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Abstract

Rhodamine B (Rd-B) is a highly toxic dye causing serious environmental and health issues. This study focussed on the
development of a cost-effective and ecologically friendly remediation technique utilising Labada (Rumex), a readily available
agricultural biowaste. Experimental design was applied for the first time to establish the parametric effects on the rhodamine
B (Rd-B) biosorption and to optimise the process for the highest rhodamine B (Rd-B) removal. At the optimised conditions
of 25 °C, 500 mg L™! concentration, natural solution pH of 5.5-6.0, and 1 g L™! dosage; the maximum biosorption capacity
was 0.219 mol kg™!. Using the results of physicochemical characterisation and rhodamine B (Rd-B) adsorption measure-
ments, isotherm and kinetic models were made to predict performance towards rhodamine B (Rd-B) removal from water
reliably. The rhodamine B (Rd-B) biosorption kinetic was best correlated to the pseudo-second-order, while the equilibrium
to the Freundlich isotherm. These isotherm and kinetic models can be used to quickly screen among larger sets of possible
adsorbents and guide the development of novel, highly efficient adsorbents for rhodamine B (Rd-B) removal from water.
Characterisation of Labada (Rumex) was accomplished by scanning electron microscope (SEM-EDX), energy dispersive
X-ray, Fourier transform infrared, and thermogravimetric analyses. Regeneration of exhausted Labada (Rumex) biosorbent
was best performed using 50% hydrochloric acid. This study highlights the strong feasibility of Labada (Rumex) biosorption
as a green and effective technique for Rd-B removal.
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1 Introduction

Highlight
o Extensive use of dyes is resulting in their accumulation in the
environment. Over the last number of years, the unprecedented increase in
. ?abada (Rumex) were used for thodamine B (Rd-B) removal water pollution due to discharge of dyes from various indus-
rom water.

tries such as paper, textile, paints, and cosmetics has been

o Effective reduction of the treated water samples was achieved. R . . . .
highlighted as a major problem. This arising threat bears

DX Hasan Arslanoglu harmful consequences for freshwater ecosystems. The cur-
hasan.arslanoglu @comu.edu.tr rent global worth of colorant market amounting to 32 billion
Zeynep Mine Senol USD is expected to rise to 42 billion USD soon. Annually,
msenol @cumhuriyet.edu.tr 700,000 t of synthetic dyes are produced while 15% of dyes
Serap Cetinkaya discharged in water are toxic and xenobiotic [1]. Enrich-
secetinkaya@cumhuriyet.edu.tr ment of dyes in water prevents photosynthesis process and

limits the microbial activity of water plants [18]. Coagula-
tion, ultrafiltration, adsorption, biodegradation, photochemi-
cal, and flocculation methodologies have been adopted to
extract dye effluents [5]. The main concern is generation of
toxic by-products generated by frequent applications of these
methods for wastewater remediation [21].
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Conventional methods for the treatment of textile indus-
try wastewater include the principle of decolorisation and
reduction of organic matter. Although most of the pol-
lutants other than paint can be removed by chemical and
physical methods, various physical/chemical methods such
as flocculation/coagulation, adsorption, and chemical oxi-
dation and biological treatment methods can be used for
dye removal from wastewater. Although ozone, hydrogen
peroxide (H,0,), Fenton reagent, UV/H,0,, chlorination,
ultrafiltration, and electrochemical methods have very high
colour removal efficiency; they are very expensive methods.
Biological methods are known to be insufficient for colour
removal due to the resistance of dyestuffs to biodegradation
[16]. Textile wastewater is classified as wastewater that is
difficult to treat due to the different chemicals it contains and
especially the dyestuffs in question [26].

In recent years, adsorption has been used as an effective
method for removing the colour of textile dyes, but it is not
preferred because it is expensive. Therefore, low-cost and
effective materials are being developed. Sugarcane, natural
clay, sunflower, sepiolite, fly ash, montmorillonite and sepio-
lite, natural zeolite, orange peel, and date cluster are adsor-
bents used for the removal of dyes from wastewater [20, 28].
The widespread use of dyes resulting in increased deple-
tion in nature poses a threat to non-target species, includ-
ing humans, to flora and fauna. Therefore, efficient removal
strategies are essential and adsorption used in the literature
seems to be the simplest approach in this sense [7, 27].

