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Present study reports on the sorption study of chromium(VI), cadmium(II) ions and methylene blue dye by pristine, defatted and carbonized |
Nigella sativa L. seeds from aqueous solution. The removal of oil from pristine Nigella sativa L. (PNS) seeds was carried out by defatting |
the Nigella sativa with acetone and N,N-dimethylformamide and then labelled ANS and DNS, respectively. Thereafter the defatted ANS |
and DNS adsorbents were carbonized at 600 °C for 2 h under nitrogen and labelled as CANS and CDNS. The results of pristine, defatted
and carbonized seeds were compared. The removal of Cr(VI), Cd(I) and methylene blue dye from aqueous solutions was investigated by |
varying adsorbate concentration, solution pH, reaction contact time and temperature of the solution. The SEM images indicated that the |
surface morphology of PNS was irregular, whilst ANS and DNS had pores and cavities. CANS and CDNS was heterogeneous and had |
pores and cavities. FTIR spectroscopy showed that the adsorbents surfaces had bands that indicated a lot of oxygen containing groups. |
The pH of the solution had an influence on the removal uptake of Cr(VI), Cd(Il) and methylene blue. The sorption of Cr(VI) decreased
when pH of the solution was increased due to different speciation of Cr(VI) ions whilst the removal of Cd(I[) and methylene blue |
increased when solution pH was increased. Pseudo first order kinetic model well described the adsorption of Cr(VI), Cd(II) and methylene |
blue onto PNS. On the other hand, the kinetic data for ANS, CANS, DNS and CDNS was well described by pseudo second order. |
Furthermore, the removal mechanism onto PNS and ANS was better described by Freundlich multilayer model. The CANS, DNS and |
CDNS fitted Langmuir monolayer model. Thermodynamic parameters indicated that the sorption processes of Cr(VI), Cd(II) and methylene
blue was endothermic and effective at high temperatures for all adsorbents. The AS® and AH® had positive values this confirmed that the |
sorption of Cr(VI), Cd(II) and methylene blue onto all adsorbents was random and endothermic, respectively. The values of AG® confirmed |
that the sorption of Cr(VI), Cd(II) and methylene blue on all adsorbents was spontaneous and predominated by physical adsorption |
process. The CANS had highest adsorption capacity of 99.82 mg/g for methylene blue, 96.89 mg/g for Cd(II) and 87.44 mg/g for Cr(VI) |
followed by CDNS with 93.90, 73.91 and 65.38 mg/g for methylene blue, Cd(II) and Cr(VI), respectively. The ANS capacities were |
58.44,45.28 and 48.96 mg/g whilst DNS capacities were 48.19, 32.69 and 34.65 mg/g for methylene blue, Cd(II) and Cr(VI), respectively.
PNS had the lowest sorption capacities at 43.88, 36.01 and 19.84 mg/g for methylene blue, Cd(II) and Cr(VI), respectively. I
|
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INTRODUCTION

Activated carbon (AC) is a material that used in the indus-
trial processes for purification of liquid and product separation
[1]. Activated carbon is used as adsorbent for the removal of
inorganic and organic pollutants in water, treatment of toxic
compounds in medicine, as a material for storing hydrogen
and many others [2]. Chemical and physical activation together
with heating process is often used to produce carbon-based

materials in order to enhance porous structure, improves surface
area, improving rate of adsorption [3]. However, these materials
are not easy to generate because they require high cost
precursors [4]. Hence plant materials are used because they are
abundant and sustainable resource that may provide oxygen
containing groups which can easily interact with charged toxic
pollutants from aqueous solution [5]. However, these materials
need some modifications in order to get significant results for
the removal of toxic ions and dyes [6].
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Sorption of dyes and toxic metals onto solid surface is
one of the most increasing methods for water treatment which
is industrially favourable and environmentally friendly [7].
This method maybe be more effective, because the adsorbent
could be prepared easily and can be effective for wide range
of pollutants which in turn will be effective for the removal of
toxic metal ions [8]. Nigella sativa L. is an annual vegetal spice
belongs to the Ranunculacea family known as black cumin seed
[9,10]. It is used for remedial purposes in the Asia, India,
Parkistan, Turkey, Sourthen Europe and Africa [11,12]. Also,
it has been traditionally used for the treatments related to
respiratory health, intestinal health and stomach, liver and
kidney function and immune system support. Other therapeutic
effects include anti-inflammatory, antiallergic, analgesic, anti-
cancer, antioxidants and antiviral [13-15]. Black cumin seeds
contains appreciable amount of unsaturated especially polyun-
saturated fatty acids which constitute the bulk of oil ranging
from 48 to 70%, whilst monounsaturated (18-29%) and saturated
fatty acids (12-25%) are in lesser amounts [10]. Fatty acids
are reported to block the pores and in turn decreases the surface
area of the biomaterials [10]. It is therefore, important to extract
the oil from the Nigella sativa L. seeds before their application
in wastewater treatment [ 16]. This process increases the cellu-
losic pore concentrations also, it increases the surface-active
sites on the adsorbent material whereby functional groups such
as -OH, -COO and -NH; can take part in the metal ion and dye
binding [17,18]. Hence, the sorption of chromium Cr(VI),
Cd(I) and methylene blue (MB) dye using pristine, defatted
and carbonized Nigella sativa L. seeds is investigated.

Cr(VI) and Cd(II) ions are common toxins in wastewater
resulting from industrial activities including paint manufac-
turing plants, textile manufacturing, petroleum refining, electro-
plating, paper, leather tanning, ceramic industries and other
metal finishing industries [19]. On the other hand, methylene
blue dye is found in effluent released from manufactures such
as finishers, textile producers and dyers [20-22]. There are
several health and negative environmental effects of methylene
blue to human such as vomiting, chest pain, stomach pain,
high fever, damages to central nervous systems cardiovascular
and gastrointestinal [23]. Therefore, the removal of dyes from
waste effluent becomes a global environmental issue because
some dyes and their degradation products may be toxic also
their treatment cannot depend on biodegradation alone [20,22].

