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Abstract

This study evaluates the production of hydrochars from the outer shells of the

nut group (peanut, hazelnut, walnut, and pistachio) in an eco-friendly subcriti-

cal water medium (SWM) and their effects as adsorbents on the removal of

crystal violet (CV) from an aqueous solution. The prepared hydrochars were

characterized using Brunauer Emmett–Teller (BET) analysis, scanning elec-

tron microscope (SEM), Fourier transforms infrared spectroscopy (FTIR), and

zeta potential. The adsorption process was optimized based on pH, adsorbent

dose, dye concentration, and contact time. The hazelnut hydrochar was found

to have the maximum removal efficiency (91%). Optimum conditions were pH

of 8, particle size <45 μm, adsorption time of 60 min, and dye concentration of

25 mg/L. The results of all hydrochars were fitted to the second-order kinetics.

Langmuir, Freundlich, and Redlich–Peterson isotherms models were used to

explain the relationship between adsorbent and adsorbate. For all hydrochars,

CV adsorption was found to be feasible and inherently spontaneous. The use

of materials with no commercial value like; the outer shells of the nut group,

is considered a method for waste reduction using the SWM method.

Practitioner Points

• Hydrochars of nut group were synthesized in the subcritical water medium.

• Adsorption ability of the hydrochars in the adsorption of crystal violet were

investigated.

• Adsorption isotherms were used to explain the relationship between adsor-

bent and adsorbate.

• The hazelnut hydrochar provided the maximum removal efficiency (91%).

• Hazardous water pollutant effectively removed using an eco-friendly

method.
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INTRODUCTION

Contamination of the aquatic system by dyes raises
concerns about dyestuff materials and their industries
(Samsami et al., 2020). Dyes can be defined as any
material that has the purpose of coloring (Saxena &
Raja, 2014). They can be classified as natural and syn-
thetic based on their origin. Although natural dyes are
ecofriendly materials, the world trends toward synthetic
types because of the economic aspects (Moussavi &
Mahmoudi, 2009). Currently, many industrial activities
utilize and release wastewater containing dyes. The tex-
tile industry is the dominant industry that releases dyes
for about 54% of existing dye effluents. Dyeing, paper,
cosmetic, tannery, and plastic industries also release dyes
with their wastewater (De Gisi et al., 2016).

The presence of dyes in the water bodies blocks sun-
light and inhibits photochemical reactions that cause a
decrease in the percentage of dissolved oxygen (Yaseen &
Scholz, 2019). It is known that dyes increase chemical oxy-
gen demand (COD) and biological oxygen demand (BOD)
in the water. The increase in COD and BOD adversely
affect human health and the environment (Myslak
et al., 1991). Until now, several treatment methods have
been applied to remove dyes from water bodies.
Microorganisms containing different types of bacteria
(Pearce et al., 2006), algae (Elumalai & Saravanan, 2016),
fungi (Krastanov et al., 2013), and enzymes (Darwesh
et al., 2019) were used to biodegrade dyes using biological
treatment mechanisms. Coagulation-flocculation (Dotto
et al., 2019), advanced oxidation processes (dos Santos
et al., 2019; Naje et al., 2017; Patel et al., 2020), membrane
techniques (Ocakoglu et al., 2021), and combinations from
these technologies (Yabalak et al., 2021; Yatmaz
et al., 2017) have also been used for dye removal.

The adsorption process has become more favorable
due to its cost advantages and simplicity in design and
operation (Salinas et al., 2018). Many researchers have
used different materials as adsorbents (Yagub et al., 2014).
Activated carbon (Agarwal et al., 2016), zeolite (Bri~ao
et al., 2018), bio-adsorbent materials from different sources
plant (Saleh et al., 2019), fungal materials (Bouras
et al., 2019), agricultural wastes (Dai et al., 2018), starch-
capped zinc selenide nanoparticles/AC (Sharifpour
et al., 2020), Pinus eldarica stalks activated carbon (Jafari
et al., 2017), activated carbon with multimodal pore size
distribution prepared from Amygdalus scoparia (Bagheri
et al., 2019), biochar (Biswas et al., 2020; Qiu et al., 2009),
and hydrochar (Abaide et al., 2019; Saleh et al., 2020) are
the most prominent materials.

