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Abstract Worldwide water sources continue to
be polluted daily by various additives, of which dye-
stuffs are a significant contributing factor. In the pre-
sent study, Rumex Crispus L. (RCL) was used as a
biomass bio-adsorbent, and the adsorption of methyl-
ene blue on RCL was investigated. RCL was charac-
terized using Brauner—Emmett—Teller, Fourier trans-
form infrared, X-ray diffraction, and scanning electron
microscopy (SEM) analyses. The effects of the RCL
amount (0.5-6 g/L), initial pH (3—-10), concentration
(40-200 mg/L), contact time (0—60 min), and tem-
perature (293-313 K) on adsorption activities were
investigated, and the point of zero charge value of the
adsorbent was determined. Thermodynamic studies
have shown that adsorption occurs spontaneously and
exothermically (AGO = —2.19 to — 0.72 kJ/mol, AH®
= —23.8 kJ/mol, AS® = — 0.074 kJ/mol). Pseudo-first-
order, pseudo-second-order, intraparticle diffusion, and
Elovich kinetic models were tested, and the kinetic
data were examined. The kinetic data showed that the
pseudo-second-order kinetic model was the best fit
(R*> = 0.999). Tests were conducted using Langmuir
and Freundlich models from the isotherm studies. Our
data showed good agreement with the Langmuir iso-
therm model (R? = 0.998). The maximum adsorption
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capacity of the RCL monolayer was determined as 50
mg/g according to the Langmuir isotherm model.
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1 Introduction

Individual consumption of manufactured goods
has been rapidly increasing in recent years; there-
fore, many industries from textiles, paper, and cos-
metics to leather, food, and plastics are producing
more to meet this higher demand. Dyestuffs are the
organic compounds used as coloring agents in those
manufacturing processes, but it is discharged into
the environment with the wastewater after process-
ing, contaminating the potable water (Sarkar et al.
2021). Water pollution leads to a disruption of the
ecological balance because these dyestuffs trans-
ported to the environment with the wastewater con-
taminate the soil, harm the aquatic environment and
living beings, and reduce the quality and potential use
of the water (Bingol 2022). In addition, many dye-
stuffs are carcinogenic, mutagenic, and toxic. Human
skin diseases lead to disorders in the functioning of
organs and nervous and reproductive systems. These
substances are also responsible for the development
of cancer cells by causing mutations (Isik et al. 2022).
Because of their stable structure, dyestuffs do not
decompose in water and are visible even at very low
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concentrations; therefore, these organic compounds
pose a great threat to the environment and health.

According to the United Nations, more than 2 bil-
lion people will not have access to clean water, and
1.8 billion people will experience water scarcity by
2025 (Khan and Khan 2021). Today, water is becom-
ing more and more important for our world, and the
polluting dyestuffs in the wastewater must be removed
before the wastewater is discharged into the environ-
ment (Eldeeb et al. 2022). The methylene blue (MB)
used in this study is a cationic dye currently used in
dyeing paper, hair, fabric, and cotton. The chemical
structure of MB is complex and is resistant to bio-
degradation (Tang et al. 2021), and MB is chemi-
cally stable and has a high solubility in water (Xue
et al. 2022). Wastewater, including MB, can pose a
threat to living things when exposed to nature, and
it can cause various human health problems such as
tissue necrosis, precordial pain, vomiting, dizziness,
and jaundice (Motejadded Emrooz et al. 2021; Mussa
et al. 2023; Thakur et al. 2016).

