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Abstract In this study, the use of natural waste
containing the outer shell and seed shells of pump-
kin (WSSP) in synthetic Reactive Blue 3R (RB) and
Reactive Red P4BN (RR) dye removal processes was
investigated. The chemical characterization of WSSP
was presented by Fourier transform infrared spectros-
copy (FTIR) analysis. Scanning electron microscopy
(SEM) images showed the morphologies of the sam-
ples. Thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) curves were obtained
to investigate the thermal behavior of the WSSP.
Batch adsorption studies were carried out between
pH 1-8, and the highest removals were obtained for
RB and RR dyes as 66% at pH 3 and 92% at pH 1,
respectively. The equilibrium was reached in 180 min
for RB and 300 min for RR dye removal processes.
The decreased particle size of the WSSP encouraged
the adsorption rate. Adsorption kinetics of both pro-
cesses fit pseudo-second-order kinetics. The equilib-
rium studies of the dye removal processes were best
clarified by the Langmuir isotherm model. Enthalpy
(AH% and entropy (AS®) values of the RB dye
adsorption process were 41.49 kJ mol~! and 139.65 J
mol~'K~!, respectively. For the RR dye removal pro-
cess, AH value was obtained as —38.94 kJ mol~' and
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AS® value as —118.49 J mol~'K~!. Negative Gibb’s
free energy (AG’) values were determined for both
dyes. In desorption studies, the highest desorption
percentage was determined for both dyes with pH
12 distilled water. It has been determined that WSSP
provides effective dye removal as an alternative and a
low-cost adsorbent.
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1 Introduction

Pollutants due to industrial activities mixed with
water lead to a serious hazard for both the environ-
ment and living. Wastewater containing pollutants
released from the chemical industry is extremely dan-
gerous; however, they are not biodegradable (Wase-
war et al., 2020). One of the well-known of these
pollutants is dyes. Because of their intense utility in
industry, they are frequently encountered in industrial
wastewater (Roy & Saha, 2021). Reactive dyes are
water-soluble anionic dyes that stand out due to their
bright colors, fastness properties, and easy applica-
tion (Chattopadhyay, 2011; Gopalakrishnan et al.,
2019). Fastness properties are a result of the presence
of strong dye-fiber interaction due to the formation
of covalent bonds with fiber (Chakraborty, 2010).
Nevertheless, they can mix with water due to the fre-
quent use of reactive dyes or their low fixation with
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some substrates (Li et al., 2024). In addition to nega-
tively affecting aquatic life when they mix with water,
they can cause health problems such as skin and res-
piratory problems, allergies, and even cancer (Singh
et al., 2024). Thus, it is very important to remove
them from water, and many studies are being carried
out for this purpose. Among the reactive dyes, Reac-
tive Red PABN (RR) dye is used for dyeing cellulose
fibers (cotton and viscose), while Reactive Blue 3R
(RB) is used for textile dyeing and printing (indi-
amart, 2024).

Especially in recent years, due to the concern of
not being able to reach clean water resources in the
world, most of the attention is directed to the clean-
ing of pollutants such as dyes in wastewater and
making the water reusable. Various methods like ion
exchange, biological treatment, membrane filtration,
oxidation, and adsorption are used to remove different
types of dyes (Ahmad et al., 2015). The adsorption
method is a commonly used and intensively exam-
ined and enhanced topic on the pollutant removal.
The applicability of the adsorption processes is
cheap, easily controllable, reproducible, and reus-
able adsorbents are the remarkable advantages of the
method (Yin et al., 2023). Although adsorbents used
to remove pollutants in adsorption processes can be
natural or synthetic materials, the issue that research-
ers have given importance to in order not to restrict
these superior properties of adsorption processes
is to obtain environmentally harmless and low-cost
adsorbents (Shunda et al., 2023). Instead of synthetic
adsorbents, the evaluation of natural materials that do
not require high costs to synthesize, are easily avail-
able, and contribute to the recycling of environmen-
tal waste is a very valuable issue. High removal ratios
can be achieved by optimizing the variables of the
adsorption process where natural waste materials are
to be used, depending on the pollution factor desired
to be removed (Mahmoodi et al., 2010; Senthilku-
maar et al., 2006; Sulak et al., 2007; Witek-Krowiak
etal., 2011; Yu et al., 2000).

