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a b s t r a c t

Nigella sativa L. biorefinery waste biomass with antioxidant and antimicrobial properties
was used as a novel biosorbent material for the green treatment of heavy metal pollution
from water environment in this work. Manganese, one of the most widely used heavy
metals, was used as a model to test the biosorption behavior of novel biosorbent. The
main variables of biosorption operation such as pH, biosorbent amount (m), heavy metal
concentration (Ci), and time (t) were optimized by the batch-type test system. The
typical features of process of heavy metal biosorption were displayed by the character-
ization, kinetics, equilibrium, and thermodynamics studies. The characterization studies
indicated that the biosorbent material possessed a heterogeneous surface morphology
including many protuberances and cavities, and a rich profile of functional group. pH
of 6, m of 10 mg, Ci of 30 mg L−1, and t of 120 min were determined to be the
optimum variables values of biosorption process. The experimental data of heavy metal
biosorption followed the kinetics model of Elovich and the isotherm model of Freundlich.
The biosorption of heavy metal from aquatic medium was a spontaneous, favorable, and
physical operation (∆G◦: -7.27–3.55 kJ mol−1 and EDR: 0.90 kJ mol−1). The biosorbent
material exhibited higher heavy metal biosorption performance (91.53 mg g−1) than
many other sorbent materials reported in the literature. Thus, the current study showed
that the biorefinery waste biomass of N. sativa L. could be used as an effective biosorbent
for the biosorption of heavy metal from water environment, in addition to its use as an
antimicrobial and antioxidant agent for multidirectional treatment of aquatic medium.

© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The contamination of water resources with the heavy metals is one of the most important environmental issues of
oday. The heavy metals are widely used in almost all fields such as the mining, metal plating, tanning, electronic, battery,
uclear, detergent, plastic, fertilizer, paper, synthetic dye, cement, ceramic, tire, and biocide production sectors (Chai et al.,
021; Zamora-Ledezma et al., 2021). Because most of these industries consume large amounts of water, they generate
significant amount of heavy metals-containing wastewater. Some heavy metals like manganese, cobalt, copper, and
inc are necessary in low amounts for a healthy life, while some other heavy metals such as mercury, cadmium, arsenic,
nd lead cause many serious health problems even in low quantities (Kolluru et al., 2021; Zamora-Ledezma et al., 2021).
igh exposure to these first group of elements, which are required in low amounts, also causes many health issues.
he heavy metals are non-biodegradable, accumulative, persistent and toxic substances (Chai et al., 2021; Kolluru et al.,

E-mail address: f_deniz@outlook.com.
ttps://doi.org/10.1016/j.eti.2021.102118
352-1864/© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
rg/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.eti.2021.102118
http://www.elsevier.com/locate/eti
http://www.elsevier.com/locate/eti
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eti.2021.102118&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:f_deniz@outlook.com
https://doi.org/10.1016/j.eti.2021.102118
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


F. Deniz Environmental Technology & Innovation 25 (2022) 102118

2
b
t

e
m
2
a
t
w

T
c
s
p
b
N
a
i

021; Rambabu et al., 2021; Zamora-Ledezma et al., 2021). These stubborn pollutants must be removed from wastewater
efore being released into the environment due to their pernicious effects on humans and other living things, besides
heir negative effects on the chemical, biological, and physical properties of aquatic environment.