Crystal violet (CV) is a cationic dye that is well solu-
ble in water because it contains sulfonic acid (Canizo
et al., 2019). CV is known as methyl violet/basic violet-

has been used in different applications. CV is used in the
gram bacteria classification, textile industries, food sector,
cosmetics, and pH indicating (Abd-Elhamid et al., 2019).
Notwithstanding that CV dye has lots of applications,
several researchers have warned of its toxic effects (Yao
et al., 2015). Among these researches, many low-cost
adsorbents have been utilized for CV removal, such as
Centaurea solstitialis and Verbascum Thapsus plants
(Yalvaç et al., 2021), grapefruit peel (Saeed et al., 2010),
semi-interpenetrated networks hydrogels (Li, 2010), rice
husk (Chakraborty et al., 2011), water hyacinth
(Rajeswari Kulkarni et al., 2017), jackfruit leaf powder
(Saha et al., 2012), ginger waste (Kumar & Ahmad, 2011).

Biochar is a stable solid product with high carbon
content obtained from different sources by different
methods (Lu et al., 2020). Hydrochar, a stable solid prod-
uct rich in carbon, with superior properties to biochar
obtained by conventional methods such as classical
torrefaction, pyrolysis, or gasification processes, can be
produced from many types of biomass (Chuntanapum &
Matsumura, 2009; Kumar & Gupta, 2009). The subcritical
water medium (SWM) provides a unique medium for car-
bonaceous materials conversion to hydrochar with a rela-
tively high yield compared to the methods mentioned
above (Saleh et al., 2020). The extraction of valuable
materials from many different matrices, oxidation of haz-
ardous compounds, synthesis of organic and inorganic
compounds, and solubility of poorly soluble materials
can be achieved in SWM, thanks to the changeable
physico-chemical properties of subcritical water
(Yabalak, 2018a, 2018b). There is a growing interest in
hydrochar production and its use in various environmen-
tal processes and agricultural applications (Fang
et al., 2014). It is known that hydrochars have a signifi-
cant adsorption capacity to remove dye contaminants
from water (Saleh et al., 2020).

As far as we know, there is no study evaluating the
production of hydrochars from the outer shells of the nut
group in an eco-friendly SWM medium and their effects as
adsorbents on the removal of dye contaminants. Therefore,
in this study, the green synthesis of hydrochar based on
four different nut materials (peanut, hazelnut, walnut, and
pistachio) by SWM was investigated. The ability of the pre-
pared hydrochars to be used as adsorbents for CV removal
from the aqueous solutions was investigated.

MATERIAL AND METHOD

Materials

The synthetic dye used (CV) was obtained from Sigma
Aldrich. Dye characteristics are shown in Table 1.
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Hydrochar materials were collected from Turkey. Hydro-
char materials were stored in the laboratory at room tem-
perature until the end of the experiments.

Preparation of hydrochar

Hydrochar production was achieved in the homemade
stainless-steel reactor given in previous work (Saleh
et al., 2020). Briefly, a homemade stainless steel cylindri-
cal container was used as a reactor, the reactor was
heated and stirred using a heater with an integrated mag-
netic stirrer (Heidolph-MR.3001) and the temperature
was controlled by a digital thermometer (Elimko, E-
2000). Based on the reactor volume, sufficient amounts of
nutshells were added to the reactor each time. Therefore,
in each case, 70, 100, 95, and 42 g of dry pistachio, wal-
nut, hazelnut, and peanut shells were used, respectively.
The reactor was filled with pure water to a level covering
shells. The reactor was closed, pressurized at a constant
pressure of 100 bar using N2 gas, and heated up to 513 K.
After a treatment time of 1 h, the reactor was cooled to
room temperature, depressurized, and opened. The
obtained hydrochars were filtered through ordinary filter
paper, dried at 368 K, and weighed. The hydrochar con-
version efficiency of the shells was calculated according
to the amount of hydrochar obtained using the following
Equation 1.

Efficiency %ð Þ ¼ Ho

S
� 100 ð1Þ

where Ho and S indicate the amount of obtained hydro-
char and shell used, respectively. In this study, the effi-
ciencies were 48.6%, 46.1%, 63.2%, and 47.7% for
pistachio shell, walnut shell, hazelnut shell and peanut
shell, respectively.

Adsorption experiments

The removals of the CV from the aqueous solution onto
the prepared hydrochars were assessed via batch
experiments. A stock solution with 100-mg/L dye
concentration was prepared. All the batch experiments
were performed in a 100-mL conical flask containing
50 mL of the dye solution. The agitation speed for all
experiments was 155 rpm. The dye concentration in the
solution was measured using a UV–Vis spectrophotome-
ter at a wavelength of 590 nm. The removal efficiency
and the adsorption capacity were calculated using
Equations 2 and 3, respectively (Kasperiski et al., 2018;
Mousavi & Seyedi, 2011).

qe¼ C0�Ceð Þ
m

�V ð2Þ

R %ð Þ¼ C0�Ceð Þ
C0

�100 ð3Þ

where C0 and Ce are initial and equilibrium concentra-
tions of dye (mg/L), respectively, m is the mass of adsor-
bent (g), V is volume of the solution (L), and qe is the
adsorption capacity (mg/g) (Adelopo et al., 2018).

