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Abstract

In the present study, nickel oxide nanoparticles (NiO-NPs) were synthesized using the
aqueous extract of two leaf plants, Allium porrum (Leek) NiO-P and Apium graveolens (Celery)
NiO-G, as reducing agents. The synthesized NiO-NPs were utilized as adsorbents to remove
Biebrich Scarlet (BS) dye from water using the adsorption technique. The NiO-P and NiO-G
surfaces were characterized using Fourier transform infrared (FTIR), X-ray diffraction (XRD),
atomic force microscopy (AFM), scanning electron microscopy (SEM), and Brunauer-Emmett-
Teller (BET). The batch adsorption experiments were achieved to explore the optimum
conditions for the adsorption of BS dye onto the synthesized NiO-NPs, such as NiO-NPs dosage,
initial concentration of BS, contact time, temperature, and pH. The equilibrium data of BS
adsorption on NiO-P and NiO-G surfaces best fitted the Langmuir isotherm model.
Thermodynamic data such as AG°, AH®, and AS® were also estimated. The adsorption of BS dye
onto NiO-P and NiO-G surfaces is a spontaneous and endothermic process. The adsorption rates
were calculated by pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetics models,
and it was obtained that the correlation coefficient R2 for PSO was in the range of 0.9762-0.9971
and 0.9408-0.9966 for NiO-P and NiO-G, respectively. Furthermore, the ge cal values for PSO
are almost in agreement with the experimental ge exp at all temperatures. As a result, the rate
mechanism is well explained by the pseudo-second-order model (PSO).
Keywords: Leek, celery, kinetic, Biebrich Scarlet, nickel oxide.

1. Introduction

Water is the most important renewable resource. Color pollutants are easily detected in
water, even at low concentrations. In addition, minor dyes in water "may be carcinogenic and
toxic to humans and aquatic organisms" and can lead to allergic dermatitis or skin irritation. The
primary waste sources are agricultural waste, untreated wastewater, industrial pollution, and
industrial effluent [1]. Dye removal from the manufacturing sector, including the food, textile,
printing, and leather industries, all contribute to a severe environmental problem [2].
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Therefore, before being released into any freshwater body, textile wastewater needs to go
through a number of treatment procedures, including physical, chemical, and biological [3].

The adsorption technique is a physical or chemical bonding arising from the bonding forces
between atoms, molecules, or ions of a particular substance called an adsorbate, which may be
liquid, gaseous, or porous solid surfaces called an adsorbent [4]. This technique has lately gained
popularity among academics because of its excellent efficiency and practical cost for removing
color from wastewater [5].

Nanoparticles (NPs) have become more well-known in recent years as a result of their unique
attributes, which include a large surface area compared to their small size, chemically reactive
sites, competitive binding sites, excellent chemical stability, and an optically active surface [6].
Nickel oxide NPs (NiO-NPs) are a promising material employed in various applications,
including catalysis, electrochromic films, and supercapacitors [7]. Several techniques have been
used for the preparation of NiO-NPs, such as Physical vapor deposition (PVD), colloidal or wet
chemical route, sol-gel method, and green chemistry method. The most widely used method for
synthesizing NPs is the green method, which is considered low-cost, simple, non-toxic, and eco-
friendly [8]. An exceptional source for the creation of NPs, plant bio-variations offer a range of
biological characteristics. It is quite easy to get the plant leaf extract for use, and it contains
several metabolites that work as reducing and stabilizing agents to create NPs. This study
attempted to synthesize NiO-NPs using Allium porrum and Apium graveolens leaf extracts as
reducing agents to synthesize NiO-P and NiO-G NP samples. The synthesized NPs were utilized
as adsorbents to remove BS dye from water using the adsorption technique.