There are various physical, biological, and chemical treatment techniques for the removal of heavy metals from water
nvironment. Among these, biosorption, a special adsorption operation in which waste biomass is used as a sorbent
aterial, is an inexpensive, ecofriendly, effective, and practical purification technology (Bădescu et al., 2018; Costa et al.,
021; Dhouibi et al., 2020; Fawzy, 2020; Raju et al., 2021). Many biomass-based activities in various fields such as the
griculture, forest, aquaculture, and bio-industry generate large amounts of waste biomass. Converting these wastes into
he valuable products to be used in different areas instead of creating environmental, economic, and ecological problems
ill provide sustainable contributions to the protection of natural resources and the nature.
Nigella sativa L. (black cumin) is a well-known annual medicinal and aromatic herb from the family of Ranunculaceae.

he seed part of plant has a rich profile containing a wide variety of valuable compounds (fixed oil, essential oil,
arbohydrates, proteins, vitamins, pigments, various bioactive substances, etc.), which are widely used in various sectors
uch as medicine, food, cosmetic, and biofuel (Ahmad et al., 2021; Golkar and Nourbakhsh, 2019). After the refinery
rocess to obtain the valuable compounds, a large amount of waste biomass remains. Thus, in the current work, a circular
ioeconomy-based study was carried out using the waste biomass left over from the fixed oil biorefinery process of
. sativa L. plant. This waste biomass has antioxidant and antimicrobial properties just like its unrefined form (Kadam
nd Lele, 2017; Mariod et al., 2009; Sabbah et al., 2020). For multidirectional treatment of aquatic medium, besides
ts use as an antimicrobial and antioxidant agent, the usability of biorefinery waste biomass of N. sativa L. as a novel
and effective biosorbent material for the green purification of heavy metal pollution from aqueous environment was
tested for the first time in this study. The element of manganese, one of the most widely used heavy metals, was used
as a model to test the biosorption behavior of novel biosorbent (Cheng et al., 2020; Rudi et al., 2020). The studies of
characterization, optimization, kinetics, equilibrium, and thermodynamics were conducted to display the heavy metal
biosorption characteristics of biosorbent.

2. Materials and methods

2.1. Preparation and characterization of biosorbent

The waste biomass left over from the fixed oil biorefinery process of N. sativa L. was obtained from a local market in
the city of Sinop, Turkey. The waste biomass was washed many times with tap water and distilled water, respectively,
and dried in a stove at 80 ◦C for 24 h. It was pulverized using a mill and sieved by a screen with pore size of 0.5 mm.
The powdered waste biomass (1 g) was then modified with 100 mL of 0.3 M sodium hydroxide to prevent the unwanted
leaks from the waste biomass into water environment and to increase its stability and biosorption capacity. The waste
biomass-sodium hydroxide was slowly agitated by a magnetic shaker at room temperature. After 24 h, the modified waste
biomass was filtered, washed multiple times to remove the residual substances and re-dried in the same way as above.
The final material was stored in a glass bottle for use as a biosorbent material for the green treatment of heavy metal
pollution from aqueous environment.

The studies of Fourier transform infrared spectroscopy and Scanning electron microscopy were performed to display
the surface morphology and functional group profile of biosorbent material prepared using the devices of Electron
Microscope of Scanning (Zeiss Evo Ls 10) and Infrared Spectrometer of Fourier Transform (PerkinElmer Spectrum 400).

2.2. Preparation of heavy metal solution

The element of manganese (divalent, CAS No: 20603-88-7) was provided from Merck company, Germany. A stock
solution of heavy metal with a 1000 mg L−1 concentration was prepared by dissolving a sufficient amount of heavy metal
in distilled water. The experimental solutions were obtained at the desired concentrations by diluting the heavy metal
stock with distilled water. The solutions of sodium hydroxide and hydrochloric acid with a concentration of 0.1 mol L−1

were used to adjust the values of pH of test solutions.