Kinetic study

For adsorption kinetic studies, 2 g/L of hydrochars were
added into 100-mL conical flasks containing 50 mL of CV
with different initial concentrations (25, 50, 75 mg/L)
and an initial pH value of 8. The mixture was stirred at
25 ± 2�C for 60 min. Then, the adsorbent was separated
from the solution by centrifugation at 6000 rpm for
5 min. The concentration of CV in the solution was mea-
sured using a UV–visible spectrophotometer at 590 nm.
First-order and second-order kinetic models, which were
used to describe the adsorption, are shown in Equations 4
and 5, respectively (Pholosi et al., 2019).

Log qe�qtð Þ¼ logqe�
K1

2:303
t ð4Þ

TABLE 1 Crystal violet dye characteristics

Chemical formula C25H30ClN3

Molar mass 407.99 g/mol

2D molecular structure

3D molecular structure
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t
qt
¼ 1
K2q2e

þ 1
qe
t ð5Þ

where qe and qt are the capacities of the adsorption
at the equilibrium and at time t (mg/g), Ct and C0 are
the initial dye concentration and at any time (mg/L), t is
the time (min), K1 and K2 are the first-order constant
(1/min) and the second-order constant (L/mg. min),
respectively.

The intraparticle diffusion model (IDM) proposed by
Weber and Morris was also used to explore the diffusion
mechanism for the biochars, as shown in Equation 6
(Weber & Morris, 1963).

qt ¼ kit
0:5þC ð6Þ

where Ki is intraparticle diffusion rate constant
(mg g min�1/2), C is the constant of the boundary layer
thickness.

Adsorption isotherms

The interactions of peanuts, hazelnuts, walnuts, and
pistachio-based hydrochars with CV were investigated by
isotherms studies. Initial and equilibrium concentrations
were used to find the adsorption capacities. The results
were fitted to Langmuir (Langmuir, 1918) and
Freundlich (Freundlich, 1906) isotherms as two parame-
ters isotherms. Redlich–Peterson isotherm (Redlich &
Peterson, 1959) was selected for three-parameters iso-
therms. The linear forms of Langmuir, Freundlich, and
Redlich–Peterson isotherms are shown in Equations 7–9,
respectively.

1
qe

¼ 1
Qmax

þ 1
Kl:Qmax:Ce

ð7Þ

log qe¼LogKf þ 1
n
log Ce ð8Þ

ln
KRCe
qe

�1

� �
¼ g ln Ceð Þþ ln aRð Þ ð9Þ

where KL is the Langmuir constant (L/mg), Qmax is
the maximum adsorption capacity (mg/g), Kf is
the Freundlich adsorption capacity parameter (mg/g),
(L/mg), 1/n is the intensity parameter, α is the
Redlich–Peterson isotherm constant (1/mg), g is the
exponent lies between 0 and 1, aR is R-P isotherm
constant (L/g).

Thermodynamic study

For adsorption thermodynamic studies, 2 g/L hydrochar
was added to 100-mL conical flasks containing 50 mL of
CV at different temperatures (25�C, 30�C, 35�C, 40�C).
The mixture was stirred for 60 min until equilibrium was
achieved. The adsorbent was then separated from the
solution by centrifugation at 6000 rpm for 5 min. The
concentration of CV in solution was measured using a
UV visible spectrophotometer at 590 nm. The enthalpy
changes (ΔH

�), entropy (ΔS�), and the Gibbs free
energy (ΔG) were found as explained in the previous
work (Saleh et al., 2020), as shown in Equations 10–12.

ΔG¼�RTLnKeq ð10Þ

ΔG� ¼ΔH� �TΔS� ð11Þ

ln
CSe

CAe
¼�ΔH

RT
þΔS

R
ð12Þ

where Keq is the equilibrium constant.

Desorption study

Desorption studies for the hydrochar with maximum
removal efficiency were done as reported in the previous
work (Saleh et al., 2019). Briefly, the desorption processes
were carried at the end of the adsorption, where the
adsorbent separated from the aqueous solution. Four acid
types (HCl, H2SO4, HNO3, and H3PO4) and sodium
hydroxide (NaOH) were utilized to examine the effect of
acid/base type. The desorption was also done at different
molarities. The desorption efficiency was calculated using
Equation 13;

DesorptionEfficiencyð%Þ¼DesorbedDyeConcentration
AdsorbedDyeConcentration

�100

ð13Þ

Adsorbent characterization

Hydrochar materials were characterized to explore the
differences between the samples. Surface charges of the
adsorbent at different pHs were measured using zeta
potential (Malvern Zeta Sizer Nano ZS). Fourier trans-
form infrared spectroscopy (FTIR) spectra of the adsor-
bents were recorded via a PerkinElmer (USA) FTIR
spectrometer. Surface area, total pore volume, and pore
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diameters were measured by Brunauer Emmett–Teller
analysis (BET, MicroActive for TriStar II Plus 2.00). The
surfaces morphologies for adsorbents were observed by
scanning electron microscopy (SEM, Zeiss Supra
55, Germany).