There are some studies in the literature on adsor-
bents obtained from pumpkin shells or seed shells
of pumpkin as a natural waste. In the studies, acti-
vated carbon obtained by carbonization of pumpkin
waste was used as an adsorbent (Bal et al., 2021;
Demiral & Samdan, 2016; Hameed & El-Khaiary,
2008; Kowalkowska & Jozwiak, 2019; Okoye et al.,
2010; Rashid et al., 2019; Subbaiah & Kim, 2016).
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However, an adsorption study using the adsorbent
obtained from the mixture of outer shell and seed
shells of pumpkin was not found.

In this study, to evaluate all waste from a pumpkin,
the waste containing the outer shell and seed shells
of the pumpkin (WSSP) was examined as an eco-
nomical adsorbent, and the development of an envi-
ronmentally friendly process was studied by using
this adsorbent without the need for any further treat-
ment. The removal efficiency of WSSP was tested in
the removal of RB and RR dyes. The parameters such
as pH of RB and RR dye solutions, contact time for
WSSP-RB dye and WSSP-RR dye, concentration of
RB and RR dye solutions, amount and particle size of
WSSP, and temperature of medium of the adsorption
processes to remove RB and RR dyes from synthetic
wastewater by WSSP were studied. Fourier transform
infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM) analyzes for WSSP, at pH val-
ues which WSSP provided the highest removals, and
WSSP before and after adsorption, and thermogravi-
metric analysis (TGA) for WSSP were performed.
Kinetic studies of the processes were also examined.
Isotherms were used to investigate the equilibrium
states of the processes. The realization of the adsorp-
tions was explained with thermodynamic studies
performed depending on temperature. Additionally,
desorption experiments were achieved with pH 8
distilled water, pH 10 distilled water, pH 12 distilled
water, 0.2 M sodium hydroxide (NaOH), 1 M NaOH,
and 0.1 M sodium carbonate (Na,CO5).

2 Materials and Methods
2.1 Materials and Preparation of WSSP

A pumpkin purchased from Bilecik market was
washed, and then its outer shell was peeled, seeds
were removed and seed shells were separated. The
outer shells and seed shells, as the waste of the pump-
kin, were dried in daylight for 15-20 days. The dried
shells were ground by a grinder. The ground outer
shells and seed shells of pumpkin were sieved, and
different sized samples were obtained. The sam-
ples were obtained in four different size ranges
as 0.090-0.250, 0.250-0.425, 0.425-0.600, and
0.600-0.850 mm, separately for both the outer shell
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and the seed shells. These samples were mixed at a
ratio of 1:1 by mass, and WSSP was prepared.

RB and RR dyes were obtained from a textile fac-
tory in Tiirkiye. The wavelengths at which both dyes
reach maximum absorbance were determined by
ultraviolet-visible (UV-Vis) spectrophotometer (PG
Instruments T-80) and were found to be 585 nm and
535 nm for RB and RR, respectively. 0.1 M, 0.5 M,
1.0 M NaOH, and hydrochloric acid (HCI) solutions
were used to adjust the pH values of the dye solutions.

2.2 Methods
2.2.1 Zero-Point Charge Determination

Zero-point charge determination experiments were
performed similar to a previously published study
(Bello et al., 2021). A 0.01 M sodium chloride (NaCl)
solution was prepared, and 50 mL of each was placed
in 13 glass flasks. Their pH values were adjusted in
the range of 1-13. 0.2 g of 0.090-0.250 mm sized
WSSP was added to each prepared solution. The solu-
tions were placed in a shaker (Memmert, WNB 22)
at room temperature at a shaking speed of 120 rpm.
After 24 h, the final pHs were measured. ApHs were
calculated by subtracting the initial pH values (pHi)
from the final measured pH values. Then, pHi versus
ApH was plotted.

2.2.2 Adsorption Studies

Experiments of RB and RR removal with WSSP
were achieved with synthetically prepared 50 mL dye
solutions. Experiments were performed in a shaking
water bath at a constant shaking speed of 120 rpm.
It was found that when WSSP was added to water,
it gave a distinctive color and therefore the color of
the medium changed. To prevent this, blank samples
were used in all steps of the experiments. Adsorption
parameters were determined as pH (1-8), time (024
h), initial dye concentration (20-100 ppm), amount
of adsorbent (0.05-0.5 g), adsorbent particle size
(0.090-0.850 mm), and temperature (2545 °C) and
investigated by batch experiments. For determining
the dye concentrations in the aqueous solutions, 6 mL
samples were taken each time and centrifuged for 3
min at 3000 rpm. After centrifugation, absorbances
were determined by the UV-Vis spectrophotometer.

