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Abstract This work aimed to prepare a potential
biochar from pomegranate peels (PP) and investigate
its sorption ability toward a cationic dye, namely,
crystal violet (CV). Adsorbent was obtained via a
direct pyrolysis of precursor at 700 °C for 3 h. The
biochar (PP-biochar) was characterized using FTIR,
XPS, BET, SEM, and pHp,- analysis, and used as
adsorbent for the aqueous CV dye via batch experi-
ments. Results showed that PP-biochar exhibits
highly porous structure (Sger = 508.9 m%g), V; =
0.19 cm?/g) with even distribution between micropore
(50.8%) and mesopore (49.2 %) volume. The pHp,
value of the prepared biochar was 6.42. The uptake
of CV dye occurred rapidly, and the adsorbed amount
reached 83.4% after only about 15 min of stirring
time. It was also found that the adsorption kinetic
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mechanism was well described by the pseudo-second
order and Avrami models. The maximum adsorption
capacity of Langmuir (Q°_, ) was found to be 201.2
mg/g at 50 °C. Adsorption of CV dye involved mainly
n-m interaction with contribution of other mechanisms
(i.e., pore filling, hydrogen bonding, and electrostatic
attraction). The finding suggest that the developed
biochar is of promising potential to be applied as eco-
friendly material for removing dyes from wastewater.
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1 Introduction

With the rapid evolution of industrial activities, large
amounts of toxic pollutants including synthetic dyes
are released into the aquatic environment. Most of
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these dyes are of synthetic origin and toxic in nature
with suspected genotoxic and carcinogenic effects as
well as low biodegradability (Cao et al., 2019). The
textile industry releases wastewater containing toxic
dyes, and around 2 to 20% is discharged directly
into the environment as liquid effluents (Yaseen and
Scholz, 2019). Crystal violet (CV) — a cationic dye
— has a complex aromatic structure and can cause
inhibitive effects on the photosynthesis of aquatic
plants (Abu Elella et al., 2019). Therefore, it is crucial
to treat CV dye-laden effluent prior to discharge. To
date, several scholars have investigated the treatment
of dye-contaminated waters by various techniques
such as coagulation (Gasmi, Ibrahimi, et al., 2022),
membrane separation (Khan et al., 2022), Fenton and
photo-Fenton process (Guz et al., 2014), ion exchange
(Bayramoglu et al., 2020), and electrocoagulation
(Gasmi, Elboughdiri, et al., 2022). According to the
literature, adsorption technique has been regarded as
one of the most efficient methods for removing aque-
ous dyes even at high concentrations (Wu et al., 2020;
Zbair et al., 2018). Among carbonaceous porous
materials, in recent years, biochars are reported as
low-cost and effective adsorbents for the removal of
different types of aqueous pollutants (organic and
inorganic). Biochars are prepared from pyrolysis of
biomaterial source at high temperature and in the
presence of little or no oxygen (Hu et al., 2020; Xiang
et al., 2020). These carbon-rich materials have a good
chemical stability, abundant functional groups, and
advantageous textural characteristics (i.e., large spe-
cific surface area, high total pore volume) (Wu et al.,
2020).

Moreover, biochar is environment-friendly and
its preparation does not require chemical or physi-
cal activation like activated carbons (Chahinez et al.,
2020). It is widely employed as adsorbent in plants
of potable water and wastewater treatment (Vo et al.,
2019).

In essence, biochar can be prepared by thermo-
chemical decomposition of feedstock through several
methods such as direct pyrolysis (Hadj-Otmane et al.,
2022), hydrothermal carbonization (Vo et al., 2019),
and gasification (Xiang et al., 2020). The physical and
chemical characteristics of the resultant biochar are
significantly affected by the thermochemical decom-
position method and their conditions (i.e. tempera-
ture, duration, heating rate) as well as feedstock prop-
erties (Hadj-Otmane et al., 2022; Yu et al., 2019). In
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general, biochars can be developed through one-step
(direct pyrolysis) or two-step process (hydrothermal
carbonization followed by pyrolysis) (Tran et al.,
2018; Vo et al., 2019).

In recent researches, efficient biochars were pro-
duced from available lignocellulosic wastes such
as palm petioles (Hadj-Otmane et al., 2022), pepper
stem (Naima et al., 2022), woody (Wathukarage et al.,
2019), macroalgae (Sewu et al., 2019), and litchi peel
(Wu et al., 2020).

