 — exp (—kit)) (4)
_ quth

A (%)

g = %ln (1 -+ oft) (6)

The fitting results of non-linearized PFO, PSO and
Elovich kinetic models were displayed in Figure 5, and the
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Table 4. Comparison of the adsorption performance of RhB dye with other reported adsorbents.

Starting dye
concentration

Adsorbent pH (mg/L) Temperature (K) Removal (%) Gmax (Ma/qg) References
Magnetic lignin spheres - 100-600 313 - 17.62 Li et al. (2016)
Magnetic lignosulfonate - 30-250 298 - 2247 Geng et al. (2019)
Trifunctional polyurethane/ - - - - 77.15 Sundaran
graphene oxide et al. (2019)
electrospun membrane
Fes0,/Al pillared bentonite - 10-60 298 98.7 62.15 Wan et al. (2015)
Beta zeolites with SiO,/Al,O 3.0 5-50 295 98.8 27.97 Cheng et al. (2018)
Dika nut char 3.0 50-300 299 81.82 529 Inyinbor
et al. (2017)
Acid treated kaolinite 6.9 50-350 303 - 237 Bhattacharyya
et al. (2014)
Microwave treated 7.0 25-200 300 32.21 24.39 Santhi et al. (2014)
nilotica leaf
Sugarcane baggase 4.0 100-500 303 98 515 Zhang et al. (2013)
Biochar (bamboo - 2-300 298 - 85.5 Hou et al. (2019)
shoot shells)
Green microalgae 8.0 20-500 298 89 63.14 da Rosa et al. (2018)
Activated carbons 7.0 65-140 318 99.85 39.98 da Silva Lacerda
(lignocellulosic waste) et al. (2015)
Eichhornia crassipes roots 40 5-60 293 60 27.15 Saufi et al. (2020)
Eichhornia crassipes leaves 4.0 5-60 293 63 44.60 Saufi et al. (2020)
Banana peel powder 40 5-25 303 81.07 3.88 Singh et al. (2018)
Tapioca peel waste 8.0 25-150 - 98 33.1 Vigneshwaran
et al. (2021a)
CF-DFPP 6.0 50-400 298 94.2 228.7 Present study
derived variables are provided in Table 3. The experimental as follows:
data can be best matched to the PSO model, which has the GnaxK1 Ce
highest R’ values (0.9908-0.9958) when compared to the * =11 K.C, (7)
e

PFO (0.9246-0.9642) and Elovich (0.9329-0.9484) models.
Furthermore, the values of adsorption efficiency (qe, car)
derived from the PSO model are closer to experimental val-
ues of adsorption efficiency (qe, exp) than the values obtained
from the other two models. As a consequence, the adsorp-
tion of RhB on CF-DFPP followed PSO kinetics, indicating
that the rate-limiting step was not boundary layer resistance.
The rate of dye adsorption may be greatly regulated by a
chemisorption process in combination with the chemical
properties of the adsorbent and dye (Barka et al. 2011). The
Elovich model is used to characterize PSO and chemisorp-
tive kinetics under the assumption that the surface of solid
objects is energetically heterogeneous. The amplitude of «
positively varied and f negatively varied with the RhB con-
centration (Table 3) confirming the chemisorptive type of
RhB dye adsorption using the CF-DFPP.

Adsorption isotherm modeling

The number of adsorbate molecules adsorbed and the equilib-
rium concentration of an ion in the bulk of the solution are
correlated using various adsorption isotherms. Different iso-
thermal models, such as D-R, Freundlich, and Langmuir, were
used to determine the amount of adsorption on the biosorbent
surface at equilibrium pressure and constant temperature.

The Langmuir model is based on the premise that
adsorption energy remains constant regardless of surface
coverage. Adsorption efficiency may be achieved by forming
a monolayer of adsorbate molecules on the biosorbent
surface. This model non-linear equation may be written

Based on Langmuir, the maximum adsorption capability
of CF-DFPP for RhB dye was found to be 228.7mg/g at
298 K. Table 4 shows the adsorption capability of CF-DFPP
with many biosorbents previously described in the literature
for the elimination of RhB. When compared to the other
sorbents described in Table 4, the dye molecule’s adsorption
capability on CF-DFPP was very high. As a result of Table 4,
the CF-DFPP was suggested as a promising biosorbent mater-
ial for eliminating RhB from an aqueous environment.