2.2.3 Desorption Studies

The desorption performance of the RB and RR dye
adsorption processes using WSSP was examined. Des-
orption studies, similar to previous studies, including
first saturating WSSP with the dyes and then examin-
ing its performance in different desorbing environ-
ments (Bhatti et al., 2020; Ip et al., 2009; Li et al.,
2009; Purkait et al., 2005). Adsorptions were carried
out for RB and RR dye at pH 3 and pH 1, respectively,
at 2000 ppm dye concentration, 0.5 g WSSP for 500
mL dye solution, 0.090-0.850 mm WSSP particle size,
120 rpm, and room temperature conditions until equi-
librium time. The dilution process was applied for UV-
Vis spectrophotometer readings of the samples. Then,
desorption experiments were carried out for 0.05 g/50
mL at 120 rpm and room temperature. The effective-
ness of pH 8 distilled water, pH 10 distilled water, pH
12 distilled water, 0.2 M NaOH, 1 M NaOH, and 0.1
M Na,COj; was tested for the desorption of RB and RR
dyes.

2.3 FTIR, SEM, and TGA Analysis

Characterization of functional groups for WSSP, WSSP
in acidic environments and WSSP before and after
adsorption was analyzed by FTIR spectrometer (Per-
kin Elmer LR64912C). Analyzes of the samples were
performed between 4000 and 400 cm™!. ZEISS Supra
40 VP brand SEM device was used to determine the
morphological features. The morphological structures
of WSSP, WSSP in pH 1 aqueous solution, WSSP in
pH 3 aqueous solution, and WSSP after adsorption
were determined. The thermal behavior of WSSP was
investigated with a TG/DTA device (EXSTAR SII
TGA/DTA 7200). TGA and differential thermal analy-
sis (DTA) were performed by heating at a rate of 10°C/
min in the range of 30-800°C in a nitrogen atmosphere.

2.4 Evaluation of Data

The adsorption capacities and the removal percentage
values were calculated with the following equations
(Sultana et al., 2022):

C,— C,)xV
Q=M (1

¢ m
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_ (Cy = C,)x100
removal efficiency = —— 2)
Go
where g, represents the dye amount in equilibrium on
the adsorbent (mg g~!), C, represents the initial dye
concentration (mg L~!), C, represents the dye con-
centration in the equilibrium (mg L™'), V represents
the volume of the solution (L), and m represents the
mass of the adsorbent (g) (Sultana et al., 2022).

To examine the kinetics of the adsorption pro-
cesses, pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models were studied. Equa-
tions of the kinetic models are given below (Debnath
& Das, 2023; Zhang et al., 2023):

ky
Pseudo — first — order : 1 —qt) =1 - ——t
seudo rst — order : log(ge — qt) = logge 7303
3)
Pseudo — second — order : — = 1 + L 4
9 kaq  q, @
Intra — particle diffusion := k> + C 6)

where ¢ is time (min), g, represents the amount of
adsorbate adsorbed on the adsorbent at time ¢ (mg
g, k, represents the pseudo-first-order rate constant
(min~1), k, represents the second-order rate constant
(g mg~! min™!), k,, represents the intraparticle diffu-
sion rate constant (mg g~' min~%7), and C represents
a constant (Debnath & Das, 2023; Zhang et al., 2023).
Langmuir and Freundlich isotherm equations used
for equilibrium studies of adsorption processes are as
follows (Gad et al., 2023):
Langmuir isotherm : C_C + !
: 9e Gm (quL) (6)

Freundlich isotherm : Ing, = InK, + 1 InC, @)
n

where K| represents the Langmuir isotherm con-
stant (L g7"), g,, represents the maximum adsorption
capacity (mg g~'), Ky represents the Freundlich iso-
therm constant (mg g~' (L mg™!)'™)), and n repre-
sents the linearity constant for Freundlich (Gad et al.,
2023).

The equations used to determine the thermody-
namic parameters are listed below (Alalwan et al.,
2021):

@ Springer

AH® AS°
In Kd = _ﬁ + T (8)
4.
Ki=¢ ©)
AG® = AH® — TAS? (10)

where AH® represents the enthalpy (kJ mol™!), AS®
represents the entropy (J mol™'K™!), AG® represents
Gibb’s free energy (kJ] mol™!), T represents the tem-
perature (K), K, represents the adsorption equilibrium
constant, and R represents the gas constant (8.314 J
mol~! K~1) (Alalwan et al., 2021).