In Algeria, especially in Biskra region, pomegran-
ate farming produces a large amount of pomegran-
ate peels (PP) annually. This biomass may serve as
a good precursor for the production of biochar. Nev-
ertheless, detailed investigations on the properties of
PP-derived biochar (textural and structural character-
istic, reuse, regeneration, feasibility) and adsorption
mechanisms of cationic dyes are scarce in the exist-
ing literature. Therefore, the objective of this paper
includes the following: (1) to investigate the char-
acteristics of produced biochar, (2) to speculate the
adsorption mechanism under different experimental
conditions (i.e., pH, concentration, temperature, ionic
strength), and (3) to examine the recycling perfor-
mance and feasibility of the prepared adsorbent. The
application of several kinetic and isotherm models
was also investigated herein.

2 Materials and Methods
2.1 Materials and Reagents

Pomegranate peels (PP) was collected from Biskra
region, Algeria (in November 2022). Crystal violet
dye (type: cationic, chemical formula: C,sH;,N;Cl,
My: 408 g/mol, and solubility in water: 16 g/L at 25
°C) was purchased from Aldrich (USA) (Table S1).
All chemicals used were of analytical grade, and all
solutions were prepared using deionized water.

2.2 Preparation of Biochar

In this work, advantageous biochar with good level
porosity was developed from pomegranate peels and
used as potential adsorbent to eliminate aqueous CV
dye. The starting material, pomegranate peels (PP),
was cut into small pieces (= 0.5 cm) and washed with
deionized water to remove dust and impurities, and
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then dried at 80 °C for 48 h. The pyrolysis process
of precursor was performed in one-stage under oxy-
gen limited condition. The dried material was ground
and sieved to sizes between 0.08 and 2 mm. Then, the
selected powder was heated to 700 °C (with heating
rate of 10 °C/min) for 3 h by using a covered crucible
of porcelain. The temperature of 700 °C was selected
because as reported in the literature at high values
of temperature, the volatile organic compounds have
been degraded and the obtained material consists
mainly of carbon (Hadj-Otmane et al., 2022; Naima
et al., 2022).

After pyrolysis, the obtained biochar was soaked in
0.1M of HCI solution, and then rinsed several times
with deionized water until free of chloride in the fil-
trate. The obtained biochar (denoted as PP-biochar)
was dried at 80 °C for 48 h and stored until further
use.

2.3 Biochar Property

The biochar was synthetized via direct pyrolysis
of precursor at 700 °C and characterized by differ-
ent techniques (i.e., FTIR, SEM-EDS, XPS, BET,
pHpyc). The functional groups of adsorbent surfaces
were investigated by the Fourier transform infra-
red spectroscopy (Shimadzu IR Affinity-1 Model,
Tokyo, Japan). FTIR spectra were recorded in wave
number range 400-4000 cm™! with KBr disc method.
Adsorption-desorption isotherm of nitrogen gas was
measured at 77 K “Quantachrome instruments V11~
and used to determine the textural properties of PP-
biochar samples (i.e. BET surface area (Sggr), pore
volume, and pore size). The XPS measurements were
performed on a Kratos Axis Ultra using Alko (1486.6
eV) radiation. High-resolution spectra were acquired
at 20 eV pass energy with energy resolution of 0.9 eV.
Surface morphology was inspected by scanning elec-
tron microscope (SEM) coupled by energy-dispersive
X-ray spectroscopy (EDS) analysis “Tescan Vega 3.”
The pH of point zero charge of PP-biochar was deter-
mined according to protocol of the drift method as
described by Aichour et al. (2019).

2.4 Batch Adsorption Experiments
The working solutions of CV dye were diluted from

the stock solution with concentration of 500 mg/L.
Adsorption experiments of CV dye onto PP-biochar

were conducted using the common batch system.
Approximately 50 mg of biochar was added into 100
mL Erlenmeyer flasks containing 50 mL of dye solu-
tion. The pH of the solution was adjusted by using 1
M NaOH or 1M HNOj before adding the biochar. The
mixture (solid-liquid) was shaken at 150 rpm for the
desired time (Hadj-Otmane et al., 2022). The separa-
tion of CV solution from the mixture dye-adsorbent
was performed by filtration through 0.45 pm mem-
brane. The residual concentration of CV dye in solu-
tions was determined by UV—Vis spectrophotometer
(Optizen 2120 UV) at 4., = 590 nm which remains
constant in pH range between 3 and 11 as shown in
Fig. S1 (Pandian et al., 2015).