The dimensionless equilibrium parameter (called separ-
ation factor), Ry, is one of the key aspects of the Langmuir
isotherm, as shown below:

1
(1+K;.C,)

The value of R; shows whether the adsorption is irrevers-
ible (R; = 0), unfavorable (R; > 1), favorable (0 <R; < 1),
and linear (R; = 1) (Chai et al. 2020). From Table 5 the cal-
culated R; values lie between 0 and 1 indicating the favor-
able condition of the isotherm for all concentrations.

For multilayer adsorption on heterogeneous surfaces, the
Freundlich model is commonly utilized. The Freundlich
model has also been used to explain multilayer adsorption’s
diffused mechanism. The non-linear expression of this
model is represented as:

R, = (8)

9. = KC)/" )

The factor I/n has been used to represent the kind of
adsorption’s favorability. When the value of 1/n is less than



Table 5. The calculated parameters of the isotherms and separation factors
for the RhB adsorption by CF-DFPP at 298 K.

Adsorption isotherm Parameter Value
Langmuir Gm (Mg/qg) 228.7
Ki (L/mg) 0.052
R 0.9993
7 428
Freundlich K¢ (mg/q) 36.31
n 2.74
1/n 0.365
R? 0.9712
e 165.1
Dubinin-Radushkevich qs (mg/qg) 176.8
K (mol?/}?) 0.0113
E (kJ/mol) 6.65
R? 0.8476
$ 626.9
Separation factor (R;) C, (mg/L) R,
50 0.28
100 0.16
150 0.11
200 0.09
250 0.07
300 0.06
350 0.052
400 0.046

0.5, the adsorbate is quickly adsorbed, and when the value is
more than 2, the adsorbate is barely adsorbed (Chen et al
2019). The 1/n value in this investigation was less than 0.5,
suggesting that RhB adsorption onto CF-DFPP in the
Freundlich model was favorable.

The D-R model is often used to explain the sorption pro-
cess onto a heterogeneous surface with Gaussian energy dis-
tribution. The D-R model is described in its non-linear form
as follows:

qe = qs exp (—Ke?) (10)

1
c=RTIn |1+ —
& n( +Ce>

The constant K provides the mean free energy, E (kJ/
mol), of sorption per molecule of adsorbate when it is trans-
ported to the surface of the solid form infinite in the solu-
tion, which may be computed using the following
expression:

(11)

E ! (12)
VT

By observing the value of E, the mechanism of adsorption
may be predicted. When E is between 1.0 and 8.0kJ/mol,
the removal of adsorbate is considered to be the conse-
quence of physical interactions, whereas E between 8.0 and
16.0kJ/mol suggests a combination of adsorbate and bio-
sorbent that relies on ion-exchange, and E more than
16.0kJ/mol implies a chemisorption process (Yang et al.
2021). In the current study, the value of E is 0.633 kJ/mol,
derived from Table 5, indicating that the dye ions are
adsorbed through the physisorption process.

The correlation coefficients, R’, and the Chi-square
() test were also employed to determine the best
match among the adsorption isotherm models utilized.
The following equation will be employed to evaluate the

INTERNATIONAL JOURNAL OF PHYTOREMEDIATION 155

250

"o
)

& 200
=

o

E]

S 150+

=}

g

<

o

o 1004

<

o

12}

o

< 50 - ®  Experimental
= Langmuir
= g "
I~ Freundlich

——D-R
Ot——T——T——T T

— —
0 20 40 60 80 100 120 140 160
Equlibrium concentration, C [mg/L]

Figure 6. Non-linear isotherm plots for the RhB adsorption by CF-DFPP [C,:
50-400 mg/L, dosage: 40 mg, pH: 6.0, V: 30 mL, speed: 200 rpm, T: 298 K].

best-match model:

= (e — decat)”
L= 2ia

e, cal

(13)

The fitting curves of isotherms are shown in Figure 6,
and the acquired constants from these models are shown in
Table 5. The non-linear R’ and %° values for the three
adsorption isotherms demonstrate that the Langmuir model
seems to be the best-fitting model for the CF-DFPP adsorp-
tion isotherm data since it has the largest R? (0.999) and
lowest y* (0.126) values. This observation implies that dye
ion binding can occur as a monolayer on the adsorbent sur-
face and that monolayer adsorption takes place on a homo-
geneous surface.