Labada (Rumex) is a genus of plants containing about 200
annual, biennial, and perennial plant species. The leaves of
non-sour species are widely consumed in Anatolia by wrap-
ping and are used as efelik, evelik etc. while the sour-leaved
species are called sorrel. Members of this family are peren-
nial plants that are very common, often grown in the north-
ern hemisphere, but spread everywhere. Some are weeds,
and some are grown for their edible leaves. Labada species
are used as food by the larvae of many butterfly species.
However, the Labada (Rumex) pods are inedible, and these
are discarded as solid biowaste. For agricultural waste mini-
misation and wastewater remediation purposes, it is desired
to convert the Labada (Rumex) biowaste into value-added
biosorbent for dyes removal [9].

Biosorption of dyes from aqueous media is a complex
process, which depends on a number of parameters such
as biosorbent dosage, solution pH, adsorption duration,
system temperature, particle size, and concentration of
dye ions [33]. The desired efficient removal performance
can be established through optimising the process param-
eters. The objective of the present study was to determine
the potential recycling of an agricultural biowaste, Labada
(Rumex), as a biosorbent for rhodamine B (Rd-B) removal.
The biowaste conversion into a low-cost, non-toxic, and
eco-friendly biosorbent was attained without any chemical
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usage. Different adsorption models were used to determine
the adsorption equilibrium, kinetic, and mechanisms. Lastly,
a regeneration study was carried out to investigate the reus-
ability of the spent biosorbent to ensure the economic feasi-
bility of the developed process.

2 Materials and methods
2.1 Chemicals

Sodium hydroxide (NaOH), hydrochloric acid (HC1), and
rhodamine B (C,3H;,CIN,05, 479.02 g/gmol) were used in
the experiments were of analytical purity and were obtained
from Merck and Sigma-Aldrich companies.

Rhodamine B is a highly water-soluble dyestuff. Rhoda-
mine B has amphoteric properties, although it is generally
included in the dyestuff group with basic properties. Thus,
the chromophore groups that give the colour of the dyestuffs
form the cation group of the molecule. The auxochromes,
which provide the binding tendencies of the dyestuffs, are
the dimethylamino groups in the molecular. The chromo-
phore groups of dyestuffs are linked by quinoid rings (dou-
ble-bonded rings). Rhodamine B dyestuff is in the xanthene
chemical group and fluorene subgroup, and two of the three
aryl rings have a dimethylamino group, and one has a car-
boxyl group (Fig. 1) [15].

2.2 Preparation of Labada (Rumex).

Labada (Rumex) was obtained from a local market in Sivas,
Turkey. The edible waste was separated from the pods. The
Labada (Rumex) were washed multiple times with deionised
water to remove dirt prior to drying at 80 °C in a forced-con-
vection oven for 2 days. The dried Labada (Rumex) were cut
into small pieces, followed by pulverisation in a mill. The
ground Labada (Rumex) were sieved using a sieve shaker to

Fig. 1 Rhodamine B molecule structure
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acquire 150 pm of powder size, which was the biosorbent ) ) ¢ -C
used in the biosorption tests. Biosorption% = [ C ] x 100 6]
2.3 Determination of Rd-B concentration C -G

0= - xV 2)
The Rd-B dye concentration was determined with a T-60
UV-Vis spectrophotometer (China) at 558 nm [30]. 0

Desorption% = —2 x 100 3)

2.4 Characterisation of Labada (Rumex).

Scanning electron microscope (SEM) (TESCAN MIRA3
XMU) equipped with energy dispersive X-ray (EDX) (TES-
CAN MIRA3 XMU) was used to observe the surface mor-
phology of Labada (Rumex) biosorbent. A small amount
of biosorbent was placed in the SEM chamber for scan-
ning under 20 kV accelerating voltage, 2000-5000 times
magnifications, and low vacuum mode. Fourier transform
infrared (FTIR) spectrometer (ATR, Bruker Mode: Tensor
IT) was used to identify the chemical functional groups in
the Labada (Rumex) biosorbent. Approximately, 10 mg of
biosorbent was gently pressed by a stainless steel probe on
the diamond holder. A spectrum range of 4000 to 400 cm™"
was recorded with 20 replications of scan.