3 Results and Discussion
3.1 Results of FTIR, SEM, and TGA Analysis
3.1.1 FTIR Analysis

FTIR spectroscopy was used to chemically analyze
the adsorbent, determine the changes in the chemi-
cal structure of the adsorbent by the acidic environ-
ment (pH 1 and pH 3, where the best removals are
obtained), and chemically characterize it after adsorp-
tion. FTIR analyzes are shown for WSSP, WSSP in
aqueous solution at pH 1 (WSSP-pH 1), WSSP in
aqueous solution at pH 3 (WSSP-pH 3), after adsorp-
tion of RB dye (WSSP+RB), and after adsorption of
RR dye (WSSP+RR) in Fig. 1a.

The wide absorption bands in the range of
3296.80-3331.47 cm™' observed for WSSP and other
samples were interpreted as the presence of hydro-
gen-bonded O-H groups (Miiller et al., 2011; Sch-
ramm, 2020). The bands around 2920.21-2921.36
and 2850.66-2852.36 cm~' may show the C-H
groups (Qin et al., 2010; Wen et al., 2014). The peaks
around 2160 may belong to C-N (Hadjiivanov et al.,
2020). The peaks around 2030 may indicate CO
groups (Mihaylov et al., 2011). Strong bands that may
be attributed to C=C vibrations in the structure of
the samples are seen around 1636.97-1650.64 cm™'
(Pazo-Cepeda et al., 2023; Strauss et al., 2020). While
the -CONH- peak seen at 1544 cm™' for WSSP was
also evident for WSSP+RR, which may be due to the
structure of the RR dye, it lost its effect for the other
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Fig. 1 a FTIR spectra, SEM images of b WSSP, ¢ WSSP-pH 1, d WSSP-pH 3, e WSSP+RB, f WSSP+RR, and g TG/DTA curves

of WSSP in the nitrogen atmosphere

samples and strengthened a peak by shifting between
1513-1519 cm™! for all samples except WSSP (Gai-
kwad & Mukherjee, 2021; Kazemi et al., 2023). The
1365-1367 cm™! peaks, which are not seen for WSSP
and belong to the C-O interaction, were seen in both
acidic and after dye adsorption samples and may indi-
cate that they are the groups that provide adsorption
(Moradzaman & Mul, 2020). Bands in the range of
1300-900 cm™' are generally for C-O stretching
vibration and C-H bends (Vunain et al., 2017). The
894-898 cm ™! peaks, which are not evident for WSSP
and provide adsorption by C-H interaction, became
evident in other samples (Gonultas & Candan, 2018).
For WSSP+RB and WSSP+RR, peaks indicating

adsorption via C-H bonds appeared in the range of
803-804 cm™' (Zimmerman et al., 1999). Absorp-
tion bands in the 700-470 cm™' region may indicate
the presence of sulfur especially in WSSP+RB and
WSSP+RR due to the chemical structure of the dyes
(Wang et al., 1998).

3.1.2 SEM Analysis

SEM analyzes were performed for WSSP, WSSP-
pH 1, WSSP-pH 3, WSSP+RB, and WSSP+RR. In
the SEM image of WSSP shown in Fig. 1b, it was
observed that there were irregular structures on
the surface of the adsorbent in the form of holes

@ Springer
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Fig. 1 (continued)

and round particles of different shapes, which are
thought to be caused by the use of the outer shells
of the pumpkin and its seeds. In Fig. 1c¢ for WSSP-
pH 1, it has been that there were no round-shaped
particles and uniform and more regular pores were
formed in the structure. In Fig. 1d, it is seen that
the pores of WSSP-pH 3 are more open, smooth,
and distinct. It was interpreted that the formation
of these porous and regular structures of WSSP-
pH 1 and WSSP-pH 3 forms the basis for the dye
adsorptions. Fig. le and f are SEM images of RB
and RR dyes after adsorption on WSSP, respec-
tively. According to these figures, it is seen that the
dye molecules hold onto the pores of WSSP and fill
the pores. However, it was also determined that the
adsorbent offers more capacity for dye adsorption
since the pores are not completely filled.

@ Springer

0.00
4500 5000 5500 600.0 650.0 7000 7500 8000

Terp Cel

3.1.3 TGA Analysis

The TG and DTA curves of WSSP are shown in
Fig. 1g. The removal of adsorbed water in the sam-
ple occurred in the range of 30-128 °C. It is observed
that 6.14 % mass loss occurs in the sample with the
removal of water. The TG curve showed that the
sample disintegrated in three steps. The first disin-
tegration step may cause the low molecular weight
constituents to correspond to a mass loss of 17.25 %
in the range of 128-243 °C (Xu et al., 2020). There
is a 43.02 % mass loss in the range of 243-394 °C,
where the second disintegration step is observed.
The second step may have been caused by hemicel-
lulose disintegration (Rawat & Ahammed, 2023).
33.58 % mass loss was determined in the last disin-
tegration step, which took place between 394 and 650
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°C may be due to the disintegration of cellulose and
lignin (Atalay et al., 2022). The maximum degrada-
tion rates of the degradation steps are 3.73, 4.46, and

2.72 %/min, respectively. The disintegration process,

which takes place in three steps, proves that groups

of different molecular weights are removed from the

sample structure. An endothermic transition with a
maximum of 62 °C was observed in the DTA curve of
the sample, indicating the removal of adsorbed water.