2. Materials and Methods
2.1 Materials

Nickel (1) chloride hexahydrate NiCl,.6H,O from Thomas Baker (99%), sodium
hydroxide, pure ethanol (99%), and Biebrich Scarlet dye purchased from BDH (99%) were used
in this work.
2.2 Preparation of adsorbate
Biebrich scarlet (BS) dye, or acid red 66, is an anionic dye with the chemical formula
C2»H14N4Na,07S,. Its ITUPAC name is sodium-6-(2-hydroxynaphthylazo)-3,4-azodibenzene
sulfonate. It is a water-soluble dye with a molar mass of 556.48 g/mol, a maximum wavelength
of 505 nm, and a C.I. number of 26905 [9]. Figure 1 depicts the dye's chemical structure.

Figure 1. Chemical structure for BS dye.

To prepare 1000 ppm of BS dye as adsorbate, one gram of BS dye powder was dissolved in 1000
mL of distilled water, and then the stock solution was diluted to the following concentrations: 10,
20, 30, 40, and 50 mg/L. The absorbance of the solution was determined using a UV-Vis
spectrophotometer.
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2.3 Synthesis of NiO-P NPs using allium porrum

At first, the aqueous extract was prepared by washing 30 g of the Allium porrum with water
several times to remove any dust, blending it with 300 ml of distilled water in a blender, and
placing it in a conical flask at 80°C while stirring for 50 minutes. It was then cooled, filtered, and
stored in the refrigerator for later use. To prepare the NiO—P sample, 30 mL of plant extract was
added to a mixture of 4 g NiCl,.6H,0 and 100 mL distilled water, stirring for 30 min at 70 °C. A
few drops of 0.1 M sodium hydroxide were added in order to make the pH equal to 10. The
precipitate was filtered using Whatman No. 1 filter papers, then left at room temperature for 24
hours, followed by filtration and washing with distilled water and ethanol in a ratio of 3:1 to
remove unreacted particles, and heating in an oven for one hour at 110°C to form NiO-P as
green powder.

2.4 Synthesis of NiO-G NPs using apium graveolens

About 20 g of plants were placed in a 250 mL conical flask with 200 mL of distilled water and
heated to 80 °C for 50 minutes with stirring, then cooled and filtered [10]. The filtrate material
(yellow) was stored in the refrigerator. To synthesize the NiO-G sample, 2 g of nickel chloride
hexahydrate solution is dissolved in 100 mL of distilled water, then heated to 70 °C for 30
minutes with the addition of 50 mL of leaf extract. Green gel precipitates appeared when 0.1 M
NaOH was added to the mixture and left for one night. Then, it was separated by centrifugation
for 10 minutes at 3000 rpm. The sediments were washed with distilled water and pure ethanol in
a 3:1 ratio. The resulting sediment was dried and calcined in the oven at 110°C for 1 hour to
obtain a dark green precipitate.

2.5 Characterization

The NiO-NPs samples were characterized by using several techniques, such as the Fourier
transform infrared spectroscopy (FTIR) Shimadzu model in the region 4000-400 cm™, X-ray
diffraction (XRD) pattern investigated with anode Cu k (A=0.154 A=0.154nm) using X'pert
Pro2021, the atomic force microscopy (AFM) model (NaioAFM-Switzerland), and scanning
electron microscopy (SEM) instrument type (Inspect f50-Fei Co.-Netherlands) to identify the
surface morphology. Brunauer-Emmett and Teller (BET) analysis was carried out using
Micrometrics Gemini VII (Germany). The UV-Vis-Visctrophotometer model (Shimadzu) was
used to determine the absorption wavelength for the dye.

2.6 Adsorption experimental

The adsorption of BS dye onto NiO-NPs samples was studied using batch methods. Studying the
impact of the BS dye concentration was carried out by using different concentrations from 10 to
50 mg/L with an adsorbent weight of 0.05 g/25 mL of BS dye and an adsorption time of 40 min.
The residual BS dye concentration was determined using a UV-Vis spectrophotometer. The
influence of the adsorbent weight was determined by changing the amount of NiO-NPs from
0.01 to 0.1 g/25 mL of 10 mg/L BS dye concentration in a 100 mL conical flask. The effect of
adsorption time was studied at 298 K with an adsorbent weight of 0.05 g/25 mL in a dye solution
with a concentration of 10 mg/L at agitation times between 5 and 60 minutes. The effect of pH
solutions was tested in the 2.2-10.3 pH range by adding a few drops of either 0.1 M NaOH or
0.1 M HCI.