2.3. Test of heavy metal biosorption

All the materials used in the heavy metal biosorption operation were of analytical grade. The heavy metal biosorption
capability of biosorbent material was investigated using the batch experiment technique. The main variables of heavy
metal biosorption operation such as pH (2–6), biosorbent amount (m, 10–30 mg), heavy metal concentration (Ci, 10–
30 mg L−1), and time (t, 0–120 min) were optimized by the test method of one-factor-at-a-time. A series of Erlen flasks
containing a certain proportion of heavy metal solution and biosorbent were agitated with an orbital shaker at 150 rpm
and 23 ◦C under different working conditions. After the biosorption study, some sample was taken from the medium of
experiment and the biosorbent was removed from the sample. The concentration of heavy metal in the supernatant phase
was determined using a test set for the element of manganese (Merck Spectroquant 114 770) by a spectrophotometer
2
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Thermo Genesys 10 S) at a wavelength of 445 nm. The capacity of heavy metal biosorption of biosorbent was calculated
sing Eq. (1).

q =
(Ci − Cf) V

m
(1)

where q: biosorption capacity (mg g−1), Ci and Cf: initial and final concentration of heavy metal (mg L−1), V : solution
volume (L), and m: biosorbent mass (g).

2.4. Kinetics of heavy metal biosorption

The kinetics experiment of heavy metal biosorption was carried out using a set of Erlen flasks containing 100 mL of
heavy metal solution and 10 mg of biosorbent. The mixtures with different concentrations of heavy metal were shaken
under the optimized operating conditions. Some sample was taken from the experiment medium at certain intervals of
biosorption time in the range of 0–120 min, the biosorbent was removed from the sample, and the final concentration
of heavy metal and the biosorption capacity of biosorbent were determined as above. The kinetics data obtained for
the biosorption of heavy metal were evaluated by the pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and
intra-particle diffusion (IPD) kinetics models (Chien and Clayton, 1980; Ho, 2006; Lagergren, 1898; Weber and Morris,
1963).

2.5. Isotherm of heavy metal biosorption

The isotherm test of heavy metal biosorption was conducted using a series of Erlen flasks containing 100 mL of
heavy metal solution and 10 mg of biosorbent for different concentrations of heavy metal. The mixtures were agitated
at constant temperature under the optimized operating conditions. At the end of the time of biosorption equilibrium,
some sample was taken from the experiment medium, the biosorbent was removed from the sample, and the final
(equilibrium) concentration of heavy metal and the biosorption capacity of biosorbent at equilibrium was determined
as above. The isotherm data obtained for the biosorption of heavy metal were evaluated by Freundlich, Langmuir, and
Dubinin–Radushkevich (DR) isotherm models (Dubinin and Radushkevich, 1947; Freundlich, 1906; Langmuir, 1918).

2.6. Thermodynamics of heavy metal biosorption

The thermodynamics experiment of heavy metal biosorption was performed using a set of Erlen flasks containing
100 mL of heavy metal solution and 10 mg of biosorbent. The mixtures with different concentrations of heavy metal
were agitated under the optimized operating conditions at constant temperature. Some sample was taken from the
experiment medium at the end of the time of biosorption equilibrium, the biosorbent was removed from the sample,
and the equilibrium concentration of heavy metal both in the liquid phase and on the biosorbent was determined as
above. The thermodynamics nature of heavy metal biosorption operation was evaluated by the parameter of standard
Gibbs free energy change.

3. Results and discussion

3.1. Characterization of biosorbent

For the surface analysis of biosorbent, the images of Scanning Electron Microscope before and after the heavy metal
biosorption operation are shown in Fig. 1. The biosorbent possessed a heterogeneous morphology of surface including
many protuberances and cavities (Fig. 1a and b). This type of surface morphology was highly favorable for the heavy metal
biosorption, as it increased the surface area of biosorbent and the interaction of heavy metal ions with the active binding
sites of biosorbent surface (Dhouibi et al., 2020; Fawzy, 2020; Meshram et al., 2020). After the heavy metal biosorption,
some changes were observed in the appearance of surface of biosorbent due to the retention of ions of heavy metal by
the active binding sites (functional groups) of biosorbent (Fig. 1c and d). The functional group profile of biosorbent before
(red line) and after (green line) the heavy metal biosorption is also indicated in Fig. 2. The bands at 3323, 2923, and
2854 cm−1 showed the presence of O–H, N–H and C–H functional groups. The bands at 1741 and 1606 cm−1 indicated
the existence of functional group of C==O. The bands in the area of 1415–1146 cm−1 could be attributed to the functional
groups of C–N and C–O. The strong band at 1027 cm−1 indicated the presence of C–O–C functional group. The bands in
the region of 893–761 cm−1 could be ascribed to the functional group of C–H (Ezeonuegbu et al., 2021; Fawzy, 2020;
Raju et al., 2021). Thus, the study of characterization displayed that the biosorbent prepared possessed a large number of
functional groups. In addition, the obvious differences between the functional group spectrum of biosorbent before and
after the biosorption operation revealed that various functional groups were involved in the heavy metal biosorption.
3



