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ABSTRACT

Green walnut hulls are agricultural wastes released in vast amounts in Turkey. In this study, green
walnut hulls were used, without complex preparation, for the adsorption of methylene blue from
an aqueous medium. The influence of the optimum pH, initial dye concentration, adsorbent dose,
and agitation time on adsorption was explored. Optimal experimental conditions were detected
to be pH 10, 0.5 g/L of the adsorbent dose with 1,440 min of agitation time. The experimental
data complied with the Langmuir isotherm model, indicating chemisorption. According to this
model, the adsorbent capacity was 1,000 mg/g, and this process followed the pseudo-second-order
kinetic model. According to the thermodynamic investigation, the adsorption process of methy-
lene blue on green walnut hulls was exothermic, feasible, and spontaneous. Desorption stud-
ies and analytical applications were also executed. The usage of green walnut hulls ensures not
only reduced green walnut hulls wastes for environmental safety, but also provides a cheap and

abundant adsorbent for dye removal.
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1. Introduction

A major problem of today is rapidly increasing environ-
mental pollution. In this case, the impact of the wastewater
released from factories to rivers, lakes, and seas without
treatment is still quite high. Environment pollution led
by the paint industry is prominent because it causes seri-
ous damage to aqueous vegetation, microorganisms, and
human beings [1-3]. Methylene blue (MB) is a basic dye
utilized in paper, textile, carpet, and leather industries as
well as in printing and some fish farms. Exposure to MB
in high doses may cause nausea, headaches, shortness
of breath, vomiting, confusion, and high blood pressure
[2,4-7]. Due to the presence of nitrogen in its complex aro-
matic structure, it possesses highly mutagenic, teratogenic,
chromosomal fractures, and carcinogenic properties [8]. In
addition, artificial dyes have been linked to major adverse
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effects, including hyperactivity in children, cancer, and
allergies in both adults and children [9]. Therefore, it is
extremely beneficial to remove MB from water.
Considering the high permanence of dyes in nature and
how they affect water quality even at low concentrations,
removing them from wastewater has become very import-
ant. Wastewater treatment can be carried out by biologi-
cal, physical, and chemical processes; nonetheless, these
methods generally have many disadvantages. Biological
procedure needs a great deal of space, is sensitive to daily
changes, allows for easy exposure to chemicals, and has
a rigid design. Chemical and physical methods including
ion-exchange, coagulation, membrane separation, floc-
culation, oxidation, and adsorption, are usually expen-
sive, require high energy, and are suitable for limited
areas. However, physical methods for dye removal are
mostly used due to their simplicity and effectiveness [10].
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Adsorption offers superior features to the other tradi-
tional methods mentioned above regarding efficiency,
practicality, ecological benefits, easier application meth-
ods, and selectivity [7,11,12]. Furthermore, the adsorp-
tion processes can impede the occurrence of by-products
resulting from oxidation or the decomposition of dyes [13].
The approach is especially effective for dye sequestration
because it allows the molecule to be securely recovered
without fragmenting or distorting its bulky structure [14].
Because the efficiency of adsorption is totally dependent
on the nature of the adsorbent, researchers are always on
the lookout for a material that is both efficient and cost-ef-
fective. It is accepted that the adsorbent’s reusability is the
most important aspect impacting the adsorption process’
efficiency. It is usually desirable to have a durable material
that can withstand several adsorption/desorption cycles
and remains unaffected even after extended use [15,16].

Agricultural by-products and agricultural wastes are
often preferred due to their effectiveness as well as their
cheap and easily accessible nature. In addition, the usage
of agricultural wastes or by-products as adsorbents could
help to reduce the amount of waste. Besides, agricultural
waste materials can also be used as alternative process
adsorbents in dye removal. Banana peel waste [7], corn cobs
[4], parsley stalks, cucumber peels, watermelon seed hulls
[6], waste of citrus limetta peel [2], Lathyrus sativus husk
[17], macadamia nutshells [18], and cashew nutshells [19]
are some of the agricultural-based adsorbents discussed in
the literature. In Turkey, the walnut is a product that grows
in abundance. The husk or hull is the outer greenish layer
and has been used in limited studies [20]. It is an abun-
dant agricultural waste [21]. The green walnut hull was
reported to have a large surface area, a porous structure
that provides a higher capacity, and it is easy to obtain [22].
Celekli et al. [21] researched Lanaset Red G removal using
walnut husk and reported the kinetic model of pseudo-
second-order is valid. Basic Red 46 was also removed by a
walnut husk with a maximum capacity of 66.45 mg/g [23].
The walnut hull was employed for Cu(Il) adsorption and
yielded a Langmuir capacity of 3.52 mg/g for the Cu(II)
[24]. Cr(VI) removal with walnut hull was successfully per-
formed with a removal efficiency of 97.3% [25]. Phenol in
water was eliminated by a walnut green husk at pH 4 [22].
Dalali and Hagghi [26] used walnut green husk to elimi-
nate Cd(II) from aqueous solutions. It was reported that
sorption adhered to both the Freundlich and Langmuir
models. However, no further studies can be found in the
literature. From this point of view, this study is the first
on MB removal using green walnut hulls as adsorbents.