The following formulas were used to compute the removal percentage (R%) for BS dye and the
quantity of adsorbed dye (qe) mg/g [11].
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R% = [(C; — Co)/Ci] X 100 (1)
de = [(C; = Ce)/Cel X V/m )

Where Ce (mg/L) is the dye concentration at equilibrium, Ci (mg/L) is the initial dye
concentration, m (g) is the adsorbent dosage, and V (L) is the working solution volume.

2.7 Equilibrium isotherm models

The adsorption of BS dye from the aqueous solution onto NiO-NPs surfaces were assessed by
two adsorption isotherm models, namely; Langmuir and Freundlich. Langmuir model described
the homogenous, uniform adsorption. This model is represented in the following linear equation:
Ce_ 1 G )
d¢  Kidm Qdm
The effectiveness of adsorption was calculated using the dimensionless constant or separation
factor R, which was estimated using the following equation [12]:

1 4
R L (4)
1+ K;.C;

Where C; and C. (mg/L) are the starting and equilibrium concentrations of the BS dye
respectively, q. refers to the equilibrium amount of the substance adsorbed per gram of the
adsorbent (mg/g), gm is the maximum monolayer coverage (mg/g), and K is the Langmuir
isotherm constant (L/mg). The values of K_ and qn are estimated from the linear plot between
Ce/ge against C.. The values of Ry specify that the adsorption was irreversible R=0, favorable
(0<Rs < 1), linear Rs=1, or unfavorable Rs >1.

The Freundlich model describes heterogeneous surfaces that have different values of diffusion
energy. The linear equation is written as [13].

Inge = InKg + nifln Ce ®)
-1/n

Where Ky is the Freundlich constant related to the adsorption capacity (mg/g (L/mg)~") and n¢ is
the adsorption intensity, these values were calculated from the intercept and slope of the linear
relation between In ge and In C.

2.8 Thermodynamic studies

Thermodynamic properties are studied at different temperatures in order to investigate the effect
of temperature on the adsorption process, either spontaneously or randomly. Thermodynamic
parameters were calculated by the equations [14].

A G = —RTIn Keq (6)
Keq = qe/Ce (7
AG =AH° " —TAS® (8)

Where Keq equilibrium constant of the adsorption, Ci and Ce (mg/L) are the initial and
equilibrium concentrations of the adsorbate, respectively. V: volume of the solution (L); m (Q):
weight of the adsorbent. R: universal gas constant (8.314 J.mol/K) and T(K) absolute
temperature. The values of AS® and AH® can be obtained from the intercept and slope when In
Keq is plotted against 1/T according to the Van’t Hoff equation [15].

InKeq = AS°/R — A H°/RT 9)
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2.9 Adsorption kinetic studies

Adsorption kinetics are used to estimate the reaction pathways and the equilibrium time.
Different kinetic models are applied to describe the adsorption process [16]. The pseudo-first-
order (PFO) model was applied to liquid and solid systems based on solid capacitance [17]. The
equation expressed it.

In(qe — q¢) = Inge —K;. t (10)
Where ge, gt are the adsorption capacity at equilibrium time and the adsorbed amount of
adsorbate at time (mg.g™), respectively, ki is the PFO rate constant (min™) for the adsorption
process, and t is the time (min). From the graph between In (ge-gt) versus t, the values of k; and
ge [18]. The kinetic rate equation for the pseudo-second-order (PSO) model is given as [19].

t_ 1t (11)
q2  kaqe de
Where k; is the equilibrium rate constant of the PSO equation (g/mg.min), k, and g, can be

estimated from the intercept and the slope of plotting t/q; versus t.