2.5 Batch biosorption experiments

The bisorption of Rd-B onto Labada (Rumex) was inves-
tigated in the batch biosorption experiments. Analytical
grade rthodamine B (Rd-B) (C,3H;,N,03, 442.55 g/gmol)
from Sigma-Aldrich was procured and utilised directly;
1000 mg L' Rd-B stock solution was prepared with dis-
solution of dye. The stock solution was further diluted with
deionised water accordingly to obtain the desired initial
concentration of rhodamine B (Rd-B) solutions. All the
batch experiments were carried out 10 mL polypropyl-
ene tubes containing 100 mg Labada (Rumex) with con-
stant concentration of 500 mg L™ (1.04x 10> mol L™}
Rd-B in 10 ml solutions for 24 h at 25 °C. The effect of
various parameters to the Rd-B biosorption such as initial
pH:2.0-12.0; different amounts of Labada (Rumex) samples
as 10, 30, 50, 100, 200, and 300 mg; Rd-B initial concen-
tration: 10-1000 mg L™! (0.20x 10™-2.1x 107> mol L=});
contact time: 10—1440 min; and temperature: 5 °C, 25 °C,
and 40 °C, and recovery was investigated. In the recovery
study, dilute HCI1, NaOH, and ethanol solutions were used
for recovery of the Rd-B from the surface of the Labada
(Rumex). After all of the each experiment, the solutions were
centrifuged at 4000 rpm for 5 min, and the supernatant was
then filtered and the remaining Rd-B dye concentration was
determined. Biosorption%, Q (mol kg™!), and % desorption
were calculated with Egs. 1, 2, and 3.

ads

where C; is the initial concentration (mg LY, m refers to
the biosorbent mass (g), Cyis equilibrium concentration (mg
LY, Vis the solution volume (L), Qye,; desorbed amount
of Rd-B dye (mol kg™!) and Q,,.; and biosorbed amount of
Rd-B dye (mol kg™!).

Every experiment was repeated thrice and the average
values are reported in this paper. Control tests which were
identical to the biosorption experiments, but without the
addition of biosorbent, were carried out concurrently to
assess the loss of rhodamine B (Rd-B) due to external fac-
tors such as degradation and sorption onto glass wall.

ads»

3 Results and discussion
3.1 FT-IR and SEM-EDX analysis

FTIR was used to determine the chemical functionalities
of Labada (Rumex) before and after the biosorption of rho-
damine B (Rd-B) (Fig. 2). It provides information on the
chemical groups which might be actively involved in binding
the dye ions. The distinct FTIR peaks were obtained within
the range of 4000 to 500 cm™'. The peaks detected at 3262,
2921, 1606, 1442, 1318, 1208, 1028, 762, and 510 cm™!
were associated with the stretching of — OH in hydroxyl
group, C — H stretching in methyl and methylene groups,
C=C stretching in a,pB-unsaturated ketone, O — H bending in
carboxylates, O —H bending in phenol group, S =O sulfur-
containing compounds, C — O bond in carboxylic acid, and
C —H bend, correspondingly (Arslanoglu). Some changes
on the peaks were observed after the biosorption of rho-
damine B. The overall intensities of the peaks decreased
with several shifts of peaks such as from 3262 to 3275 cm™!,
1208 to 1210 cm™", and 1028 to 1026 cm™". These changes
implied that hydroxyl, carboxylic, and sulphonate groups
were involved in the biosorption of rhodamine B (Rd-B)
through adsorption. The SEM—-EDX and FTIR analyses pre-
sented consistent findings which supported the involvement
of adsorption mechanism in the biosorption of rhodamine
B (Rd-B) [25, 29].

SEM was used to examine the surface morphology of
Labada (Rumex) biosorbent, and the results indicated that
the biosorbent had a rough surface packed with numerous
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Fig.2 FT-IR spectrum of unloaded and Rd-B loaded Labada (Rumex)

asymmetrical voids and cavities (see Fig. 3). These coarse
features of Labada (Rumex) surface might possibly act as the
binding sites for the uptake of rhodamine B (Rd-B) through
pore adsorption. The SEM micrograph after rhodamine B
(Rd-B) biosorption demonstrated that the biosorbent sur-
face had become relatively smoother with the presence of
spots. As suggested by Arslanoglu [2], the spots might be the
dye ions deposited on the biosorbent surface. Meanwhile,
the EDX diagram portrays the elemental compositions of
Labada (Rumex) before and after the biosorption of rhoda-
mine B (Rd-B) (see Fig. 3). The main biosorbent constitu-
ents were carbon and oxygen which were not affected much
by the biosorption. After biosorption, the peaks of potas-
sium (K) disappeared, which might be due to the interaction
with thodamine B (Rd-B) through mechanisms such as ion-
exchange. This finding was supported by the new rhodamine
B (Rd-B) peaks detected around 2 keV which implied the
replacement of K originally present by Rhodamine B (Rd-
B) [34].