The usage of green walnut hulls ensures not only
reduced walnut waste for environmental safety, but also
provides a cheap and abundant adsorbent for MB removal.
In this research, the influence of pH, agitation time, adsor-
bent dose, temperature, and initial MB concentration was
appraised, in addition to equilibrium, thermodynamic, and
kinetic models.

2. Materials and methods

Hydrochloric acid (HCl), ethanol, sodium hydroxide
(NaOH), nitric acid (HNO,), sodium chloride (NaCl), acetone

and methylene blue (CI. 52015) (molecular weight 319.85 g/
mol, A__ 663 nm) (MB) were purchased from Merck. The
MB stock solution (1,000 mg/L) was prepared by the dis-
solution of the aliquot amount of MB. The model solutions
and standards of MB were prepared daily. HCI (1 mol/L),
HNO, (1 mol/L), NaCl (1 mol/L), NaOH (2 mol/L), ethanol,
and acetone were used for the desorption studies.

A pH meter was utilized for adjusting the pH of the
solutions (Mettler Toledo Five Go FG-2). The adsorption
studies were executed by using a vibration water bath
(Nuve ST-402) and an orbital shaker at 350 rpm (Biosan
0S-10). The absorption measurements for the MB were
carried out using a PG Instruments TG 80+ model UV-Vis
spectrophotometer (double beam) at 663 nm. The FT-IR
spectroscopy (Fourier-transform infrared spectroscopy)
examinations of the green walnut hulls was performed
between 4,000 and 400 cm™ (Perkin Elmer 100). The scan-
ning electron microscopy (SEM) analysis for the surface
morphology and energy-dispersive X-ray spectroscopy
(EDX) was carried out by using a Thermo Scientific Apreo
S Lo Vac. The Brunauer, Emmet, and Teller (BET) analysis
was performed using a Quantachrome Autosorb-IQ2 model
gas sorption analyzer. The elemental analyses were actu-
alized by using a Leco Truspecmicro elemental analyzer.
The pH_, (point of zero charge) value of the green walnut
hulls was determined according to the following method.
First, 25 mL of 0.01 mol/L NaCl solution in which the solu-
tion pH was set to 2-11 was added onto 10 mg of adsor-
bents. The solutions were agitated for 1440 min. Finally,
the final pH of the solutions was assessed. The plot of ApH
(PH,.~PHy,.) vs- pPH,,, was formed.

The green walnut hulls were provided by a local man-
ufacturer. First, the green walnut hulls were peeled and
broken into smaller pieces. These pieces were treated with
deionized water several times and then, shaken with deion-
ized water for one night. Afterwards, to remove the green-
brown color, the hulls were shaken with ethanol. Finally, the
hulls were dried at 75°C in an oven for 2 d and then sieved.

Optimization studies were executed in batch mode and
triplicate. 20 mL of solution containing 20 mg/L of MB was
used. The optimum pH was investigated in the range of pH
2-11, while the optimum adsorbent mass was examined for
10, 20, 30, and 60 mg. HCl and NaOH were used for set-
ting the initial pH of the MB. Ten mg of the green walnut
hulls were weighted and 20 mL 20 mg/L of MB solution
at a pH 2-11 range was added onto the adsorbent. Then,
they were agitated for 1440 min using an orbital shaker at
298 K. Afterwards, the supernatant was separated by filter
paper. The agitation time and kinetic models were stud-
ied for 5, 15, 30, 60, 120, 600, and 1,440 min using 10 mg
of the adsorbent amount, 20 mL 20 mg/L of MB concen-
tration at pH 10. Unless otherwise stated, the optimization
studies were performed for 1,440 min. The initial MB con-
centration and adsorption isotherms were investigated for
10, 25, 50, 100, 400, 800, and 1,000 mg/L. The effect of the
temperature and thermodynamic models were studied at
291, 303, 333, and 353 K. The supernatant was taken and
acidified by HCI before measurement. Subsequently, the
unadsorbed MB concentration was determined at 663 nm.
To calculate the MB adsorption efficiency (R, %), the
equation depicted below was used.
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The initial and at equilibrium MB concentrations are C,
(mg/L) and C, (mg/L), respectively. The adsorbed amounts
of MB by the green walnut hulls adsorbent is shown by the
following equation.

q - (CX CE)V (2)
m

where g is the amount of the adsorbed MB (mg/g), C, and

C, are the initial and equilibrium MB concentration (mg/L),

V is the volume of MB (L), and m is the amount of the

green walnut hulls (g).