The relevant experiments such as adsorption kinet-
ics (from O to 360 min), pH dependence (from 3.0 to
12), and ionic strength (from 0 to 1.0 M NaCl) were
carried out at about 25 °C. The adsorption isotherm
study (C, from 2 to 300 mg/L) was conducted at dif-
ferent temperatures (25 °C, 30 °C, and 50 °C) for 24
h. Each experiment was conducted in triplicate, and
data were averaged.

2.5 Processing and Calculation of Data

The amounts of CV dye adsorbed onto biochar at
every time (g,; mg/g) and at equilibrium (q,; mg/g)
were calculated using equations of the mass balance
(Egs. 1 and 2, respectively) (Hadj-Otmane et al.,
2022):

C,-C
QZ=MV (1
m

(Co - Ct)
g =y 2)
m

where C, (mg/L), C, (mg/L), and C, (mg/L) are
the concentrations of adsorbate at beginning, at time
t, and at equilibrium; V (L) is the volume of CV dye
solution; and m (g) is the used mass of biochar.

In this study, three common kinetic models and
three adsorption isotherms were applied to explore
the adsorption mechanisms. Details of such models
have been provided by Lima et al., (2015) and Oua-
kouak et al., (2021). Equations of the pseudo-first-
order (PFO), pseudo-second-order (PSO), and Avrami
fractional-order models are given by Egs. (3), (4), and
(5), respectively (Table 1). Meanwhile, Langmuir,
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Table 1 Equations and
parameters of the used

Model Equation

Parameters Plot

kinetic and isotherm models PFO

PSO

q, = qe(l - e‘Kl’)Eq. 3)
q’f.k:.t

4= l+q.k1Eq. (4)
4, = qe X (1 - e‘(K‘VXt)”AV)

Avrami

Langmuir 4 =

Freundlich

Redlich-Peterson q, =
e

_ QK C
14+K,.C, Eq. (6)

1/n
4. = Ky.C)""Eq. (7)
Kep.C,
agp.C,*

q, and g, (mg/g) are the
adsorbed amount of CV
dye at the end and at time 7,
respectively.

K, (L/min) and K, (g/mg min)
are the constants of PFO and
PSO, respectively.

k4y (1/min) is the Avrami
kinetic constant.

nyy is a fractional order of
adsorption.

Fig. 7
Fig. 7

Fig. 7
Eq. (5)

C, is the concentration of CV
dye at equilibrium.

Q° .x (mg/g) is the maximum
capacity of the monolayer
adsorption (of Langmuir).

K; (L/mg) is the constant of
Langmuir isotherm.

Ky [(mg/g)/(mg/L)"] is Freun-
dlich constant.

np is the dimensionless
parameter of intensity (of
Freundlich).

Kgp (L/g) and a pp (mg/L)¢
are the constants of Redlich-
Peterson isotherm.

ggp the dimensionless expo-
nent of Redlich-Peterson, g
should be < 1.

Fig. 8

Fig. 8

Eq. (8) Fig. 8

Freundlich, and Redlich—Peterson isotherm are pro-
vided by Egs. 6, 7, and 8, respectively. The non-linear
regression of the abovementioned models was investi-
gated using functions in the Origin software.

The best-fitted model representing the mechanism of
CV dye adsorption onto the PP-biochar was reflected
by calculating the correlation (R?), standard deviation
(8D), and chi-square ()(2) value as follow (Lima et al.,
2019):

Z (qe,exp - qe,ca])2

R>=1- 2
2 (qe,exp - qe,mean)

®

(10)

n
> X 2 (qe,exp - QS,Cal)z

i=1
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2
) Z (Qe,exp - qeacal)

X an

9e >cal

where g, .., (Mg/g) is the average of g, experi-
mental values; n is the number of point in the test;
p is the number of parameters in the used equation.
The best suitable equation is for the highest R? but
the smaller SD and y? values.

2.6 Reusability and Regeneration of PP-Biochar

The objective of the laden biochar reuse is to mini-
mize the cost of the operation and reduce the quanti-
ties of resulting wastes. In this study, several adsorp-
tion cycles (reuse), desorption, and regeneration tests
were conducted (Rouahna et al., 2018). The PP-bio-
chars (0.2 g) were added into 200 mL of dye solution
(Cy = 30 mg/L) and stirred for 4 h. The laden bio-
char was collected and dried for the next test. When
the percentage of elimination of CV dye decreased
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less than 50%, the recovered adsorbent was washed
with 0.1 M solution of HCI under vigorous stirring
to release the adsorbed molecules of dye. Then, the
material was washed with distilled water, and was
dried to use in new adsorption experiment (regenera-
tion). The percentage of CV dye removed from water
is determined as follows:

Removal (%) = (C, - C,)/Cy % 100 (12)

3 Results and discussions
3.1 Property of PP-Biochar

FTIR spectra of PP-biochar samples (native and laden
adsorbent) are presented in Fig. 1. The intense band
appeared at 3436 cm™! is assigned to the elongation
vibrations of the -OH groups, which characterize the
functional groups of the carboxylic acids and alcohols
(Wu et al., 2020). Peaks observed at 2924 and 2852
cm™! are attributed to the asymmetric and symmetri-
cal stretching vibrations of C-H binding (Cunha et al.,
2020). Vibrations obtained at 1740 and 1631 cm™!
indicate the presence of C=0 of carboxylic groups
and C=C in aromatic ring, respectively (Tomul
et al., 2019). Peak at 1420 cm™' denotes the ionic

carboxylic groups (-COO™) (Naima et al., 2022). The
intense peak at around 1115 cm™ represent the C-O
vibrations (Tran et al., 2017). Lastly, the narrow peak
at 618 cm™! indicates the vibrations of C-H bond of
aromatic rings (Grimm et al., 2022). Moreover, the
new peaks observed at 1051 and 573 cm™! confirm
the characteristic vibrations of dye molecules fixed on
the laden biochar surface.

Figure 2 shows the morphology and main com-
ponents (obtained by EDS) of biochar surface. As
observed, the analysed sample exhibits heterogenous
structure with tunnel form of pores. The high porosity
of material was created by the pyrolysis of lignin and
cellulose of the biochar structure (Changmai et al.,
2018).

The chemical composition of PP-biochar surface
was investigated by the XPS analysis technique as
depicted in Fig. 3. The spectrum of survey scan indi-
cated that the analyzed material had a high content of
carbon (88.13%; Fig. 3a) (Chahinez et al., 2020). In
addition, the presence of oxygen (11.13%) confirms
that the external biochar surface possesses groups
containing oxygen. Moreover, the deconvolution
of Cls spectra depicted in Fig. 3b show three com-
ponents based on the principle of C element (Mao
et al., 2017). Peak at the binding energy of 284.6 eV
was assigned to the aliphatic and aromatic C struc-
tures (C-H, C-C, and C=C). The peak observed at

Fig. 1 FTIR spectra of .
PP-biochar before and after Before adsorption
adsorption tests — After adsorption
C-H
v N
o ]
= il
£ il
= i~
g i 7
L ST—— - 2852 ;
292'4 1420 1115 573
3436 “,
1051
1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-l)
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Fig. 2 SEM image and
EDS of PP-biochar surface

SEM HV: 20.0 kV

WD: 9.26 mm VEGA3 TESCAN
View field: 47.0 ym SEM MAG: 5.91 kx | 10 ym
Element C o N TOTAL
Atomic % 89.23 7.39 3.37 100

285.6 eV characterizes the C-O binding of alcoholic
and phenolic structures. Similarly, the Ols spectrum
confirms also that the PP-biochar has un important
fraction of oxygen-rich functional groups at the B.E
of 530.9 eV (C=(0, N, metal)), 531.5 eV (C=0),
and 532.8 eV (C-O) as shown in Fig. 3¢ (Liu et al.,
2020; Tran et al., 2020). Furthermore, the existence
of N element is confirmed by the EDS (%, Fig. 2) and
the XPS (0.62 %, Fig. 3a) analysis which suggests
the presence of -NH, groups at the material surface
(Msaadi et al., 2022).

Figure 4 depicts the isotherm adsorption/des-
orption of N, for the PP700-biochar sample.
This isotherm belongs to category I according to
IUPAC nomenclature. Such type is characteristic
of microporous adsorbent (average pore diameter
< 2.0 nm) with less contributions of external sur-
face area. Additionally, the N, isotherm showed a
hysteresis loop of H,-type at high values of pressure
(Boakye et al., 2019). The external surface (S

ext?
m?%/g) and volume of micropores (Vyieror CM/g)

@ Springer

were calculated using the t-plot method as demon-
strated in previous works (Naima et al., 2022; Tran
et al.,, 2018). Results show that the prepared bio-
char possesses a good surface area (Sggp = 508.9
m?/g). The total volume of pores was accounted for
0.193 cm?/g with almost even distribution between
micropore (50.8%) and mesopore (49.2 %). Addi-
tionally, the external fraction of surface area and
average diameter of pores were found to be 171.7
m?/g and 1.52 nm, respectively. The micropo-
rous characteristic of PP-biochar sample was con-
firmed also by value of the characteristic energy of
adsorption which was found to be 18.51 16 kJ/mol
(excessed 16 kJ/mol) according to Dubinin-Radush-
kevich equation (Eq. 13) (Sevilla et al., 2011):