Cr(VI) is one of the pollutants which has caught attention
in the research field due to its toxicity. There are two types of
stable chromium in nature [24] trivalent Cr(III) and hexavalent
Cr(VI). Chromium(VI) has more toxic effects than Cr(III) to
animals, humans and aquatic life due to its high solubility and
mobility [25,26]. It causes lung cancer, damage the kidneys,
gastric and liver in humans [27]. Therefore, it is important to
remove Cr(VI) in water before is discharged into the environ-
ment, also because Cr(VI) is non-biodegradable and can stay
for a long time in the environment. Cadmium(II) is one of the
most toxic contaminants and found in agricultural soils and
aquatic environments [28]. Health hazards associates with
Cd(II) are toxicity and carcinogenic in nature and higher levels
can cause hypertension, anaemia and damage to kidneys [29].

The adsorption of toxic metal ions and dye from the
aqueous solutions using different low-cost defatted adsorbents
have been conducted by many researchers [30-34]. Gilbert et al.
[30] observed that the treatment of Carica papaya seeds with
hexane gave the sorption capacity of 1666.67 mg/g for Pb*
and 1000 mg/g for Cd**. Chandra et al. [18] treated alga with
n-hexane and compared the raw alga with the defatted alga
for the removal of methylene blue dye. The results showed that
the maximum adsorption capacity for raw was 6.0 whilst the
defatted alga was 7.73 mg/g and the specific surface area of
raw, defatted was estimated to be 14.70, 18.94, m* g, respec-
tively. Kowanga et al. [31] mentioned that the treatment of
moringa powder with hexane made the moringa to be an efficient
biosorbent for removal of Pb(Il) and Cu(Il) from aqueous
solution. Fontoura et al. [32] chemically treated microalgal
biomass with a mixture of chloroform:methanol:water ratio
for the removal of acid blue 161 dye. Their results showed
that the maximum adsorbed amounts of AB-161 dye was 75.78
mg/g at 25 °C. Shooto et al. [33] treated mucuna beans with
acetone, methanol and dimethylformamide for the removal of
Pb(II) ions and methylene blue dye from aqueous solution.
Their findings revealed that the chemically treated adsorbents
had higher adsorption capacity for methylene blue molecules
than Pb(Il) ions. The maximum capacities for Pb(II) with
acetone, methanol and dimethylformamide were 18.94,16.15
and 17.60 mg/g, respectively whereas the results for methylene
blue were 22.78, 24.56 and 23.89 mg/g. Therefore, chemical
treatment of biomass material will not only modify the chemical
composition of the material but may also improve the adsor-
ption capacity due to formation of new functional group [34].
To the best of our knowledge, there is no study that has been
conducted using defatted Nigella sativa L. to remove Cr(VI),
Cd(I) ions and methylene blue dye in a system using pristine,
defatted and carbonized Nigella sativa L. seeds. The system
parameters such as initial concentration, reaction contact time,
temperature of the solution and solution pH were varied.

EXPERIMENTAL

Analytical grade chemicals acetone (99.5%), cadmium
acetate (99.99%), potassium dichromate, methylene blue dye
(82%) and N, N-dimethylformamide were purchased from Sigma-
Aldrich South Africa LTD. and unprocessed Nigella sativa L.
seeds were procured at the health shop in Vanderbijlpark, South
Africa.

Preparation of bioadsorbents

Preparation of pristine Nigella sativa seeds (PNS):
Nigella sativa seeds were washed with distilled water to remove
dust and debris materials. The washing was carried out several
times. Thereafter, the seeds were dried in an oven at 40 °C for
24 h. The dried seeds were then stored in a desiccator for cooling.
Thereafter, grounded using a blender with steel blades. The
powder was sieved and then labelled pristine Nigella sativa
seeds (PNS).

Preparation of acetone Nigella sativa seeds (ANS): The
method of preparing the adsorbents was adopted from Shooto
et al. [35] with modifications. The PNS seeds (10 g) were added
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to 100 mL of acetone under stirring on a magnetic stove using
the magnetic stirrer bar at room temperature. After 1 h the
resultant material was washed with distilled water to remove
excess reagent and dried for 24 h at 50 °C. The seeds were
designated acetone treated Nigella sativa seeds (ANS).

Preparation of dimethylformamide Nigella sativa seeds
(DNS): Pristine seeds (10 g) was mixed with 100 mL of DMF
under stirring for 1 h. Then the material was isolated and rinsed
in distilled water. The material was dried at 50 °C for 24 h.
The seeds were designated dimethylformamide treated Nigella
sativa seeds (DNS).

Preparation of carbon-based acetone Nigella sativa seeds
(CANS) and carbon-based dimethylformamide Nigella sativa
seeds (CDNS): Treated seeds (10 g) were carbonized at 600
°C for 2 h in a horizontal furnace under nitrogen thereafter,
the furnace was allowed to cool off under nitrogen flow. The
carbonized seeds were then designated carbonized acetone
treated Nigella sativa seeds (CANS) and carbonized dimethyl-
formamide treated Nigella sativa seeds (CDNS).

Adsorption experiments: The stock solutions of 100 mg/L
for K;Cr,07, Cd(CH3COO), and methylene dye were prepared
by dissolving 0.1 g in 1 L of distilled water, respectively. The
solution pH effect was evaluated at pH 1, 3, 5, 7 and 9. The
pH was adjusted by 0.1 M HCl for acidic medium and 0.1 M
of NaOH for basic medium. A 20 mL of the adjusted solution
was added to 0.1 g of adsorbent and equilibrated for 60 min.
Effect of initial concentration was studied using standard solu-
tions of 20, 40, 60, 80 and 100 mg/L and agitated for 120 min
at 200 rpm. Contact time effect was tested intervals of 1, 5,
10, 15, 20, 30, 60, 90 and 120 min. The effect of temperature
was studied at 298, 303, 313, 333 and 353 K by agitation at
200 rpm for 120 min. After agitation the mixtures were centri-
fuged at 5000 rpm for 5 min then decanted. The same procedure
was followed for methylene blue dye. The determination of
the point of zero charge (pH,..) for all adsorbents was deter-
mined using 1 M NaNOs concentration series of 100 mL. The
solution pH 1 to 9 was adjusted by adding 0.1 M HCl for acidic
medium and 0.1 M NaOH for basic medium. Then adjusted
pH solutions were then added to 0.1 g of samples and agitated

for 48 h at 200 rpm. After agitation the pH was measured. The
final pH versus initial pH was plotted against pH values and
the pHpzc was determined from the horizontal intersection
point. The preparation method is shown in Scheme-1I.