3. Results and discussion
3.1. Characterization of the green walnut hulls

Greenwalnuthullshave a complexstructure consisting
of tannins, naphthoquinones, glycosides, naphthalenones,
a-tetralones, hydroxybenzoic acids, hydroxycinnamic
acids, flavonoids, diarylheptanoids, lignin, cellulose, and
hemicellulose [20,27]. The cellulose and hemicellulose
include various functional groups which have an affinity
to heavy metal and dye molecules. For instance, hydroxyl
and carboxyl functional groups are found in the cellulose,
and hydroxyl can form intermolecular hydrogen bonds
[28,29]. Moreover, Zhu et al. [30] reported these structures
have polar functional groups such as carboxyl groups and
phenolic hydroxyl as chemical bonding agents which lead
to chemical sorption.

The Fourier-transform infrared spectrum of the green
walnut hulls before and after MB adsorption is given in
Fig. 1. The spectra were registered from 4,000-400 cm™
preparing KBr pellets. The broad bands at 3,425 and
3,333 cm™ are attributed to the -OH stretching vibration of
the hydroxyl groups and -NH, groups [28,31]. The peaks
at 2,919; 2,851 and 2,850 cm™ for two adsorbents indicate
C-H stretching of the methylene groups. Although no sig-
nificant shifts were observed for these bands, the band
intensities were seen to increase after the adsorption of
MB. The bands at 1,737 and 1,731 cm™ pointed out C=O
stretching [31,32]. An apparent shift of C=O stretching in
the amide groups (amide band 1) or carboxyl occurred at
1,622 to 1,602 cm™, and severe changes at peak intensities
were also observed. The shifting from 1,373 to 1,390 cm™
and 1,318 to 1,328 cm™ indicated O-H bending and C-N
stretching. The increase in the peak intensities was barely
seen, which could be a result of the adsorption of the MB
on the green walnut hulls. The band shifts from 1,249 to
1,236 em™ could be associated with the C-O-C asym-
metrical stretching of hemicellulose, cellulose, and lig-
nin [21,33]. The peaks at 1,067 and 1,031 cm™ could be
attributed to the C-O-C stretching vibrations in the phe-
nols, alcohols, ester or ether group in cellulose [32-35].
Godini et al. [22] reported similar peaks for bare green
walnut hulls as those found in the current study.

In brief, it was thought that the main functional group
contributing to the adsorption process was the carboxyl
group. Li et al. [31] mentioned that the power of electro-
static interactions is not sufficient to alter the peaks of the
functional groups on the adsorbent surface. This shifting
could result from complex processes between the ionizable
functional groups and the MB molecule.
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Fig. 1. Fourier-transform infrared spectrum of bare and MB loaded green walnut hulls.
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SEM was performed for revealing the surface mor-
phology of the green walnut hulls. The elemental anal-
ysis of the green walnut hulls’ surface was carried out
by EDX. The SEM and the EDX images are displayed in
Fig. 2. A structure in which small plates are placed verti-
cally stood out when the bare adsorbent was examined.
Moreover, after the magnification factor increased, it
was understood that there were many indentations and
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protrusions on the surfaces of these plates. The existence
of these structures also increased the surface area. In
the EDX images, the peaks belonging to N and S atoms
observed after the adsorption could be evidence of the
adsorption of the MB molecule. The BET results revealed
that the surface area of the adsorbent was 8.372 m%g, the
total pore volume 1.7075-10° ¢m?®/g, and the average pore
radius 0.4079-10' A. According to the elemental analyses,
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Fig. 2. SEM and EDX images of the green walnut hulls before (a, c) and after (b, d) MB adsorption.
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the green walnut hulls adsorbent consisted of 1.08% N,
43.96% C, 5.55% H, and the value of S was not detectable.
The pH , value of the green walnut hulls was deter-
mined as 7.2. If pH | was higher than solution pH, the green
walnut hulls” surface became positive and repelled the posi-
tively charged species. The pH values above the pH  , meant
that the surface charge of the green walnut hulls became
negative and attracted the positively charged species.