10.8
E,=—=+114
L)

0

13)

where L, (nm) represents the average diameter of
pores.
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Fig. 3 XPS analysis for x 104
PP-biochar: a the survey
scan spectrum and the high- i C (88.13 %) (a)
resolution scans of b C 1s .
and ¢ O Is (the peak assign- 60
ments for each spectrum are
depicted in the legend) Q)
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Fig. 4 Adsorption/desorp- -
tion isotherm of N, gas of —A— Adsorptl.on
PP-biochar at 77 K —®— Desorption
120 4 . 2—AOAO_;S[tRﬂﬂx&&%ﬂﬂﬂﬂ:&-ﬂrﬂnmmA
AA "
A’A .
—_ s Textural properties
=%
S 80 Unit Value
0 4
o Sger m?/g 508.9
é SMicrupore m 2/g 373.2
2 Skxternal m?/g 171.7
<
o 401 Vrotal cm3/g 0.193
Vmicropore cm 3/ g 0.098
VMicropnre % 50.8
0 Jk Average pore diameter nm 1.52
0.0 0.2 0.4 0.6 0.8

3.2 Adsorption Ability and Mechanisms

Crystal violet is a pH-sensitive dye known as a pH
indicator due to its colour changes in an acidic or
basic medium (Sabnis, 2007). Likewise, previous
research reported the significant role of pH factor on
CV dye adsorption from water (Chahinez et al., 2020;
Ouakouak et al., 2021).

Relative pressure (P/Pg)

Figure 5a depicts that the adsorption capacity of
PP-biochar slightly increased with the augmentation
of solution pH from 3 to 12. A matching outcome
was reported in a study by Chahinez et al. (2020).
The point of zero charge of PP-biochar (pHp - =
6.4) is critical in determining the adsorption capacity
(Fig. 5b). At this value of pH, the biochar surface is
neutral and does not have a net charge. At pH values

Fig. 5 The influence of pH
on the adsorption process 60 -
(a) and the pHp, property
of PP-biochar (b)

qe (mg/g)

pH~= 6.4
PP-Biochar (-)
—r— >
.\’/’—‘—’
‘_—./HT/
8 10 12 Cy=30mg/L
t =240 min
""""""""""""""""""""""""""""""""""""""""""" -S| T=20°C+1
/ rrrrr m/V=0.6 g/L
,,,,,,,,,,,,,,,,,, -
I R =
Initial pH (pH,)
T T T T T T T T T T T
0 2 4 6 8 10 12
Initial pH
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below 6.4, the biochar surface was positively charged
and repelled the positively charged crystal violet ions
due to the formed positively charged species hydroxyl
ion (-OH,") and ammonium ion (-NH;*), limiting
the adsorption capacity. However, as the pH increased
above 6.4, the adsorbent surface became more nega-
tively charged, which attracted the positively charged
CV ions and slightly increased the amount of the
adsorbed dye. Thus, this development explored a
mechanism known as an electrostatic attraction but
has a weak contribution to the adsorption process
(Tran et al., 2017).

Figure 6 a reveals that the adsorbed CV dye onto
PP-biochar is not significantly affected by changing
NaCl concentrations from 0.1 to 1 M. In the absence
of sodium chloride, the adsorption quantity (g,) value
was about 47 mg/g; subsequently, this value was
weakly subsided and rested almost stable at around
46 mg/g when the NaCl increased from 0.1 to 1 M.
Hence, the non-effect of sodium chloride on the
adsorption process confirmed again that electrostatic
attraction between the dye and biochar surface is a
negligible mechanism.

It is also possible that m-m interaction mecha-
nism may involve a combination in the adsorption

process. To investigate it, modified PP-biochar by
oxidation by HNO; was compared to PP-biochar in
removal efficiency (Fig. 6b). As expected, the PP-
biochar has a higher adsorption capacity compared
to oxidized biochar, regardless of the initial con-
centration of the target substance, and this could be
because the oxidation process may have altered the
surface properties of the PP-biochar, reduced the
number of aromatic rings in the presence of oxy-
gen groups, thus reducing the potential interactions
between the m-electrons in the surface groups of
adsorbent and the n-electrons in the aromatic ring of
CV dye (Coughlin and Ezra, 1968). Consequently,
the m-n interaction mechanism is mainly responsible
for CV dye adsorption. This observation was also
confirmed by the decrease of C=C bond intensity
in the FTIR spectrum after adsorption (Huff and
Lee, 2016). On the other hand, the high adsorption
capacity at a pH near the pHp,- suggests the exist-
ence of contributed mechanisms like pore-filling
based on the porosity and the large specific surface
area of the PP-biochar or the presence hydrogen
bonding interaction (Tran et al., 2017).