Data analysis: The amount of Cr(VI), Cd(Il) ions and
methylene blue dye onto the adsorbents was calculated by
using equation:

_(C -GV
m

€

where C, and C. are the initial and final equilibrium
concentrations (mg/L) of Cr(VI), Cd(Il) and methylene blue
in the solution, q. is the amount adsorbed on the surface (mg/
g), V is the volume of pollutants solution (L) and m is the
mass of the adsorbent (g). Eqns. 1 and 2 were used to determine
the removal capacity and the adsorption percentage, R (%) of
Cr(VI), Cd(I) ions and methylene blue dye.

_(C -C)V
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Adsorbents characterization: The biomaterials were
characterized with scanning electron microscopy (SEM) taken
on a Nova Nano SEM 200 from FEI operated at 10 kV in order
to determine the surface morphology of the materials. Func-
tional groups on the surface of the adsorbents were determined
by Perkin-Elmer Fourier transformed infrared (FTIR) spectro-
scopy FTIR/FTNIR spectrometer, spectrum collected from
4000-400 cm™. The pH at point zero charge (pHyzc) was deter-
mined by using the pH drift method where carbon adsorbents
were added into 20 mL of 1 M NaNOs solutions with pH separ-
ately adjusted between 1 and 9. Adsorption capacity was deter-
mined using atomic adsorption spectroscopy (AAS) ASC 7000
from Shimadzu with auto sampler for determining the
remaining Cr(VI) and Cd(Il) in the solution. The methylene
blue dye analyses were determined using ultraviolet-visible
(UV-Vis) spectrophotometer, Perkin-Elmer Lambda 25 at 665
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Scheme-I: Preparation of ANS, CANS, DNS and CDNS
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nm, which collects spectra from 180 to 1100 nm UV and visible
range with a slit of 1.0 and width of 0.1.

RESULTS AND DISCUSSION

SEM analysis: Fig. 1a-e show the morphology of the bio-
sorbent surfaces determined by scanning electron microscopy.
The PNS images (Fig. 1a) showed that the surface of adsorbent
is composed of irregular morphology. Whilst, Fig. 1b displayed
improved sphere-like morphology which was with porosity
and cavities. Cavities might contributed to the biosorption of
toxic ions and dyes [36]. The carbonized material for CANS
in Fig. 1c displayed dense textural structure and spherical
morphology. Fig. 1d-e the texture of the DNS and CDNS,
respectively showed that the surface was irregular. Defatting
with DMF and carbonization showed different surface texture
which could be attributed to the fact that extraction of oil from
biomass through solvent could lead to harsh effects of breaking
the cell wall, which may cause such surface topology [32].
These characteristics are, therefore, estimated to increase the
adsorption processes of Cd(VI), Cd(Il) and methylene blue
onto carbonized materials.

FTIR analysis: Fig. 2 represents the FTIR results of the
adsorbents. Several peaks were identified which indicated the
presence of various functional groups. A broad peak due to the
free hydroxyl group (-OH) [37] was observed at 3304, 3291,
3296 and 3298 cm™ for PNS, ANS, DNS and CDNS, respec-

tively. The CANS did not display any noticeable peaks except
the small peak at 1024 cm™. The small peak at 2999 cm™ onto
PNS was due to (-C-H) stretching in alkanes [2,38]. This peak
shifted 3007, 3012 and 3010 cm™ on ANS, DNS and CDNS,
respectively. The two bands associated with methyl (-CHjs)
and methylene (-CH,) groups on PNS was observed at 2923
and 2848 cm™' [39]. These peaks shifted to 2919 and 2849 cm
for ANS, whilst the peaks on DNS shifted to 2923 and 2844
cm! and for CDNS they were observed at 2919 and 2852 cm™.
The absorbance peak at 1757 cm™ onto PNS was identified as
the vibration of the carbonyl group stretching (-C=0) [40.,41].
This carbonyl peak on ANS shifted to 1744 cm™, whilst on DNS
it shifted to 1740 and 1749 cm™ in CDNS. The absorption
peaks on PNS at 1647 and 1549 cm™ were assigned to v(-OH)
vibration [42] and V(-NH;) of the amide group, respectively
[43]. However, on ANS the v(-OH) peak shifted to 1649 and
V(-NH,) peak shifted to 1540 cm™. On the other hand, the
amide peaks on DNS were observed at 1638 cm™ for v(-OH)
group and 1545 cm™ for the V(-NH,) group. Meanwhile on
CDNS the peaks were observed at 1642 and 1540 cm™ for
v(-OH) and v(-NH») groups, respectively. The carboxyl
v(-COORBR) stretching band was assigned at 1464, 1450, 1452
and 1451 cm™ for PNS, ANS, DNS and CDNS, respectively
[43,44]. The presence of CH; umbrella deformation vibrations
were observed at 1376, 1368, 1365 and 1367 cm™ on PNS, ANS,
DNS and CDNS, respectively [45,46]. The bands at 1236, 1240,
1243 and 1248 cm’ for PNS, ANS, DNS and CDNS were

Fig. 1. SEM images of (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS

£
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Fig. 2. FTIR spectrum of PNS, ANS, CANS, DNS and CDNS
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related to O-H bending vibration, respectively [37]. The peak
associated with the (-C-O-C) stretching vibrations of cellulose
and hemicellulose material [13,47] was observed at 1169 cm'
on PNS. After defatting the seeds, this peak shifted to 1165,
1154 and 1158 cm™ on ANS, DNS and CDNS, respectively.
The v(-C-O) stretching vibration of carboxyl groups was
observed at 1078, 1071, 1061 and 1068 cm™ for PNS, ANS,
DNS and CDNS, respectively [48]. The FTIR results showed
that there were differences in the functional groups of the
defatted and the pristine Nigella sativa seeds and that the seeds
had negatively charged groups on their surface. The four spectra
(PNS, ANS, DNS and CDNS) were similar with slight shifts
in characteristic absorbance peaks. For each adsorbent, the
shifts in transmission frequency proposed that there was inter-
action of various chemical treatments to the PNS seeds [42].