3.2. Adsorption performances at different pH levels

The solution’s pH is the most critical criterion affect-
ing the adsorption performances by altering the func-
tional groups of the analyte and adsorbent, and the surface
charge. The adsorption performances were investigated
between the pH values of 2 and 11. The calculated removal
efficiencies are displayed in Fig. 3. A maximum adsorp-
tion efficiency was reached at pH 10 with 92.97 + 0.21%.
As seen in Fig. 3, the removal efficiencies were increased
as the pH was increased. Before the pH  value, the high
amount of the competitive H* in solutions make the active
sites of the green walnut hulls more positive (protonation of
the functional groups such as -OH}, protonation of carbox-
ylic acid groups). Therefore, electrostatic repulsion occurs
between the positively charged green walnut hulls surface
and cationic dye, and MB, resulting in decreased removal
efficiencies. After pHPZC, the removal efficiencies of the
MB increased due to the electrostatic interaction between
negatively charged active sites of the adsorbent (deproton-
ated surface) and positively charged MB molecules [36].
After the pHPZC value, the removal efficiencies reached the
highest value. Hence, the presence of electrostatic inter-
actions could be seen between the green walnut hulls and
the MB molecules [28,37]. Rashid et al. [38] also reported
the presence of the electrostatic interactions between
MB and a pumpkin peel activated carbon adsorbent.

As mentioned above, electrostatic interactions were
thought to be present. As the electrostatic attraction
between the negative charged surface of the adsorbent
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and positively charged MB increased at higher pHs, the
rate of the adsorption of the cationic dye also increased.
The optimum pH value was compatible with the earlier
studies in the literature for MB removal [38-40].

3.3. Adsorption performances in the presence of ionic strength

Salts are used in enormous quantities during the dye-
ing process. The effect of ionic strength on the removal
of MB was investigated by using 0, 0.05, 0.25, and 1% of
NaCl as a representative background impurity. The men-
tioned amount of the NaCl was added to the 20 mg/L of
MB solution. The results are depicted in Fig. 4. The removal
efficiencies decrease while the ionic strength of the solu-
tion increases. It has been reported in previous studies
that this trend could be the result of the weakening elec-
trostatic attraction between the analyte and the adsorbent
due to the presence of NaCl [41,42]. Besides, the presence
of sodium ion could reduce the surface charge of the adsor-
bent and leads to the aggregation of the adsorbent [43,44].
Similar results were reported in the literature [36,43,45].

3.4. Adsorption performances in different amount of adsorbent

The adsorption performances of the green walnut
hulls for the adsorbent amounts in the range of 5-60 mg
were examined. The results are depicted in Fig. 5. The
calculated values were 91.90 = 0.031%, 93.44 + 0.79%,
91.03 + 0.19%, 90.27 + 0.17%, 91.75 + 0.01% for 5, 10, 20, 30,
and 60 mg of adsorbent amount, respectively. Although
the removal efficiencies did not change significantly, the
10 mg of the adsorbent amount (0.5 g/L of dose) was the
highest value and thus was selected for further studies.
That trend might be the result of a high number of active
sites, or pores that approve effortless adsorption [24].
Markovic et al. [46] calculated the optimum dose of the
raw peach shell particles to be 4 g/L for 20 mg/L of the
MB removal. Ng et al. [33] used 0.05 g of rice husk and oil
palm empty fruit bunch for the removal of the MB solution
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Fig. 3. The adsorption performances at different initial solution pH (Experimental conditions: initial pH range: 2-11,
adsorbent amount: 10 mg, initial MB concentration: 20 mg/L, agitation time: 1,440 min, volume of the solution: 20 mL).



286

Y. Islek Coskun / Desalination and Water Treatment 247 (2022) 281-293

100

Removal efficiency (%)

0 0.05

0.25 1

NaCl concentration (%)

Fig. 4. Adsorption performances in the presence of ionic strength (Experimental conditions: initial pH: 10, adsorbent amount:
10 mg, initial MB concentration: 20 mg/L, agitation time: 1,440 min, volume of the solution: 20 mL, NaCl concentration 0-1%).
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Fig. 5. The adsorption performances in different adsorbent amount (Experimental conditions: initial pH: 10, adsorbent amount
range: 5-60 mg, initial MB concentration: 20 mg/L, agitation time: 1,440 min, volume of the solution: 20 mL).

concentration ranging from 4-12 mg/L. It was reported that
the optimum adsorbent dose of chemically transformed
soya waste was 2 g/L for the removal of 50 mg/L of MB con-
centration [47].