Fig. 6 The ionic strength 50
effect on the adsorption ——
capacity (a) and comparison ) o -/ ||
between PP-biochar and
oxidized PP-biochar in CV 140
removal (b). 40 - @ | —&— PP-Biochar HNO,
J 120 —Q&— PP-Biochar
30 4 »;\0100 E
—_ —~
Y} on
eH
~ 20 - = 60
=P
=n
40 -
C,;=30 mg/L
107 ,H=63 20
T=20°C#1 0 50 100 150 200 250 300
0 m/V=0.6 g/L Initial concentration
T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

NaCl concentration (M)
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3.3 Kinetic Study

Figure 7 shows the quantity of the CV dye adsorbed
(Q,) onto PP-biochar over time (0 to 360 min) and the
calculated parameters by modelling the kinetic data
using the above-mentioned models (Table 2). From
the results, it appears that the adsorption process
occurred rapidly in the first minutes, with 40.23 mg/g
adsorbed amount of dye obtained within 5 min. This
can reflect the high affinity of PP-biochar towards the
CV dye molecules. The equilibrium of adsorption
was attained after nearly 60 min of stirring time, and
the adsorption rate remains almost stable until the end
as the adsorbent seems saturated.

Furthermore, the ability to quickly reach an equi-
librium state with effective removal in the operation
is a critical consideration in selecting materials for
water treatment on an industrial scale.

It was also found that the Avrami and pseudo-sec-
ond-order models provide the best fit to the experi-
mental data, followed by pseudo-first-order model
based on the highest values of R? and the lowest val-
ues of SD and y? errors.

3.4 Adsorption Isotherm

In this study, the adsorption of CV dye onto PP-bio-
char was studied at several initial concentrations of

Table 2 Parameter values obtained by modelling the kinetic
data

Model Unit Value  Standard error

Pseudo-first-order

q. mg/g 4395 0.343

ky L/min 0462  0.059

R? — 0987 —

SD — 1.26 —

Ve — 159  —
Pseudo-second-order

q, mg/g 4472 0.220

ky g/mgmin  0.031 0.004

R? — 0.996 —

SD — 0.67 —

7 — 045 —
Avrami

q, mg/g 4549  0.622

kay 1/min 9.893  9.053

Ny — 0.190  0.047

R? — 0.998 —

SD — 0.50 —

7 — 025 —

dye (from 2 to 300 mg/L), at fixed solid/liquid ratio
(0.6 g/L), and at three different temperatures (20 °C,
30 °C, and 50 °C) as shown in Fig. 8. The equilibrium

Fig. 7 Stirring time factor 50
effect on CV dye uptake by
PP-biochar
40
~ 30 T
on
~-
=1
g
- 20+
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10 4
0+ )
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Fig. 8 Modelling isotherm data of CV dye adsorbed by PP-biochar

data were then modelled to predict the best isotherm
model for describing the adsorption system and pro-
vides information concerning the equilibrium behav-
iour (capacity and mechanism).

As expected, at low initial concentrations (2, 5, 10,
15, and 30 mg/L), the results showed that the adsor-
bent has a high affinity toward CV molecules based
on the removal efficiency (R%) ranging from 91.4 to
99%. Furthermore, adsorption equilibrium data were
described by the three selective models. In detail, the
higher non-linear R? values (0.982-0.995) and lower
both SD (3.29-6.35) and y* (10.85-40.41) values
indicated that the Redlich-Peterson and Freundlich
models were more suitable for describing the adsorp-
tion isotherm compared to the Langmuir model in the
individual mode or the presence of 60 mg/L of MB
dye (Table 3).

Additionally, the dramatic uptake of CV dye with
increased temperature was expressed by the increase
in the maximum adsorption capacity of the PP-bio-
char at higher temperatures. The Langmuir Q°,,, val-
ues were calculated to be 142.7 mg/g (20 °C), 175.7
mg/g (30 °C), and 201.2 (50 °C) in the single mode.