Fig. 2 pH effect on the
removal of a RB and b RR
over time, effect of initial
dye concentration on the
adsorption of ¢ RB and d
RR dyes on WSSP, effect of
adsorbent amount on e RB
and f RR dye adsorption
on WSSP, contact time—
adsorption capacity graph
of g RB and h RR dyes for
adsorption on WSSP, effect
of particle size of WSSP on
i RB and j RR dye removal

In addition, exothermic transitions showing the oxi-
dation (combustion) of the sample in the DTA curve
were observed at 340°C and 470°C.

3.2 Dye Solution pH and Contact Time
Dye solution pH and contact time experiments were

performed simultaneously for 50 mg/L, 0.090-0.250
mm particle size, 0.05 g WSSP, and 25°C. The
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removal efficiencies over time depending on the ini-
tial pH values of the RB and RR removal processes
using WSSP are exhibited in Fig. 2a and b, respec-
tively. According to Fig. 2a and b which belong to the
adsorption of RB and RR, respectively; the removal
values for each pH value increased with time until the
equilibrium time were reached. The equilibrium time
for RB and RR removal processes was determined as
180 and 300 min, respectively.

In Fig. 2a and b, it is seen that the removals are
higher at low pH values at equilibrium times for both
dyes. According to this; while the maximum removal
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percentage for RB dye was 66% at pH 3, it was 92%
at pH 1 for RR. Thus, subsequent experiments were
carried out at pH 3 and 1 for RB for RR, respectively,
where the highest removals were obtained. Since
the hydroxyl (H*) ion concentration in the solution
increases at low pH, the surface of WSSP is charged
positively. Because of the anionic character of reac-
tive RB and RR dyes, the dye molecules and WSSP
interact strongly. Therefore, the percentage of adsorp-
tion is higher at low pH values (Kumar et al., 2010).
The fact that dyes provide maximum removal at dif-
ferent pH values can be explained as the different
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groups and atoms they contain, depending on the
different structures of the dyes, affect their interac-
tion with WSSP (Ahamad & Nasar, 2024; Arunku-
mar et al., 2024). In addition, the zero-point charge
of WSSP was obtained as 5.9. The zero-point charge
of a solution describes that the density of cations is
equal to that of anions on the surface (Ducheyne,
2015). Thus, in cases where the pH of the solution is
lower than the zero-point charge of WSSP, which is
determined as 5.9, the surface of WSSP charges posi-
tively and strongly adsorbs the anionic RB and RR
dyes (Wang et al., 2024).

3.3 Dye Concentration

To determine the effect of the initial dye concentra-
tions on the adsorption efficiency, the time-depend-
ent changes in removal efficiencies of the dyes at
the determined concentrations were investigated and
presented in Fig. 2c and d. Experimental conditions
were 0.090-0.250 mm particle size, 0.05 g WSSP,
and 25°C. As seen in Fig. 2c, the removal decreased
as the initial concentration of RB increased. While
the removal percentage values were 72% at 20 ppm,
it was 32% at 100 ppm. In Fig. 2d, for the removal
of RR dye, removal efficiencies were obtained as 80,
90, 91, 82, and 76 % for 20, 40, 60, 80, and 100 ppm,
respectively. In this way, it was determined that the
removal percentages increased up to 80 ppm for RR
dye and then decreased. Similar to some studies in
the literature, it was determined that different removal
efficiencies were obtained for both dyes at different
initial concentrations, depending on the adsorbing
capacity of the WSSP and the structure of the RB and
RR (Aragaw & Alene, 2022).

3.4 Adsorbent Amount

The studies of the amount of WSSP were carried out
with four different amounts as 0.05, 0.1, 0.2, and 0.5
g. Other parameters were determined as 60 mg/L,
0.090-0.250 mm particle size, and 25 °C. The effect
of the WSSP amount on the removal of the dyes using
WSSP depending on the time is given in Fig. 2e-h.
According to Fig. 2e and f, with an increase in the
amount of WSSP from 0.05 g to 0.5 g, the removal
of RB dye increased, but there was no significant
increase in RR dye removal. Since the increase in
the amount of WSSP increased the adsorbing sites

for the adsorption of RB, the removal percentage
was 62% when the amount of WSSP was 0.05 g
and approached 100% when 0.5 g (Algethami et al.,
2024). However, increasing the amount of WSSP did
not increase the removal of RR dye because adsorp-
tion had already occurred for 0.05 g (Aljeboree et al.,
2015).