RESULT AND DISCUSSION

Characterization of hydrochar samples

Hydrochars prepared from different nuts sources were
characterized using BET analysis (Figure 1). The surface
area, total pore volume area, micropore volume, and pore
diameter for four different hydrochars are shown in
Table 2.

Hazelnut has a maximum surface area of 47.01 m2/g.
Peanut, walnut, and pistachio have surface areas of 6.95,
7.41, and 5.06 m2/g, respectively. For hazelnut, the total
pore volume and the micropore volume are the largest,
while the walnut has the largest pore diameter of
20.73 nm.

Changes in the surface morphology of the adsorbents
were scanned by SEM images (Figure 2). The peanut-
based hydrochar has a heterogenic rough lumpy surface
(Figure 2a). After the adsorption process, the surface of
the peanut-based hydrochar became smother and lumps
disappeared (Figure 2b). The hazelnut based hydrochar
has also a relative heterogenic surface with wave-shaped
bumps (Figure 2c). Adsorption of CV covered the surface
bumps and accumulated the dyes on the surface as
shown in Figure 2d. The surface of walnut-based hydro-
char formed from the heterogenic accumulated particle
with lumps in the top facade (Figure 2e). At the end of
the adsorption process, the surface became rougher and
more heterogenous indicating the presence of the accu-
mulated dye layers (Figure 2f). Figure 2g shows that the
pistachio-based hydrochar has a surface with intense
pores, which is filled with CV dye at the end of the
adsorption process (Figure 2h).

The FTIR analysis for the hazelnut-based hydrochar
before and after the CV adsorption was conducted.
Figure 3 shows the FTIR spectra of the raw hydrochar
and after the adsorption process. The number of recorded

FIGURE 1 N2 adsorption–desorption
curve for (a) peanut, (b) hazelnut,

(C) walnut, and (D) pistachio

TABLE 2 The results of BET

analysis for the different hydrochar
Properties Unit Peanut Hazelnut Walnut Pistachio

Surface area m2/g 6.9470 47.0104 7.4109 5.0631

Total pore volume cm3/g 0.0271 0.1792 0.0384 0.0169

Micro pore volume cm3/g 0.0153 0.1157 0.0235 0.0095

Pore diameter nm 15.5941 15.2458 20.7322 13.3286
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peaks is higher than five peaks designating that the
hydrochar are not simple chemicals. For the raw hydro-
chars, the broadband near 3300 cm�1 indicates the func-
tional group O-H stretching. However, the appearance of
sharp intensities in the frequency regions 3666 cm�1

means that the hydrochar contains an oxygen-related
group. The narrow bands just below 2971 cm�1 present
the aliphatic compounds with the functional group of
C-H stretching. The peaks observed at wavelengths near
2382 cm�1 can be related to carbon dioxide compound
class and the group O=C=O stretching. The aromatic
rings were detected as two sets of absorption bands
around 1594 and 1512 cm�1. The functional group for
the detected aromatic rings is C-H bending vibration. The
peaks recorded between 1408 and 1228 cm�1 may be
related to O-H bending. The strong peaks near
1065 cm�1 may be referred to as C-O stretching. After the
adsorption process, many changes were noticed. In gen-
eral, two new strong peaks were recorded at 1584 and

1028 cm�1. They were related to N-O stretching and C-O
stretching, respectively. These peaks were identified after
the CV adsorption. The peaks are shreds of evidence for
CV adsorption since the CV contains nitrogen and carbon
in its structure. For peanut-based hydrochar, the intensi-
ties of the adsorption bands just near 3000 cm�1 were
decreased in half (data not shown). The peak at
2970 cm�1 in the walnut hydrochar disappeared after the
adsorption (data not shown). In contrast, a new peak was
detected near 1690 cm�1, which was related to C=N
stretching. For these peaks, pistachio hydrochar had sim-
ilar results (data not shown). Additionally, a new adsorp-
tion band was noticed near 1360 cm�1.