F. Deniz Environmental Technology & Innovation 25 (2022) 102118

r

3

b

Fig. 1. Scanning Electron Microscope images of biosorbent prepared before (a and b) and after (c and d) heavy metal biosorption operation.

Fig. 2. Functional group profile of biosorbent prepared before (red line) and after (green line) heavy metal biosorption. . (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)

.2. Effect of pH on heavy metal biosorption

Fig. 3 displays the effect of pH on the heavy metal biosorption process. The heavy metal biosorption capacity of
iosorbent increased from 19.23 to 68.27 mg g−1 as the solution pH raised from 2 to 6. At low pH values, the concentration

of H+ was high, and this caused the protonation of surface of biosorbent. Therefore, the heavy metal biosorption capability
of biosorbent was lower due to the electrostatic repulsion between the heavy metal ions and the protonated active binding
sites of biosorbent surface. At high pH values, the concentration of OH− was high, which caused the deprotonation of
biosorbent surface. Hence, the heavy metal biosorption capacity of biosorbent increased due to the electrostatic attraction
between the heavy metal ions and the deprotonated active binding sites of biosorbent surface (Rahmani-Sani et al., 2020;
Sheikh et al., 2021). Thus, the optimum pH value was determined to be 6.
4
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Fig. 3. Effect of pH on heavy metal biosorption (pH: 2–6, m: 10 mg, Ci: 15 mg L−1 , and t: 120 min).

Fig. 4. Effect of biosorbent amount on heavy metal biosorption (m: 10–30 mg, pH: 6, Ci: 25 mg L−1 , and t: 120 min).

.3. Effect of biosorbent amount on heavy metal biosorption

The effect of biosorbent amount on the heavy metal biosorption operation is indicated in Fig. 4. The heavy metal
iosorption capacity of biosorbent decreased from 84.62 to 61.54 mg g−1 by increasing the amount of biosorbent from

10 to 30 mg. At low values of biosorbent quantity, the active binding sites of biosorbent surface were completely open
for the biosorption of heavy metal ions, allowing the biosorbent to exhibit higher heavy metal biosorption performance.
At high values of biosorbent amount, a lower heavy metal biosorption yield was observed due to the presence of fully
unsaturated active binding sites of biosorbent for the fixed concentration of heavy metal and the aggregation of particles
of biosorbent. On the other hand, by increasing the biosorbent quantity, the percent biosorption efficiency of biosorbent
increased from 30.31 to 76.71% (figure not shown). This was because of greater presence of surface area and active binding
sites for the biosorption of heavy metal ions (Fawzy and Gomaa, 2020; Rambabu et al., 2021). So, the optimum biosorbent
amount was determined as 10 mg (100 mg L−1).