3. Results and Discussion
3.1 Characterization of NiO—NPs
3.1.1 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectrum for NiO-NPs samples is shown in Figure 2.

| Fovoev y v v v v v vor v 1 v vy vy v v v
4000 MO0 200 200 2400 LOOO MO0 1000 1400 o0 1000 noo ()

Wiave number em =1

Figure 2. The FTIR transmission for NiO—P and NiO—G samples.

As seen in Figure 2, the samples have the same broadband between 3641-3000 cm™, which is
associated with the hydroxyl group as a result of the moisture of the water on the NiO surface. It
may also be related to the N-H band, which overlaps the O-H band [20]. It is possible to observe
the location of the C—H and C—C groups responsible for aromatic expansion vibrations in the
aromatic carbonyl at peaks 2886 cm™ and 2880 cm™, respectively. The absorption peak at
1780-1510 cm™ corresponds to the C=0 and C=C stretching vibrations in the aromatic region.
The peaks 1654-1612 cm™ are for the C=C group of aromatic rings, which are specific to the
plant extract. The bands 1492-1431 cm™ show the CH, group, while the peaks 1381-1300 cm™
are for the CHs group; the peak at 1241 cm™ is among others characteristic of the O=C-O-C ester
bond present in the plant extract; and the absorption peaks appear at 1096-1052 cm™ for the C-O
bond stretch vibration of alcohols and carboxylic acid groups. The FTIR spectra for metal-
oxygen bands show a region of 400-800 cm™. Thus, the peak at 651 cm™ is associated with the
Ni-O-H stretching bond, and the other peaks (520-435 cm™) are assigned to the NiO bending
vibrations.
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3.1.2 The X-Ray diffraction (XRD)

The XRD was used to evaluate the crystal and structural properties of the produced samples.
Figure 3 (a,b) shows the XRD patterns of NiO-NPs samples. All sample peaks agreed with both
the Miller indices and the reference cards. The position of peaks for NiO-P and NiO-G
corresponds to the same last Miller indices 111, 200, 220, 311, and 222, along with the
rhombohedral cubic crystal structures at 20° (37°, 43°, 63°, 75°, and 79°) and the reference card
(JCPDS card No. 00-044-1159). The values of average crystal size (D) for NiO-P and NiO-G
samples were calculated using X'Pert HighScore software and found to be 21.34 and 25.72 nm,
respectively. The difference in crystal size between the samples is a result of the presence of
phytochemicals on their surfaces, which leads to the reduction of D and increases the
effectiveness of the adsorption of BS dye.

| | 1600 -
1600
200 L2 ] b
1400 - 1400 o _-—
1200 o 1200 4
— =
= < 1000
b e = 111
£ 800 .g' 800 A
2 111 c 220
3 s00 ' 8 600 4
£ =
400
400 . | 220 = 311 |77
) | L 222 ‘
200 I | J"‘ “ A 200
| | | e J \
o bl Wy had ™ PN pprtint 1v~“' 0 - : : - y
10 40 50 60 70 20 30 a0 o0 60 0 80
Postion 2 © (degree) Postion 2 © (degree)

Figure 3. The XRD patterns for (a) NiO-P (b)NiO-G.

3.1.3 Atomic force microscopy (AFM)

The AFM technique was utilized to collect the data on the average diameter of the
grains, volume, and 3D Images of granules. Figure 4 (a,b) depicts a typical surface and
granularity cumulating distribution for NiO-NPs samples. The average diameters of NiO-P and
NiO-G are 87.80 and 88.35 nm, respectively, while the average volumes of the particles are 2.04
and 5.02 nm®. The AFM investigation of NiO-NPs revealed that the size and shape of the NiO-
NPs were significantly impacted by the change in synthesis techniques due to the presence of
phytochemical substances. The difference between surfaces is the average diameter and volume
of the particles; the lower the ratio, the higher the surface's effectiveness in dye adsorption.