The effect of particle size

The effects of particle sizes on the adsorption efficiencies
were determined for the four hydrochar samples. The

FIGURE 2 Scanning electron microscope

(SEM) images of (a) peanut before adsorption,

(b) peanut after adsorption, (c) hazelnut before

adsorption, (d) hazelnut after adsorption,

(e) walnut before adsorption, (f) walnut after

adsorption, (g) pistachio before adsorption, and

(h) pistachio after adsorption
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hydrochars were divided into four main categories
according to the sieves they passed. The adsorption pro-
cess was done in a 100-mL flask containing a 50-mL dye
solution with a concentration of 50-mg/L and 1-g/L
adsorbent. All samples were agitated at 155 rpm for 1 h
at room temperature (25 ± 2�C). The removal efficiencies
were calculated and represented in Figure 4. In all sam-
ples, the removal efficiencies increased with the reduc-
tion in particle size. The decreases in the particle sizes
increase the surface area and positively affect the removal
efficiency. Similar results were obtained in the previous
work (Bri~ao et al., 2018).

The effect of pH

The protonation and deprotonation process during the
adsorption process is controlled by the pH values. Thus,
it is necessary to optimize the solution pH. Optimization
experiments were done using 1 g/L adsorbent added to
50-mg/L CV contained in a 100-mL flask. The flask was
shaken at 150 rpm for 1 h at room temperature (25
± 2�C). The removal efficiencies corresponding to the pH
values are shown in Figure 5a. For all hydrochar pre-
pared, the removal efficiencies increased with the
increase in the pH values. The same trend was noticed
when unburned carbon as a low-cost was utilized as an
adsorbent for methylene blue (Wang et al., 2005). The
removal efficiencies for peanut and hazelnut
incremented from 4% and 9% at pH 2 to 9% and 78% at
pH 8, respectively. Walnuts and pistachio hydrochars
also showed similar results with maximum removal effi-
ciencies of 31% and 60%, respectively. As shown clearly,
hazelnut had the maximum removal efficiency compared
to the other hydrochars.

The surface charges of the adsorbents were deter-
mined by zeta potential analysis under different pH
values (Figure 5b). For all the hydrochars, zeta decreased
with the increase of pH. At a lower pH value (pH 2), pea-
nut and hazelnut-based hydrochars had positive valuesFIGURE 4 Particle size optimization

FIGURE 3 Fourier transforms infrared spectroscopy (FTIR)

analysis for the prepared hazelnut-based hydrochar (a) before the

adorption and (b) after the adsorption

FIGURE 5 (a) Effect of pH factor

on the removal efficiency for the four

types of hydrochars and (b) zeta

potential values for the adsorbents

under different pH values
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with a zeta potential of 2.37 and 0.56 mV, respectively.
The surface charges for walnut and pistachio-based
hydrochars were negative at all pH range. The zeta
potential for the four hydrochars ranged from �22.75 to
�28.75 mV at pH 8. Negative surface charges on the
adsorbent promote the adsorption of a positive dye,
CV. At higher pH values, the oxygen deprotonated from
the CV, and the surface charges of the hydrochars
became more negative. In this way, the adsorption capac-
ity increased (Isik, Saleh, Bilici, et al., 2021).

The effect of contact time

The effect of contact time on the adsorption of CV using
the prepared hydrochars was determined. Solutions with
a concentration of 50 mg/L were prepared, and the dye
uptakes were calculated over time. Figure 6 shows the
removal efficiency and the adsorption capacity for the
four hydrochars versus time. As observed in the previ-
ous works (Isik, Saleh, & Dizge, 2021; Saleh
et al., 2020), a sharp increase in the removal efficiencies
and the adsorption capacities were observed during the
first 5 min when the active surface sites were empty
and available. With time increasing, the active site num-
bers decreased until the removal efficiencies and the
adsorption capacities reached the steady-state after
45 min. Hazelnut-based hydrochar had the maximum
removal efficiency (92%), and the adsorption capacity
was 23 mg/g. Pistachio-based hydrochar followed the
hazelnut with a removal efficiency and an adsorption
capacity of 73% and 19 mg/g, respectively. The removal
efficiency and the adsorption capacity for the walnut-
based hydrochar were 66% and 17 mg/g, respectively.
The peanut-based hydrochar showed the minimum effi-
ciency (60%) and the adsorption capacity (15 mg/g). For
all the prepared hydrochars, the adsorption capacities
are higher than obtained from the granular activated
carbon prepared from fruit stones and nutshells by
Aygün et al. (2003).

Kinetic studies

The kinetic studies for the adsorption of CV onto the pre-
pared hydrochars were done at different concentrations.
The obtained results were fitted to Lagergren's pseudo-
first-order and pseudo-second-order models. The correla-
tion factors and the chi-square error test (X2) were used
to justify the best model. Table 3 shows the two kinetic
models and their parameters, as well as the statistical
results.