3.4. Effect of heavy metal concentration on biosorption operation

Fig. 5 demonstrates the effect of concentration of heavy metal on the process of biosorption. The heavy metal
biosorption yield of biosorbent increased from 68.27 to 90.38 mg g−1 with the increase in the initial concentration of heavy
etal from 10 to 30 mg L−1. The greater concentration gradient and driving force at high concentration values of heavy

metal enhanced the transfer of ions of heavy metal from the bulk phase of solution to the surface phase of biosorbent,
which significantly increased the heavy metal biosorption capability of biosorbent up to the state of equilibrium of
biosorption operation (Mandal et al., 2021). However, as the initial concentration of heavy metal increased from 10 to
30 mg L−1, the percentage heavy metal biosorption efficiency of biosorbent decreased from 66.17 to 29.91% (figure not
shown). This result was due to the saturation of active binding sites of biosorbent by the ions of heavy metal for the
fixed amount of biosorbent material (Fawzy and Gomaa, 2020; Sutirman et al., 2021). Thus, the optimum heavy metal
concentration was determined to be 30 mg L−1.
5
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Fig. 5. Effects of heavy metal concentration and time on biosorption operation (Ci: 10–30 mg L−1 , t: 0–120 min, pH: 6, and m: 10 mg).

Fig. 6. Plots of IPD model for different initial concentrations of heavy metal.

3.5. Effect of time on heavy metal biosorption

The effect of time on the heavy metal biosorption process is also presented in Fig. 5. The heavy metal biosorption
capacity of biosorbent increased rapidly at first, then continued at a slower rate, and eventually reached the state of
equilibrium (approximately 120 min). At the early stage of heavy metal biosorption operation, the active binding sites
of biosorbent surface were completely free for the biosorption of heavy metal ions, and there was a high concentration
gradient between the solution bulk and biosorbent surface phases. These factors provided a higher heavy metal biosorption
yield to the biosorbent material. At the late stage of heavy metal biosorption, a lower heavy metal biosorption efficiency
was obtained due to the saturation of active binding sites of biosorbent by the ions of heavy metal and the repulsive
forces between the biosorbed and free heavy metal ions (Ezeonuegbu et al., 2021). So, the optimum biosorption time was
determined as 120 min.

3.6. Kinetics of heavy metal biosorption

The kinetics data obtained for the heavy metal biosorption operation were evaluated by the kinetics models of PFO,
PSO, Elovich, and IPD using Eqs. (2)–(5).

qt = qe(1 − e−k1t ) (PFO) (2)

qt =
k2 q2et

1 + k2 qet
(PSO) (3)

qt =
1
b
ln(1 + abt) (Elovich) (4)

qt = C + kp t1/2 (IPD) (5)

where qt and qe: biosorption capacity at a time t and equilibrium (mg g−1), k1, k2 and kp: rate constants of PFO (min−1),
PSO (g mg−1 min−1) and IPD (mg g−1 min−1/2) models, a: initial biosorption rate (mg g−1 min−1), b: desorption constant
6
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Table 1
Kinetics study results for heavy metal biosorption.
PFO

Parameter qe k1 R2 AdjR2 RMSE
Unit mg g−1 min−1 – – –
Value for 10 mg L−1 66.59 0.06 0.97 0.97 4.46
Value for 20 mg L−1 69.56 0.15 0.94 0.93 6.93
Value for 30 mg L−1 82.57 0.33 0.93 0.93 7.70

PSO

Parameter qe k2 R2 AdjR2 RMSE
Unit mg g−1 g mg−1 min−1 – – –
Value for 10 mg L−1 77.83 0.001 0.98 0.98 3.66
Value for 20 mg L−1 77.60 0.003 0.98 0.98 3.95
Value for 30 mg L−1 88.27 0.006 0.98 0.98 3.81

Elovich

Parameter a b R2 AdjR2 RMSE
Unit mg g−1 min−1 g mg−1 – – –
Value for 10 mg L−1 13.67 0.07 0.96 0.95 5.25
Value for 20 mg L−1 13.25 0.08 0.99 0.99 2.60
Value for 30 mg L−1 11.70 0.09 0.99 0.99 3.06