3.5. Equilibrium studies and investigation of initial concentration

Adsorption isotherms help to comprehend the distri-
butions of molecules between an adsorbent and adsorbate
at the equilibrium time. Adsorption isotherms associate
the amount of analyte absorbed by the adsorbent with the
concentration of analyte remaining in the solution after the
equilibrium is reached. Furthermore, isotherm models allow
for the evaluation of the adsorption mechanism. The most
used isotherm models, being the Langmuir, Freundlich,
and Dubinin-Radushkevich (D-R) models, were used in

the current study for this evaluation. The Langmuir model
assumes a homogeneous surface with a finite number of
adsorption sites, with adsorption taking place at a mono-
layer in nature, and expects chemisorption. This model
confirms that there is no interaction between the adsorbed
molecules [46], whereas the Freundlich model suggests
a heterogeneous surface, multilayer adsorption, and the
presence of interactions between the adsorbed molecules
[6,47]. The D-R isotherm model is more general than the
Langmuir model, suggesting that the surface is not homo-
geneous and that the energy of the surface is differentiated
during the adsorption [30]. The equations of the Langmuir,
Freundlich, and D-R isotherm models are given in Table 1.
The isotherm models were investigated in experimen-
tal conditions using pH 10, 10 mg of the adsorbent amount,
20 mL of solution volume, 1,440 min of agitation time, and
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Table 1

Calculated isotherm values of the Langmuir, Freundlich, and D-R models for MB adsorption on the green walnut hulls

Langmuir isotherm model

C = (1JC8 + ! Q... (mg/g) 1,000
9\ Quax Qe
b (L/mg) 0.03533
7= 1C+qC7KKLL ke 0.994
Separation factor (R,) 0.531-0.028
Freundlich isotherm model
loggq, =logK + %log C, 1/n 0.4537
q. = KC" K (mg/g)(L/mg)"" 66.97
R? 0.9593
D-R isotherm model
InQ=1InQ, —ke* E (kJ/mol) 11.32
Q,, (mol/g) 0.0088
E=(2k)" k (mol2/kJ?) 0.0039
R2 0.9743

g,- amount of adsorbed MB/amount of adsorbent (mg/g); C : equilibrium concentration of the solution (mg/L);

Q... monolayer adsorption capacity of Langmuir isotherm model (mg/g); b: Langmuir constant (L/mg), 1/n: dimensionless

Freundlich constant for the intensity of the adsorbent; K: Freundlich constant ((mg/g)(L/mg)""); e: Polanyi potential

(RTIn(1 +1/C)); T: absolute temperature (K); Q: amount of dye adsorbed per unit weight of adsorbent (mol/g);

R: gas constant (kJ/mol K); Q, : adsorption capacity (mol/g); k: factor associated to adsorption energy (mol*/k]J?).

25, 50, 100, 200, 400, 800 and 1,000 mg/L of the initial MB con-
centration. The isotherm values are presented in Fig. 6 and
Table 1.

It was found that by increasing the concentration of MB
from 25 to 1,000 mg/L, the removal efficiency was reduced
from 96.8% to 47.3%. This was because of the limited num-
ber of active sites saturated in high concentrations of dye.
Similar results were also obtained by Nasseh et al. [48].

Considering the maximum coefficients of correlation
(R?), the experimental datum follows the Langmuir iso-
therm expressing monolayer and homogeneous adsorp-
tion. According to this model, the adsorption of MB on the
green walnut hulls was chemisorption-based. Meanwhile,
in Fig. 6e, it was clearly seen that the Langmuir model was
more satisfactorily fitted to the experimental data than that
of the Freundlich model. The Langmuir isotherm indicated
that when the concentration rises to a saturation point, the
amount of methylene blue adsorbed increases. Increasing
the methylene blue concentration beyond this point will
not result in any additional increases. Adsorption increases
with increasing methylene blue concentration if available
sites exist. A further increase in the methylene blue con-
centration will not enhance the quantity of methylene blue
on the adsorbent once all the sites have been occupied.
1/n value shows the heterogeneity of the surface, where