For all the prepared hydrochars, the pseudo-second-
order model showed higher correlation coefficients and
smaller X2 error values. Accordingly, the adsorptions of
CV onto the different hydrochars' samples were described
by the pseudo-second-order model. The pseudo-second-
order model can describe the adsorption process over the
whole contact times, which is not present in Lagergren's
pseudo-first-order. In the pseudo-second-order model,
the increase in the adsorption of CV is proportional to
the presence of the active sites on the hydrochars surface.
Guo and Wang (2019) explored the mechanism of the
adsorption due to the pseudo-second-order model.
Accordingly, the adsorption may occur at low concentra-
tions, at the final steps of the adsorption, and when the
surface of the adsorbent is rich with the active sites
(Guo & Wang, 2019).

The diffusion effects on the adsorption of CV onto the
prepared hydrochars by the IDM. Figure 7 shows the
IDM for CV adsorption onto the prepared hydrochars.
For all hydrochars, the IDM plots had multiple linear sec-
tions, which reflects the presence of different mecha-
nisms. The film diffusion was the first mechanism when
the CV moved from the boundary layer to the hydrochars
surfaces. The movement from the surfaces toward the
pores and the attachment with available sites were the
other mechanisms. The multilinearity reflects the role of
intraparticle resistance in CV adsorption. Also, the IDM
lines were not passed through the origin point since that
film diffusion is the dominant mechanism in CV
adsorption.

FIGURE 6 (a) The removal efficiency

changes with the concentration over time and

(b) the adsorption capacities changes related to

the initial concentration

3082 SALEH ET AL.



Isotherms

The adsorption isotherms for the CV dyes onto the pre-
pared hydrochar were studied. The adsorption processes
were done at room temperature (25 ± 2�C) for 1 h at
an agitation speed of 155 rpm. At the end of the
adsorption process, the obtained samples were fitted to
the Langmuir, Freundlich, and Redlich–Peterson iso-
therms. The linear forms of the three isotherms were

fitted and shown in Table 4. According to Table 4, the
results were found to be in a good fit with both Lang-
muir and Redlich–Peterson isotherms. In contrast,
Freundlich isotherm, which assumes the heterogeneity
of the adsorption, had lower correlation coefficients.
Langmuir isotherm showed a correlation coefficient of
0.999 for the pistachio-based hydrochar. Langmuir
explains the formation of a homogenous monolayer at
the saturation conditions. Redlich–Peterson had the

FIGURE 7 The intraparticle diffusion

model (IDM) plots for (a) peanut,

(b) hazelnut, (c) walnut, and (d) pistachio

TABLE 3 1st order and 2nd order kinetic model fit results for peanuts, hazelnuts, walnuts, and pistachio hydrochars

1st order 2nd order

Concentration

(mg/L) K 1

qe measured

(mg/g)

qe fitted

(mg/g) R 2 X 2 k 2

qe measured

(mg/g)

qe fitted

(mg/g) R 2 X 2

Peanut 10 0.194 3.06 2.406 0.961 0.786 0.055 3.060 3.238 0.997 0.389

25 0.152 7.90 7.202 0.701 5.151 0.098 7.901 7.857 0.996 0.137

50 0.181 4.46 15.100 0.783 4.757 0.055 15.100 15.174 0.999 8.65E�03

Hazelnut 10 0.239 4.65 1.946 0.796 7.688 4.69E�01 4.651 4.639 0.999 4.82E�02

25 0.258 7.03 11.975 0.952 1.764 9.39E�02 11.975 12.088 0.999 0.014

50 0.271 22.74 20.935 0.887 4.880 3.01E�02 22.745 22.984 0.997 1.23E�02

Walnut 10 0.239 4.41 8.607 0.770 8.959 1.54E�01 4.411 4.449 0.998 1.84E�01

25 0.251 11.11 4.905 0.942 2.020 8.19E�02 11.299 11.110 0.999 0.0025

50 0.219 16.51 7.667 0.815 5.688 4.91E�02 16.51 16.701 0.999 4.20E�03

Pistachio 10 0.265 4.726 1.254 0.901 4.023 5.57E�01 4.726 4.751 0.999 1.21E�03

25 0.223 11.31 4.755 0.918 2.323 8.71E�02 11.555 11.457 0.999 0.00139

50 0.298 18.236 9.038 0.866 7.141 7.81E�02 18.236 18.401 0.999 3.13E�04
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maximum correlation coefficients for the peanut
(0.996), hazelnut (0.999), and walnut (0.906). In these
nuts, the adsorption mechanism is a mixture between
the Langmuir and Freundlich isotherms. Redlich–
Peterson stated that no ideal monolayer did not form at
the adsorbent surface.