Effect of temperature and thermodynamics
Temperature is one of the significant factors that influence
the sorption process. The effect of temperature on the
adsorption of RhB on CF-DFPP was analyzed in the range
of 298-328 K. As shown in Figure 4g, a conspicuous gradual
decrease in the removal efficiency from 94.1 to 52.6% was
occurred by raising the temperature from 298 to 328K,
which indicates that the adsorption RhB onto CF-DFPP is
an exothermic and moreover is favorable at low tempera-
ture. A higher temperature would increase the solubility and
mobility of RhB dye molecules during the adsorption pro-
cess and decrease the adsorbent-adsorbate interactions
owing to the high kinetic energy of the components, result-
ing in a drop in adsorption efficiency (Dai et al. 2021).
Thermodynamic investigations may provide further infor-
mation on the inherent energy shifts involved with adsorp-
tion. In order to properly understand the adsorption
thermodynamics of RhB on CF-DFPP, three essential
thermodynamic variables, namely entropy change (AS°),
enthalpy change (AH’), and Gibbs free energy change
(AG®), were studied in this work. The values of these
thermodynamic variables were calculated using the following
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Table 6. Thermodynamic parameters for the adsorption of RhB by CF-DFPP.

Thermodynamic parameters

Temperature [K] AG° (kJ/mol) AS° (J/mol K) AH° (kJ/mol)
298 —6.9001
308 —4.3373 —221 —72.7
318 —2.2136
328 —0.2599
3.0
a
2.5+
2.0+
M‘“ 1.5 1
=
1.0 1
0.5
0.0 v T v T v T v T v T v T v T v
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340
1/T
Figure 7. Van't Hoff plot for the RhB adsorption by CF-DFPP.
Equations:
AG’ = AH® — TAS’ (14)
AG° = —RTInK, (15)
CAe
K, = 16
‘=T (16)
InK. AG° AH® n AS° (17)
n = — = —
‘ RT RT = R

The calculated thermodynamic variables and constants are
given in Table 6. The AH® and AS’ values can be determined
by the slope and intercept of the curve of 1/T versus In K,
(Figure 7). The — ve values of AG® at all temperatures imply
that the adsorption of RhB on CF-DFPP is spontaneous.
When the temperature was raised from 298 to 328K, the AG’
values rose (Table 6). This indicates that when the tempera-
ture rises, the spontaneity of the sorption process will dimin-
ish (Eslek Koyuncu and Okur 2021). The adsorption process
is simplified when the value of Gibbs free energy reduces with
temperature, and the chemisorption process is involved when
the Gibbs energy value is between —80 and —400k]/mol.
However, in the current study, Gibbs™ free energy values are
< —20KkJ/mol, indicating the physical characteristics of the
adsorption process (Saravanan et al. 2020). The — ve value of
AH’ (—72.7k]/mol) indicates that the adsorption process pro-
gressed favorably at lower temperatures and that the sorption
process is exothermic. This observation may be due to the
weakening of bonds between adsorbate molecules and adsorb-
ent active sites at high temperatures (Jawad et al 2019).
On the other hand, the —ve value of AS° (—221]/mol K)

demonstrates a reduction in the system’s randomness, which
is another evidence of the exothermicity of the sorption pro-
cess (Mallakpour and Tabesh 2021).

Desorption and regeneration studies

The adsorbent’s adsorption-regeneration capability is a crit-
ical role play in its application in practical wastewater treat-
ment. Recycling the adsorbent saves resources while also
lowering secondary pollutants in the environment. The
desorption tests were carried out using different eluents,
such as H,0, 0.1M NaOH, 0.1M HCI, 0.1M CH;COOH,
and 0.1 M NaCl to remove the adsorbed dye molecules on
the surface of the CF-DFPP. As shown in Figure 8a, NaOH
showed a higher desorption efficiency of 96.8%, while the
use of H,0O, CH3COOH, NaCl, and HCI resulted in low
desorption efficiency 28.4, 47.3, 69.6, and 81.1%, respect-
ively. As a result, 0.1M NaOH was selected as the best
desorbing agent. Similarly, the desorption tests were per-
formed with 0.1 M NaOH at various temperatures and the
results are shown in Figure 8b. The desorption efficiency
gradually decreases from 96.8 to 89.4% when the tempera-
ture of the solution is increase from 298 to 328K, respect-
ively. Therefore, the temperature of 298 K was chosen and
maintained throughout the studies.