if the values are closer to zero, the surface becomes more
heterogeneous, and if the values are lower than 1, a nor-
mal Langmuir isotherm is indicated [49]. As seen in Table
1, the 1/n value (0.4537) was below 1, and the adsorption
obeyed the normal Langmuir isotherm model. Besides, the
separation factor (R) value indicates whether the adsorp-
tion is favorable or not. The adsorption is favorable if the
R, value is in the range of 0-1, then, a value above 1 indi-
cated unfavorable adsorption. If the R, is 1, shows the linear
adsorption and an R, equal to 0 shows irreversible adsorp-
tion [6]. As indicated in Table 1, since the R, values lay
mostly in the range of 0.531-0.028, adsorption was favorable.
The mean free energy of the adsorption (E) can be calcu-
lated from the related equation in Table 1. If the value of E is
between 8 and 16 kJ/mol, the adsorption process is chemical
sorption or ion exchange, and if it is less than 8 kJ/mol, the
adsorption process is physical [30]. As tabulated in Table 1,
the E value was 11.32 k]J/mol, showing that the chemisorp-
tion or ion exchange was valid for the adsorption of the MB
on the green walnut hulls. The biosorption of the MB by
cucumber peels and watermelon seed hulls [6], the removal
of MB with pumpkin peel activated carbon adsorbent [38],
and isotherm data of silica coated soya waste [47], all con-
form to the Langmuir model. Conversely, the application
of raw peach shells for the MB removal indicated that the
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Fig. 6. Graphs of isotherm models, (a) Langmuir, (b) Freundlich, (c) D-R isotherm models, (d) adsorption capacity vs. initial MB
concentration, (e) q, values vs. C, and (f) values of R, vs. C; (Experimental conditions: initial pH: 10, adsorbent amount: 10 mg,
initial MB concentration: 25-1,000 mg/L, agitation time: 1,440 min, volume of the solution: 20 mL).

mechanism of biosorption agreed with the Freundlich and
Brunauer-Emmett-Teller (BET) adsorption isotherms [46].

The maximum adsorption capacity was calculated as
1,000 mg/g from the Langmuir isotherm model. The exper-
imental capacity (950 mg/g, Fig. 6d) is quite close to this
value. In Table 2, the analogy of the adsorption capacities
and experimental conditions of some adsorbents in the lit-
erature can be seen. It was clear that the green walnut hulls
provided the highest adsorption capacity of all.

3.6. Kinetic studies and investigation of agitation time

The investigation of the optimum agitation time was
executed for 5, 15, 30, 60, 120, 300, and 1,440 min at 25°C.

The adsorption rate was very rapid, even in the first
5 min, and the removal efficiency was calculated to be
79.13 + 0.75%. This result presumably was a sign of having
a large number of active adsorption sites. When the existing
adsorption sites were occupied, the adsorption efficiency
remained constant [52]. Then, the highest value was reached
at 1,440 min with 92.60 + 1.15% of removal efficiency.

Kinetic models were investigated to get information
on the design and modeling of the removal processes. The
kinetic studies were researched by examining the Lagergren
pseudo-first-order, pseudo-second-order, and Weber-Morris’s
models. The data obtained from the above-mentioned
kinetic models and the related equations are tabulated in
Fig. 7 and Table 3.
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Table 2
Comparison of agriculturally based adsorbents for MB removal with respect to some experimental conditions and adsorption
capacities
Adsorbent Optimum Agitation ~Adsorbent Maximum adsorption References
pH time (min) dose (g/L) capacity (mg/g)
Parsley stalks 7-10 240 2 400 [6]
Cucumber peel 7-10 100 2 111.11 [6]
Watermelon seed hulls 7-10 80 2 57.14 [6]
Beetroot functionalized pumpkin peel activated carbon 7 180 5 198.15 [38]
Silica coated soya waste 6 15 2 90 [47]
Raw peach shell particle 5.5 180 4 183.6 [46]
Oil palm empty fruit bunch 8.19 - *0.05g 185.19 [33]
Mentha plant waste biochar-700°C 10 30 1 588.24 [40]
Magnolia grandiflora tree leaves biochar 12 1,440 0.5 101.27 [50]
Mangosteen peel wastes biochar 10 160 0.5 871.49 [51]
Green walnut hulls 10 1,440 0.5 1,000 This study
*Adsorbent amount
1
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Fig. 7. Graphs of kinetic models, (a) removal efficiency vs. agitation time, (b) pseudo-first-order, (c) pseudo-second-order, and
(d) Weber—Morris kinetic models (Experimental conditions: initial pH: 10, adsorbent amount: 10 mg, initial MB concentration:
20 mg/L, agitation time range: 5-1,440 min, volume of the solution: 20 mL).