This suggests that the hydroxyl, carbonyl, amides and carboxyl
groups were available for bonding [49].

Adsorption studies

pH and point zero charge of adsorbents: The zero-point
charge (pHpzc) of any solid is the pH at which the charge on
the surface of the adsorbent is zero [50]. The pHpzc values of
PNS, ANS, ANS, DNS and CDNS are 5.81, 6.26, 5.65, 5.98
and 6.09, respectively. The pHpc values of all adsorbents were
acidic but closer to neutral. The results showed that all the
adsorbents had a similar behaviour therefore, it is expected
that their pH pattern will be similar as well. The initial pH of
adsorption is a very important parameter because it has an
influence on the adsorption capacity [51]. It has the ability to
change the ionization of the adsorbate, adsorbent surface load
and the degree of the dissociation of the functional groups of
adsorbate active sites [52]. The effect of pH was studied at 1,
3,5, 7 and 9 as shown in Fig. 3a-e. The data showed that pH
had an impact on adsorption performance for Cr(VI), Cd(II)
and methylene blue. Fig. 3a-e showed that removal of Cr(VI)
decreased as the pH increased, this was because at acidic pH
value Cr(VI) exists as H,CrO,4, HCrO,, CrO4* and Cr,0-> [53].
At pH 2, the predominant species of Cr(VI) is HCrO,™ [54].
The high adsorption capacity of Cr(VI) at low pH was due to
the electrostatic attraction of the protonated surface of the
adsorbents [55]. The maximum adsorption capacity of Cr(VI)
was obtained at pH 1 with maximum capacities ranging from
highest to at 74.4, 48.9, 42.6, 34.7 and 20.7 mg/g on CANS,
ANS, CDNS, DNS and PNS, respectively. Therefore, the
adsorption capacity for Cr(VI) favoured acid conditions as
compared basic conditions. Meanwhile, the removal of Cd(II)
and methylene blue increased with the increased pH for all
the adsorbents with low sorption at pH 1 and 3. This resulted
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Fig. 3. Effect of pH on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS
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in weak electrostatic interactions because at acidic pH
conditions the functional groups on the adsorbents surface are
protonated and acquired positive charge [15,56]. Therefore,
few active sites were available to react with Cd(II) ions and
methylene blue [55]. However, as the pH increases the surface
of the adsorbents gradually became deprotonated and acquired
negative charge. Hence, there was higher uptake. This was
also observed by Thabede ez al. [57]. The maximum adsorption
capacities for Cd(II) were 87.9, 79.6, 42.1, 36.0 and 32.6 mg/
g onto CANS, CDNS, ANS, PNS and DNS at pH 9,
respectively. On the other hand, methylene blue adsorption
capacities were 95.7, 90.8, 58.4, 48.2 and 43.9 mg/g onto
CANS, CDNS, ANS, DNS and PNS at pH 9, respectively.
The results implied that percentage removal of Cd(II) and
methylene blue by Nigella sativa seeds was lower in acidic
medium which could due to the presence of positively charged
hydrogen ions which competed and interfered with Cd(II) and
methylene blue for the available adsorption sites [58]. It was
observed that PNS, ANS, CANS, DNS and CDNS removed
methylene blue more than Cr(VI) and Cd(II) ions.

Effect of contact time and kinetic parameters deter-
mination: The equilibration time and kinetics of PNS, ANS,
CANS, DNS and CDNS sorption was determined in batch
method by studying contact time. The adsorption rate of
Cr(VI), Cd(II) and methylene blue onto PNS, ANS, CANS,
DNS and CDNS versus time are shown in Fig. 4a-e. The trend
of Cr(VI) onto all adsorbents in Fig. 4a-e showed that the
adsorption rate was fast and happened in the first 10-15 min
and thereafter, it became stable and reached equilibrium. The

and reached equilibrium. Methylene blue adsorption rate for
PNS, ANS, CANS and DNS in Fig. 4a-d was observed between
15 and 20 min. On the other hand, the removal rate of
methylene blue onto CDNS took place in the beginning of the
process within 1 min and thereafter, no significant changes
were observed. The adsorption of methylene blue was faster
than Cr(VI) and Cd(I). The fast adsorption rate in the beginning
of the process was due to abundant binding sites and
availability of pores on adsorbents surfaces however, as time
lapsed free binding sites and pores were consumed [33].
Thereafter, the rate slowed down because the binding sites
and pores were exhausted and the adsorption was then
controlled only by the rate at which Cr(VI), Cd(II) or methylene
blue molecules are transported from the external to the internal
sites of the adsorbents. This means that at initial stages, active
sites were rapidly occupied by Cr(VI), Cd(II) and methylene
blue molecules through chemical interaction and as time elapsed
there were no more vacant sites on the adsorbents surfaces, so
no multilayer was formed hence equilibrium was attained [59].