It also found that adding MB — a cationic — dye
in the solution reduced the adsorption capacity of
the CV dye to 118.07 mg/g at 20 °C despite the bio-
char still having excellent affinity to dye. Thus, there
exists a competition effect between CV and MB onto
the PP-biochar surface, that is, because the MB mol-
ecules can be adsorbed by the biochar via the similar
mechanisms (i.e., n-w interactions, pore filling, elec-
trostatic attraction, H-bonding) as the CV dye mol-
ecules. According to this results, it can be concluded
the designed biochar could serve as a valuable mate-
rial in cationic dye remediation even in the presence
of several competitive dyes.

3.5 Reusability Study

One of the important factors to consider when using
biochar is its reusability, as it affects the overall cost-
effectiveness of the treatment process. Therefore, the
experiment was designed to explore the capacity of
the PP-biochar in adsorbing 30 mg/L by regenerating
many times and then reusing the materials after the
desorption test (Fig. 9).

@ Springer



324 Page 12 0f 17

Water Air Soil Pollut (2023) 234:324

Table 3 Parameter values obtained by modelling the isotherm
data

Model Unit Value (by mode and tempera-
ture)
20°C 20°C 30°C 50°C
Single binary Single Single
Langmuir
0% mg/g 142.66 118.07 175.69 201.17
K; L/mg 0.028 0.028 0.020 0.017
R? — 0.976 0980 0971 0.974
SD — 766 575 9.60 9.84
Va — 58.72 33.08 92.28 96.89
Freundlich
n — 254 249 223 215
Ky (mg/g)/ 16.14 12.69 14.08 14.17
(mg/L)"
R? — 0991 0982 0987 0.991
SD — 474 532 635 559
7 22.51 28.40 4041 31.28
Redlich- L/g
Peterson
K, (mg/L)~® 2398 10.13 21.73 29.00
a,, — 0.987 0.389 1.054 1.534
g — 0.683 0.729 0.621 0.586
R? — 0.995 0994 0.989 0.992
SD — 339 329  6.07 544
7 11.54 10.85 3690 29.62

The results from the regeneration adsorption
revealed a gradual decrease in the removal efficiency
over multiple cycles. In the first cycle, the removal
efficiency was recorded at 96.28%, but it dropped to
44.24% in the fourth cycle. This decrease in adsorp-
tion efficiency can be attributed to the continuous
exhaustion of the active sites on the surface of the
adsorbent.

The desorption quantity of about 69.87 mg/L rep-
resents 82.74% of the total adsorbed dye onto biochar
in the regeneration test (84.43 mg/L), indicating that
a considerable amount of CV molecules could be
recovered from materials using the HCI agent (1M)
after the adsorption process.

After reusing the PP-biochar, the removal effi-
ciency was kept high at 88.48% despite being slightly
lower than the removal efficiency obtained in the first
cycle, which confirmed the desorption finding. These
features of PP-biochar can further reduce the overall

@ Springer

cost of the process and make it a practical technique
for industrial applications.

3.6 Comparison with Other Biochars

To support the ability of the PP-biochar as a potential
adsorbent for the removal of dyes from water media,
the textural properties of PP-biochar and the esti-
mated value of theoretical adsorption capacity (Q°,.,)
were compared to results of various biochars that
have been reported by other scholars in the existing
literature. Results in Table 4 show that the PP-biochar
samples have a high surface area, pore size distribu-
tion and high total pore volume compared to other
biochars that investigated in other works. In addition,
data of Table 4 confirm that the produced biochar in
this work (PP-biochar) exhibited an excellent adsorp-
tion capacity towards CV dye (175.7 mg/g at 30 °C)
compared to other kinds of biochars (11.0-206.6
mg/g) which reported in the previous studies.

3.7 Cost Analysis

The cost analysis of biochar production is critical to
determine its economic feasibility in marketing and
different applications. In general, biochar production
requires guaranteeing the availability of raw materi-
als and covering the net cost of production, including
feedstock purchase cost, energy consumption cost,
transport cost, and labour cost (Ahmed et al., 2016).
Some operating expenses like the raw feedstock and
the energy could lower by using free sources such as
agricultural waste and sunlight power. In addition,
the operation of the biochar production is simple and
did not need advanced technology or many workers.
Accordingly, the total cost of producing PP-biochar
(Ciora) Was analysed and estimated based on the Alge-
ria prices (converted to US$) as the following :

CTotal = CFeedstock + CProduction + CAdditional (14)

where the cost of production (Cp,qguction) FEPIESENtS
the energy (electricity) consumption cost for drying
and oven heating; and the additional cost (Cggigional
) covers the use of water in the process including
the need for washing and transporting costs. The
total cost for producing 1 kg of PP-biochar was cal-
culated to be 0.343 USS$ in the condition of labour.
From this finding, the cost of the prepared biochar is
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Fig. 9 Adsorption cycles,
desorption, and reusability
of PP-biochar
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A
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) of dyes onto PP-biochar with other biochars reported in the literature

Kind of biochar Porosity

Experimental conditions of adsorption isotherm Q°

SgeT (ng) Vieal (cm¥/, 2)

Dye pH m/V(g/L) C,range (mg/L) T (°C)

max

(mg/g) Ref.