There are various techniques to remove dyestuffs
from solution, such as electrocoagulation (Abdulraz-
zaq et al. 2021), photocatalytic degradation (Badvi
and Javanbakht 2021), oxidation (Muniyasamy et al.
2020), membrane separation (J. Li et al. 2019),
chemical precipitation (Beluci et al. 2019), floccula-
tion (Sultana et al. 2021), and adsorption. Of these,
adsorption is a low-cost, simple, and efficient removal
method. The effectiveness of the adsorption process
depends on the dyestuff, operational conditions, as
well as the adsorbent used (Fabryanty et al. 2017,
Sah et al. 2022); therefore, many studies are being
conducted on dyestuff removal using numerous plant-
based adsorbents (Akkari et al. 2021; Cheruiyot et al.
2019; Jawad et al. 2019; Nayak and Pal 2020; Sarkar
et al. 2021). The adsorbent used in the present study,
Rumex Crispus L. (RCL), also known as Curly dock,
is an invasive weed belonging to the Polygonaceae
family that grows up to 40-120-cm long in Europe,
North Africa, Iran, Turkey, and Central and Eastern
Asia. I used the roots of this plant in folk medicine
to treat internal bleeding, rheumatism, and some skin
diseases (Idris et al. 2017). They collected its leaves
in spring and consumed as a vegetable (Feduraev
et al. 2019; Idris et al. 2017). RCL is a very widely
grown plant (Bhandari and Park 2022). RCL is a non-
cultivated plant (Zahirnejad et al. 2017), but it grows
abundantly every year spontaneously in Turkey (Uzun
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and Demirezer 2019). The leaves of this plant, which
grows by itself and easily, are gathered and consumed
by some in spring, leaving most of the remaining
parts of the plant to decompose in the soil. Thus, it
is proposed that this free and easily available biomass
could be used as an environmentally friendly adsor-
bent for dyestuff removal.

In this study, the use of RCL stems as an adsor-
bent to remove MB from water was investigated. RCL
has been characterized using Fourier transform infra-
red (FTIR) technology, scanning electron microscopy
(SEM), the Brauner—-Emmett-Teller (BET) method,
and X-ray diffraction (XRD). The pH, adsorbent
amount, initial concentration, contact time, effect of
temperature parameters, and isotherm, kinetic, and
thermodynamic mechanisms in the MB-RCL adsorp-
tion process were examined.

2 Materials and Methods
2.1 Adsorbent Preparation and Characterization

RCL was collected from the campus of Kafkas Uni-
versity in Turkey. The dirt and impurities were
removed using pure water, after which the plant stem
was first sun dried and then dried in an oven at 105
°C for 24 h. The dried stems were then ground using
a grinder and sieved, and the parts < 0.425 mm were
stored in closed containers for the adsorption experi-
ments. The characterization of the adsorbent was
performed using BET (Micromeritics-3 Flex), FTIR
(Bruker VERTEX 70v), SEM-EDX (Zeiss Sigma
300), and XRD (PANalytical Empyrean XRD) analy-
ses. Point of zero charge (pHpzc) was determined, as
reported by Benkadour et al. (2018).

2.2 Adsorbate and Adsorption Experiments

MB has a molecular weight of 320 g/mol, a chemi-
cal formula of C;H3sCIN,;S, and a wavelength is
665 nm. The studied MB concentrations were pre-
pared from a 1000-ppm stock solution. Experiments
were carried out at 170 rpm in temperature-con-
trolled shakers with 50 mL MB solution at known
concentrations (40-160 mg/L) in 250-mL beakers.
After adsorption, the samples were centrifuged at
5000 rpm for 10 min, and the MB concentration was
determined using the MAPADA V1100D UV-visible
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spectrophotometer. The initial pH values of the MB
solutions were adjusted using 0.1 N NaOH and HCI
solutions. The percentage and amount of adsorbed MB
were determined using Egs. (1), (2), and (3) below:

%R = S~ Ce w100
ok = C, (D
C —C,)xV
qe=% 2)
m
C —-C)xV
qtzg 3)
m

where C,, C,, and C, (mg/L) denote the initial con-
centration of MB, the MB concentration at equi-
librium, and the MB concentration at any time (?),
respectively; V indicates the solution volume (L); and
m indicates the adsorbent amount (g).

3 Results and Discussion
3.1 Characterization of the Adsorbent
The specific surface area of the RCL analyzed using

the BET method was found to be 0.1742 m?/g, the
mean pore diameter was 17.40 nm, and the total pore

Fig. 1 Fourier transform
infrared (FTIR) of Rumex
crispus L. and MB-RCL

% transmittance
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volume was 0.000758 cm®/g. Because the average
pore diameter was between 2 and 50 nm, the structure
was mesoporous (Jawad et al. 2022).