IPD

Parameter C kp R2 AdjR2 RMSE
Unit mg g−1 mg g−1 min −1/2 – – –
Value for 10 mg L−1 7.44 6.84 0.91 0.90 7.65
Value for 20 mg L−1 17.86 6.94 0.84 0.82 10.96
Value for 30 mg L−1 34.18 6.99 0.69 0.65 16.71

(g mg−1), and C: a parameter about boundary layer thickness (mg g−1). The kinetics results obtained for the heavy metal
biosorption are displayed in Table 1. The suitability of the data obtained from the kinetics models to the experimental
heavy metal biosorption kinetics data was evaluated using the statistical tests of determination coefficient (R2), adjusted
determination coefficient (Adj R2), and root mean squared error (RMSE). The statistical analysis results indicated that the
xperimental kinetics data of heavy metal biosorption followed the kinetics model of Elovich (R2: 0.99, Adj R2: 0.99, and
MSE: 3.06 for 30 mg L−1). This showed that the heavy metal biosorption operation occurred through the chemical
nteraction forces between the heavy metal ions and the active binding sites of heterogeneous surface of biosorbent
Fawzy and Gomaa, 2020; Shahnaz et al., 2020). In addition, the effect of intra-particle diffusion on the rate of heavy
etal biosorption was evaluated by the kinetics model of IPD. Fig. 6 indicates the plots of IPD model for different initial
oncentrations of heavy metal. They did not pass through the origin and were not in the form of a single line. This result
isplayed that the heavy metal biosorption process was governed by multiple rate control steps (Dhouibi et al., 2020;
huang et al., 2020).

.7. Isotherm of heavy metal biosorption

The isotherm data obtained for the heavy metal biosorption process were evaluated by Freundlich, Langmuir, and DR
sotherm models using Eqs. (6)–(8).

qe = KFC1/nF
e (Freundlich) (6)

qe =
qmKLCe

1 + KLCe
(Langmuir) (7)

qe = qme−Bε2 (DR) (8)

where qe: biosorption capacity at equilibrium (mg g−1), KF: a parameter about biosorption of capacity (mg g−1 (L
mg−1)1/nF ), Ce: equilibrium concentration of heavy metal (mg L−1), nF: a parameter about biosorption intensity, qm:
maximum capacity of biosorption (mg g−1), KL and B: parameters about biosorption energy (L mg−1 for KL) (mol2kJ−2

for B), E: Polanyi potential (E = RT ln(1 + (1/Ce))), T : temperature (K), and R: gas constant (J mol−1 K−1). The isotherm
study results for the heavy metal biosorption are given in Table 2. The compatibility of the data obtained from the
isotherm models with the experimental heavy metal biosorption isotherm data was evaluated by the statistical tests
of R2, Adj R2, and RMSE. The statistical analysis results displayed that the isotherm data of heavy metal biosorption
followed the isotherm model of Freundlich (R2: 0.93, Adj R2: 0.86, and RMSE: 4.23). This showed that the heavy metal
biosorption occurred through the formation of multilayer of heavy metal ions on the heterogeneous surface of biosorbent.
The parameter of nF obtained from this isotherm model was found in the range of 0–10 (6.48), while the equilibrium
parameter, R (R = 1/(1+ (K C )), obtained from the isotherm model of Langmuir was found in the range of 0–1 (0.04).
L L L i
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Table 2
Isotherm study results for heavy metal biosorption.
Freundlich

Parameter KF nF R2 AdjR2 RMSE
Unit mg g−1 (L mg−1)1/nF – – – –
Value 55.14 6.48 0.93 0.86 4.23

Langmuir

Parameter qm RL R2 AdjR2 RMSE
Unit mg g−1 – – – –
Value 91.53 0.04 0.81 0.62 6.90

DR

Parameter qm EDR R2 AdjR2 RMSE
Unit mg g−1 kJ mol−1 – – –
Value 85.36 0.90 0.71 0.42 8.50

Table 3
Treatment efficiencies of various materials for heavy metal used.
Material qm (mg g−1) References