3.2 Effect of inital pH and PZC for Labada (Rumex).

The pH of the solution has a significant effect on the solu-
bility of the dye ions and the adsorption process. The effect
of solution pH on the amount of dye ions removed from the
aqueous solution with Labada (Rumex) is shown in (Fig. 4).
As the pH of the dye ion solution decreases, the amount
of biosorption of Rd-B ions increases. This is probably
due to the presence of few H' ions at low pH that compete
with Rd-B ions for the active sites of Labada (Rumex). The
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reduction in biosorption efficiency at high pH is mainly due
to the formation of soluble hydroxyl complexes [32]. To
prevent the formation of these complexes, all experiments
were performed at a natural solution pH of 5.5-6. As a result
of the experiments, it was calculated that the biosorption
capacity varies between 0.7 and 0.58 mol kg™"'.

Particles biosorb ions in the dispersion medium. They are
positively and negatively charged. According to the positive
and negative charge of each particle, they can hold the oppo-
site ions. A monolayer (monomolecules) structure is formed.
Around this layer, there is a second mobile ion layer, which
is not bound to particles. This layer is called the Helmholtz
bilayer or the mobile diffused bilayer. The potential of the
electrical layer adhered to the particle surface is called the
electrothermodynamic potential or the Nernst potential.
Outside the double layer, there is a neutral field where posi-
tive ions are equal to negative ions. The potential difference
between the surface of the particle and this neutral zone is
called the zeta potential [2].

3.3 Effect of biosorbent mass

Dosage was negatively correlated to the response of the
model. Generally, Rd-B biosorption capacity decreases
with increasing dosage as illustrated in Fig. 5. As the dos-
age increased, the occurrence of biosorbent agglomeration
decreased the total amount of binding sites for dye ions.
This consequently reduced the dye uptake rate. The lowest
biosorption capacity of Rd-B (10.31 mg/g) was achieved
at the highest biosorbent dosage of 30.0 g L~! and the
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Fig.3 SEM images of Rd-B biosorption before (a) and after (b) and EDX spectrums of Rd-B biosorption before (c) and after (d)

lowest initial Rd-B concentration. As the dosage reduced
and the concentration increased, the biosorption capacity
increased correspondingly. The highest biosorption capac-
ity was achieved at 1 g L™! of dosage an approximate of
0.25 mol kg~!. This resulted from the desirable condition
whereby high initial concentration increased the ratio of ini-
tial dye solute to the available binding sites, which conse-
quently enhanced the driving force of Rd-B ions to promote
the high removal efficiency [17].

3.4 Isotherms of biosorption process

The surface properties of the material and the interaction
mechanism of the adsorption process were assessed by the
Langmuir, Freundlich, and Dubinin-Radushkevich isotherm
models. The Langmuir isotherm assumes that the surface of
the adsorbent has a uniform and identical sites with a mon-
olayer adsorption process. The Freundlich isotherm depicts
a multilayer adsorption process on a heterogeneous surface

@ Springer
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Fig.4 Effect of pH on Rd-B
biosorption onto Labada
(Rumex) {[Rd-B]0:500 mg
L —1, adsorbent dosage:

100 mg, natural pH:2.0-12.0,

contact time:24 h, temperature:

25 °C})

Fig.5 Effect of biosorbent
mass on Rd-B biosorption
onto Labada (Rumex) biosorb-
ent {[Rd-B]0: 500 mg L -1,
adsorbent dosage: 10, 30, 50,
100, and 200 mg, natural pH:
5.5-6.0, contact time: 24 h,
temperature: 25 °C}

while the Dubinin-Radushkevich isotherm is a chemical
adsorption that assumes that the heats of adsorption decrease
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and Dubinin-Radushkevich) (Fig. 6). The forms of these iso-

therms are [3, 4]:

linearly due to the interaction of the adsorbate and adsorbent
across different layers of adsorption [3, 4].