Forrber of ks
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b

o a0 100

Mean diameter

Figure 4. The 3D view of AFM image and granularity cumulating distribution chart of (a) NiO-P (b) NiO-G.

3.1.4 Scanning electron microscopy (SEM) analysis

The SEM analysis shows the crystalline structure, size of NPs, and porosity of the surface.
Figure 5 demonstrates the SEM Image for NiO—NPs samples. The average particle sizes
calculated using the Image J software for NiO-P and NiO-G are 26.35 and 36.87 nm,
respectively. Because of the phytochemicals present in the biosynthesized samples, which
worked to produce the NPs, fill in gaps on the surfaces of NiO-NPs, and make the surface very
porous, the morphology of NPs shows that they are various shapes with a rhombohedral cubic
structure and aggregated into more spherical, irregular, and geometric shapes of varied sizes.
These results agree with the study of Rashid et al., [21].

-~
HV mag « | dot
M 30,00 kV 120 000 x £ 10D

Figure 5. The SEM images for (a)NiO— (b)NIO-G.

3.1.5 Brunauer-emmett-teller (BET) analysis

Figure 6 (a, b) shows the adsorption-desorption of N, gas at 77 K, which was used to predict the
specific surface area and porosity information using the BET analysis [22]. The values of
monolayer capacity V, are found to be 14.286 and 9.7046 cms/g, and the specific surface area
(SBET) is 62.188 and 42.243 m?#/g, while the mean pore diameter is 26.937 and 22.158 nm for
NiO-P and NiO-G, respectively.
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Figure 6. The N, gas adsorption-desorption isotherm for (a) NiO-P, (b) NiO-G samples at 77 K.

3.2 Optimization study for the adsorption conditions
3.2.1 Effect of initial concentration BS
Figure 7 (a,b) shows the impact of the initial BS concentration on the (a) removal percentage

and (b) amount of adsorbed dye. As shown in Figure 7(a), the removal percentage R%
decreased from 94.22 and 81.75% to 74.64 and 62.17% for the samples NiO-P and NiO-G.
When the sites on the surface of the adsorbent are occupied by the starting BS dye concentration,
saturation is achieved at a lower dye concentration. Hence, by increasing the BS dye
concentration, no further adsorption is achieved; as the concentration of BS increases, the
amount of dye removed decreases [23]. While, Figure 7(b) shows an increase in the amount of
adsorbed dye (ge) from 4.66 and 4.25 mg/g to 18.66 and 15.54 mg/g for NiO-P and NiO-G
samples. The increase in the amount of adsorbed dye (qe) from 4.66 and 4.25 mg/g to 18.66 and
15.54 mg/g for NiO-P and NiO-G samples can be attributed to sorption becoming independent of
starting BS concentration at a low ratio of available sites per unit dye concentration. As the dye
concentration increased, more BS molecules became available per unit mass, gradually filling up
the binding sites and resulting in higher ge values [24].

25 -

ap L ® o a b
id W ¥ s . 20 ®
o ® o
70 ”] >
“ 15 4 " ]
R = '
< 50 ?‘0 10 -
30 & NiO-P ‘g,; 5 . & NiO-P
’ & NiOG o ] = NiOG
10 0 T T T T |
5 10 20 30 40 S0 5 10 20 30 10 50
Concentration{mg/L) Concentration(mg/L)

Figure 7. Impact of initial BS concentration on (a) Removal percentage (R%) (b) Amount of adsorbed dye.

3.2.2 Effect of NiO—NPs dosage

Figure 8 shows the effect of adsorbent dosage on the removal percentage R% of BS dye. It can
be observed that with increasing the dosage of NiO—NPs, the values of R% increased from 56.80
and 48.48% to 94.22 and 84.86% for NiO-P and NiO-G samples, respectively. An optimal
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weight of 0.05 g was selected for both samples. According to the findings, the number of active
centers on the surface rises with increasing NiO-NP amounts [25].