Furthermore, the six regeneration cycles were carried out
with the 0.1M NaOH eluent. Figure 8c depicts the adsorp-
tion/desorption efficiency percentages. Adsorption efficiency
was 94.2% in the first cycle and decreased somewhat in subse-
quent cycles, reaching 83.4% in the fifth cycle. However, the
adsorption efficiency decreased further in the sixth cycle, with
an equilibrium adsorption efficiency of 81.7% detected,
although the CF-DFPP remained very stable even after the
sixth cycle of the regeneration study. The decline in dye
removal effectiveness was caused by a number of factors,
including weak electrostatic interactions between the biosorb-
ent and the adsorbate, saturation of binding sites, persistent
adsorbent denaturation, and changes in morphological features
after repeated use. The desorption efficiency followed a pattern
comparable to the adsorption efficiency. After achieving a
desorption efficiency of 96.8% in the first cycle, the desorption
efficiency steadily decreased to 87.6% after the sixth cycle of
desorption. Thus, the findings showed that CF-DFPP has a
remarkable regeneration capability and may be used for six
consecutive adsorption-desorption cycles.

Adsorption mechanism

It is generally understood that the adsorption surface feature
is critical in the adsorption process. Because of the presence
of the carboxylate group, the adsorbent’s structure was nega-
tively charged. The RhB dye molecules were linked to the
surface of CF-DFPP through electrostatic interactions based
on adsorption experiments (the effect of pH). Because of the
strong electrostatic interaction between anionic biosorbent
and cationic RhB dye at high pH, the carboxyl groups on
the adsorbent’s surface were completely ionized. As a conse-
quence, when compared to other adsorbents, the CF-DFPP
displayed better adsorption of RhB (Table 4). Figure 9
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Figure 9. The possible adsorption mechanism of RhB onto CF-DFPP.

depicts the most plausible mechanism of CF-DFPP and its
interaction with RhB molecules.

Conclusions

This study confirmed that a simple, low-toxic procedure
using monochloroacetic acid could be feasibly used to

prepare CF-DFPP. Chemical modification could significantly
enhance the RhB removal ability of DFPP by increasing the
adsorption sites on the surface due to the introduction of
carboxylate functional groups. The RhB adsorption process
was influenced by pH edge, temperature, adsorbent mass,
stirring speed, contact time, and starting dye concentration.
Various instrumental techniques such as FT-IR, FE-SEM/
EDX, pHpzc, and BET analysis were utilized to characterize
the DFPP, CF-DFPP, and RhB loaded CF-DFPP. The kinetic
analysis implied that the adsorption of RhB onto CF-DFPP
was well fitted by the PSO model (R? > 0.9810), which indi-
cated that the dominant adsorption probably belonged to
the chemisorptive nature. The adsorption isotherm models
depicted that the Langmuir model (R® = 0.9993) was the
best to describe the adsorption of RhB by CF-DFPP, demon-
strating that the process involved monolayer adsorption
with maximum coverage of 228.7 mg/g at 298 K. Moreover,
adsorption of RhB onto CF-DFPP was pH-dependent and
the optimal pH value was found to be 6.0. The thermo-
dynamic analysis demonstrates that the RhB adsorption pro-
cess with CF-DFPP is spontaneous, exothermic, and feasible
in nature and lower temperature makes the adsorption pro-
cess more favorable. After six adsorption/desorption cycles,
the CF-DFPP maintained high adsorption efficiency,
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indicating its promising recyclability. The electrostatic inter-
actions played a vital role in the RhB adsorption mechan-
ism. Based on the aforementioned experimental findings,
CF-DFPP is the best candidate for being an effective adsorb-
ent to remove RhB from water/wastewater due to its great
adsorptive activity.
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