To better understand the biosorption of rhodamine B (Rd-
B) onto studied Labada (Rumex), we fitted our experimental
data obtained under equilibrium conditions into several fre-
quently used biosorption isotherms (Freundlich, Langmuir,

@ Springer
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Fig.6 Experimentally obtained 82X1 0°
adsorption isotherms Rd-B
onto Labada (Rumex) and their 0.0 0.2 0.4 06 0.8
compatibility to Langmuir, 0.12 ; . . : . :
Freundlich, and D-R models
{[Rd-B]O: 10-1000 mg L—1, —— [e) )
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ral pH: 5.5-6.0, contact time: 0.10 |
24 h, temperature: 25 °C}
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Cx10* mol L
0 =Xpp e—K,)Rez (6) Table 1 Langmuir, Freundlich, and Dubinin-Radushkevich isotherm
models parameters
1 Isotherm Value R?
€ =RTIn(1 + =)
C, 0 Langmuir
X; (mol kg™h 0.219 0.979
-05 K; (L mol™") 908
Epr = (2K
DR ( DR) ®) Freundlich
Here X;: the maximum biosorption capacity (mol kg™); X 116 0591
K;: the parameter for Langmuir isotherm; Q: the amount B 0.679
of biosorbed Rd-B (mol kg™"); C,: the equilibrium concen- D-R »
tration (mol L™"); X: Freundlich constant; f: biosorbent Xpr (mozkg 2) . 0.795 0.986
surface heterogeneity; X ,: a measure of biosorption capac- Kprx 107 "1?1 KJ 6.93
ity; Kp: the activity coefficient (mol2KJ?); e: the Polanyi ~ Ep#/ki mol 8.50

potential; R: the ideal gas constant (8.314 Tmol™! K‘l); Epg:
the biosorption energy (kJ mol~'); and T+ the absolute tem-
perature (K), it is expressed as:

The experimental data of Rd-B biosorption onto
Labada (Rumex) biosorbent were fitted non-linearly
to the Langmuir, Freundlich, and D-R isotherm mod-
els in order to describe the equilibrium relationship
between Rd-B and the biosorbent at constant tempera-
ture. The calculated parameters of the models are pre-
sented in Table 1. As shown in Table 1, the Langmuir
model was the best-fit model with R? closest to unity
(0.99). This suggested the occurrence of monolayer
sorption of Rd-B onto the active sites of Labada
(Rumex) biosorbent and that the distribution of active

sites was homogeneous. Increasing g, with increasing
temperature might be explained by the endothermic
nature of the process whereby the increase in mobility
of the dye ions with temperature increased the rate of
biosorption (Yaras and Arslanoglu, 2018). However,
the Langmuir model gives extremely high values of
the maximum adsorption capacity of the monolayer
(Gmax UP to 0.219 mol kg™'), which is not in accord-
ance with the literature data for dyes adsorption on
carbon materials.
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3.5 Effect of contact time on biosorption

Table 2 PFO, PSO, and IPD kinetic models parameters

) ) ) ) Kinetic model Value R?
One of the important parameters in biosorption studies is
the contact time between the biosorbent and the dye ions PFO 1
in the solution. The effect of contact time on Rd-B removal ~ 9/mol kg 1 0.055 0.948
with Labada (Rumex) is shown in (Fig. 7). Biosorption was q/ m°13kg 1 0.052
carried out at optimum pH and temperatures of 5, 25, and ky x 103/ dk . . 45.7
40 °C by taking Rd-B solution and adsorbent. With the > 107/molkg™ min 235
data obtained in a time interval of 0—1440 min, the g, graph PSO 1
was plotted against time, and the equilibrium time was  4/molkg 1 0.055 0.989
determined to be 240 min (Fig. 7). Rd-B removal initially ~ 47 m°13kg 1 1 0.056
showed a smooth increase up to 120 min. The reason why K2 103/ mol k% min 1 1131
the increase in the removal of Rd-B ions with the increase /> 10/molkg™ min 4.0
of the biosorption time remained constant after 240 min IPD ; 1 o
is due to the saturation of the available areas (Yaras and ~ Kix10°/mol kg™ min™" 991 0.905
Arslanoglu, 2019).
The adsorption kinetic model was used to describe the
adsorption mechanism, the diffusion phenomena, and the 0 = ¢
relationship between the equilibrium time and adsorption ! [ 1 ] 4 [ o ] (11)
. . . . 2
capacity. The model explains the efficiency and effectiveness k0Q; 2
of the adsorbent material at liquid—solid interface using the
pseudo-first-order (PFO), pseudo-second-order (PSO), and H, = szg (12)
intraparticle diffusion (IPD) models (Table 2).
_ _ 7 /05
Q,=Q,[1 —e™] ©) Qi=kt 13)
Here, Q,: the biosorbed amount at time (mol kg_l); Q,: the
Hy =k Q, (10)  biosorbed amount at equilibrium (mol kg~!); #: time (min);
k;: the rate constant of the PFO (min~"); H,: initial biosorp-
tion rate for PFO (mol kg_1 min~'); k,: the rate constant of
Fig.7 Compatibility of Rd-B %/ min®®
biosorption kinetics to PFO,
PSO, and IPD models {[Rd- 0 10 20 30 40
B]0: 500 mg L — 1, adsorbent 0.06 ' ' ' 0.07
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pH: 5.5-6.0, contact time: | g & ®%-  _____________________ 14 0.06
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25°C} o 0 o000 —  °
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_ 004 é& _
o ‘D
= 1004 =
3] )
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the PSO model (mol~! kg min™); H,: initial biosorption rate
for PSO (mol kg‘1 min_l); and k;: the rate constant of the
IPD (mol~! kg min=%7), and it is expressed as:

To determine the kinetics of the uptake of Rd-B, the
pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion models were fitted by the experimental data
(Fig. 7). From the plots, the biosorption process could be
distinguished into two stages. The initial stage was a rapid
process which occurred in the first 30 min with a large frac-
tion of Rd-B adsorbed onto the biosorbent. This was due to
the abundant availability of active sites in the biosorbent.
After 30 min, the second biosorption stage occurred at a
lower biosorption rate attributed to the depletion of vacant
sites. Equilibrium was then attained in less than 120 min
when all the sorption sites of biosorbent were saturated.
This was mainly due to the increased driving force of Rd-B
overcoming the mass transfer limitations. Table 2 shows the
calculated kinetic parameters at each concentration for the
respective model.

From the R? value in Table 2, it could be seen that pseudo-
second-order model was the best fit kinetic model. The R?
(0.989) exhibited the closest to 1 at any fixed concentration.
The good agreement with the model implied that the Rd-B
uptake by PSO was mainly through chemisorption. The pro-
cess might involve electron sharing or exchange between the
functional groups of biosorbent and the dye ions.

3.6 Effect of temperature and adsorption
thermodynamic studies

The thermodynamic parameters of the biosorption process
such as enthalpy change (AH?, kJ mol™"), entropy change
(AS°, kJ mol™"), and Gibbs free energy change (AGY, kJ
mol~") were determined by the equations below.

0
Kp=—=
D C, (14)
AG° = —RTInK,, 15)
ASY  AH®
Ky =— - — 1
"= TR T RT (16)

where R (J mol™! K™') is the gas constant, 7' (K) is the tem-
perature, and K7, is the distribution coefficient calculated
from ¢,/C,. From the plot of InK, against 1/7, the values
of AH and AS can be obtained from the gradient and the
intercept of y-axis, respectively (Fig. 8).

Calculating the heat of adsorption from adsorption
isotherms at different temperatures or measuring it using
calorimetric techniques can characterize the exothermicity
of an adsorption system. There are two types of adsorp-
tion processes: physical adsorption (or physisorption) and
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Fig.8 The effect of temperature on the biosorption {[Rd-B]O:
500 mg L — 1, adsorbent dosage: 100 mg, natural pH: 5.5-6.0, contact
time: 24 h, temperature: 5 °C, 25 °C, and 40 °C}

Table 3 Thermodynamic parameters for Rd-B biosorption by Labada
(Rumex)

Tempera- AH (kJmol™!) AG (kJmol™!) ASJmol™'K™)
ture (°C)

5 39.7 —-8.18 208

25 —124

40 —155

chemical adsorption (or chemisorption) which differ in their
heat of adsorption values (Eqs. 14, 15, and 16). Physisorp-
tion involves non-specific forces of the Van der Waals type;
the absorption heat is estimated at 40 kJ mol~". In the case
of chemisorption, the interactions are stronger, inducing a
higher heat of absorption which could reach 200 kJ mol ™!
[24].

Table 3 shows the AH®, AG®°, and AS° values obtained
from the three Van’t Hoff equations. Physisorption is indi-
cated by values of AH® between 1 and 40 kJ mol~!. These
results show that, for the biosorption of the Rd-B dye, phy-
sisorption is considerably more favourable. The Rd-B dye
biosorption endothermic nature is demonstrated by positive
values of AH°.

AHC was found as 39.7 kJ mol~!, and AS® was calculated
as 208 Jmol ™' K™'. AG® was found as —8.18 kJ mol ™', — 12
A4 kI mol™!, and — 15.5 kJ mol~" at 5 °C, 25 °C, and 40 °C,
respectively.