100
%0 - <» - 1 - B )
/. | = | d (S |
80 -
-
o o= =
o) I
50 - =] - NIiO-P
a0 - - NIO-G
30 T T T T T 1
(8] 0.01 0.03 0.05 0.07 0.09 0.1
dosage (g)

Figure 8. Impact of adsorbent weight on the R% of BS dye adsorption onto NiO-NPs samples.

3.2.3 Effect of contact time

Adsorption time impacts the removal efficiency of BS dye using NiO—NPs samples, as shown in
Figure 9. The removal efficiency of BS dye increases as the adsorption time increases until it
reaches the equilibrium time of 40 minutes. The rate of adsorption was observed to be slightly
lower; this trend may be due to the accumulation of dye molecules onto available sites [26].

100 —
90 - > L
80 - L4 L4
70 -
60

50 -+
40 / ® - NiO-P

R%

30 # M NIO-G

20 -
10 T T T T T 1
0 10 20 30 40 50 G0

Time(min)

Figure 9. Influence of agitation time on the removal percentage of BS dye using NiO-NPs sample.

3.2.4 Effect of initial pH solutions

pH is the most critical factor affecting the adsorption of BS dye on the NiO—NPs samples. As
shown in Figure 10, at pH higher than 7, the removal efficiencies of BS dye for NiO-P and NiO-
G decreased from 99.3% to 98%77.2% and 96.2% to 65.8%, respectively. This is due to
repulsion forces between the anionic BS dye and the NiO-NPs sample surface that were
established, according to the presence of OH- ions, as shown in Eq. 12. In an acidic medium
(Eq. 13), the electrostatic and ion-exchange activities between the BS dye and adsorbent surface
increased at elevated pH, NiO particles have a positive surface charge, and high adsorption
efficiency is anticipated because of the attraction forces between positive charged functional
groups on the surface of NiO—NPs and the negatively charged surface of BS dye.

Ni—OH +OH —> Ni—O + H,0 (12)
Ni—OH + H* — > NiOH," (13)
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Figure 10. Impact of pH solution on the removal percentage of BS dye using NiO-NPs samples.

3.2.5 Influence of temperature solutions

The effect of temperature on dye removal efficiency was investigated by varying the
temperatures from 293 K to 318 K while keeping other parameters constant. Figure 11 shows
that the removal efficiency increases with a rise in temperature. This may be related to the fact
that both adsorption and absorption occur on the surfaces of the samples and that the sorption
process is endothermic in nature [27].

100 = K : =
o— o B—%
90 -~ < ha
nd
80 -~
- —a»— NIO-P
S 70 A
o - NIO-G
60
50 T ] L] ] L] 1
290 293 298 303 308 313 318

T (K)

Figure 11. Influence of temperature on removal efficiency for BS dye using NiO—NPs samples.

3.3 Adsorption isotherm models

3.3.1 Langmuir isotherm model

The values of Langmuir constants gm and KL are obtained from the linear plot between Ce/ge
versus Ce (Eq. 3), Figure 12. These values, along with the values of Rs, are represented in
Table 1. From the values of Rs, it can be concluded that the Rs values between 0 and 1 (0 < Rs <
1) indicate that the adsorption of BS dye onto NiO—NPs samples is favorable.

@ 293K
® 258K
@ 303K
® 308K
@ 313K
@ 318K

C,/a,(s/l)
C/q.(g/L)

10 15 20 25
Celmg/L) C.(mg/L)
Figure 12. Langmuir isotherms model of BS dye adsorption onto: (a)NiO—P, (b) NiO-G.
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Table 1. Langmuir constants for adsorption BS dye onto NiO—NPs samples at different temperatures.