The FTIR spectrum of RCL and MB-RCL are
given in Fig. 1. The peak at 3319 cm™' is attributed to
the presence of O-H stretch. The peak at 2902 cm™!
represents the C—H stretches in cellulose and hemicel-
lulose (Banerjee et al. 2016). The peak at 1728 cm™!
is attributed to the stretching vibration of C=0 (Jin
et al. 2019). The peak at 1589 cm™! indicates C=C
stresses in the aromatic rings. The band at 1220 cm™!
corresponds to the C—O stresses in the hemicellulose.
The strong band at 1018 cm™' corresponds to the
vibrational stresses of C—O, C-C, and C-O—C in cel-
lulose, hemicellulose, and lignin, respectively (Chan
et al. 2016). Although the —OH and —C-H groups
indicate the presence of cellulose and lignin, the
-C=0 groups indicate the presence of hemicellulose.

The XRD graph showing the crystallographic
structure of RCL is given in Fig. 2. The apparent
peaks between 20 =15~40° indicate that RCL has
a polycrystalline structure (Z. Li et al. 2018). The
peaks at 20 =15 and 22° are the characteristic peaks
that represent the crystal structure of the lignocellu-
losic parts (Kupeta et al. 2018; Ozdemir 2019).

SEM analysis was performed to evaluate the sur-
face morphology of RCL before and after adsorp-
tion. Figure 3a shows the rough heterogeneous
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Fig. 2 X-ray diffraction — RCL
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surface structure of RCL composed of scales and
pores. This structure is important for adsorption
success. Figure 3b shows that the adsorbent sur-
face is filled with MB after adsorption, forming a
smoother surface.

3.2 The Point of Zero Charge

The point of zero charge (pHpzc) for RCL adsorbent
was calculated based on the reported method (Ben-
kaddour et al. 2018). A 0.1 g RCL added to 95 ml
NaCl solution and the pH suspension was adjusted to
2-10 by adding 0.1 N HCI and NaOH. The solution
stirred for 24 h in the orbital shaker. Finally, the final
pH values of the solutions were measured. The pHzpc
of the sample was determined by plotting ApH (final
pH—initial pH) versus pHi. As seen in Fig. 4, the
pHzpc value of RCL was determined as 4.8.

3.3 Effects of Variation of Adsorbent Dosage

The effect of the amount of RCL used was investigated
by changing the adsorbent/adsorbate ratio ranging
from 0.5 to 6 g/L (Fig. 5). It was observed that the effi-
ciency of MB removal surged from 68 to 90% with an
increase in the adsorbent dose from 0.5 to 2.0 g/L; how-
ever, no change was observed at > 2.0 g/L. Thus, the
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highest adsorbent dose was determined to be 2.0 g/L
in the present study; however, as the adsorption adsor-
bent/adsorbate ratio increased, the adsorption capacity
decreased (Kiziltas 2022). In adsorption experiments
conducted at a constant volume, it was expected that the
adsorption efficiency would increase with an increase
in the amount of adsorbent because that increase would
lead to an increase in the number and surface area of
the active sites; however, after a specific point and
because the adsorbent material agglomerates over its
active sites, MB was prevented from reaching all these
active sites and MB removal efficiency remained con-
stant (Fernandez-Lopez et al. 2019).