Palm Petioles bio- 640.0 0.403
char (at 700 °C)

Rice straw biochar 104.0 -
(at 500 °C)

Woody biochar (at 1.0 0.001
300 °C)

Woody biochar (at  76.3 0.01
500 °C)

Woody biochar (at  808.0 0.89
700 °C)

Corncob biochar 33.7 --
(at 500 °C)

Palm Petioles bio- 430.4 0.22
char (at 600 °C)

Palm Fronds bio-  431.8 0.13
char (at 700 °C)

PP-biochar (at 700 508.9 0.19
OC)

cvV 70 1 5-250 20
CV 70 06 - 25
CV 80 2 5-200 30
CvV 80 2 5-200 30
CV 80 2 5-200 30
cv - 2 25-200 25
MB 7.0 1 2-500 20
MB - - 20-200 25
CcvV 63 1 2-300 30

196.5

44.6

11.0

237

125.5

81.9

118.7

206.6

175.7

Chahinez et al.
(2020)

Abd-Elhamid et al.
(2020)

Wathukarage et al.
(2019)

Fang (2012)

Hadj-Otmane et al.
(2022)

Zubair et al. (2020)

This study

Rt room temperature, CV crystal violet, MB methylene blue
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Table 5 Comparison of costs between PP-biochar and other materials

Material Price (US$) Quantity Net cost (US$) Total cost (US$/kg) Reference

PP-biochar 0.343 This study

PP feedstock 0.01/kg 5 0.025

Deionized water 0.05/L 4 0.2

Energy 0.011/kWh 6.2 0.068

Transporting 0.05

Activated carbon (granular) 6.4 Alhashimi and Aktas (2017)
Virgin wood biochar 17.8 Alhashimi and Aktas (2017)
Coconut shell biochar 0.55 Praveen et al. (2021)
Eggshell-modified biochar 0.33 Kumi et al. (2020)
Activated charcoal” 0.85-2.85 https://www.alibaba.com
Rice straw biochar 0.55 Sakhiya et al. (2022)
Tectona grand biochar 0.432 Pandit et al. (2018)

Teff straw activated biochar 3.50 Yihunu et al. (2019)

*Commercial prices in 2023

comparable to that of other carbonaceous materials,
as shown in Table 5.

Based on the calculation of Table 5 and the reus-
ability study, the cost of 1 m® of treated water is about
0.206 US$ without regeneration and 0.051 US$ with
regeneration (after 4 cycles of reuse) for m/V = 0.6
g/L, C, =30 mg/L, pH = 6.3, and T = 20 °C. There-
fore, the PP-biochar could be considered a low-cost
adsorbent for marketing and large-scale applications.

4 Conclusion

In this study, the performance of biochar prepared
from pomegranate peels in eliminating crystal violet
(CV) from the water was successfully investigated
under various conditions. The adsorption ability of
CV molecules was not affected by solution pH (3—12)
or ionic strength (0.1 to 1M NaCl), confirming the
insignificant role of the electrostatic attraction mecha-
nism. Modifying the pomegranate peel biochar with
HNO; resulted in a significant decrease in the amount
of CV adsorbed compared with PP-biochar, proving
the primary role of the z-x interactions mechanism.
The high CV uptake near the pHp,- confirmed the
presence of pore-filling and hydrogen bonding inter-
action as minor mechanisms. The experimental data
were best represented by the Avrami and pseudo-
second-order models. The Redlich-Peterson and Fre-
undlich models are very suitable in describing the

@ Springer

adsorption isotherm. Modelling using the Langmuir
isotherm estimated the maximum adsorption capac-
ity to be 142.7 mg/g (20°C), 175.7 mg/g (30°C), and
201.2 (50°C). The PP-biochar showed the capacity
for four adsorption cycles before being reused. The
findings indicate the potential use of pomegranate
peel biochar as a low-cost and alternative material in
environmental applications.

Data Availability The datasets generated during and/or
analysed during the current study are available from the cor-
responding author on reasonable request.
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