Adsorbent Temp (K) am (Mg/g) K. (L/mg) R, R?
293 25.069 0.1724 0.3671 0.9987
298 23.423 0.3226 0.2366 0.9882
NiO-P 303 23.269 0.5678 0.1497 0.9871
308 24.364 0.7925 0.1120 0.9935
313 26.653 0.9747 0.1143 0.9711
318 26.314 1.5204 0.0610 0.9972
293 20.036 0.0830 0.5465 0.9982
NiO-G 298 21.215 0.1244 0.4457 0.9732
303 22.333 0.1709 0.3691 0.9655
308 22.782 0.6713 0.1296 0.9911
313 23.754 0.9276 0.0973 0.9687
318 23.950 1.3514 0.0512 0.9689

The high values of monolayer capacity gm for NiO-P and NiO-G are related to the presence of
active functional groups such as terpenoids, phenols, flavonoids, carbohydrates, and lignin
compounds on the surfaces of NiO—NPs, which were synthesized by green methods. These
particles have more pores, a smaller size, and a larger surface area. Our results agree with
Al-Shammari et al., [28].

3.3.2 Freundlich isotherm model

Figure 13 depicts the linear plot between In ge versus In Ce (Eqg. 5). The values of the
Freundlich constants KFr and nf are listed in Table 2. It can be seen that the values of 1/nf < 1,
indicate that the sorption of BS dye onto NiO-NPs samples is favorable.
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Figure 13. Freundlich isotherms plots for the adsorption of BS dye onto: (a) NiO—P, (b) NiO-G.

From the values of the correlation coefficient obtained for these two models, it can be noticed
that the Langmuir model nearly explained the applicability of the adsorption data, and the
adsorption of BS dye onto both adsorbents followed the mono-layer adsorption model.
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Table 2. Freundlich isotherm constants for the adsorption of BS dye onto NiO—NPs samples at different temperatures.

Adsorbent Temp. N K, R?

(K) (mg/g(mg/L)™™
293 1.7575 4.2631 0.9236

NiO-P 298 2.0638 6.0577 0.9637
303 2.2878 8.0124 0.9663
308 2.3244 9.6618 0.9834
313 2.2096 10.599 0.9755
318 2.2602 13.790 0.9701
293 1.6088 2.3599 0.9113
298 1.7511 3.4477 0.9323

NiO—-G 303 2.0408 5.5769 0.954
308 2.3775 8.4560 0.9601
313 2.4324 10.471 0.9531
318 2.4537 10.582 0.9658

3.4 Adsorption and thermodynamic parameters

Figure 14 shows the Van't Hoff plots between In keq and 1/T (Eq. 7). The spontaneity of an
adsorption process is greatly influenced by thermodynamic parameters, as shown in Table 3. As
a result, the adsorption process was assumed to be spontaneous based on the negative values for
the change in the Gibbes free energy AG® at the specified temperature. However, the positive
values for AH® suggested that the process was endothermic. This may be connected to the
occurrence of the sorption process, which includes both adsorption and absorption. In addition,
the positive AS® values indicate increased randomness during this process [29]. These results are
similar to those obtained by Kadhim et al., [30].
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Figure 14. Van't Hoff plots adsorption of BS dye onto (a)NiO—P, (b) NiO-G at various temperatures.

Table 3. Thermodynamic parameters for the adsorption of BS dye onto NiO—NPs samples.

Adsorbent Ci AH® AS° ()AG® (kJ/mol)
mg/L  (kJ/mol) (J/mol.K) 293K 298K 303K 308K 313K 318K

10 73.715  320.66 19.989 21958 23,586 25.345 26.536 28.079
20 56.268  259.24 19455 20.824 22981 24.030 23.795 26.509

Nio-p 30 64.219  282.36 18.577  19.999  21.299 22571 23.964 25.85
40 55.783  250.94 18.102  18.800  19.962 21.490 22.548 24.376
50 45377  213.88 17392 18.352  19.357 20.364 21.523 22.794
10 90.024  368.55 18.021  19.709  21.267 24.114 25.338 24.960
NiO-G 20 101.04  404.03 17434 18.762  21.743 23.767 25.518 23.685

