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ARTICLE INFO ABSTRACT
Keywords: This paper discusses the nanoadsorption mechanisms of crystal violet (CV) using a nano-hazelnut shell (nano-HS)
Nanoadsorption from an aqueous solution. The effect of various factors such as pH, temperature, and initial CV concentration on

Low-cost agricultural waste
Crystal violet dye
Biosorption

Adsorption process

the adsorption process was also evaluated. The physical and chemical characterizations of hazelnut shells (HS)
and nano-HS were studied using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), and transmission electron microscope (TEM). Various functional groups including —OH, C—=0, C—H, and
C—O were identified that are facilitated the CV sorption onto the adsorbents. Additionally, the SEM revealed the
adsorbents as a heterogeneous structure with deep cavities and high porosity, which is thought to play a vital role
in capturing and binding the CV ions onto the surface of the adsorbent. The optimum pH in this study was re-
ported to be 10. While Langmuir isotherm was identified as the best-suited model to describe the adsorption
process, with a 93% and 96% correlation coefficient for HS and nano-HS, respectively. 181.82 mg/g was the
maximum adsorption capacity for HS and 294.12 mg/g for nano-HS at 45 °C. Additionally, the positive value of
changes in enthalpy for HS (21.912 kJ/mol) indicated the reaction was endothermic while the negative value
(—47.541 kJ/mol) for nano-HS signifies that the CV adsorption onto was an exothermic reaction. The Gibbs free
energy was found to increase with smaller nanoparticle sizes. On the other hand, the effects of particle size on the
enthalpy and the entropy were increased.

water quality and leads to gas solubility, and also affect the aquatic life
and the food web [5]. The maximum discharge limits and toxicological
effects of most dyes on the environment and human health are not yet
established. However, the color limit and measurement are only
required as specific limits for dyes and colored water limits. However,
the typical characteristic of textile effluent is 50-2500 Pt-Co unit, and
the effluent color limitation is 100 Pt-Co unit [5,6].

As such, one of the members of the triphenylmethane class of dyes is
crystal violet (CV). CV is cationic and is readily used in textile, paper,
and other fields and subsequently found in wastewater effluent. CV is
considered carcinogenic hazardous, and mutagenic for living organisms
and categorized as a rebellious molecule that is non-biodegradable
hence persists in the environment for a very long time [7]. In addi-
tion, it is known to be detrimental for both aquatic animals and humans.
For aquatic animals it is known to be responsible for mitotic poisoning,
which is associated with the abnormal accumulation of metaphases,
tumors in fishes as well as hepatocarcinoma, reticular cell sarcoma in
various organs including the ovary, bladder and, uterus [8]. While in
humans, it can cause chemical cystitis, irritation of the skin and

1. Introduction

Water pollution has increased exponentially with the increase in the
human population as such textile industry is considered one of the major
industries that consume a high quantity of chemicals and water and as a
result, produces environmentally hazardous wastewater [1]. The use of
dyes in recent years has increased exponentially. According to Ben
ManSour et al. [2] around 800,000 tons of dyes are produced every year.
Cationic dyes are most commonly used due to their high solubility and
ease of dyeing various fabrics including silk, wool, paper and, acrylic
[3]. Due to the excess use of such products, the water discharged from
the industry consists of various hazardous chemicals including heavy
metals, azodyes, bisphenol A (BPA), suspended solids, high chemical
oxygen demand (COD), and biological oxygen demand (BOD) [4]. Dyes
cannot undergo degradation; hence, are present in water bodies for a
very long time, which can prevent the passage of light into the water.
This has become one of the most crucial environmental issues. Such
hindrance can affect photosynthetic activities, which can affect the
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Nomenclature

Adsorbent mass m
Brunauer-Emmett-Teller BET

Bisphenol A BPA

Biological oxygen demand BOD

Celsius °C

Chemical oxygen demand COD

Crystal violet CV

Dubinin-Radushkevich isotherm constant &
Entropy change AS°

Enthalpy change AH°

Electrostatic potentials ESP

Freundlich constant Kg

Final concentration (after adsorption) C.
Fourier transform infrared spectroscopy FTIR
Gibb's free energy change AG°

Highest occupied molecular orbital HOMO
Hydrochloric acid HCl

Hazelnut shells HS

HS nanoparticles Nano-HS

Initial concentration (before adsorption) Co
Lowest unoccupied molecular orbital LUMO
Maximum monolayer coverage capacity Qo

Mass M

Temkin isotherm constant by

Toluidine Blue TB

Theoretical isotherm saturation capacity (mg/g) qs
Temkin isotherm equilibrium binding constant Ay
The adsorption capacity Q.

Transmission Electron Microscopy TEM

Ratio r

Scanning Electron Microscopy SEM

Sodium hydroxide NaOH

digestive tracts, respiratory and renal failure [9].

Therefore, appropriate methods to eliminate these pollutants from
water are necessary before releasing them into the environment [10].
Wastewater treatment can be classified into three major groups (i)
physical treatment (ii) biological treatment and (iii) chemical treatment.
Fig. 1 illustrates some of their methods and the advantages and disad-
vantages associated with them. Although existing technologies such as
membrane processes, chemical reactions, sedimentation, biological
process, precipitation, electrochemical, ion exchange, coagulation-
flocculation, and flotation may be efficient for removing CV from
wastewater, they are rather expensive and time-consuming [11]. While
electrochemical degradation and nanofiltration have not been identified
as optimum solutions [12-14]. Adsorption, on the other hand, has
emerged as a promising technique for treating aqueous effluent owing to
its simplicity and cost-effectiveness. Over the years there have been
several studies enriched with adsorption techniques for cationic dye
removal from the liquid solution. Such vast studies have shown
agricultural-based adsorbents as a promising alternative to the current
conventional materials that are readily used [15-17]. Additionally, in

recent years emerging technology incorporates nanoparticle-based ad-
sorbents. Several researchers have investigated the adsorption of dyes
using various agricultural waste including Shoukat et al. [18] used
mango stone for CV removal and found adsorption capacity as 52.6 mg/
g. Nguyen et al. [19] investigated the efficient removal of toxic organic
dyes using a zirconium-organic framework as a recyclable nano-
adsorbent. Methylene blue and methyl orange were chosen as model
dye pollutants. It had a superior maximum capacity (746 mg/g and 726
mg/g, respectively) and reusability over several cycles of the adsorption.
Raza et al. [20] studied the adsorption of organic dyes using a 2D copper
(ID)-carboxylate framework. Three organic dyes, namely methylene
blue, methyl orange, and methyl red were studied. The dye removal
efficiency was attributed to the shapes, synergy among structure, di-
mensions, and ionic strength of dyes to the adsorbent structure.