3.4 Effect of Initial pH on Adsorption

Figure 6 shows the effect of the initial pH on adsorp-
tion. The effect of the initial pH on adsorption was
studied by adding 2 g/L. adsorbent to 50 mL MB solu-
tion (initial concentration = 80 mg/L). The adsorp-
tion experiments were conducted for 60 min while
varying the pH from 3 to 10 to investigate the adsorp-
tion of MB by RCL. While 15.99 mg/g MB was
adsorbed at pH = 3, there was a significant increase at
pH = 4 adsorbent loading after reaching equilibrium
[g.] = 31.98 mg/g, and the highest value was reached
at approximately pH = 7 (g, = 34 mg/g); no change
was observed at higher pH levels. pHpzc, the point at
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Fig. 3 Scanning electron
microscopy images. a
Rumex crispus L. and b
methylene blue loaded
Rumex crispus L. (MB-
RCL)
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Fig. 4 The pH at point
of zero charge (pHpzc) of
Rumex crispus L. (2 g/L,
170 rpm, 20 °C, 24 h)
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Fig. 5 Effect of adsorbent 0
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which the surface charge of the adsorbent is neutral,
is an important parameter in adsorption. In Fig. 6, the
pH values of RCL were changed to values between 3
and 10, and pHpzc was determined to be 4.8. When
pH < pHpzc, the adsorbent surface was negatively
charged, and when pH > pHpzc, it was positively
charged. When pH < pHpzc, because the adsorbent
surface was also positively charged, the repulsive
forces between MB and the adsorbent surface limited
the adsorption capacity (Akkari et al. 2021). When
pH > 4.8, the surface of RCL was negatively charged;
therefore, at higher pH values, cationic MB adhered
more to the negatively charged adsorbent surface
from electrostatic interaction. The free pH of MB was
6.4. Because this value was > pHzpc and there was
no significant change in g, at the initial pH > 6.4, the
experiments were conducted at the free pH value.
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3.5 Effect of MB Concentration on Adsorption

Figure 7 shows the effect of initial concentration.
The experiments were conducted at initial concen-
trations of 40-80-120-160-200 mg/L. Experiments
used RCL dosage 2 g/L, free pH, stirring speed of
170 rpm, and temperature of 20 °C. Eighty-nine
percent of MB was adsorbed at an initial concen-
tration of 40 mg/L, and the adsorption capacity
was calculated as g, = 17.79 mg/g. As the concen-
tration increased, the percentage of adsorbed MB
decreased to 56%. The amount of MB adsorbed
was calculated as g, = 56 mg/g. This was the result
because there were more active sites at lower con-
centrations, and thus, the removal efficiency of
the adsorbed MB increased; however, because
there were a finite number of active sites, as the



Water Air Soil Pollut (2023) 234:664

Page 70f 15 664

Fig. 7 Effect of concentra- 100
tion of Rumex crispus L. (2 90
g/L, 170 rpm, 20 °C, pH = %
6.4, 60 min)
70
= 60
% 50
X
£ 40

30

concentration increased, the active surfaces filled
with MB and reached saturation, which reduced
the removal efficiency (Kiziltas and Aydin 2022).
The initial concentration is the driving force in
mass transfer; therefore, in the present study, as the
concentration increased, the driving force between
the solution phase and the solid phase increased
and more MB was adsorbed per unit amount of
adsorbent.

3.6 Effect of Contact Time on Adsorption

Figure 8 presents the effect of contact time from
0 to 60 min. The experiments were performed at
20 °C, free pH, and RCL dosage 2 g/L while ini-
tial concentration varying from 40 to160 mg/L.
The adsorption was rapid within the first 20 min
and increased slowly between 20 and 30 min. We
observed that adsorption approached equilibrium
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within 30 min, with no change after that. This was
the result of a fast adsorption rate from the large
number of empty active sites at the beginning and
a slower rate after saturation of these active sites
over time (Sukla Baidya and Kumar 2021).

3.7 Effect of Temperature on Adsorption

The adsorption experiments were conducted from
293 to 313 °K to study the effect of temperature
(Fig. 9). In experiments, RCL (adsorbent dosage 2
g/L) was added to 50 mL of an 80 mg/L MB solu-
tion for adsorption at free pH and 170 rpm. As the
temperature increased, the amount of adsorbed MB
decreased. This indicated that the adsorption pro-
cess was exothermic, and the decrease in adsorp-
tion capacity with a temperature increase indicated
that the desorption step became stronger with
a temperature increase (Aral 2023). Moreover,

Fig. 8 Effect of contact —8—40 mg/L 80 mg/L 120 mg/L 160 mg/L
time (2 g/, 170 rpm, 20 °C, 5
pH=164)
45
40
35
= 30
g 25
= 2 c—— o
15
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5
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Time (min)
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Fig. 9 Effect of tempera- 35
ture on adsorption
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the adsorption forces between MB and the active
sites on the RCL surface may have decreased with
increasing temperature (Ofomaja and Ho 2007).