In Fig. 2g and h, it is seen that the adsorption
capacities for the adsorption of RB and RR dyes
adsorbed on WSSP decreased by increasing the
amount of WSSP from 0.05 to 0.5 g. From 0.05 to 0.5
g, the amount of dye retained per g adsorbent in the
adsorption of RB decreased from 61.98 to 6.11 mg
(Fig. 2g), in the removal of RR changed from 49.76
to 5.03 mg (Fig. 2h). The reason for this may be
the unsaturation of the adsorbent active sites, which
increases due to the increasing amount of adsorbent,
or the amount of dye molecules against the active
sites is quite insufficient in the high amount of adsor-
bent (El Kassimi et al., 2023).

3.5 Adsorbent Particle Size

For particle size effect determination experiments,
conditions were settled as 60 mg/L, 0.05 g WSSP,
50 mL solution volume, 120 rpm, and 25 °C. The
particle size effect of WSSP on the removal of RB
and RR are shown in Fig. 2i and j, respectively. As
shown in Fig. 2i and j, the decrease in particle size
from >0.600 mm to 0.090-0.250 mm encouraged
the removal efficiency for both dyes. Thus, the high-
est removals were obtained for particle size of adsor-
bent 0.090-0.250 mm for both dyes. The decrease in
the particle size of WSSP caused an increase in the
adsorptive sites required for the adsorbing of the dye
molecules (Akpomie et al., 2017).

3.6 Adsorption Kinetic Studies

The pseudo-first-order, pseudo-second-order, and
intraparticle diffusion kinetic models were per-
formed to determine the behavior of the removal of
RB and RR dyes using WSSP are given in Fig. 3a—f.
In addition, the parameters of the kinetic models are
given in Table 1. According to the correlation coef-
ficient (R?) of the kinetic models given in the table
for the RB and RR removal, the pseudo-second-
order kinetic model presented the highest value for
both dyes and therefore the adsorptions followed the
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Fig. 3 Plots of the a pseudo-first-order, b pseudo-second-
order, and c intraparticle diffusion kinetic models for the RB
removal process, plots of the d pseudo-first-order, e pseudo-
second-order, and f intraparticle diffusion kinetic models for
the RR removal process, plots of the g Langmuir and h Fre-

second-order kinetics. It is also seen that the experi-
mental ge (q.y,) Values for both dyes are close to
the calculated ge (g, .,) values of the second-order
kinetics and thus they support the suitability to the
pseudo-second-order kinetic model (Meskel et al.,
2024). The pseudo-second-order kinetic model
emphasizes that chemical adsorption is effective in
the processes (Siraorarnroj et al., 2022). In addition,
the high R* values are obtained for the intraparticle
diffusion model studies of RB and RR removal pro-
cesses, showing that intraparticle diffusion is effective
in both processes. The straight line for the adsorption
of RB dye, which does not pass through the origin,
is a situation observed in slow-stirred bulk adsorption
and expresses that the mass transfer limits the rate
(Gandhi et al., 2016). However, the three linear parts
of the intraparticle diffusion plot for the adsorption of
RR indicate that the process can be explained in three
steps. For each linear portion, a higher slope indicates
a faster adsorption process (Huang et al., 2018). The
first linear part represents the boundary diffusion,

@ Springer

(e) ®

undlich isotherm models for the RB removal process, plots of
the i Langmuir and j Freundlich isotherm models for the RR
removal process, and Van’t Hoff plots for adsorption of k RB
and 1 RR dyes on WSSP

which can also be expressed as the outer surface
adsorption, where the adsorbate spreads on the outer
surface of the adsorbent, the second linear part repre-
sents the intraparticle diffusion of the adsorbent into
the pores, and the last linear part represents the stage
where the adsorbate is adsorbed into the pores of the
adsorbent (Deng et al., 2013; Huang et al., 2018).