The chemical and physical features of adsorbents and
adsorbates influence the rate of adsorption [60]. Hence, the
results of Cr(VI), Cd(I) and methylene blue adsorption from
aqueous solution onto PNS, ANS, CANS, DNS and CDNS
surfaces were fitted into Kinetic models. Pseudo-first order,
pseudo-second order and intra-particle diffusion non-linear
equations as indicated in eqns. 3-5, respectively were used to
estimate the kinetic models. These equations were subjected
to KyPlot software.
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Fig. 4. Effect of time on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS
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q =k, (t")+C )

where . and q, are the amount of adsorbate removed (mg/g)
at equilibrium and time interval (t), respectively, (K;) measured
in min"; k, (g mg" min") and K; (g g' min'?) are the rate
constants of the pseudo-first order in (1/min), pseudo-second
order (g/mg/min) and intra-particle diffusion (g/g/min™"?),
respectively and C (mg/g) is the adsorbate amount on the surface
of the adsorbents. The pseudo-first order kinetic model assumes
that the sorption rate depends on the number of the unoccupied
sites in solution whilst the pseudo-second order kinetic model
assumes that the sites on the adsorbent surface and adsorbate
ions both determine the rate in the solution [60]. The nature of
the adsorption process was also calculated using intra-particle
diffusion kinetic model, which determines whether adsorption
takes place on the surface (ESA) or pores (EPA). The calcu-
lation of ESA and EPA is based on the assumption that concen-
tration (C) is equal to the obtained experimental (q.) value,
which means that the adsorption was due to surface (ESA)
adsorption then ESA is equal to 100%. However, the remaining
lower C value suggests that the adsorption was due to pore
adsorption (EPA) [33].

Table-1 shows the kinetic models and the calculated para-
meters of all adsorbents. The kinetic models were used to predict
the adsorption mechanism. The kinetic study of Cr(VI), Cd(II)
and methylene blue onto PNS had a correlation value closest
to 1 at 0.998, 0.993 and 0.998 for pseudo-first order and the
calculated adsorption capacities of 19.98,20.98 and 21.31 mg/
g, respectively. The pseudo-first order results showed that they
best fitted onto PNS than pseudo-second order. The calculated
adsorption capacity for Cr(VI), Cd(II) and methylene blue onto
ANS were 30.63, 40.76 and 46.93 mg/g and was close to the
experimental data with r* values of 0.996, 0.997 and 0.996
which fitted pseudo-second order, respectively. Similarly, the
calculated adsorption capacity of 81.44, 98.33 and 100.45 mg/g
for Cr(VI), Cd(II) and methylene blue onto CANS best fitted
pseudo-second order with r* values of 0.999, 0.998 and 0.994,
respectively. The data for DNS and CDNS fitted pseudo-second
order for Cr(VI), Cd(II) and methylene blue with r* values of
0.997, 0.995 and 0.995 onto DNS, whilst 0.998, 0.998 and
0.997 was observed onto CDNS. The calculated adsorption
capacities of DNS were 22.99, 28.96 and 42.76 mg/g for Cr(VI),
Cd(I) and methylene blue, respectively which was close to

the experimental data. On the other hand, the experimental
adsorption capacities of Cr(VI), Cd(II) and methylene blue
onto CDNS were close to the calculated adsorption data which
was 49.55, 75.06 and 95.52 mg/g, respectively. Intraparticle
diffusion results indicated pore adsorption (EPA) for Cr(VI)
and Cd(II) ions onto PNS were 52.23 and 53.70%, respectively
whilst, the removal methylene blue was controlled by surface
adsorption (ESA) with 85.78%. Intraparticle diffusion data
showed that the removal of Cr(VI) was controlled by EPA with
55.54% onto ANS. On the other hand, Cd(II) and methylene
blue adsorption onto ANS was due to ESA with 55.13 and
84.81%, respectively. The removal of Cr(VI), Cd(Il) and
methylene blue onto CANS was dominated by ESA with 70.11,
90.96, 72.90%, respectively. Similarly, Cr(VI), Cd(II) and
methylene blue onto DNS was controlled by ESA with percen-
tages of 72.38, 57.48 and 73.01%, respectively. The removals
of Cr(VI) onto CDNS was controlled EPA with 77.35% whilst
Cd(II) and methylene blue removal was due to ESP with 79.14
and 90.20%, respectively. The low (K,) values suggested that
the adsorption rate decreased with the increase of the phase
contact time and the adsorption rate were proportional to the
number of unoccupied sites [61].

Effect of concentration and equilibrium isotherms deter-
mination: The effect of initial concentration of Cr(VI), Cd(II)
and methylene blue initial concentration onto PNS, ANS, CANS,
DNS and CDNS was studied from 20, 40, 60, 80 and 100 mg/L
are represented in Figs. 5a-e. The sorption capacity of Cd(II)
and methylene blue onto PNS (Fig. 5a) increased with incre-
asing initial concentration whilst the sorption of Cr(VI) showed
a decreased between 80 to 100 mg/L. The maximum sorption
capacities was found to be 17.77, 23.77 and 24.40 mg/g for
Cr(VI), Cd(II) ions and methylene blue, respectively. The adsor-
ption onto ANS and CANS (Fig. 5b-c) showed a similar pattern.
The sorption of Cr(VI), Cd(II) and methylene blue had maxi-
mum adsorption capacities of 40.02, 48.41 and 49.02 mg/g
onto ANS, respectively. Whereas the maximum sorption onto
CANS were 77.81, 95.15 and 99.82 m/g for Cr(VI), Cd(II) and
methylene blue, respectively. The increased in initial concen-
tration was due to higher concentration gradient, which acted
as a driving force to overcome resistances to mass transfer of
ions between the aqueous phase and the solid phase [62]. In
Fig. 5d-e, it was observed that as the initial concentration of
Cr(V]) increased from 20 to 80 mg/L so did the adsorption

TABLE-1
KINETIC MODELS AND THEIR PARAMETERS ONTO PNS, ANS, CANS, DNS AND CDNS
Fsoherms PNS ANS CANS DNS CDNS
Cr(VI) Cddl) MB | Cr(VI) Cdd) MB | Cx(VI) Cd() MB | Cr(VI) Cd@) MB | Cx(VI) Cd) MB
PFO q, (mg g) 19.98 2098 2131 | 1251 1676 1562 | 1745 1696 1871 | 37.85 1296 3076 | 2587 4154 65.54
K, (min™) 017 017 018 | 010 014 0.3 014 016 | 032 011 026 | 022 034 055
I 0.9982 0993 0.998 | 0.8663 0.894 0.898 | 0.7815 0.888 0789 | 0.799  0.869 0.89 | 0.755 0968 0.896