3.8 Adsorption Thermodynamics

To determine whether the adsorption process
occurs spontaneously, the thermodynamic param-
eters of the adsorption of MB on RCL (AH [kJ/
mol], AS [kJ/mol], AG [kJ/mol]) were calculated
from the following equations. To find these val-
ues, a graph of 1/T against In (K;) was plotted
(Fig. 10), and the slope and intercept give AH® and
AS, respectively (Table 1).
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K, ==
=7 @
Fig. 10 In(K,) vs. 1/T I
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Temperature (°K)

AS®  AHO
k=~ Rr )
AG° = AH? — TAS (6)

where K is the distribution constant of the adsorbate
and R is the universal gas constant (8.314 J/mol K).
The negative AH indicated that the adsorption is
exothermic, and the negative AS? value indicated that
the randomness at the adsorbate—adsorbent interface
decreased. The negative AG® indicated that the adsorp-
tion was spontaneous, while AG? increased as the tem-
perature increased, indicating that there was a decrease
in the spontaneity of the adsorption process with the
increase in temperature. The fact that the AG® is between
— 20 and 0 kJ/mol implies that the adsorption takes place
physically (Auta and Hameed 2013; Lacin et al. 2019).

0.0032 0.00325 0.0033 0.00335 0.0034 0.00345

/T (1/K)
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Table 1 Thermodynamic parameters of adsorption

TCK) AH°(kJ/mol)  AS° (kJ/mol)  AG° (kJ/mol)
293 -238 —0.074 -2.19
303 — 145
313 —0.72

3.9 Kinetic Models

The dynamic relationship between MB and RCL was
tested using kinetic models by examining the correla-
tion between adsorption rate and time, which enabled us
to determine the time required for the reaction to reach
adsorption equilibrium. For this purpose, four different
kinetic models were tested, the correlation coefficients
were compared, and the best-fit model was determined.
Pseudo-first-order, pseudo-second-order, intraparti-
cle diffusion, and Elovich kinetic models were used to
determine the control mechanisms in adsorption pro-
cesses. The equations for these models are given below.

Pseudo-first-order Kkinetic model (Lagergren
1898):

kyt

2.303 ™

log (¢, — q,) = loggq, —

Equilibrium rate constant (k;) was calculated from
the slope of log(q, —¢,) vs t graph.

q, ver. q, denotes the adsorption capacity (mg/g)
at equilibrium and time ¢, k; denotes the equilibrium
rate constant (min~!), and ¢ denotes contact time.

Pseudo-second-order model (Ho and McKay
1999):

t 1 1

_— = —
g kq* q.t ®)

where ¢, was calculated from the slope of qi vs. t

graph, and from the intercept, the equilibriurrn rate
constant of the pseudo-second-order (k,) was
calculated.

Intraparticle diffusion model (Weber and Morris
1963):

g, = kiyt”> + C )

The intercept of the g, vs. t *> graph gives C, and
its slope gives the intraparticle diffusion rate (ki)
(mg/g min®?).

C is a constant related to the thickness of the
boundary layer. A large C value indicates that the
contribution of surface adsorption is high in the step
that controls the rate. If the graph of Eq. (9) passes
through the origin, it means that the step controlling
the rate is the intraparticle diffusion model; if it does
not pass through the origin, it is not just the intrapar-
ticle diffusion model (Auta and Hameed 2013).

Elovich model (Mashkoor and Nasar 2019):

q, = %ln (ap) + %ln(t) (10)

where (%) and %ln (ap) were calculated from the

slope and intercept between g, vs. In(t). Here, o was
the initial adsorption rate (mg/g min®®); g was the
desorption constant (g/mg).