On the other hand, increasing the temperature inhibits the
biosorption of Rd-B dye on Labada (Rumex) means that the
reaction is exothermic (AH® <0). The biosorption is very
favourable and spontaneous, as indicated by negative values
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of AG®. The increased disorder and randomness at the solid
solution interface of the Rd-B dye with the Labada (Rumex)
biosorbent, as shown by the positive values of AS°, causes
structural changes for Rd-B dye on the surface of the Labada
(Rumex) adsorbent. The thermodynamic parameters for
Rd-B dye biosorption were evaluated using isotherm experi-
mental data at different temperatures. The parameter values
obtained are listed in. The negative AG® values determined
for all concentrations, and temperatures indicated that the
biosorption was spontaneous with high Rd-B dye affinity to
Labada (Rumex) biosorbent [3, 4]. Increasing negativity of
AG® with increasing temperature suggested the increased
feasibility of Rd-B dye biosorption at higher temperatures.
The AS® values were found to be positive which suggested
that the Rd-B dye uptake process increased the randomness
at the solid-liquid interface. The positive AH® indicated an
endothermic biosorption process in which the rate of Rd-B
dye uptake increased as the temperature increased [10]
(Table 3).

3.7 Biosorption mechanism

Biosorption mechanism intraparticle diffusion model was
used to further investigate the rate-controlling steps in
Rd-B dye uptake by Labada (Rumex) biosorbent using the
kinetic experimental data. Generally, the transport of the dye
ions from the liquid phase to the solid phase of biosorbent
involves sequential biosorption mechanisms such as bound-
ary layer diffusion, intraparticle diffusion, and surface sites
sorption. The rate-limiting step of the overall biosorption
process can be governed by a single or multiple mechanisms
[23]. The g, versus * plot at 20, 40, 60, 80, and 100 mg L~
are illustrated in Fig. 3c, and the calculated k, and y-intercept
(C) are shown in Table 3. If the plots were extrapolated to
the y-axis, none of the plots would pass through the origin.
This implied that the biosorption process not only involved
intraparticle diffusion, but also several steps such as diffu-
sion through the boundary layer. The calculated y intercept
indicates the thickness of the boundary layer of biosorbent.
A large intercept represents a thick boundary layer which
results in the increment of boundary layer effect. As shown
in Fig. 3c and Table 3, the y-intercept increased with initial
concentration, suggesting the increase in boundary layer
thickness. Hence, the boundary effect of the biosorption
process was greater at a higher initial concentration [31].
In the peak aliphatic -CH3, =CH, groups at FTIR
2900 cm~! showed asymmetric CH stretching of the
1720 cm™! hemicellulose C = O stretching vibration. The
1625 cm™! stretch vibration of lignin’s carbonyl groups rep-
resented the C=0 bond and 1510 cm™' shows the stretching
vibration of ethylene (-C=C-) in the aromatic ring structure
of lignin. The 1440 cm™! aliphatic (-CH;) group refers to
the C—H deformation vibration originating from the aliphatic
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parts of the lignin. Other peaks are in 1390 cm™! structure;
aliphatic C—H bending vibration of methyl and phenyl alco-
hols, 1259 cm™!; C-O stretching vibration in the ring struc-
ture of lignin and xylene, 128 cm™!; representing the C—-OH
stretching vibration of cellulose and hemicellulose. The
875 cm™! peak was due to the out-of-plane aromatic C—H
stretching vibration. This shows that Labada (Rumex), which
is predominantly cellulose and hemicellulose (Table 4), has
an active adsorbent structure (Fig. 9).

3.8 Comparison of adsorbents studied
in the literature

The rapid removal of Rd-B dye is essential in the adsorp-
tion process practice as it will promote the use of treated
Labada (Rumex) for efficiency and economy. The adsorp-
tion capacity is in the order of 0.219 mol kg~! for Rd-B
dye with optimal conditions of Rd-B: 100 mg L', biosorb-
ent dose: 1 g L™!, and natural solution pH of 5.5-6.0. The
maximum adsorption capacities of treated Labada (Rumex)
for the Rd-B dye were compared in terms of optimal condi-
tions, adsorption mechanism, and adsorption patterns with
different types of adsorbents which have been reported and
documented in the scientific literature as shown in Table 5.
Unlike other adsorbents, the Labada (Rumex) material can
be considered a cost-effective and fast alternative: some
adsorbents might have higher adsorption power, but their
adsorption process takes a long time. Besides, due to its
good adsorption capacities obtained, Labada (Rumex) is a
promising adsorbent for the treatment of cationic Rd-B dye
which is known by the difficulty of its removal from aqueous
solutions. From our results obtained, we have found very
high adsorption capacities similar to those obtained by other
authors who have worked on the adsorption of cationic dyes
by adsorbent materials based on wheat flour.