3.7 Adsorption Equilibrium Isotherms

Equilibrium studies of the RB and RR dye removal
processes using WSSP were explained by Langmuir
and Freundlich models. Ce/qe - Ce and Inge - Ce
plots of Langmuir and Freundlich isotherms are given
in Fig. 3g—j. R values of RB dye were found to be
0.9707 for Langmuir isotherm and 0.725 for Freun-
dlich isotherm. R? values for RR dye were determined
as 0.9911 for Langmuir isotherm and 0.8741 for Fre-
undlich isotherm. According to the highest R* values,
it was determined that the both processes followed
the Langmuir isotherm model.
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Fig. 3 (continued)

Table 2 shows the parameters of the equilibrium
models. According to Table 2, ¢,, and K| for the
Langmuir model for RB adsorption were found to
be 35.97 mg/g and 0.21 L/g, respectively. For RR
adsorption, g, and K values were calculated as
91.74 mg/g and 0.21 L/g, respectively. The Lang-
muir isotherm describes adsorption as monolayer and
approves no interaction between the adsorbate mol-
ecules, and a high q,, value is expected to indicate a
high surface area of WSSP (Martini et al., 2018).

3.8 Temperature and Thermodynamic

For RB dye, 53, 60, and 76% removal efficiencies
and 32, 36, and 46 mg/g adsorption capacities were
obtained for 25, 35, and 45°C, respectively. Thus, it
was determined that the removal of RB dye increased

)

with increasing temperature. For the removal of RR
dye, removal efficiencies were obtained as 82, 70, and
63% and capacities were 49, 42, and 38 mg/g for 25,
35, and 45°C, respectively. RR removal decreased
with increasing temperature.

Figure 3k and 1 show the Van’t Hoff plots of the
relationship of the adsorption equilibrium constant
with temperature for the removal of RB and RR dyes
using WSSP, respectively. The enthalpy (AH’) and
entropy (AS%) values of the processes were obtained
by using the slope (-AH%R) and intercept (AS%/R)
of the line in the graphs, respectively. According to
the calculations, AH’, AS’, and Gibb’s free energy
(AG) values for the removal of RB and RR dyes on
WSSP are given in Table 3. For the RB dye removal
process using WSSP, AH’ was calculated as 41.49
kJ mol~!. The positive value of AH® explains the

@ Springer
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Table 1 Kinetic parameters

. Kinetic model RB RR
for adsorption of RB and
RR dyes on WSSP Ge, exp 37.19 54.63
Pseudo-first-order kinetic model k, (x103%) 18.65 11.52
9, cal 27.49 10.56
R? 0.8757 0.6051
Pseudo-second-order kinetic model k, (x10%) 0.88 1.48
Qe cal 41.84 57.14
R? 0.9888 0.9978
Intra-particle diffusion model R? 0.9734 R?, 0.9736
R?, 0.9614
R%, 0.9521
King 1.998 Kine,1 6.72
Kint2 1.38
Kint3 0.25
C 11.81 C, -0.72
C, 39.16
C, 50.18
Table 2 Isotherm Langmuir isotherm model Freundlich isotherm model
parameters for the
adsorption of RB and RR K, G R? Kg n R?
dyes on WSSP
RB 0.21 35.97 0.9707 9.49 2.95 0.725
RR 0.21 91.74 0.9911 25.83 2.81 0.8741

Table 3 Thermodynamic parameters for the adsorption of RB
and RR dyes on WSSP

T AG° AH AS?
RB 298 -0.12 41.49 139.65
308 -1.52
318 -291
RR 298 -3.63 -38.94 -118.49
308 —2.44
318 -1.26

reaction to be endothermic (Khumalo et al., 2024).
In an endothermic process, increasing temperature
causes an increase in adsorption capacity (Al-Ghouti
& Al-Absi, 2020). As given in the paragraph above,
removal efficiency and adsorption capacity values
were increased with increasing temperature for RB
dye adsorption and supported the endothermicity of
the process. AS? was found to be 139.65 J mol~ 'K,
and this value defined the strong affinity of RB dye to
WSSP on the surface and increased randomness at the
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interface (Chowdhury et al., 2011; Taqui et al., 2023).
The positive values of AH° and AS® support that
chemical adsorption is effective in the RB adsorption
process on WSSP (Boughrara et al., 2022). For RR
dye removal, AH? was found to be —38.94 kJ mol ™.
A negative AH? defines an exothermic process (Adjal
et al., 2023). The fact that an adsorption process is
exothermic means that the removal percentage and
adsorption capacity of the process decreases due to
the weakening interaction between the RR dye and
WSSP with increasing temperature, supporting the
behavior of the above RR adsorption process against
temperature (Han et al., 2021). AS® was determined
as —118.49 J mol~'K~! and explained a more order
state at the interface (Bassam et al., 2022). AGO refers
to the process being spontaneous or non-spontane-
ous. A positive AG? indicates that the reaction can-
not occur spontaneously and energy is needed for it
to occur, while a negative AG” indicates spontaneity
(Pepper, 2019). The AG° values of the adsorption
processes for both dyes were calculated as nega-
tive for all temperatures studied, and therefore it was
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stated that the adsorption took place spontaneously
(Sadoq et al., 2024).