PSOq (mgg!) 1127 1198 1089 | 30.63 4076 46.93
K(mg!™L'gh) 0094 009 0091 | 026 034 039
P 0859 0907 098 | 0996 0997 0996
IPD C (mg g) 870 1082 2129 | 17.77 2550 20.85
K, (g g min®) 0073 009 018 | 015 021 0.7
I 086 088 092 | 072 096 089

EPA'% 5223 5370 1422 | 5554 4486 15.19
ESA™ 4777 4630 85.78 | 44.65 55.14 84.81
Exp. (mg g 1822 2346 24.82 | 3938 4544 48.17

81.44  98.33

100.45 | 22.85 28.96 4276 | 49.55 7506 9552
0.82 0.84 0.19 024 036 0.41 0.63 0.80

0999 0998 0.994 | 0.997 0995 0.995 [ 0998 0.998 0.997
5596 86.98 71.44 15.83 16.09 3332 | 11.18 56.04 84.56

0.72 0.60 0.13 0.13 028 0.093 0.47 0.70
0.89 091 0.86 090  0.95 0.89 0.79 0.98

29.89 9.04 27.10 | 27.62 4252 2699 [ 7735 20.86 9.80
70.11
79.81

90.96 7290 | 72.38 57.48 73.01 | 2465 79.14 90.20
95.62 97.99 | 21.87 27.99 45.64 | 4536  70.81 93.75

MB = Methylene blue
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Fig. 5. Effects of concentration of Cd(II), Cr(VI) and methylene blue on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS

capacity however a further increase of initial concentration
between 80 and 100 mg/L gradually reduced to reach
equilibrium. The adsorption of Cd(II) in Fig. 5d-e shows that
the adsorption capacity increased between 20 and 40 mg/L
thereafter, equilibrium was attained with a slight decrease. A
similar observation was obtained for the removal of methylene
blue in Fig. 5d-e where there was an increase in the initial
concentration between 20 and 60 mg/L a further increase
attained equilibrium. A decrease might be due to that the
adsorbents had a certain number of active sites and at higher
concentrations the active sites become saturated [63,64].
The non-linear adsorption isotherm models (Langmuir
and Freundlich) were used to estimate the equilibrium data by
using eqns. 6 and 7, respectively. Langmuir model proposes
that the adsorption take place through chemisorption using
monolayer adsorption of the sorbate on the adsorbent and is
homogeneous in nature [65,66]. The model further calculates
a saturation value of sorbent, as it suggests that the adsorbent
has definite number of binding sites and each site is responsible
for binding only one metal ion with almost zero interaction
amongst the adsorbed ions [67]. On the contrary, the Freundlich

model indicates multilayer sorption and is heterogeneous in
nature [68].

_Q,bC,
4= Troc, ©)
q. =k,C" (N

Table-2 shows the adsorption models for Freundlich and
Langmuir results for PNS, ANS, CANS, DNS and CDNS
calculated at 298 K. The data showed coefficients for Cr(VI),
Cd(II) and methylene blue with 0.9971, 0.993 and 0.998,
respectively onto PNS which best fitted Freundlich model.
Similarly, correlation coefficient onto ANS also fitted
Freundlich model with 1 of 0.996, 0.995 and 0.994 for Cr(VI),
Cd(II) and methylene blue, respectively. This suggested that
Cr(VI), Cd(II) and methylene blue onto PNS and ANS surface
formed multilayer and was heterogeneous in nature [51]. The
SEM images of PNS and ANS in Fig. 1b showed that the surfaces
had rough structure development which was not homogenous.
A similar observation was discovered by Chaudhry et al. [69].
The values (r?) for CANS showed that they also fitted

TABLE-2
ADSORPTION ISOTHERM MODELS ONTO PNS, ANS, CANS, DNS AND CDNS
ot PNS ANS CANS DNS CDNS
SOTIErmS Cr(VI) Cd(ll) MB | Cx(VI) Cddl) MB | Ci(VD) Cd) MB | Cr(V) Cdl) MB | Cr(V) Cd(l) MB
Langmuir isotherm
Q, mz ) 2564 3854 1879 | 2452 1065 2554 | 4775 67.18 3489 | 1457 1886 2986 | 1287 69.06 8661
B (L mg”) 021 032 016 | 020 0089 021 | 039 056 029 | 012 016 025 | 011 056 0.72
2 0883 0874 0819 | 0864 0913 0886 | 0895 0969 0955 | 0906 0896 0881 | 0.855 0.886 0.896
Freundlich isotherm
1/ (mg £9) 1927 2174 2751 | 4363 4312 4263 | 9035 7206 9455 | 2331 3106 4806 | 4185 7326 9772
k(mg™1'g") 016 018 023 | 036 036 036 | 075 060 079 | 019 026 040 | 035 061 08l
2 0997 0993 0998 | 0996 0995 0994 | 0993 0994 099 | 0995 0996 0991 | 0997 0992 0.995
Exp. (mgg™") 1777 2377 2440 | 4002 4841 49.02 | 95.15 77.82 9982 | 2399 3269 45.19 | 4581 7426 93.90
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Freundlich model than Langmuir model and the correlation
values for Cr(VI), Cd(Il) and methylene blue were 0.993, 0.994
and 0.996, respectively. The equilibrium data indicated that
the sorption results for Cr(VI), Cd(II) and methylene blue onto
DNS fitted Freundlich model with high r* of 0.995, 0.996 and
0.991. Similarly, the regression values (*) for Cr(VI), Cd(II)
and methylene blue fitted Freundlich model onto CDNS.
Temperature effect and thermodynamic parameters
determination: The sorption of Cr(VI), Cd(Il) and methylene
blue onto PNS, ANS, CANS, DNS and CDNS are shown in
Fig. 6a-e. The patterns in Fig. 6a-e shows that the removal of
Cd(II) and methylene blue increased as the temperature incre-
ased from 298 to 303 K thereafter equilibrium was reached
on all adsorbents. The maximum sorption capacities of Cd(II)
onto PNS, ANS, CANS, DNS and CDNS were 23.46, 48.11,
96.89, 31.37 and 73.91 mg/g, respectively whilst methylene
blue capacities were 24.44, 48.60, 97.97, 45.92 and 92.60 mg/g,
respectively. This increase in temperature was important because
it showed that high temperature was required so that the ions
in the solution had enough kinetic energy to overcome obstru-
cting the sorption process [ 70]. Fig. 6a-e showed that the sorption
of Cr(VI) onto PNS, ANS, CANS, DNS and CDNS increased
as temperature increased from 298 to 353 K. This showed the
endothermic nature of the sorption processes [15], with maxi-
mum sorption capacities of 19.84,42.48, 87.44,29.99 and 65.38
mg/g, respectively onto PNS, ANS, CANS, DNS and CDNS.
The gradually increased adsorption at higher temperatures
indicated that adsorbate-adsorbent interaction was feasible at
higher temperatures, suggesting that higher temperatures were
more favourable to the adsorption process [59].
Thermodynamic parameters are significant tools to check
the feasibility and spontaneity of the adsorption process [69].