The kinetic studies on the adsorption of MB
on RCL are shown in Fig. 11. The constants and
correlation coefficients calculated from the graphs
of these kinetic models are listed in Table 2. The
adsorption mechanism can be explained using
the pseudo-second-order kinetic model because
the correlation coefficient approaches one (R> >
0.99). Given that the controlling mechanism of
the adsorption process is pseudo-second-order, the
adsorption was chemical (i.e., there is ion sharing
or ion transfer between MB and RCL) (Fan et al.
2017). Table 2 indicates that the rate constant
decreased with an increase in concentration, which
is explained as follows: Mass transfer does not
occur effectively at low concentrations; therefore,
reaching equilibrium takes time at high concentra-
tions. In addition, the increase in C with increasing
concentration in the intraparticle diffusion model
indicated that the thickness of the boundary layer
increased. Furthermore, given that the step that did
not pass through the origin, the step controlling the
rate was not only the intraparticle diffusion model,
which implies that external diffusion, or surface
adsorption, and liquid film diffusion also had an
effect. Thus, it can be said that the adsorption
mechanism was controlled by both intraparticle
and liquid film diffusion. We observed that the cor-
relation coefficients for the Elovich kinetic model
were high. This model presumes that the adsorbent
surface has heterogeneous energy in chemisorption
processes (Wang et al. 2019), which confirmed that

@ Springer
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Fig. 11 Kinetic models
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Table 2 Parameters of kinetic models

Pseudo-first-order constants
C, (mg/L) q. (mg/g)

(mg/L)

40 9.71

80 21.62

120 26.36

160 17.99
Intraparticle diffusion constants

C, (mg/L) kg (mg/g min®)

40 1.25

80 2.24

120 3.24

160 2.69

k, (min™")

0.13979
0.18769
0.11146
0.07576

C
9.93
19.78
19.72
27.27

R2

0.966
0.955
0.995
0.957

R2

0.689
0.712
0.839
0.870

Pseudo-second-order constants

q. (mg/g)

18.45

34.84

42.92

46.73

Elovich constants
a

63.158

177.912

83.116

556.704

k,(g/mg min)

0.02949
0.01790
0.00844
0.01050

B
0.378

0.212
0.153
0.187

R2

0.999
0.999
0.999
0.999

R2

0.878
0.899
0.968
0.979

the mechanism on the surface with heterogeneous
energy does not correlate with the pseudo-first-
order model but is in agreement with the pseudo-
second-order kinetic model. In addition, Table 2

@ Springer

shows that the initial adsorption rate (a) was con-
siderably larger than the desorption rate (). Low
desorption rates indicated interactions between MB

and the C sites on RCL (Brito et al. 2018).
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Freundlich
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Table 3 Values of parameters of Isotherm models
Langmuir Gmax (ME/Q) K R?
50 0.135 0.998
Freundlich Ky n R?
12.25 3.045 0.901

3.10 Isotherm Studies

Adsorption isotherms are the indicators by which
adsorption capacity and adsorbent—adsorbate behavior
can be determined. Langmuir and Freundlich models
were tested on the adsorption process between MB
and RCL. The linear equation for the Langmuir iso-
therm, which presumes that the adsorption processes

Table 4 ¢, kinetic, and isotherm data on MB for some adsorbents

are monolayer, and the sites are homogeneous and
have equal energies, is given below (Langmuir 1918):

1 C

= +— 11
9. qmaxKL Dmax ( )

where K| is obtained from the slope of% vs. C, graph

and q,,,, is obtained from the intercept. The ¢, is the
amount of adsorbate per unit adsorbent mass (mg/g)
at equilibrium, g¢,,, is the maximum adsorption
capacity of the adsorbent (mg/g), C, is the dye con-
centration in solution at equilibrium (mg/L), and K] is
the Langmuir adsorption constant (L/mg).