As depicted in Table 3, the highest and closest correla-
tion coefficient (R?) to unity was obtained for the pseudo-
second-order with 0.9999. Additionally, the calculated (q,_,)
and experimental adsorption capacities (4, erp) also had the
closest value to each other for the pseudo-second-order.
These results indicated that the adsorption kinetic agreed

with the pseudo-second-order, pointing out the adsorp-
tion is chemisorption based, comprising the sharing, or
exchanging of electrons between the dye molecule and the
adsorbent [53]. Finally, the correlation coefficients of the
intraparticle diffusion model were also found to be high.
That finding showed the adsorption of the MB on green
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Table 3
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Kinetic data for the pseudo-first-order, pseudo-second-order, and Weber-Morris for the adsorption of MB on green walnut hulls

Model Pseudo-first-order Pseudo-second-order Weber-Morris
k -t t 1 t

Equation lo —gq)=logg ——1 —= +— =k -t +1]

q gle.-a)=logd.~50s Tk Ty 9, = ki

Fitted model log(q, —g,) = 0.7434 — 0.0002¢

q;
R? 0.5621 0.9999
Rate constant (k) 0.0004606 0.00766
[ (mg/g) - -
Calculated ¢, (4,.,)  5.53 17.09
Experimental g, (4,,,,) 20 20

L. 0.4466 + 0.0585¢

q,=0.6837 -t +10.656 g, =0.0524-*° +15.062

0.8945 0.9827
0.6837 0.0524
10.656 15.062

t: the agitation time (min); g, and g, express the adsorption capacity at time ¢ and at equilibrium (mg/g);
k, and k,: the pseudo-first-order (1/min); pseudo-second-order rate factors (g/mg min); I thickness of the boundary layer (mg/g),

k. Weber-Morris rate constant (mg/g min®?).

walnut hulls was also controlled by the intraparticle diffu-
sion model. However, since the line did not pass through
the origin, the rate limiting mechanism was not merely con-
trolled by intraparticle diffusion. The magnitude of inter-
cept (I) defines the effect of boundary layer thickness [54]. If
the magnitude of intercept is high, it means the adsorption
is boundary layer controlled. In brief, both chemical sorp-
tion and intraparticle diffusion were presumed to affect the
adsorption of MB on the green walnut hulls. Similar results
were recorded for the following studies: the biosorption
of MB on parsley stalks [6], MB and neutral red removal
by soya waste [47], and MB adsorption with pumpkin
peel [38].

3.7. Thermodynamic studies and investigation of temperature

The temperature reliance of the adsorption was
researched in the temperature range of 291-353 K while
other experimental conditions were constant (20 mg/L of
initial MB concentration, 20 mL of volume, 10 mg of adsor-
bent amount, pH 10 and agitation time 1,440 min). The ther-
modynamic parameters of entropy change (AS°), enthalpy
change (AG®), and standard Gibbs free energy (AG®) were

Table 4

calculated, and the results are indicated in Table 4. AH® and
AS° values were obtained by the slope and the intercept
of the plot between InK; and 1/T, respectively. The related
equations are also represented in Table 4. The removal
efficiencies were observed to insignificantly decrease as
the temperature increased. The removal efficiencies were
98.54 + 0.20%, 97.91 + 0.99%, 97.84 + 0.30%, 96.23 + 0.36%
at 291, 303, 333, and 353 K. The relationship between the
removal efficiencies and temperature is shown in Fig. 8.
The positive value of AS°® indicated increased ran-
domness in the system. In addition, the AH® values below
zero showed the adsorption was exothermic, namely as
the temperature increases, the adsorption efficiency will
decrease [30]. The decrease in the adsorption efficiency
with increased temperature might be the reason for the
weakening in adsorptive attractions between MB mol-
ecules and active binding sites of green walnut hulls [40].
The plot in Fig. 8 confirms this phenomenon. The AG°
value below zero pointed out the spontaneous and favor-
able nature of the adsorption process. Similar results were
reported for the MB adsorption with cucumber peels and
watermelon seed hulls [6]. The thermodynamic behavior of
the Cress seed mucilage magnetic composites for the MB

The thermodynamic values for the adsorption of MB on green walnut hulls

Temperature (K) AS° (J/mol K)

AH® (kJ/mol) AG® (kJ/mol)

291
303
2.61
333
353
Equations AG®=—-RTInK,

-11.76
-11.79
-10.