Thermodynamic entropy change (AS°) and enthalpy change
(AH°®) and Gibbs free energy change (AG®) were assessed using
eqns. 8 and 9. AH® and AS° were attained from the slope and
intercept of the van’t Hoff plot of In K against 1/T. And K. is
the equilibrium constant of thermodynamic function which
was calculated by eqn. 10, where q. is the amount of Cr(VI),
Cd(I) and methylene blue adsorbed per unit mass of samples
(mg/g) onto PNS, ANS, CANS, DNS and CDNS.

AH®  AS°
InK_ =- -
=" RT R (®)
AG°=-RTInK, )
_ 4
K. C (10)

Thermodynamic parameters (AS°, AH® and AG®) for
Cr(VI), Cd(II) and methylene blue are shown in Table-3 for
PNS, ANS, CANS, DNS and CDNS calculated at 298, 303,
313,333 and 353 K. The sorption processes of Cr(VI), Cd(II)
and methylene blue indicated positive values for (AS° and AH®)
on all adsorbents. The positive values for (AS°) suggested the
increased randomness of the ions in the solution as the adsor-
ption processes approached equilibrium [71] meanwhile the
positive (AH®) indicated that the reaction was endothermic.
An endothermic reaction increased the removal uptake of
Cr(VI), Cd(II) and methylene blue as temperature of the system
was increased, this was in agreement with temperature effect
results [15]. The calculated (AG®) values were negative for
PNS, ANS, CANS, DNS and CDNS in all the investigated
temperatures and became more negative with an increase in
temperature. The negative values indicated that the removal
of Cr(VI), Cd(II) and methylene blue on all the adsorbents were
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Fig. 6. Effects of temperature on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS
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TABLE-3
THERMODYNAMIC PARAMETERS PNS, ANS, CANS, DNS AND CDNS
SO PNS ANS CANS DNS CDNS
Cr(VI)  Cd(II) MB Cr(VI)  Cd(II) MB Cr(VI)  Cd(II) MB Cr(VI)  Cd(n) MB Cr(V)  Cd(n MB

AHP (KJ mol™) 4x10*  4x10°  8x10* | 1x10*  1x10°  9x10* [ 9x10*  8x10* 5x10* | 7x10*  1x10° 2x10° | 4x10*  2x10°  5x10°
AS° (KJ mol" K) 2x10*  8x10°  5x10° | 4x10*  6x10°  5x10* [ 4x10°  6x10°  4x10* | 3x10° 2x10° 7x10° | 3x10*  5x10°  1x10°
AG®° (KJ mol ™)

288 K -7.70 -3.04 444 -1.91 -6.11 -5.63 -3.21 -7.62 -7.69 -2.23 -9.43 -3.78 -9.49 -2.19 -6.06

298 K -1.65 2326 -5.20 -1.75 -6.37 -5.89 -3.83 -8.48 -8.96 -1.32 -8.41 -4.15 -8.82 234 -6.19

308 K -7.40 342 578 -1.32 -6.93 -6.13 -4.29 -9.03 9.03 -1.12 -6.60  -4.40 -7.49 -2.70 -6.47

318K -7.20 -2.82 642 -1.28 -7.33 -6.65 -4.81 -9.59 925 -1.06 -5.89 -4.78 -6.69 -2.89 -7.00

328 K 711 2399  -7.06 -1.21 -7.23 -7.56 -5.19 -9.81 9.51 -1.01 -5.05 -5.05 -4.70 -3.06 742

spontaneous and feasible [72]. Physical adsorption of Gibb’s
free energy change (AG®) ranges between -20 and 0 kJ/mol
whilst the chemical adsorption is between -80 to -400 kJ/mol
[73]. Therefore, the data in Table-3 showed that the adsorption
process was predominated by physical adsorption process. This
indicated that higher adsorption occurred at higher tempera-
tures and that at higher temperature and ions were readily
desolvated and their adsorption becomes more favourable [74].

Comparative sorption studies of Cr(VI), Cd(II) and
methylene blue dye: A comparative study of sorption capaci-
ties of different adsorbents are presented in Table-4. The defatted
and carbonized Nigella sativa adsorbents of ANS, CANS, DNS
and CDNS adsorption capacities for Cr(VI), Cd(II) and methy-
lene blue were compared with other adsorbents from literature.
The comparison studies showed that ANS, CANS, DNS and
CDNS had higher adsorption capacities than some of the
reported adsorbents. Therefore, defatted Nigella sativa L. seeds
can be used as low cost adsorbents for the removal of Cr(VI),
Cd(I) and methylene blue in aqueous solution.