3.9 Desorption

Desorption studies were performed with pH 8 dis-
tilled water, pH 10 distilled water, pH 12 distilled
water, 0.2 M NaOH, 1 M NaOH, and 0.1 M Na,CO;,
and the desorption of RB and RR dyes from WSSP
was determined. In the adsorptions performed at
the beginning of the desorption studies, an adsorp-
tion percentage of 31% for RB dye and 70% for RR
was determined. Figure 4a and b shows the desorp-
tion percentages of RB and RR dyes, respectively.
As seen in Fig. 4a, desorption percentages of 3, 5,
14, 12, 11, and 12% for pH 8 distilled water, pH 10
distilled water, pH 12 distilled water, 0.2 M NaOH,
1 M NaOH, and 0.1 M Na,CO;, respectively, have
been obtained for RB dye. Accordingly, the highest
desorption was achieved with pH 12 distilled water,
while the lowest was achieved with pH 8 distilled

water for RB dye. In Fig. 4b of the desorption of
RR,itis 3, 3,7, 5, 4, and 5% for pH 8 distilled water,
pH 10 distilled water, pH 12 distilled water, 0.2 M
NaOH, 1 M NaOH, and 0.1 M Na,CO;, respectively,
and the highest desorption was again achieved with
pH 12 distilled water, while the lowest was achieved
with pH 10 distilled water.

4 Comparative Study of Adsorption Capacity
of WSSP with Other Similar Adsorbents

For the RB and RR removal processes using WSSP,
the adsorption capacity of untreated WSSP used as
an adsorbent was compared with the capacities of
various other natural adsorbents, either treated or
untreated, used in the literature and used for dye
removal, and comparisons were given in Table 4.
According to Table 4, the adsorption capacity of
some untreated natural adsorbents can be high
or low. Although it is known that the treatment

Fig. 4 Desorption percent-
ages of a RB and b RR dyes

desorption(%)
oo

water  water  water

pH8 pH10 pHI12 02M
distilled distilled distilled NaOH NaOH Na2CO3

desorption(%)
e (=

[N}

IM  01M pH8 pHI10 pHI2 02M 1M 01M
distilled distilled distilled NaOH NaOH Na2CO3
water ~ water ~ water

(2)

(b)

Table 4 Comparison of

. o Adsorbent Ginax Reference

adsorption capacities of

various natural adsorbents Peanut hull 87.72 Gong et al. (2005)

in dye removal Pomegranate peel 30.47 Ghibate et al. (2021)
Banana peel 211.9 Stavrinou et al. (2018)
Walnut shells powder 178.9 Miyah et al. (2018)
WSSP 91.74 Present study
Cationic surfactant-modified peanut husk 146.2 Zhao et al. (2017)
Pomegranate fruit peel activated carbon 250 Ahmad et al. (2021)
Fe-modified banana peel 28.1 Catlioglu et al. (2021)
Amino functionalized walnut shells 224.4 Dovi et al. (2021)
Aminated pumpkin seed powder 200.3 Subbaiah and Kim (2016)
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of adsorbents generally increases the adsorption
capacity, some treated adsorbents may have low
adsorption capacity.

5 Conclusions

In this study, the evaluation of WSSP in the removal
of RB and RR dyes was examined. Characteristics of
WSSP and process parameters were investigated. The
surface morphologies and chemical characterizations
of WSSP were determined by SEM and FTIR ana-
lyzes, respectively. The highest removal percentages
were achieved at pH 3 and 1 for RB and RR, respec-
tively. The adsorption process reached equilibrium at
180 min and 300 min for RB and RR, respectively.
For both dyes, the highest adsorption capacities were
reached at 0.05 g of WSSP. As WSSP particle sizes
decreased, the removal percentages increased. Kinet-
ics of the RB and RR dye removal processes followed
the pseudo-second-order and intra-particle models.
The Langmuir isotherm clarified the equilibrium state
of both processes and thus proved the monolayer set-
tlement of the dye molecules. While positive AH? and
AS® values were obtained for the RB removal pro-
cess, the RR process exhibited these values as nega-
tive. For both processes, AG’ values explained that
the processes occurred spontaneously. In desorption
studies, the highest desorption percentage was deter-
mined for both dyes with pH 12 distilled water. This
study represented that the RB and RR removal was
successfully achieved using WSSP.
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