3.9 Desorption study results

The economic and environmental implications of the
biosorbent material used lead to significant reuse of treated
Labada (Rumex) due to its low cost and regeneration poten-
tial. The regeneration experiments were carried out after
pores saturation with the biosorbent Labada (Rumex) (1 g

Table 4 Physicochemical characteristic properties of Labada (Rumex)

Chemical analysis Value wt (%)
Extractive matters 12.4
Hemicellulose 20.8
Cellulose 15.6

Lignin 1.14

Ash 0.5
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Fig.9 Biosorption mechanism
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Table 5 Comparison of sorption capacities of different adsorbents for
Rd-B removal

Adsorbent Sorption References

capacity

(mg/g)
Rhizopus oryzae biomass 39.21 Das et al. 8]
Bagasse pith 21.5 Gad and El-Sayed [11]
Treated parthenium biomass ~ 59.2 Lata et al. [19]
Coir pith 2.6 Namasivayam et al. [22]
Poly(glutamic acid) 390.2 Inbaraj et al. [14]
Carbonaceous adsorbent 82.8 Bhatnagar and Jain [6]
Labada (Rumex) 104.9 This study

L~!) with the dye Rd-B at a concentration of 100 mg L.
The desorption experiments were all carried out using
different solvents, such as distilled water, NaOH (%20),
HCI (%50), and ethanol (%18). Figure 10 shows that HCI

H;{C

Cl
N~
///// CHJ

solutions gave good desorption results compared to other
solvents (NaOH and ethanol) which approach 50% Rd-B
dye. In our study, we obtained similar results to the work of
some researchers who worked on thermal regeneration as
well as solvent regeneration of Labada (Rumex). Further-
more, the adsorption process on an industrial scale depends
essentially on the adsorbent regeneration capacity at a
cheaper cost [12].

3.10 Cost analysis of Labada (Rumex) used
for biosorption

The competitive industrial aspect of low-cost adsorbent
materials remains the main objective of many researchers
when dealing with textile pollutants. Cost analysis study is a
very important parameter to evaluate and estimate the price
of our Labada (Rumex) adsorbent material and to give the
possibility to compare this adsorption study with another

Fig. 10 The effect of recovery 100
for Labada (Rumex) {[Rd-B]0:
500 mg L — 1, adsorbent dosage:
100 mg, natural pH: 5.5-6.0,
contact time: 24 h, temperature: 80 |
25 °C}

60

Recovery%

I HCI: 50%
[ NaOH: 20%
I Ethanol:18%

HCI

NaOH Ethanol
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method of textile pollutants treatments. Moreover, accord-
ing to in-depth bibliographical research, it is noted that this
study of estimating the adsorbent cost has never been applied
in the adsorption field. In addition, our study is based on the
unit price of treated Labada (Rumex) adsorbent materials
used after treatment. It can be seen that the estimated price
of our Labada (Rumex) adsorbent material to be around $
0.8 for 1 kg of adsorbent for treated of Rd-B dye. From these
cost results, our material can be considered to be a low-cost
adsorbent [13].

4 Conclusion

The treated Labada (Rumex) adsorbent has been prepared
and characterized by a sequential and methodical approach
to understanding the surface morphology, porosity, and
selectivity of the material for good and rapid retention of
the Rd-B dye. The removal of Rd-B dye is rapid with equi-
librium adsorption capacity in the order of 109.4 mg g~".
However, the equilibrium data modelling by adsorption
isotherms fits with the Langmuir model, and the adsorption
kinetics is best presented by a PSO model. The performance
of Labada (Rumex) for the removal of Rd-B dye from the
aqueous solution was modelled which resulted in percent-
age of elimination equivalent to 58%. In addition, regenera-
tion by solvents gives us important results which explain
that our Labada (Rumex) material is reversible and reusable
after several regeneration cycles. The cost analysis shows
that Labada (Rumex) is inexpensive and is estimated to cost
around $ 0.8 per 1 kg. Overall, these results clarified that
our Labada (Rumex) adsorbent is potential and exhibits a
good specific surface area leading to a very high adsorption
capacity compared to other adsorbents found in the scien-
tific literature. Therefore, it could be considered selective,
economical, and environmentally friendly for the textile dyes
removal. In perspective, this study could pave the way for the
industrial use of the Labada (Rumex) material in the prepara-
tion of beads for continuous adsorption and the development
of tubular or flat-sheet membranes for the filtration of water
contaminated by textile dyes.
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