099 -11.87
-11.92

o A o

InK, = AH + 5

RT R

T: temperature (K); AS°: entropy changes (J/mol K); AG®: free energy change (kJ/mol); AH®: enthalpy changes (k]J/mol);
K,: thermodynamic equilibrium constant (L/mol); R: gas constant (8.314 J/mol K).
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Fig. 8. The adsorption performances at various temperatures
(Experimental conditions: initial pH: 10, adsorbent amount:
10 mg, initial MB concentration: 20 mg/L, agitation time:
1,440 min, volume of the solution: 20 mL)
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Fig. 9. Desorption of MB from the adsorbent by various solutions.

adsorption also confirmed spontaneous and exothermic
behaviors [55]. On the contrary, the MB removal with
parsley stalk recorded that the adsorption was endother-
mic, and the entropy change of the system was positive,
while the AG® was below zero [6]. In addition, the adsorp-
tion of the MB by pumpkin peels reported an endother-
mic nature due to decreased viscosity, increased mobility
of the analyte molecules, the activation of the adsorbent
surface, and the dilation of the pore size [38].

3.8. Desorption studies

The desorption of the adsorbed methylene blue from
the green walnut hulls adsorbent was investigated using
HCI (1 mol/L), HNO, (1 mol/L), NaCl (1 mol/L), NaOH
(2 mol/L), ethanol, and acetone. 20 mL of these solu-
tions were used for the desorption process. After 24 h,
to remove the excess desorption solutions, the adsor-
bents were washed with distilled water several times.
The results are presented in Fig. 9. The desorption effi-
ciencies were below 60%. The distilled water could not
desorb the MB from the adsorbent. The highest desorp-
tion efficiencies were obtained for HCl (52.08 + 2.92%),
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acetone (50.84 + 8.47%) and the first cycle of ethanol
(56.78 £ 0.11%). The low desorption efficiencies might be
a result of chemically binding methylene blue molecules
on the green walnut hulls adsorbent [38]. After the third
cycle, the adsorption efficiencies of the adsorbents treated
by NaCl, NaOH, ethanol, and acetone still were above
95%. However, with the third cycle, the adsorption effi-
ciencies for those treated HCl and HNO, reached nearly
30%. This trend might be because of the deformation of
the adsorbent surface by strong acids [56]. Additionally, it
is thought that the high adsorption efficiency of the adsor-
bents studied with other desorption solutions is due to the
high capacity of the adsorbent.

3.9. Analytical applications

The proposed method was applied to the real indus-
trial wastewater effluents (WE1, WE2) and tap water sam-
ples. The samples were spiked with 10 and 100 mg/L of
MB, and the adsorption process was applied under opti-
mum experimental conditions. Blank samples were also
prepared. The removal efficiencies of the 10 mg/L spiked
water samples were found to be 98.21 + 1.16%, 97.45 + 0.94%,
99.75 £ 0.12% for WE1, WE2, and the tap water samples,
respectively. Similarly, the removal efficiencies obtained
in WE1, WE2, and the tap water samples with 100 mg/L
MB spiked were as follows, respectively: 97.33 + 1.52%,
96.22 + 0.85%, and 97.04 + 0.25%. The results indicated that
the prepared adsorbent successfully removed the MB dye
from the complex matrix of the studied real water samples.

4. Conclusion

In this study, it was found that green walnut hulls,
which is a waste released in large quantities, successfully
removed the MB from the aqueous environment. With this
study, it was clearly understood that green walnut hulls are
a friendly and effective option to diminish environmental
pollution. As seen in the comparison chart, green walnut
hulls had a huge adsorption capacity (1,000 mg/g) for MB.
The optimum adsorbent dose (0.5 g/L) is much lower than
that of most of the adsorbents in the literature. Although
there is no special pre-treatment (chemical, and thermal
activation, etc.), in the preparation of this adsorbent, it is
very important that the adsorbent has a high capacity. In
this way, an unnecessary use of time, chemicals, and energy
is prevented. This stands out as an important advantage for
the environment. The optimum pH was calculated to be 10.
The adsorption process agreed with the Langmuir isotherm
model with an R? value of 0.9816. The pseudo-second-order
was defined well by the experimental data. According to
the thermodynamic studies, the adsorption was exothermic,
spontaneous, and feasible. Desorption was investigated by
various solutions. However, desorption efficiencies were
below 60%, indicating possible chemical binding. The
adsorbent applied to the real water samples successfully.
With this study, an easily accessible and prepared, inexpen-
sive, environmentally friendly adsorbent has been devel-
oped for MB removal. For future research, green walnut
hulls could be used for the removal of other contaminants
through the application of different processes.
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