1,2-Benzenediamine-treated granular activated carbon (F-300) 0.7500 Meshram et al. (2020)
1,2-Benzenediamine-treated granular activated carbon (F-820) 1.0626 Meshram et al. (2020)
Parthenium hysteroporous bud and leaf powder 14.863 Raju et al. (2021)
Alginate-iron oxide-combusted coal gangue composite 102.06 Mohammadi et al. (2021)
Wood vinegar-production-wasted biochar 0.77 Youngwilai et al. (2020)
H2O2-treated biochar 1.15 Youngwilai et al. (2020)
Sinco-430 cationic ion-exchange resin 39.49 Zhuang et al. (2020)
Red mud 51.39 Li et al. (2020)
Polyaniline 50.251 Hallajiqomi and Eisazadeh (2017)
Pumice 0.519 Cifci and Meric (2017)
Fe-pumice composite 7.148 Cifci and Meric (2017)
N. sativa L. biorefinery waste biomass 91.53 This study

These data revealed that the heavy metal biosorption was a favorable operation. In addition, the mean free energy
parameter, EDR(EDR = 1/

√
2B), obtained from the isotherm model of DR was found in the range of 0–8 kJ mol−1 (0.90 kJ

ol−1). This showed that the heavy metal biosorption was a physical process (Ezeonuegbu et al., 2021; Mahmoud et al.,
020).

.8. Thermodynamics of heavy metal biosorption

The thermodynamics nature of heavy metal biosorption operation was evaluated by the parameter of standard Gibbs
ree energy change using Eq. (9).

∆G◦
= −RTlnKD (9)

here ∆G◦: standard Gibbs free energy change (kJ mol−1), R: gas constant (J mol−1 K−1), T : temperature (K), KD: coefficient
f distribution (KD = Ceb/Ces), Ceb and Ces: equilibrium concentration of heavy metal on biosorbent and in supernatant

phase (mg L−1). The values of ∆G◦ parameter obtained for the heavy metal biosorption were found in the range of −7.27–
.55 kJ mol−1. The negative ∆G◦ in the range of 0–20 kJ mol−1 showed that the heavy metal biosorption was a spontaneous

and favorable process, and the process of biosorption occurred through the physical interaction between the ions of heavy
metal and the active binding sites of surface of biosorbent (Mohammadi et al., 2021; Verma et al., 2021).

3.9. Study of comparison

The biosorption yield of biosorbent prepared for the heavy metal purification from water environment based on the
parameter of qm provided from the isotherm model of Langmuir was found to be 91.53 mg g−1. The treatment capacities of
ifferent sorbent materials for the heavy metal used from aqueous medium are shown in Table 3, based on the parameter
f qm. The biosorbent used in this study exhibited higher purification efficiency than many other sorbent materials
eported. This result indicated that the biosorbent prepared could be used as an effective material for the green treatment
f heavy metal pollution from aquatic medium.

. Conclusions

N. sativa L. biorefinery waste biomass with antioxidant and antimicrobial properties was used as a novel biosorbent
aterial for the green removal of heavy metal (manganese) pollution from water environment. The characterization study
8
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howed that the biosorbent prepared possessed a heterogeneous surface morphology including many protuberances and
avities, and a rich profile of functional group. The optimum conditions for the heavy metal biosorption operation were
etermined to be pH of 6, m of 10 mg, Ci of 30 mg L−1, and t of 120 min. The heavy metal biosorption followed the

models of Elovich and Freundlich. The biosorption of heavy metal was a spontaneous, favorable, and physical process.
The biosorbent used exhibited higher heavy metal treatment performance than many other sorbent materials. This study
indicated that the biorefinery waste biomass of N. sativa L. could be used as a green and effective biosorbent material for
the heavy metal biosorption, besides its use as an antimicrobial and antioxidant agent for multidirectional treatment of
water environment.
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