The characteristic R; value of the Langmuir iso-
therm is calculated from (Eq. 12):

Adsorbent Opmax (mg/g) Isotherm/Kkinetic Reference

model
Arginine-modified activated carbon 219.9 L-PSO (Naushad et al. 2019)
Walnut shell powder 178.9 L-PSO (Miyah et al. 2018)
Chemically modified lychee seed 124.5 L-PSO (Sahu et al. 2020)
litchi leaves powder 119,76 L-PSO (Yadav et al. 2023)
Acid-washed black cumin seed powder 73.529 L-PSO (Siddiqui et al. 2018)
Crisp persimmon peel 59.72 L-PSO (Xie et al. 2022)
Algerian palygorskite 57.47 L-PSO (Dali Youcef et al. 2019)
Coconut shell 50.6 F-PSO (Jawad et al. 2020)
RCL 50 L-PSO This study
Chemically modified pine nut shells 39.73 L-PSO (Naushad et al. 2016)
Lignin-chitosan blend 36.25 L-PSO (Rezakazemi and Shirazian 2019)
Carboxymethyl cellulose/k-carrageenan/ mont-  12.25 L-PSO (Liu et al. 2018)

morillonite beads

Notes: MB methylene blue, F' Freundlich, L Langmuir, PSO pseudo-second order
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1

R = —1
LT T K,.G, a2)

where C,, was the highest initial concentration of the
dye (mg/L). R > 1 that adsorption is unfavorable, R}
=1 that it is linear, 0 < R; < 1 that it is favorable, and
R; =0 that it is reversible.

The linear equation for the Freundlich isotherm
(Freundlich 1906) is given in (Eq. 13):

1nqe=1n1<F+<1)1nce (13)
n

The slope of In(q,) vs In(C,) gives 1/n, and Ky is
calculated from its intercept.

Figure 12 shows the graphs of these isotherms.
The constants calculated from these graphs are pre-
sented in Table 3.

A comparison of correlation coefficients indicated
that the Langmuir isotherm described the adsorption
process very well (R* > 0.99). We suggest that the
adsorption of MB on RCL was a monolayer adsorp-
tion and that the bound sites were homogeneous
and had the same amount of energy. The maximum
adsorption capacity was 50 mg/g. The separation fac-
tor R; was varied from 0.156 to 0.044 for 40 to 160
mg/L, respectively. R; < 1 indicated that the adsorp-
tion process of MB on RCL was favorable. In addi-
tion, the decrease in R; with an increase in the initial
concentration of RCL indicated that the adsorption
process was positively affected.

The Freundlich isotherm is an empirical equation
that presumes that the adsorbent surface has het-
erogeneous energies. A value of n > 1 indicates that
adsorption is favorable. The K adsorption capacity in
the present study was 12.25 mg/g, and the heterogene-
ity factor n value was c 3.045. A high n value implies
that the surface is homogeneous and the adsorption
process is favorable (Eslami et al. 2018). The g,,,, for
MB for some different adsorbents and the data from
the isotherm and kinetic models with which it is com-
patible are presented in Table 4.

4 Conclusion
In this study, the adsorbent obtained from the stems
of RCL, a plant that grows naturally but often decays

and disappears because of its quite limited use,
was used to remove MB from an aqueous solution.

@ Springer

The characteristic structure of RCL was investi-
gated using BET, FTIR, XRD, and SEM analyses.
As the amount of adsorbent increased (0.5-2 g/L),
the removal% did not change after 0.2 g/L, but the
adsorption capacity decreased. In pH experiments,
while the adsorption capacity increased from pH 3
to 7, the adsorption capacity did not change after pH
7. The MB-RCL adsorption process reached equi-
librium in 30 min. It was observed that the amount
of MB adsorbed increased as the concentration and
temperature increased. The kinetic data showed that
the pseudo-second-order model was the best fit (R* =
0.999). The Langmuir isotherm model was found the
best described the adsorption process. According to
this model, the maximum adsorption capacity of the
RCL monolayer was 50 mg/g at 293 K and free pH.
A negative AG® indicated that the adsorption pro-
cess was voluntary, a negative AH” indicated that the
adsorption was exothermic, and a negative AS indi-
cated that the randomness decreased at the adsorbate-
adsorbent interface (AG® = — 2.19 to — 0.72 kJ/mol,
AH® = — 23.8 kJ/mol, AS® = — 0.074 kJ/mol). When
RCL was used as an adsorbent, it removed 90% of
the MB at 40 ppm in solution; therefore, as an eco-
nomical and abundant biomass, RCL can be used as a
potential bio-adsorbent to remove MB from aqueous
solution.
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