Reusability studies: The reusability of adsorbents is an
important factor for its practical application. In order to make
the adsorption process inexpensive, it is vital that the adsorbent
display significant properties such as the ability to regenerate,
high adsorption capacity and be able to be reusable in the
adsorption process [51]. The reusability of PNS, ANS, CANS,
DNS and CDNS were investigated using 0.01 M HCI as an
eluting agent and distilled water. The adsorption/desorption
results of the adsorbents for Cr(VI), Cd(II) and methylene blue
are shown in Fig. 7a-e. The data showed that originally PNS,
ANS, CANS, DNS and CDNS displayed high removal uptake.

After four cycles of adsorption-desorption the removal percen-
tages decreased for all adsorbents. This might be due to inability
of the adsorbents to desorb metal ions and dye from the adsor-
bents surface and cavities during the regeneration processes
[95] and the mass loss of the adsorbents during desorption
[62] hence the lower uptake. These findings indicated that PNS,
ANS, CANS, DNS and CDNS adsorbents may be reusable in
aqueous solution for treatment.

Conclusion

The effectiveness of the defatted and carbonized Nigella
sativa L. seeds was studied in batch experiments for the removal
of Cr(VI), Cd(Il) and methylene blue in aqueous solution.
Nigella sativa L. seeds were defatted using different solvents
such as acetone and DMF thereafter carbonized at 600 °C.
The defatted and the carbon defatted seeds were compared with
the pristine Nigella sativa L. (PNS) seeds. A series of adsor-
ption tests were conducted using different parameters namely;
contact time, initial concentration, temperature and pH. The
adsorption of Cr(VI), Cd(II) and methylene blue was influenced
by the solution pH. The high Cr(VI) removal was observed at
pH 1 on all adsorbents whilst the maximum adsorption capaci-
ties for Cd(II) and methylene blue were at pH 9. SEM images
showed different surface morphological properties with distinct
cavities and pore structures resulting from the defatted the
Nigella sativa seeds. The FTIR spectra of PNS, ANS, DNS and
CDNS showed shifts in transmission frequencies which sugge-
sted that there was interaction of adsorbents with the adsor-
bates. The adsorption of Cr(VI), Cd(Il) and methylene blue
was fast ranging from 1 and 20 min thereafter, the rate slowed

TABLE-4
LITERATURE REPORTS OF ACTIVATED CARBON MATERIALS FOR
THE REMOVAL OF Cr(VI) IONS, Cd(II) IONS AND METHYLENE BLUE

Cr(II) ions Cd(I) ions Methylene blue
Maximum Maximum Maximum
Adsorbent capacity Ref. Adsorbent capacity Ref. Adsorbent capacity Ref.
(mg/g) (mg/g) (mg/g)
Peanut shell 106.4 [27] | Glebionis coronaria L. 106.9 [81] Magnolia grandiflora L. 101.3 [88]
Defatted Nigella sativa 87.44 This | Defatted AC Nigella 96.89 This | Defatted Nigella sativa 99.82 This
L. study | sativa L. study | L. study
Carbon microsphere 65.5 [75] | Rice straw 74.6 [82] Licorice root waste 82.9 [89]
Peganum harmala seed 53.5 [76] | Trapa natans husks 50.2 [83] Reed 77.4 [90]
Pinewood sawdust 42.7 [77] | Phragmites australis 40.6 [84] Coconut bunch waste 70.9 [91]
Macadamia 40.9 [78] | Buffalo weed 11.6 [85] Ficus carica bast 49.9 [92]
Bamboo bark 18.9 [79] | Chicken feather 7.8 [86] Activated lignin- 36.2 [93]
chitosan
Carbon nanotubes 14.3 [80] | Oxidized granular AC 5.7 [87] Feldspar clay 19.9 [94]
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down due to exhaustion of the pores and binding sites. The
kinetic models predicted the adsorption mechanism of Cr(VI),
Cd(I) and methylene blue onto PNS as pseudo-first order,
which suggested that the rate of adsorption depended on the
unoccupied sites. On the other hand, the adsorption mechanism
onto ANS, CANS, DNS and CDNS showed a good fit for pseudo
second order, which indicated that the sites on the adsorbents
surface and the adsorbate ions and the dye played a key role
in the adsorption rate. The effect of concentration showed that
the adsorption capacity increased with increasing initial
concentration. The high correlation coefficient r* showed that
PNS and ANS best fitted Freundlich model, which proposed
multilayer formation of adsorbate and heterogeneous in nature.
However the adsorption of Cr(VI), Cd(II) and methylene blue
onto CANS, DNS and CDNS fitted to Langmuir isotherm which
assumed that the adsorption took place through monolayer
and was a homogenous process. The adsorption capacities of
all adsorbents increased with temperatures indicated that the
process was feasible at higher temperatures and also the high
temperatures were favourable for the adsorption process. The
values of AS® and AH® were positive for the sorption of Cr(VI),
Cd(I) and methylene blue on all adsorbents suggested that
the reaction was endothermic. The AG® values were negative
for PNS, ANS, CANS, DNS and CDNS for all temperatures
and more negative with an increase in temperature. This
indicated that the removal of Cr(VI), Cd(Il) and methylene blue
on all the adsorbents were spontaneous and feasible. The results
showed that CANS had highest adsorption capacity of 99.82
mg/g for methylene blue, 96.89 m/g for Cd(Il) and 87.44 mg/
g for Cr(VI) compared to CDNS, ANS, DNS and PNS. The
capacity trend was CANS > CDNS > ANS > DNS >PNS. The
reusability results showed the black cumin seeds adsorbents can
be recycled for the adsorption of Cr(VI), Cd(II) and methylene
blue from aqueous solution. This presents potential advantages
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Fig. 7. Regeneration studies on (a) PNS, (b) ANS, (c) CANS, (d) DNS and (e) CDNS

Cycle 3 Cycle 4

such easy generation of the adsorbents and their ability to be
reused more than three times.
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