On the other hand, Moharrami & Motamedi [21] prepared cellulose
nanocrystals from agricultural waste and obtained 2500 mg/g and
1428.6 mg/g adsorption capacity for CV and methylene blue, respec-
tively. Similarly, other studies include potatoes plant waste [22], date
palm leaves [23], agro-industrial [24], peanut hull waste biomass [25],

Advantage
1. Fast 2. UV sludge produced during UV
irradiation and electro-chemical destruction 3.
Ultraviolet Ozonation has not reported to increase waste
Chemical irradiation, water quality
Treatment ozonation,
oxidation, Disadvantage
coagulau'on, \ 1. Expensive 2. Produce toxic by-products
flocculation  and 3. Ozone as short half life 4. Generation of
Fenton’s reagent sludge
Wastewater - N filrat Advantage
Physical a0 h LrEon, 1.Simple 2. Produces high quality of water with
treatment Treatment 10n-C)fc angcf, . ion exchange 3. Adsorption is cheap, eco
. zr:;\éerse ad:(:rrg:)i:)l; friendly and easy to operate
teChnlqueS membrane
filtration Disadvantage
1. Requires high pressure in RO. 2. costly. 3.
membrane fouling
Fungal
Biological degradation, . Adyantage '
anaerobic and 1.Effecient 2. Reusability 3. cost effective
treatment aerobic  bacterial
and enzyme Disadvantage
degradation 1. Selectivity 2. Toxicity 3. Requires large space
for bioreactors 4. micro-organisms are selective
cannot be used for all pollutant at once.

Fig. 1. Various wastewater treatment and their advantages and disadvantages [11].
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sugarcane bagasse soot [26], and hyacinth [27]. While Putri et al. [28]
have reported successful removal of cationic dyes from aqueous solution
as well as effluents. In addition to being low-cost, such materials also
inherent other advantages including minimization of waste yet deliv-
ering high efficiency in dilute solution, no additional requirement of
nutrient, ease of operation, and non-hazardous to the environment [29].

Cellulose is one of the key molecules that are found in various
agricultural by-products, which has been reported to be useful in the
adsorption process. Cellulosic biomaterials are suitable adsorbents due
to their richness in organic functional groups such as carbonyl, amine,
hydroxyl, carboxyl, ester, amide, and others [30,31]. Cellulosic biomass
is a heterogeneous substance that consists of cellulose, hemicellulose,
and lignin as well as a complex polymer of phenylpropane units [32].
Generally, the biosorption capacity of biosorbents depends on several
parameters including the physicochemical properties of the biosorbent,
the presence of other competing ions, and various factors such as tem-
perature and pH. Hazelnut shells (HS) exist in large quantities around to
world as food waste. HS consists of various polar functions including
alcoholic, carboxylic, and carboxylic, which can facilitate sorbent and
pollutant binding [33]. Additionally, HS is beneficial because of its
microporous and mesoporous structure and large surface area. Just like
other agricultural waste, HS is also rich in lignin, cellulose, and hemi-
cellulose. Various literature including Uyan et al. [34], Senol [35], and
Hosgiin et al. [36], Demirkaya et al. [37], and Gozaydin & Yuksel [38],
studied the chemical morphology of HS. All studies found lignin as a
dominant polymer present in HS, while cellulose and hemicellulose
percentages varied according to region. Moreover, HS can be used in a
broader context and remove other cationic dyes from an aqueous me-
dium. Various studies were conducted to understand the adsorption
mechanism of cationic dyes by HS [39-43].

Nanoparticles have widely been used as adsorbents for water and
wastewater matrices, and have unique adsorption properties compared
with corresponding bulk particles [13,44-47]. The effect of nanoparticle
size is not well understood. Hence, it is vital to investigate the effect of
nanoparticle size on the overall nanoadsorption processes and
thermodynamics.

Based on our knowledge no study has investigated the removal of CV
by nanoparticles of hazelnut shells. Keeping the efficiency and impor-
tance of biosorption, the present study aims to assess the efficiency and
the potential of using a nano-hazelnut shell (nano-HS) for CV adsorp-
tion. The effects of pH, temperature, initial CV concentration, and par-
ticle size on the CV adsorption mechanisms onto HS and nano-HS were
carried out. Additionally, the experimental data were modeled in four
different isotherms, namely Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin. Over and above, the effect of nanoparticle
size on the adsorption thermodynamics was investigated.

2. Methodology

2.1. Materials collection and preparation hazelnut shells (HS) and HS
nanoparticles (nano-HS)

Hazelnut shells were collected from a local Qatari Market. The shells
were cracked, compressed, and sieved using a mechanical sieve (Retsch,
5657 HAAN W Germany) to obtain different particle size ranges. Each
particle size range was collected, stored in a glass bottle, and kept in a
dry place. The (0.125 mm-0.250 mm) range was used throughout the HS
experiments. The HS nanoparticles (nano-HS) were attained from
CryoMill (Retsch CryoMill). The nano-HS were washed with distilled
water three times and dried in the oven overnight at 65 °C.

2.2. Preparation of stock solution of crystal violet
A stock solution of 1000 mg/L of CV was prepared in distilled water.

The CV was obtained from Breckland Scientific Supplies Ltd. (chemical
formula Cy5H39N3Cl, molecular weight 407.98 g/mol, Ayax = 591 nm).
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2.3. Characterization of the adsorbents (HS and nano-HS)

Physical and chemical characterizations of HS and nano-HS were
studied. Scanning electron microscopy (SEM) (Nova™ Nano SEM 50
Series) and transmission electron microscope (TEM) were used to
determine the surface characterization and understand the morphology
of the adsorbent. Brunauer— Emmett-Teller (BET) (Quantachrome Cor-
poration, Nova 3000) was used to determine the surface areas and pore
size distribution. Fourier transform infrared spectroscopy using a uni-
versal attenuated total reflectance sensor (FTIR-UATR) (PerkinElmer,
spectrum range: 400 cm ™! to 4000 cm ™) was used to determine the
functional group present on the surface of the adsorbents.

2.4. The effect of pH on the adsorption capacity of CV onto HS and nano-
HS

The adsorption experiment for the effect of pH was carried out at
different pH (2, 4, 6, 8, and 10). The diverse pH values of CV solution
were adjusted by adding 0.1 M sodium hydroxide (NaOH) and 0.1 M
hydrochloric acid (HCI) solution using a pH meter (pH meter, Jenway
370). A mass of 0.05 g of the adsorbent was added to the glass beaker.
Subsequently, the samples were kept in the rotary shaker (Brunswick
Innova® 2100/2150 Shaker) at 160 rpm for 48 h (the defined adsorption
equilibrium time) at room temperature. Then, the bottles were removed,
filtrated, and analyzed using a UV-Vis spectrometer (PerkinElmer
Lambda 25 UV/Vis). The experiments were performed in triplicate and
the average values were used to demonstrate the results.