30 103.46  408.48 16.936  18.046  19.632 22.159 23.848 23.354
40 59.531  258.99 16.518 17.468  18.802 20.343 21.638 22.780
50 65.897  278.89 15951 17.226  18.476 19.677 21.677 22.223
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3.5 Adsorption kinetics
3.5.1 Pseudo-first-order (PFO) model

Figure 15 shows the graph between In (ge-q;) versus t (Eq. 10). The value of K, ge, and R, are
shown in Table 4.
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Figure 15. The PFO plots for the adsorption of BS dye onto(a)NiO-P,(b)NiO-G at different temperatures.
Table 4. Rate constants of PFO model for the adsorption of BS dye onto NiO—NPs samples.
NiO-P NiO-G
Temp- Qe exr?l Ce cal_1 l_(l 4 RZ Qe exp Ce cal_l l_(l 4 Rz
(K)  (mgg’) (mgg~) (min~) (Mg.9.1) (mg.g7) (min™)
288 8.3389 4.2577 0.0379 0.8916 8.3493 6.3092 0.0407 0.8631
298 9.1705 6.0085 0.0489 0.9365 8.6507 5.7754 0.0453 0.9198
308 9.3680 6.4287 0.0668 0.9588 9.1705 5.1183 0.0462 0.9615
318 9.6071 5.7049  0.0708 0.9991 9.5135 5.0283 0.0542 0.9838
328 9.8669 6.4413 0.0820 0.9859 9.6175 5.4206 0.0675 0.9749

As shown in Table 4, the calculated ge cal values disagree with the experimental ge exp at
different temperatures. Moreover, the values of the correlation coefficients (R;) at 298K are
0.9365 and 0.9198 for NiO—P and NiO—G, respectively. It can be indicated that the PFO is not
applicable adequately in this study.

3.5.2. Pseudo-second-order (PSO) model

Figure 16 shows the linear plot between t/q; versus t (Eq.11), with the values of ge, k; and R;
listed in Table 5.
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Figure 16. The PSO plots for adsorption of BS dye onto (a)NiO-P, (b)NiO-G at different temperatures.
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Table 5. The PSO data for the adsorption of BS dye onto NiO—NPs samples at different temperatures.

NiO-P NiO-G
Temp' Ge exp Qe cal kZ RZ Oe exp Qe cal k2 2

(K)  (mg.gh) (mggh)  (g/mg.min) (mgg™) (mg.g’)  (g/mg.min)

288 8.3389 8.4082 0.0109 0.9762 8.3493 8.4048 0.0054 0.9408
298 9.1705 9.4950 0.0094 0.9841 8.6507 8.1005 0.0081 0.9722
308 9.3680 8.5290 0.0128 0.9956 9.1705 8.3027 0.0108 0.9915
318 9.6071 9.4600 0.0180 0.9957 9.5135 9.4699 0.0140 0.9962
328 9.8669 9.6800 0.0201 0.9971 9.6175 9.3609 0.0198 0.9966

It is clear from this table that the values of the correlation coefficient are in the range of 0.9762-
0.9971 and 0.9408-0.9966 for NiO-P and NiO-G, respectively. Furthermore, the ge ca Values are
almost in agreement with the experimental g «xp at all temperatures. This indicates that the PSO
is a better fit for the adsorption data than the PFO.

4. Conclusion

Green synthesis of NiO-NPs with Allium porrum and Apium graveolens plants produces
NiO-P and NiO-G NPs with an excellent ability to remove BS dye from aqueous solutions. The
Langmuir isotherm model fitted well with experimental data for the adsorption of BS onto the
NiO-NPs samples. The synthesized NiO—NPs lead to enhanced values of monolayer capacity qm
due to the presence of phytochemical compounds in the NiO-NPs samples. According to the
adsorption thermodynamic functions AG°, AH®, and AS°, the adsorption is endothermic and
occurs spontaneously. The results obtained through the kinetics study show that PSO is the best
representation of adsorption kinetics. Overall, it was concluded that using plan extract provided
an easy and cheap method for synthesizing NiO-NPs with a large specific surface area.
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