Thermodynamic

The adsorptions of CV onto the peanut, hazelnut, walnut,
and pistachio-based hydrochar were investigated based
on the thermodynamic concept. Gibb's free energy,
enthalpy, and entropy for the adsorptions processes were

found by conducting the adsorption under different tem-
peratures (298, 303, 308, and 313 K). Table 5 presents the
thermodynamic parameters for the four hydrochars.

For all the prepared hydrochars, the adsorption of CV
was found to be feasible and naturally spontaneous
because of the negative sign of Gibb's free energy. With
the increases in the temperatures, the negative sign of the
Gibbs free energy also increased. Peanuts-based hydro-
char had the highest Gibbs free energy followed by
hazelnuts hydrochar, while the peanuts-based hydrochar
had the minimum value for the Gibbs free energy. For
the four hydrochars, the adsorption of CV from the aque-
ous solutions can be considered to be physisorption,
because the Gibbs free energy is lower than 20 kJ/mol

TABLE 4 Langmuir, Freundlich,

and Redlich–Peterson isotherms

parameter of the adsorption of CV onto

the different hydrochars

Isotherm Parameter Peanut Hazelnut Walnut Pistachio

Langmuir Qmax 32.700 38.649 19.523 20.839

KL 0.019 0.322 0.359 0.507

R2 0.990 0.872 0.898 0.999

Freundlich n 1.062 1.343 2.209 2.395

Kf 1.130 8.011 5.071 6.636

R2 0.978 0.834 0.828 0.955

Redlich–Peterson KR 20.000 25.000 15.000 22.000

g 0.267 0.191 0.617 0.716

aR 12.398 2.951 2.244 2.233

R2 0.996 0.999 0.906 0.991

TABLE 5 Gibbs free energy,

enthalpy, and entropy results of the

adsorption of CV onto peanuts,

hazelnuts, walnuts, and pistachio

hydrochars

Hydrochar T (�C) T (K) ΔH (kJ/mol) ΔS (J/mol K) ΔG (kJ/mol)

Peanut 25 298 8.618 34.057 �1.531

30 303 �1.701

35 308 �1.871

40 313 �2.042

Hazelnut 25 298 11.689 42.318 �0.923

30 303 �1.135

35 308 �1.346

40 313 �1.558

Walnut 25 298 8.510 29.432 �0.261

30 303 �0.408

35 308 �0.555

40 313 �0.702

Pistachio 25 298 9.136 32.696 �0.607

30 303 �0.771

35 308 �0.934

40 313 �1.098
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(Guo & Wang, 2019). The enthalpies for the adsorption
process of CV have positive values, which indicates that
the adsorption is endothermic. The entropy values for the
hydrochars are positives, which hint that the interface

between the adsorbent and the adsorbate has become
more random. Similar results were obtained previously
(Biswas et al., 2020; Dawood et al., 2017; Singh &
Kaur, 2013).

FIGURE 8 Adsorption–
desorption studies of crystal violet

(CV) dye using hazelnut-based

hydrochar (a) the effect of acid and

base type on CV dye desorption,

(b) the effect of phosphoric acid

molarity on CV dye desorption, and

(c) adsorption–desorption cycle

TABLE 6 Comparison with other studies

Raw material Adsorbate
Capacity
(mg/g) Isotherm Kinetic Thermodynamic Ref.

Hazelnut-based
hydrochar

Crystal
violet

32.7 Redlich–
Peterson

Pseudo-
second
order

Endothermic This study

Palm kernel fiber Crystal
violet

78.9 Freundlich Pseudo-
second
order

Endothermic (El-Sayed, 2011)

Palm petiole Crystal
violet

209.0 Langmuir Empiric
Avrami

Endothermic (Fang
et al., 2014)

Nano-hazelnut shell Crystal
violet

294.12 Langmuir — Exothermic (Al-Ajji & Al-
Ghouti, 2021)

Sterculia alata fruit Shell
biochar

Patent
blue V

11.4 Freundlich Pseudo-
first-order

— (Giri
et al., 2017)

Cashew nut shell Congo red 5.2 Redlich–
Peterson

Pseudo-
second
order

Exothermic (Senthil Kumar
et al., 2010)

Oil palm wastes-derived
activated carbons

Methylene
blue

24.0 Langmuir Pseudo-
second
order

— (Baloo
et al., 2021)