2.5. Effect of initial concentration and solution temperature on the
adsorption capacity of CV onto HS and nano-HS

The batch adsorption experiments were carried out at different
initial CV concentrations, (20 mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 300
mg/L, 400 mg/L, 500 mg/L, 700 mg/L, 800 mg/L, and 1000 mg/L). The
mass (m) to volume (V) ratio (m:V) was kept as 1:1. 0.05 g of the
adsorbent was added in the borosilicate glass bottles and the final vol-
ume was adjusted to 50 mL. Based on the pH batch adsorption experi-
ment (Section 2.4) results, the CV solution was adjusted to pH 10 for
both adsorbents. The bottles were placed in a rotary shaker (Brunswick
Innova® 2100/2150 Shaker) at 25 °C for 48 h at 160 rpm.

To determine the effect of temperature on the adsorption process, the
batch CV adsorption experiments were conducted at different solution
temperatures, 25 °C, 35 °C, and 45 °C. The same protocol was followed
for HS. To validate the data, the experiments were performed in tripli-
cates and average values were presented,

The solution was then filtered using a syringe and a 0.20-pm mem-
brane filter, and the nano-HS size was filtered by first centrifuging
(Heraeus™ Megafuge™ 16 Centrifuge Series) and then carrying out
filtration. The separated solutions were diluted prior to UV-Vis spec-
trophotometer analysis. The adsorption capacity (Q,, mg/g) was calcu-
lated by Eq. (1) [48],

(Co—Ce) xV
m

Q. = x 100% ®

where Cy and C, are the initial and equilibrium CV concentration (mg/L)
before and after adsorption, receptively, V is the CV solution volume (L)
and m is the adsorbent mass (g).

2.6. Adsorption isotherm

Table 1 shows the four isotherm models that were studied in the
current study.
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Ce: Equilibrium concentration of adsorbate on the adsorbent (mg/L); b: Langmuir isotherm constant or
affinity constant (dm®/mg); qe: Amount of the adsorbate at equilibrium (mg/g); Q,: Maximum monolayer
coverage capacity (mg/g); Ar: Temkin isotherm equilibrium binding constant in (L/g); by: Temkin
isotherm constant which is related to sorption heat (J/mol); Kg: Freundlich constant ((mg/g)/(g/L)l/ ™
1/n: the intensity of the adsorption or surface heterogeneity indicating the energy relative distribution
and the adsorbate sites' heterogeneity; q,: Theoretical isotherm saturation capacity (mg/g)

¢: Dubinin-Radushkevich isotherm constant [49]

Table 1
Four isotherm models used in the study.
Isotherm model Linear form Non-linear Plot Parameters
form
Langmuir C. ge QbC, Ce
e —-Q — -5 ~Vs-Q
dlich @b " B G
Freundlic _ _ 1 0gq.Vs -
logqe = logKy + qe = Kpcen logC,
%loch
Dubinin- Inq. = qs — Ke? qe = qse X2 Ing, Vs - €2
Radushkevich
Temkin RT. RT. qe Vs. - In
=] =1 ¢
qe by InAr + qe br n C
ArC,

RT
(E) InC,

2.7. Thermodynamic studies

The thermodynamics was studied by determining various parame-
ters including entropy change (AS°), enthalpy change (AH®), and Gibb's
free energy change (AG®) using Egs. (2), (3) and (4) [50],

AH®  AS°
K, = — 22 9
InkK, TR 2)
AG’ = —RTLn (K,) 3)
AG° = AH° — TAS® 4)

2.8. Statistical analysis

The significant difference between the means of samples was

determined using Microsoft excel double factor two-way ANOVA.
Furthermore, it also helped to understand if there is any interaction
between the two variables (independent and dependent).

3. Result and discussion
3.1. FTIR characterization

Fig. 2 shows the FTIR spectra of HS and nano-HS before and after the
CV adsorption. The peak at 3320 cm ™! belongs to the —OH functional
group, which is a common macromolecule found on cellulose, lignin,
and hemicellulose [17,34,51]. Another possible explanation can also be
the presence of water molecules [52]. The peak at 2921 cm ™" in Fig. 2B
is shifted to 2892 cm™! after adsorption, whichshowed the presence of
C—H stretch [19,53]. The peaks are shown at 1735 cm 'and 1731 em ™!

A r 100
W' \/\Aﬁ ’\/\4 [
' L g €
o
Q
) 5
Aryl rlng O-CH, C-H r70 £
. stretching, deformation g
——HS before CV adsorphon symmetric g o erric L g0 &
HS after CV adsorption =
r 50
T T T T T T T 40
3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm)
B - 100
R, JPTSE e N
/ \/ ,V L 90
’ h/\ ‘ Lgo &
[
\ Q
C—H stretch s
Arylring - 70 ©
stretching, §
symmetric L < §
0-CH, C-H
—— Nano-HS before CV adsorption deformatio
Nano-HS after CV adsorption n symmetric r 50
T T T T T T T 40
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm)

Fig. 2. FTIR spectra of (A) HS and (B) nano-HS before and after the CV adsorption.
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in Fig. 2A and 2B, respectively; suggesting the presence of the carboxylic
acid group in hemicellulose [30,54]. The bands around 1650 cm ! and
1750 cm ™! in both Fig. 2A and 2B marked the presence of free esterified
carboxyl groups. While, the bands at 1584 cm ™! and 1587 em ™! in
Fig. 2A and 2B, respectively; attributing to the CO stretch of the carboxyl
group of C=0 [55,56]. A strong sharp peak that was observed at 1024
em ! and 1014 cm™! further confirmed the presence of cellulose in HS
[55]. Lastly, the presence of a peak in 1030 cm '-1046 cm™' was
assigned to the C—O of alcohol and carboxylic acids [56]. The FTIR
spectra indicated that the HS adsorbent in general consists of various
carbons forms including aliphatic, aromatic, and cyclic as observed from
the various peaks. Additionally, it also demonstrates that HS in general
has a heterogeneous surface with various functional groups present that
will aid the adsorption of crystal violet ions. Furthermore, the presence
of such functional groups on the hazelnut shells including alcoholic,
carbonylic, carboxylic, and phenolic facilitated the adsorption rate by
further increasing the negative charge leading to the high adsorption
capacity of HS at high pH [57]. Fig. 3 illustrates the major functional
groups and the corresponding peaks that were reported for lignin,
hemicellulose, and cellulose [44,58,59]. The main composition of the
three materials (i.e. cellulose, hemicellulose, and lignin) is alkanes, es-
ters, aromatics, ketones, and alcohol with various oxygen-containing
functional groups. It can be observed in Fig. 3 that there were two
main absorbance regions approximately at low wavelengths (700 cm ! -
1800 cm ™) and high wavelengths (2800 c¢m'=3500 cm ™). The peak in
the range of 1500 cm™! to 1600 cm ™! corresponds to the aromatic ring
vibrations, which confirms the presence of lignin. The absorbance
around the 1730 ecm™! region could be attributed to the presence of
methoxyl—O—CHgs, aromatic C—C, and C—O—C functional groups
[58].

Cellulose

Journal of Water Process Engineering 44 (2021) 102354

3.2. Scanning Electron Microscopy (SEM)

When comparing the surface pattern and porous forms of Fig. 4A and
4B, it is apparent that HS appeared as a porous structure. Additionally,
irregular voids and pores were also shown. In general, both adsorbents
appeared as irregular, rough, and mound surfaces. Moreover, several
layers of fibers that merged to form spirals are attributed to cellulose
structure [60]. These spiral-like structures are expected to capture CV
ions on the surface. Additionally, the irregular and rough structures are
evident for nano-HS as seen in Fig. 4C and 4D. These irregular mor-
phologies are expected to facilitate the binding of CV onto the adsorbent
while preventing desorption [61]. It is evident that both adsorbents vary
with their morphologies and have vivid different structures. However,
nano-HS is more heterogeneous and consists of a much rougher surface
as oppose to HS this specific characteristic is expected to increase the
chances of adsorption. Additionally, the BET analysis revealed that
nano-HS has a larger surface area, which is 4.885 m?/g, and a high pore
radius size of 76.3 nm, while HS surface area was 3.709 m?/g, and pore
radius size was 50.6 nm. These characteristics indeed will play an
important role in the CV ions adsorption [62,63]. Additionally, The EDX
data revealed that the particles had a high concentration of carbon
(73%) followed by oxygen (21.0%) as shown in Fig. 5D.

The different regions of CV accumulation can be visualized from
Fig. 4E-4H. The successful capture of CV onto HS can be seen in Fig. 4E
and 4F, where the high porosity and deep cavities helped capture CV
ions on the surface. Additionally, as observed from SEM and FTIR, HS, in
general, consists of various functions that facilitated the binding of CV
onto HS. The intraparticle diffusion as observed in Fig. 4G and 4H
occurred because of the effective pore volume diffusion. Generally, the
surface diffusion was insignificant owing to the intricate structure of the
adsorbent.

OH OH
ol o HS Nano-HS
HO' 0 ‘;10 0 [ (cm?) (em?) Assignment
HO o o | HO 0 3331 s,b 3331 vs,b | O-H stretch, H-bonded
OH o 2924 w 2924 m C-H stretch methyl and methylene groups
2863 sh 2863 w C-H stretch in methyl and hylene groups
1729 sh 1737 m C-Ostretch,unconjugatedketone,carboxyl,andestergroups
1584 m 1609 s Aryl ring stretching, symmetric
Hemicetisioss o 1511 m 1511 m | Aryl ring stretch, asymmetric
O | o o 0 1456 sh 1456 sh 0-CH3 C-H deformation, asymmetric
O m OH 1426 sh 1426 sh | Aromatic skeletal vibration combined with C-H in plane
deformation
1371 w 1371 sh 0-CH3 C-H deformation symmetric
1315 sh 1315 sh Aryl ring breathing with C-O stretch
1235 m 1228 s Arylring breathing with C-Ostretch
Ugnin 1151 sh 1139 sh Aromatic C-H in plane deformation
_R oo R onheo; R 1084 sh 1098 sh C-0 deformation, secondary alcohol, and aliphatic ether
L o = R 07 1024 s 1027 Vs Aromatic C-H in plane deformation
™ WO _L . ocH, HO., \[ ocH,
\ro o} fon ’ N ;,/)0" " 891 ww 891 vw | C-H deformation of out of plane, aromatic ring
"o /__(ﬁ'r ocH, S ~ocn, 809 vw 891 vw | C-H deformation of out of plane, aromatic ring
i meo” Lo Hyc0’
Ugnin< Ugnin0 Ugnin#t b: broad, vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh: shoulder; relative to other peaks in the
CuHiiO, CaHuOUOCH, ) CarMuOAOCH:) spectrum.
100
90
1,729 - 80
2,863 —
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’ Q
£
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£
£
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©
=
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Fig. 3. Absorption peaks for major functional groups of cellulose, hemicellulose, and lignin [44,58,59].
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&

Fig. 4. SEM images of HS (A) x5000 and (B) x2500 and (C) Nano-HS x25,000 and (D) x25,000 before adsorption and after the adsorption (E) x5000, (F) x2500,
nano-HS (G) x200,000 and (H) x200,000.
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[ SEM analysis of HS adsorbent before adsorption

Fig. 5. SEM images of (A) HS adsorbent before adsorption, (B) HS adsorbent after the CV adsorption (C) TEM analysis of nano-HS, and (D) EDX analysis of nano-HS.

A specific area was further examined in depth to have a further
visualization of the adsorbent structure as shown in Fig. 5A and 5B. Both
adsorbents exhibited an irregularly shaped particle with a rough surface
and deep cavities. Additionally, the particles possessed voids and bumps
within their structure, which were accessible for the adsorption of CV.
This is a favorable characteristic as it can increase the adsorption of CV
onto the matter. Additionally, it is also possible to visualize various re-
gions for CV ions accumulation, where mass adsorption of CV took place.
From FTIR, various functional groups of HS were identified which
facilitated the binding of CV dye onto the surface. Due to the complexity
of the HS surface, it was assumed that CV could not move along the
surface; hence, the surface diffusion into the adsorbent's particle was

disregarded and considered negligible. It was assumed that the intra-
particle diffusion took place due to the effective pore volume diffusion
and when the CV was trapped within the pores.

3.3. TEM analysis

Further observations of the nano-HS structure were conducted by
TEM analysis as shown in Fig. 5C. The size of the adsorbent and the inner
pore distribution was not easily observed by SEM analysis; therefore, the
TEM analysis was accomplished to further enhance the physical un-
derstanding of the adsorbent. Fig. 5C shows the TEM images as a well-
developed porous structure of the adsorbent that is homogeneously
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Element

Carbon 73.06
Oxygen 21.00
Potassium 207
Calcium 268
Sulfur 035
Magnesium 042

Silicon 042

[norm. wt.%] [norm. at.%6]
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In addition to organic part, small concentrations
1737 of Mg, Si, K, Ca and S were detected (carbon
5 lacey film contributed to C- signal)

Fig. 5. (continued).

distributed. Additionally, the nano-HS exhibits an aggregated irregular
surface with a high number of microspores and crevices at the surface.
The nano-HS appeared as a conglomerate of very fine yet elongated
particles as seen in Fig. 5C. Additionally, the TEM also suggests that the
nanoparticles are present in cluster form of HS. Additionally, the TEM
images confirmed the heterogeneity of nano-HS adsorbent and irregular
region of the adsorption process of the CV, which can see as the darker
region in Fig. 5C. In general, the TEM images in high magnification show
that the particles have the tendency to agglomerate. Additionally, some
areas also appeared as long irregular rod-like structures. Le et al. [64]
found similar results, in which the spherical structure of Fe304/ZnO
nanoparticles helped in the degradation of CV. While Gopi et al. [65]
noticed rod-like structure in chitin nanoparticles whiskers facilitated CV
adsorption.

3.4. Effect of the pH on the adsorption capacity

It is clearly shown from Fig. 6A that the CV removal percentage in-
creases with increasing pH from 2 to 8 and does not significantly in-
crease at a pH value higher than 8. However, pH 10 was reported to be
the optimum pH. The pHzpc (the total positive charges that are equal to
the total negative charges) exhibited a negative zeta potential value at
all studied pH values. It was shown that there was no isoelectric point.
The pH values and the zeta potentials were as follows: at pH = 3, —11
mV; pH =4, -12mV; pH =6, -35mV; pH =8, —-34 mV; pH = 10, —41
mV. The adsorption of CV onto HS is influenced by the pH solution. The
pH of the solution governs the interaction between CV and the adsor-
bent, thus a change in pH solution directly influences their interaction
and the ionizability of the functional groups. This could be explained
due to the electrostatic interaction between positively charged CV and
the negatively charged on the adsorbent's surface [23]. Additionally, at
low pH, the biosorption of CV is noted to be low due to the concentration
of H' ions present, which results in repulsion between the CV ions
eventually resulting in low adsorption [27]. As the pH increased, more
negatively charged functional groups were accessible resulting in an
increase in adsorption and a decrease in repulsion between the cations
and adsorbents. Similar findings were also observed by Dogan et al.
[40], who elucidated that negatively charged adsorbent, was favorable
for CV adsorption. While on the other hand, Dabagh et al. [66] reported
no significant difference in adsorption capacity of CV onto novel Fe304-
graphene biochar composite and Carpobrotus edulis. Moreover, as the pH
increased, the CV adsorption onto the adsorbents reached up to 91% as
seen in Fig. 6A. It was also deduced that the pH of the solution provides a
driving force to surpass the mass transfer's resistance between the CV
ions and the adsorbent. Additionally, empty sites at pH 8 and 9 were
almost occupied as a result the reaction reached its equilibrium.

3.5. Adsorption mechanisms

Fig. 6B proposes a schematic illustration of how CV ions might have
bonded on the HS surface. Due to the complex chemical structure and
the presence of many binding sites of the HS shell, it is expected that CV
can easily be adsorbed onto the surface. It can be assumed that ion ex-
change, electrostatic bond, and hydrogen bonding can be the principal
mechanism of CV removal. The major components of such polymeric
material shells are lignin, cellulose, and other phenolic compounds.
From the nature of the material, as discussed earlier, it can be speculated
that lignin and cellulose are the active ion-exchange compounds and
phenolic groups present in the shell are the active site of adsorption
activity [67]. Since the CV ions are positively charged, the uptake of the
CV molecule onto the external surface of the HS or HS-nano would
decrease the negativity charges on the adsorbent. Fig. 6C illustrates the
possible mechanism of CV adsorption onto HS and nano-HS. According
to the FTIR results, the charged molecules of CV were adsorbed by the
various functional groups onto the HS or nano-HS, mainly C=0, C=C,
C—O0, and the —OH that were available from the adsorbents. Various
adsorption mechanisms would be involved, namely hydrogen bonding,
electrostatic attraction, n-n interaction, and n-w interaction [68]. As a
result, the hydrophobicity of the adsorbents will be increased. Further-
more, as revealed in Fig. 6C, the CV adsorption onto HS starts with fast
transportation of CV to the liquid film from the bulk solution, which can
be attributed to the intense mixing throughout the experiment. After
that, the negatively charged outer surface will readily attract the posi-
tively charged CV leading to a moderate/fast channel diffusion.

HS-OH=HS-O™ +H"
HS-O™ +CV*'Cl”=HS-0-CV*

HS-OH + CV*Cl" =HS-O-CV + HCI

The CV equilibrium configurations, reactivity, and interactions onto
nano-HS were proposed based on the conceptual density functional
theory and the discussion of El Haouti et al. [70]. El Haouti et al. [70]
investigated the adsorption mechanisms of two cationic dyes, Toluidine
Blue (TB) and CV onto a nano-clay. Fig. 7 shows various parameters that
were used to describe the chemical reactions. Eq. (1)-(3) represents the
one-electron energies for the mentioned parameter of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The change in the chemical stasis of CV molecules on
the nano-HS surface is illustrated in Fig. 7 from various orientations. The
adsorbed molecules of CV cations had a comparatively lower adsorption
rate (33%) formed a single layer. During the adsorption process, the
aromatic rings of CV molecules are positioned towards the nano-HS
surface. The interconnection between the H-atom of the —CHjs groups
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of CV molecule and the nano-HS surface will be maximized due to the
orientation of the aromatic moieties. The monolayer formation specifies
that the adsorption was a chemisorption process that also agrees with
the findings from the adsorption experiments.

Fig. 8A-C shows the adsorption mechanism of the CV into the intra/
intermolecular hydrogen bonding pattern of cellulose structure [71],
hemicellulose, and lignin [68], and the proposed configurations of CV
adsorption onto nano-HS. This could be through face-to-face adsorption,
single edge adsorption — cellulose, single edge adsorption — hemicellu-
lose, single edge adsorption — lignin, face-to-face adsorption-loaded CV,
and single edge adsorption — cellulose, hemicellulose, and lignin [70].

As the load increases to 66% and 100%, some adsorbed molecules

would either form a flat orientation by settling flat on the basal surface
while some may form a combination of tilted and random piles. The neat
positive charge that is present on the studied CV ions, is not limited to
the N atom but delocalized on the whole CV. Usually, the electrostatic
and secondarily van der Waals interactions between CV and the oxygen
atoms of the cellulose, hemicellulose, and lignin are predominantly
attractive. This also indicates high dispersion of the CV and chemically
electrical interactions between CV and nano-HS surface (n- & stacking,
hydrogen bond, etc.). Additionally, the free conjugated electrons in CV
play an essential part in the adsorption process by the interfacial in-
teractions between CV molecules and cellulose, hemicellulose, and
lignin components in the nano-HS surface. The energy components that
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were considered during the adsorption were both bonded and non-
bonded interactions such as electrostatic and van der Waals involved
in interaction energy.

3.6. Effect of concentration on the adsorption capacity of HS and nano-
HS

The amount of the CV ions adsorbed on the adsorbent is a function of
concentration at equilibrium. Therefore, increasing the initial CV con-
centration caused the CV adsorption onto HS and nano-HS to increase.
This is also predictable as it suggests the mass transfer of CV on the
available adsorption sites on HS surfaces. As the concentration increased
the adsorption capacity of HS also increased as seen in Fig. 9. The
adsorption capacity on HS increased from from19.77 mg/g to 325.09
mg/g and 20 mg/g to 304 mg/g on nano-HS. Additionally, there was a
notable increase in the adsorption capacity from 20 mg/L to 500 mg/L.
This could be due to the high driving and attractive forces such as
electrostatic force and van der Waals force between the CV and the
adsorbent molecules and on the adsorbents, sites surface [61]. Addi-
tionally, the fast diffusion of CV onto HS can also be associated with the
rapid pore diffusion into the intraparticle matrixes, which consists of
various chromophore groups as identified earlier that caused equilib-
rium rapidly [52]. Furthermore, the rapid increase in CV adsorption on
HS is also due to a high driving force for CV ions transfer, which was
maximized in a concentrated solution [74]. It was found that the
adsorption capacity was better with a more concentrated solution [40].
However, the adsorption capacity declined from 700 mg/L, which can
be due to no vacant sites available on HS surface, this indicates that the
sites on the adsorbent have reached saturation and therefore, cannot
adsorb more CV. In other words, the decrease in adsorption rate was
caused due to an increase in the surface loading of CV ions, thus initially
the adsorption was very rapid and high then a slower adsorption rate
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was followed due to the gradual decrease in the adsorption site. The
highest adsorption capacity is 325.09 mg/g and 304 mg/g in Fig. 9 and
4.8 at 500 mg/L of the initial dye of CV. The intraparticle diffusion
process may give information regarding the adsorption mechanism of
CV onto the adsorbents. Moreover, Fig. 9 illustrates a tetra-linear graph
that implies that in the adsorption mechanism there were four major
steps, namely (i) the CV molecules were attracted as a monolayer or
multilayer at the external surface of the adsorbent. For the HS, the pore
size was bigger than the nano-HS, indicating the possibility of the CV
molecules getting inside the pores, which were slightly below the sur-
face, (iii) inner pores adsorption by the CV molecules, and (iv) equi-
librium and the possibility of desorption at high concentration [75].
Table 2 shows a compilation of various studies that used agricultural
waste to remove dyes and their maximum adsorption capacity. Franco
et al. [52] found a similar mechanism of CV adsorption onto pecan
pericarp as well as Karagetin et al. [42] also found a similar trend of
methylene blue adsorption onto HS.

Two-way ANOVA was performed to authenticate the data for the
effect of concentration and pH on the adsorption process. According to
Table 3, the P-value for the effect of pH for both HS and nano-HS was less
than 0.05, indicating the reactions were significantly different. For the
effect of initial concentration, the pH value for nano-HS was less than
0.05, while F-value was greater than F critic. This showed that the
adsorption of CV onto nano-HS was significantly affected by the effect of
the initial concentration of CV while for HS the P-value was greater than
0.05, implying that the effect of initial dye concentration was not
significantly affected.

In Fig. 9, at a low concentration region (initial CV concentration <
200 mg/L) the CV molecules form a monolayer coverage on the adsor-
bents surface until all the available sites are saturated. On the other
hand, by increasing the CV concentration higher than 400 mg/L, an
inflection point in the isotherm can be observed. This increase in CV
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uptake may specify that the adsorption mechanism has changed to a molecules) [76], as follows:

multilayer adsorption step. Fig. 10, illustrates the monolayer-multilayer cv=s
adsorption of CV onto the adsorbent. Two active sites must be reflected, CV+ =85 <X cv=5Kl1= mﬁrst adsorption layer 4)

namely the original active sites at the adsorbent surface and novel active
sites (i.e. in succession adsorbed onto previously adsorbed CV

11
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Table 2
Adsorption capacity of different sorbents for cationic dyes removal.

Reference Adsorbent Adsorption capacity
(mg/g)
[18] Mango stone 352.790
[19] Tea residue 39.34
[20] Cucumis sativus 33.32
[22] Potato (Solanum tuberosum) plant wastes 52.60
[22] Potato (S. tuberosum) plant wastes 33.3
[23] Date palm leaves 37.736
[24] Agro-industrial wastes 66.0
[25] Peanut hull waste biomass 100.6
[26] Prepared activated carbon from sugarcane 280
bagasse soot
[27] Water hyacinth 322.580
[28] Lemongrass residue 36.10
[65] Chitin nanowhiskers from shrimp shell 39.560
Current HS 325.90
study
Current Nano-HS 304.15
study
Table 3

Analysis of variance for effect of pH and initial concentration on CV adsorption
onto HS and nano-HS.

P-value F-value F-critical
pH 0.0011 24.87 5.32
(HS and nano-HS)
Effect of initial concentration 0.04 4.92 4.41
(Nano-HS)
Effect of initial concentration 0.06 4.09 4.41
(HS)
CV, =S
CV+CV=S ofcv,=5K2 = m&aoond adsorption layer
6
CV; =S
CV+CV, =8 o8 vy =SK3 = W Third adsorption layer
(6)
cv, =S .
CV+CV,, =8 ofcv,=Skn = mnm adsorption layer

)

where, CV is a crystal violet molecule, =S is a free surface adsorbent site,
CV,=S is a multilayer complex at the surface, and K1, K2, K3, ..., Kn are
the equilibrium constants related to each “i” layer, respectively.
Besides, a strong dependence from the adsorption capacity with the
temperature can be observed in Fig. 11 especially at high CV concen-
trations. This is clearly shown for the HS adsorbent comparing to the
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nano-HS. However, by increasing the solution temperature the adsorp-
tion curves illustrate a significant increase in this inclination. This shows
that multilayer adsorption is significantly favored by the temperature. In
conclusion, the CV adsorption process onto HS could happen by two
different adsorption mechanisms, depending on the experimental con-
ditions such as the solution temperature and the initial CV
concentration.

3.7. Effect of temperature

Fig. 11 shows the influence of temperature on the adsorption ca-
pacity of HS and nano-HS. The adsorption of CV on HS favored endo-
thermic conditions. In general, the increase in temperature also
increased adsorption capacity. For example, at 25 °C 282.11 mg/g of CV
was adsorbed as compared to 335.50 mg/g at 45 °C. An increase in
adsorption capacity can be due to the increase in the diffusion rate of the
adsorbate molecules throughout the external and internal boundary of
the internal pores of HS due to the decrease in solution viscosity.
Additionally, an increase in temperature also influences the biosorption
activity by increasing the kinetic energy of the solute as well as the
surface activity. Additionally, it is also possible that high temperature
favored the interaction between chromophore groups such as hydroxyl
and carboxylic of the hazelnut shell and the cationic group on CV dye.
Furthermore, electrostatic attraction forces and hydrogen bonding be-
tween the —OH group of HS shell and nitrogen atom in CV might have
taken place at high temperatures [40]. Similar findings were observed in
a study by Derafa, Zaghouane-Boudiaf [74], who investigated the
adsorption capacity of CV and concluded that the adsorption capacity
was enhanced at a higher temperature as well as Karacetin et al. [42]
who concluded that an increase in temperature was favorable for MB
adsorption onto HS. While on the other hand, nano-HS favored
exothermic conditions, as observed from Fig. 11 at 25 °C, 567.45 mg/g
was the highest adsorption rate achieved which decreased to 291.36
mg/g and 109.29 mg/g at 35 °C and 45 °C respectively. This can be
explained due to a physical modification of the adsorbent that might
have taken place at high temperatures, the pores might have surged,
which caused a decrease in adsorption capacity.

3.8. Adsorption isotherm

The adsorption studies aid in outlining how adsorbate molecules
interact with an adsorbent. Four isotherm models, Langmuir, Freund-
lich, Dubinin-Radushkevich, and Temkin isotherm were studied in this
study. These isotherm models will show the dispersal of dyes ions be-
tween the solid and liquid phase which helps in providing qualitative
information for any adsorption process. Table 4 shows the four
isothermal model and their relevant calculated parameters, constants,
and correlation coefficients. Langmuir isotherm presumes that the
adsorption of CV on the HS and nano-HS occurred on a homogenous
surface and no further adsorption could occur. The correlation coeffi-
cient (R?) was close to 1 for HS (0.92-0.93), for the Langmuir isotherm,
and for nano HS it was between 0.90 and 0.96, suggesting that the
Langmuir isotherm could be used to explain the adsorption of CV onto
HS. Furthermore, for HS the maximum adsorption capacity (Q°) indi-
cated that the maximum adsorption capacity increased as the temper-
ature from 133.33 mg/g at 25 °C while 181.82 mg/g at 45 °C. However,
for the nano-HS, the maximum adsorption capacity decreased as the
temperature increased from 294.12 at 25 °C, to 133.33 mg/g at 45 °C.
Additionally, the affinity between the adsorbate and adsorbent is
denoted by K, which demonstrated a strong binding at 25 °C for HS
while for nano-HS it showed high affinity at 45 °C. Freundlich isotherm
assumes that the adsorption took place on a heterogeneous and multi-
layer surface [77]. The adsorption capacity (Kg) of HS and nano-HS
showed an overall increase as the temperature increased from 4.10
(mg/g)/(g/L)l/ ™ at 25 °C and 3.33 (mg/g)/(g/L)l/ ™ for nano-HS, which
increased to 4.40 (mg/g)/(g/L)*/" and 4.07 (mg/g)/(g/L)*'™ at 45 °C.
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Fig. 11. The effect of temperature on adsorption capacity on A. HS and B. nano-HS.

The highest coefficient relation for HS was 0.85 while nano HS was
reported to be 0.89 at 35 °C. The constant Freundlich n is referred to as
the adsorption intensity of adsorbents. The n value indicates whether the
reaction was chemical or physical adsorption. The values for both HS
and nano HS were greater than 1; indicating the adsorption was best
explained as physical adsorption. Generally, the value of 1 was higher
than 1, which indicated the adsorption process was favorable [22]. The
Dubinin-Radushkevich (D-R) was not suitable to describe the adsorption
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process of CV onto HS and nano-HS as the R? value was between 0.65
and 0.73 for HS, and 0.62-0.80 for nano-HS. Additionally, D-R is
considered more applicable for a single solute adsorption type due to its
characterization of good performance and easy mathematical equations
[49]. Lastly, Temkin isotherm was also not best fitted, as the R? values
were 0.34-0.87 for HS and 0.50-0.95 for nano-HS. Ahmed et al. [57],
also studied the removal of CV and rejected Temkin due to low corre-
lation efficiency. Tran et al. [51] evaluated the methylene blue
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Table 4
The parameters of adsorption isotherm of the CV adsorption onto the HS and nano-HS.
HS
Temperature Langmuir Freundlich
(°C) Q%max Ky R? Kr n 1/n R?
(mg/g) (L/mg) ((mg/g)/(g/L)'™
25 133.33 3.12 0.93 4.10 5.57 1 0.56
35 151.52 2.75 0.93 4.06 4.40 3 0.85
45 181.82 5.50 0.92 4.40 4.11 3 0.84
Temperature (°C) Dubinin-Radushkevich Temkin
Qp (mg/g) Bp E (kJ/mol) R? B (J/mol) bt Ar R?
(mol®/kJ?) (L/mg)
25 12.23 —5x10°8 144.05 0.65 15.48 160.03 0.77 0.34
35 18.11 —4x10°8 168.39 0.73 21.91 116.82 0.59 0.71
45 15.59 3x10°8 223.72 0.73 30.38 87.02 0.63 0.87
Nano-HS
Temperature Langmuir Freundlich
0 Q%max Ky, R? Ky n 1/n R?
(mg/g) (L/mg) ((mg/g)/(g/L)""™
25 294.12 0.33 0.96 3.99 3.33 0.30 0.82
35 188.68 0.098 0.94 4.04 3.49 6 0.89
45 133.33 5.35 0.90 4.07 4.76 3 0.78
Temperature (°C) Dubinin-Radushkevich Temkin
Qb Bp (mol?/KJ?) E (kJ/mol) R? B bt Ar R?
(mg/g) (J/mol) (L/mg)
25 31.49 —2x 1077 241.79 0.80 41.02 60.39 0.26 0.60
35 9.94 —9x10°8 200.77 0.70 33.43 76.58 0.39 0.95
45 7.80 —-3x10°8 154.50 0.62 20.11 131.42 0.63 0.50

adsorption on carbonaceous hydrochar and found that the adsorption
process was best described by the Langmuir model. From the data
tabulated in Table 4, it is evident that the adsorption process of HS and
nano-HS can be best described using the Langmuir model. This model
assumes that the adsorption was on a monolayer without any internal
interaction between adsorbed ions. Additionally, the adsorption
occurred on a homogenous site. Additionally, the maximum adsorption
capacity for HS was 181.82 mg/g and 294.12 mg/g for nano-HS.
Additionally, it is also evident nano-HS is a better adsorbent for CV.
This can be due to the formation of deeper cavities and the general
morphology of nano-CV. Table 5 shows a comparison of the current
study against other studies that have used different adsorbents to
remove CV from an aqueous solution. The table shows that HS had
commendable adsorption capacity in contrast to other agricultural
waste. Thus, it can be concluded HS (181.82 mg/g) and nano-HS
(294.12 mg/g) can prove to be excellent adsorbents to remove CV. By
comparing with other low-cost adsorbents, it is evident that the value of
Qmax Obtained in the current study is higher in contrast to other reported

Table 5
Various studies on CV adsorption using agricultural waste.
Adsorbents Adsorbate Q° max Isotherm References
(mg/g) model
Fly ash cv 172.41  Langmuir Liu et al. [12]
Mango stone Ccv 352.79  Langmuir Shoukat et al.
[18]
Orange peel Ccv 138.9 Langmuir Ahmed et al.
[57]
Chitin nanowhiskers CcvV 39.56 - Gopi et al. [65]
from shrimp shell
(ChNW)
Urtica dioica leaf Ccv 1790 Langmuir Derafa,
powder Zaghouane-
Boudiaf [74]
Green Alginate/Pectin Ccv 619.22  Langmuir Mirza & Ahmed
nanocomposite [78]
Nano-hazelnut shells Ccv 29412  Langmuir This study
(nano-HS)
Hazelnut shells (HS) cv 181.82  Langmuir This study
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adsorbents. Moreover, HS can be considered as an applicable adsorbent
for the removal of other cationic dyes, which can be attributed to the fact
that cationic dyes adsorption decreases in an acidic environment (i.e.
low pH value) due to the excess existence of H' ions that will compete
with the cationic dyes for the available active sites on the adsorbent
surface. Increasing the solution pH will increase the removal efficiency
due to the less electrostatic repulsion between the adsorbent surface and
the positively charged cationic dyes. In addition, due to the presence of
OH™ and COO™ functional groups, the adsorption of cationic dyes is
more favored at pH > pHp,.. Furthermore, the carboxyl groups present
on the surface of HS as a major negative functional group will bear with
the cationic dyes and enhance its adsorption. Cellulose-based adsorbents
like HS can adsorb cationic dyes through columbic attraction because of
the negatively charged surface that is acquired by HS-cellulosic material
in contact with water. Our results are in line with Ferrero [41], who
investigated the removal of methylene blue from an aqueous medium by
HS and found that the Langmuir isotherm model best fitted the experi-
mental data, and the adsorption capacity increases with increasing the
pH value. Similarly, Dogan et al. [40] found that removal of cationic
dyes by HS increased significantly with increasing the initial concen-
tration and temperature. This can be attributed to the fact that changing
the solution temperature for the adsorption of cationic dye leads to the
increase in the diffusion rate of dye molecules across the external
boundary layer as well as in the HS internal pores. The applicability of
HS on the adsorption of different cationic dyes was supported by Kar-
acetin et al. [42], who observed that cationic dye adsorption is an
endothermic and spontaneous process.

3.9. Thermodynamic studies

Thermodynamic parameters for instance change in entropy (AS°),
changes in enthalpy (AH"), and the Gibbs free energy (AG®) can be used
to indicate the thermodynamic viability of the adsorption process. The
positive (AH®) (Table 6) for HS, indicates that the reaction was endo-
thermic. As the temperature increased the value of AG® also increased,
indicating that the reaction was favorable and spontaneous, and the
favorability declined as the temperature increased. While the positive
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Table 6
Thermodynamic parameter of CV adsorption onto HS and nano-HS.

Temperatures AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol-K)
nano-HS

25°C 3.223 —47.541 —170.35
35°C 4.927

45°C 6.630

HS

25°C —2.488 21.912 81.88
35°C —3.307

45°C —4.126

value of AS° indicated a good affinity between CV and HS. This can be
due to several various forces such as van der Waals, electrostatic
[79,80]. The negative value of AH® signifies that the CV adsorption onto
nano-HS was an exothermic reaction. The high value of AS° further
indicated a good affinity of CV ions on to HS nanoparticles which caused
an increase in randomness [50]. Lastly, the positive value of AG®
(greater than —20 kJ/mol) indicates that the reaction requires, energy
input, and physical absorption was reconfirmed regardless of the tem-
perature. Similar findings were found in a study by Silva et al. [30].

The Gibbs free energy of nanoparticles increases as temperature in-
creases. Furthermore, the positive values of the adsorption Gibbs free
energy are higher at higher temperatures, which suggests adsorptions
become less favorable at higher temperatures. In addition, there is an
inverse relationship between adsorption Gibbs free energy and diameter
(d) of the particle size at a given temperature [81]. The result indicates
that the nano-HS has a negative effect on the entropy and the enthalpy.

This could be explained as nano-HS can produce a strong surface
effect, and the effect of the surface area on the adsorption Gibbs free
energy is substantial. This means that the chemical potential at the
nanoscale level (p) should reflect both the bulk (pB) and the interfacial
(pI) parts, as

40V

po= =t

y ®

gL Lh

Adsorbent

Adsorbent

Low surface tension

HS
o” is smaller than ¢

nano-HS
o' is bigger than ¢
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where V is the molar volume of the nano-adsorbent, and o is the surface
tension.
Therefore, the Gibbs free energy of nanoparticles could be as,

av

AG" = (46")° + (6™ —0) =

©)
where, 6 is the surface tension of the adsorption product in a saturated
state, denotes adsorption equilibrium.

In the current study, there could be an increase in the surface tension
after adsorption, which means that ¢* is bigger than o, and the Gibbs
free energy of nanoparticles becomes more positive in the case of nano-
HS (Fig. 12).

3.10. Desorption studies/regeneration of HS and nano-HS

The desorption studies were performed to assess the reusability of HS
and nano-HS to remediate CV from an aqueous solution. The HS and
nano-HS after the adsorption experiments were subjected to CV
desorption using ethanol solution and acetic acid (1.0 M for 24 h). The
repeatability study was conducted three times. 88.01% and 70.86%
were the average desorption removal efficiency recorded, respectively,
which indicated that both adsorbents could successfully be used
repeatedly for CV-dye adsorption. This can be due to the strong inter-
action between CV and nano-HS in comparison to HS.

3.11. Cost analysis

When comparing the efficiency of an adsorbent, the cost of the
adsorbent plays a crucial role [83]. It is considered vital when deter-
mining the success of any adsorption treatment techniques. Usually, a
sorbent is considered cost-effective when the material is available in
nature or requires little to no modification to enhance its adsorption
capabilities. In this study, a cost-effective method was used to remediate
CV from an aqueous solution using an agro-waste. It aimed to use sus-
tainable material by recycling hazelnut shells, which are typically

1‘5“!’
o,

2,

*

r Y

,\5)«‘

—

saje 33138y
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o e 4
Adsorbent

High surface tension

nano-HS
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Fig. 12. Schematic illustrations of the nanoadsorption process and the effect of surface tension A. CV ions in the aqueous phase (single or aggregates), B. Low surface
tension, CV ions bonded to the adsorbent, high wettability, and has an effect on the positioning of the CV, and C. High surface tension, low wettability, CV ions are

swept by the liquid (modified from [82]).
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discarded and regarded as waste. In addition, the chemicals such as HCI
and NaOH that were used in the study were of very low concentration
and volume. Electricity used while performing the experiment was the
only cost that this study required. Additionally, by calculating the
maximum adsorption capacity and comparing it with other viable op-
tions, it proved HS could be replaced as an effective adsorbent material
to remove CV from an aqueous solution.

4. Conclusion

This study suggested HS as a successful adsorbent for CV removal.
The adsorption process preferred a basic environment, which enhanced
the surface structure of HS to enhance adsorption. Additionally, the
various functional group identified from FTIR also played a major role.
Before and after SEM, images revealed that HS was a heterogeneous,
highly porous, and deep cavities surface, which helped in capturing CV
ions onto the adsorbent. The presence of CV ions after adsorption
confirmed the success of the adsorption binding of CV on the HS and
nano HS adsorbent. Langmuir isotherm best describes the adsorption
process for both HS and nano-HS with R? values higher than 0.90. The
maximum adsorption capacity for HS was 181.82 mg/g and nano-HS
was 294.12 mg/g. Moreover, the process followed an endothermic re-
action for HS and exothermic for nano-HS. Based on these results, the
adsorption process shows the successful ability of both adsorbents for
removing CV from aqueous solution without consuming much cost,
energy. This study offers a sustainable option by utilizing agricultural
wastes that do not necessarily require modification to adsorb cationic
dyes, and proving to be a suitable alternative for CV removal in waste-
water treatment processes.
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