WATER ENVIRONMENT RESEARCH 3085



Desorption study

By comparison among the four types of prepared hydro-
chars, hazelnut-based hydrochar showed the best removal
efficiency in the adsorption process. So, the desorption
study was conducted for the hazelnut-based hydrochar
only at the optimum conditions (adsorbent amount of 2 g/
L, CV dye concentration of 50 mg/L, pH of 8, and a con-
tact time of 60 min). The maximum desorption was
obtained when the phosphoric acid was used with a
molarity of 0.1 M (Figure 8a). The maximum recovery was
46.1% (Figure 8b). The adsorption–desorption experiments
were revolved four times to examine the reusability of the
adsorbent. Figure 8c shows the removal efficiency for each
cycle. The removal efficiency of CV by the hazelnut-based
hydrochar decreased from 90.86% in the first cycle to
68.62% in the fourth cycle. The hydrochar was successfully
utilized for three cycles.

Comparison with other adsorbents

The removal efficiency and the adsorption capacity for
the prepared hydrochars in this study were compared
with previous studies, as shown in Table 6.

CONCLUSION

In this study, the production of peanut, hazelnut, walnut,
and pistachio-based hydrochars by the eco-friendly SWM
method was investigated. The prepared hydrochars were
utilized in CV dye removal from an aqueous solution using
the adsorption method. The optimum conditions were pH
of 8, particle size <45 μm, contact time of 60 min, and CV
concentration of 25 mg/L. The hazelnut-based hydrochar
was found to have the maximum removal efficiency (91%).
For all the prepared hydrochars, the adsorption of CV was
found to be feasible and naturally spontaneous. At the end
of this study, we can conclude that the subcritical water
medium (SWM) provides a unique medium for carbona-
ceous materials conversion into hydrochar with a rela-
tively high yield. Also, the use of materials with no
commercial value like; the outer shells of the nut group, is
viewed as a waste reduction method.
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Utilizing of bio-adsorbent in zero waste concept: Adsorption
study of crystal violet onto the centaurea solstitialis and
verbascum thapsus plants. Pamukkale Üniversitesi Mühendislik
Bilimleri Dergisi, 27(3), 349–358. https://doi.org/10.5505/pajes.
2020.85282

Yao, W., Zhu, W., Wu, Y., Wang, X., & Jianati, T. (2015). Removal
of crystal violet dye from wastewater by solidified landfilled
sludge and its modified products. Polish Journal of Environmen-
tal Studies, 24(2), 777–785.

Yaseen, D. A., & Scholz, M. (2019). Textile dye wastewater character-
istics and constituents of synthetic effluents: A critical review.
International Journal of Environmental Science and Technology,
16, 1193–1226. https://doi.org/10.1007/s13762-018-2130-z

Yatmaz, H. C., Dizge, N., & Kurt, M. S. (2017). Combination of
photocatalytic and membrane distillation hybrid processes for
reactive dyes treatment. Environmental Technology, 38,
2743–2751. https://doi.org/10.1080/09593330.2016.1276222

How to cite this article: Saleh, M., Isik, Z.,
Yabalak, E., Yalvac, M., & Dizge, N. (2021). Green
production of hydrochar nut group from waste
materials in subcritical water medium and
investigation of their adsorption performance for
crystal violet. Water Environment Research, 93(12),
3075–3089. https://doi.org/10.1002/wer.1659

WATER ENVIRONMENT RESEARCH 3089

https://doi.org/10.1080/10934529.2018.1471023
https://doi.org/10.1016/j.jece.2018.10.010
https://doi.org/10.1016/j.jece.2018.10.010
https://doi.org/10.1016/j.jclepro.2020.125207
https://doi.org/10.1016/j.jclepro.2020.125207
https://doi.org/10.1016/j.cis.2014.04.002
https://doi.org/10.1016/j.cis.2014.04.002
https://doi.org/10.5505/pajes.2020.85282
https://doi.org/10.5505/pajes.2020.85282
https://doi.org/10.1007/s13762-018-2130-z
https://doi.org/10.1080/09593330.2016.1276222
https://doi.org/10.1002/wer.1659

	Green production of hydrochar nut group from waste materials in subcritical water medium and investigation of their adsorpt...
	INTRODUCTION
	MATERIAL AND METHOD
	Materials
	Preparation of hydrochar
	Adsorption experiments
	Kinetic study
	Adsorption isotherms
	Thermodynamic study
	Desorption study
	Adsorbent characterization

	RESULT AND DISCUSSION
	Characterization of hydrochar samples
	The effect of particle size
	The effect of pH
	The effect of contact time
	Kinetic studies
	Isotherms
	Thermodynamic
	Desorption study
	Comparison with other adsorbents

	CONCLUSION
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES


