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Abstract

The presence of dyes in water is the most popular problem recently, so the current study was directed towards the synthesis
of an effective material consisting of NiO and MWCNTSs. The NiO/F-MWCNTs nanocomposite was synthesized using
a simple hydrothermal method after functionalization of MWCNTs using sulfuric acid and nitric acid and utilized as an
efficient surface to adsorption of malachite green dye from polluted water. The nanocomposite sample was characterized
using several techniques are X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Thermogravimetric
analysis (TGA), Field emission scanning electron microscopy (FESEM), High- resolution transmission electron micros-
copy (HRTEM), Brunauer—-Emmett—Teller (BET) surface area analysis, Barrett-Joyner-Halenda (BJH) analysis and Energy
dispersive X-ray (EDX). The analytical results showed that the prepared nanocomposite is of good crystalline nature with
a particle size of 25.43 nm. A significant specific surface area was 412.08 m*/g which indicates the effective impact of the
nanocomposite in the adsorption of malachite green (MG) dye. On the other hand, the effect of adsorbent dose, temperature,
acidic function and contact time on the adsorption efficiency of dye was studied. The kinetics of dye adsorption were also
investigated employing two kinetic models, pseudo-first-order model and pseudo-second-order model. Finally, the thermo-
dynamic functions were determined to identify the type of the reaction and the spontaneity of the process.
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1 Introduction

Recently, the world started using nanocomposites as an
alternative material to improve economic growth in all
aspects of life [1]. These composites arise from the inter-
action of two or more substances with different chemical
and physical properties. The most common type of carbon
is carbon nanotubes (CNTs) that are used in the fabrica-
tion of many composites due to their distinctive properties
like chemical stability, great surface area, superb mechani-
cal properties, and good electrical and thermal conductivity
[2]. Based on the layers that make up the wall of the carbon
tubes, the carbon nanotubes are partitioned into two parts:
single-walled carbon nanotubes (SWCNTs) and multi-walled
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carbon nanotubes (MWCNTs) [3]. Because of their excep-
tional properties, both types have played an important role in
many industrial, biological and environmental applications
such as sensitizers, catalysts, adsorbents, drug carriers, and
antibacterial agents. As the functionalization of the MWC-
NTs surface by oxidation of alcohols utilizing nitric acid
and sulfuric acid, this increases the dispersion rate in the
reaction solution, in addition to increasing the compatibil-
ity with the prepared composites [4]. Therefore, researchers
turned towards increasing chemical and thermal stability by
doping MWCNTs with several semiconductors such as ZnO,
TiO,, CuO and NiO, as they are considered materials with
low economic cost and non-toxic [5]. Nickel oxide (NiO) is
a semiconductor material, a cubic structure and has a good
bandgap value (3.6-4.0) eV. Nickel oxide exhibits excel-
lent properties such as large surface area, high electronic
mobility, good electrical properties, and efficiency at low
concentrations [6]. The NiO/F-MWCNTSs nanocomposite
is an effective material in many medical, biological, indus-
trial and environmental fields because of its low cost and
biocompatibility and high adsorption capacity [7]. Due to
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the promise properties of the nanocomposite, it was applied
as an effective substance in the treatment of contaminated
water towards dyes and minerals. MWCNTSs represent a sup-
port substance for the synthesis of nickel oxide nanopowder,
preventing their accumulation and making them a hydro-
philic surface [8].

The current study included the functionalization of
MWCNTs using sulfuric acid and nitric acid and followed
by doping with NiO nanoparticles using a simple hydro-
thermal method. The prepared composite was characterized
using several techniques are FTIR, XRD, FESEM, HRTEM,
EDX, TGA and BET. Finally, the adsorption efficiency of
nanocomposite towards malachite green dye (Fig. 1) from
contaminated solutions was studied. The influence of adsor-
bent dose, acidic function, temperature and equilibrium time
on the adsorption process was also investigated (Table 1).

Fig. 1 The structural formula of Malachite Green dye

2 Experimental part
2.1 Chemicals

Pristine-MWCNTs (length ~10-50 pum, diameter ~8—15 nm)
was obtained from Grafton VT (USA). Nitric acid, sulfu-
ric acid and sodium hydroxide were bought from Merck
Chemicals. Malachite green (MG [C4H;C(CcH,N(CHj),),]
Cl, M.Wt 364.911 g/mol, purity 90%) was supplied from
Chem-supply. Nickel nitrate Ni (NO;), was supplied from
Sigma-Aldrich (USA). Use deionized water to prepare all
solutions.

2.2 Instruments

The crystalline nature of the synthesized nanomaterials
was studied using powder X-ray diffraction, XRD-6000
(Shimadzu, Japan) at a scanning rate of 0.03° s~! by Cu
Ka radiation for diffraction angle (26) from 20° to 80°. The
oxygen-containing sorts of F-MWCNTs and nanocompos-
ite can be established utilizing FTIR spectroscopy (Nicolet
Nexus 670, Shimadzu, Japan) in the region 4000-400 cm™!
by mixing the samples with KBr discs. The surface mor-
phology of prepared nanomaterials was observed employing
field emission scanning electron microscopy FESEM (JEOL,
JSM-6701F, voltages 8.0 kV, Japan) and high-resolution
transmission electron microscopy HRTEM (Zeiss Libra

Table 1 A list of previous works represents the use of MWCNTSs and their composites as adsorbents

CNT Synthesis Method Conditions Applications References

MWCNTs Functionalization of MWCNTs 10 ml H,SO,, 30 ml HNO;, 10 g Ismate violet 2R dye adsorption [9]
MWCNTs, 5 g P,O,

f-MWNTs Chemical vapor deposition 16 M HNO; for 2 h Golden yellow MR, reactive [10]

(CVD)

Calcium alginate/ MWCNTs Wet spinning

3 Wt% Sodium alginate,
MWCNTs, stirring 30 min and

green HE4BD, congo red dyes
adsorption

Adsorption of methylene blue [11]
and methyl orange

ultrasonic 15 min

CoFe,0,/MWCNT

In situ chemical co-precipitation  MWCNTs, Fe(NO3);'9H,0

Methylene blue adsorption [12]

(1:2), Co(NO,),"6H,0, NaOH
(240 g/L)

Fe;O0,/MWCNTs Chemical co-precipitation

0.01 g FeCl,"4H,0, NaOH

Methylene blue adsorption [13]

(50 ml), 0.0125 g MWCNTs,
stirring for 60 min

NiO/MWCNTSs The wet chemical method

MWCNTS, Ni (NO,),"6H,0 in [14]

a water/methanol 4/1 v/v and
sonicated 2 h

NiO/CNTs The direct coprecipitation

3.2 g of NiCl,"6H,0, 50 ml

Adsorption of Pb** ions [8]

H,0,1 g CNT, 1.1 g NaOH
and sonicated 10 min

Zn-Ag/ MWCNTs
NiO/F-MWCNTs

Double arc discharge

Simple hydrothermal method

Electric arc discharge system
5 g MWCNTs, 50 ml H,O,

Methylene blue adsorption [15]

Malachite green dye adsorption  This work

0.1 M Ni(NO;),, 1 M NaOH
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200 FE, Germany). The thermal stability of nanomaterials
was concluded by TGA analysis using a Perkin-Elmer Dia-
mond analyzer in an atmosphere of argon gas at the range of
0-800 °C. The specific surface area and pore size distribu-
tion were concluded employing BET and BJH analysis from
the adsorption and desorption isotherms using a Quadrasorb
SIMP.

2.3 Functionalization of MWCNTs

Covalent functionalization of the MWCNTs was carried out
employing the chemical oxidation method. The acid treat-
ment involves the mixing of sulfuric acid (H,SO,) and nitric
acid (HNO,) (150/50 ml V/V) with 2 g of MWCNTSs. The
solution is dispersed at 40 °C for 80 min in the ultrasonic
water bath. After dispersion, the suspension is separated
utilizing a centrifuge at 10,000 rpm for 15 min. After-
ward, the product was washed employing deionized water
several times. Then, the material is dried at 60 °C for 18 h
in a vacuum oven to obtain the functionalized MWCNTs
(F-MWCNTs) [16].

2.4 Synthesis of NiO/F-MWCNTs nanocomposite

The NiO/F-MWCNTSs nanocomposite was produced using a
simple hydrothermal route. Typically, 3 g of MWCNTSs was
dispersed in 50 mL of deionized water by sonicator bath
for 20 min. After dispersion, the F-MWCNTSs solution was
mixed with 0.1 M nickel nitrate Ni(NO;),. With a continu-
ous magnetic stirring of the solution, 1 M NaOH solution
(35 mL) was added. Finally, the final solution is transferred
to the sealed Teflon-lined autoclave (100 mL), closed well
and heated at 150 °C for 10 h. After the hydrothermal time
is completed, the suspension was cooled down to room
temperature for 1 h to obtain the MWCNTSs/Ni (OH),. The
resulting mixture was washed several times with 2- propanol
and distilled water. Then, separated using a centrifuge at
10,000 rpm and the sample was collected and dried in a
vacuum oven for 60 min. Finally, the powder is calcined at
350 °C for 10 h under aerobic conditions.

2.5 MG adsorption experiments

The adsorption experiments included, prepare the stock
solution (20 mg/L) through dissolving 0.02 g MG dye pow-
der into 100 mL distilled water. Then, mixtures of different
concentrations in the range 1-20 ppm were prepared and
mixing of 10 mL of all solutions with 0.01 g of NiO/F-
MWCNTs nanocomposite. The solutions were shaken
by placing in a thermostatic digital laboratory water bath
(120 rpm) at different times until it reaches the equilibrium
time by saturating the surface with dye molecules. After
the equilibrium state was reached, the adsorbent particles

were separated using a centrifuge (10,000 rpm) for 10 min.
Then, the supernatant solutions were placed in UV—-visible
spectroscopy to record the dye adsorption at the wavelength
of 617 nm. Depending on Eqs. (1 and 2), the quantity of
adsorbate (mg/g) and the removal percentage of dye were
calculated [17, 18]:

C,-C,
g = (——=)xVv (1)
c,-C
R%=< - e)xlOO )
C(]
whereas C,, C, represents the initial concentration and the

concentration of the dye after adsorption (mg/L), V repre-
sents the solution volume (mL) and m represents the adsor-
bent amount (g).

3 Results and discussion

3.1 Characterization of the synthesized NiO/
F-MWCNTs

3.1.1 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is an effective tool of wide interest in
identifying the functional groups in the composition of
the nanomaterials. Figure 2 displays the FTIR analysis
of F-MWCNTs and NiO/F-MWCNTs nanocomposite in
the wavenumber range from 400 to 4000 cm™~!. The broad
absorption peak at 3427 cm™! is attributable to the stretch-
ing vibration of the hydroxyl groups (-OH). The apparent
absorption peaks at 2919 and 2855 cm™! are attributable
to C-H symmetric and asymmetric stretching vibration.

NiO/F-MWCNT
_
3
= C-IT asym i’
-IT asym.
g ¥ \ c=0’ '
H C-H sym. c=c | o Ni-O
E F-MWCNT
2
£
= A
x C-H asym. | J
C-Hs: A s
sym. . Cc-0
O-H C=C v
C-N
T T 1 T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.2 FTIR spectra of F-FMWCNTs and NiO/F-MWCNTs nanocom-
posite
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Also, the absorption peak at 1723 cm™! is attributable to
the presence of C=0 stretching vibration belonging to the
carboxyl groups resulting from the chemical oxidation
process[19]. The absorption peak at 1630 cm™" is attrib-
utable to C=C stretching vibration in the aromatic rings
of the MWCNTs structure. While the absorption peaks
appear at 1445, 1368, 1110 cm™! owing to the present of
the O—H bending, C-N (NO,), C-O bonds, respectively.
After the synthesis of the NiO/F-MWCNTSs nanocompos-
ite, a clear decrease in the intensity of the carbonyl top
was observed due to the shorthand of the carboxylic sorts
(COOH) through the powder thermal treatment. Also,
a new absorption peak appears at 626 cm™! due to the
vibration of the Ni—O bond. This indicates the success of
the nanocomposite synthesis employing the hydrothermal
technique [20].

3.1.2 X-rays diffraction (XRD)

Figure 3 illustrates the XRD analysis of F-MWCNTs and
NiO/F-MWCNTs nanocomposite in the diffraction angle
range 260 =20-80°. The X-ray diffractogram of F-MWC-
NTs exhibits a high-intensity sharp peak at 20 =26.06° and
a weak peak at 20=43.25° are assigned to the hkl planes
of (002) and (100), respectively. Both peaks belong to
the hexagonal graphite structure in F-MWCNTs [21]. On
the other hand, the XRD pattern of the NiO/F-MWCNTs
nanocomposite showed a low-intensity peak at 260=26.07°
corresponding to the hkl planes of (002) belong to the
F-MWCNTs structure. The observed peaks at 260=37.59°,
43.56°, 63.14°, and 75.57° belong to NiO crystal which is
assigned to the hkl planes of (111), (200), (220) and (222),
respectively [22]. The Debye-Scherr equation was used
to find out the size values of the prepared nanomaterials:

NiO/F-MWCNT

NiO (111)

> NIO (220)
C\.o(zm

CNT (002) » CNT (002)

Intensity (a.u.)

CNT (100)

F-MWCNT

e

20 30 40 50 60 70 80
2Theta (deg.)

Fig.3 XRD patterns of F-MWCNTs and NiO/F-MWCNTSs nanocom-
posite
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where 6 is the Bragg angle, D is crystalline size, f is the
full width at half the maximum of the top, A is the radiation
wavelength. It has been found that the crystalline size values
for the F-MWCNTs and NiO/F-MWCNTs nanocomposite
are 53.33 and 25.43 nm, respectively.

3.1.3 Field emission scanning electron microscopy (FESEM)
analysis

FESEM analysis is utilized to reveal the surface morphology
which includes the shape, distribution and size of nanoparti-
cles. Figure 4a and b shows FESEM images of F-MWCNTs
at two different magnifications. It was observed that short
tube shapes (worm-like) with slight defects were observed
at the end of the tube. The images showed a decrease in the
agglomeration rate of the tubes as a result of surface oxi-
dation due to the present of the carboxylic groups, which
reduces the Van der Waals forces linking the tubes [23].
While FESEM images of the NiO/F-MWCNTs nanocompos-
ite in Fig. 4c and d showed heterogeneous spherical shapes
representing NiO nanoparticles deposited on the surface of
tangled tubes representing F-MWCNTs. It was observed
that the distribution of NiO nanoparticles is irregular on
the F-MWCNTs surface. The results show the successful
attachment of NiO with F-MWCNTs using the hydrothermal
method [24]. Finally, it was found that the particle size of the
F-MWCNTs and NiO/F-MWCNTSs nanocomposite are 37.26
and 33.14 nm, respectively. The observed sizes are almost
agreed with the results of the XRD analysis.

3.1.4 Energy-dispersive X-ray spectroscopy (EDX)

EDX spectroscopy is a very popular technique utilized to
recognize the primary compositions of synthesized solid
nanomaterials. Figure 5 demonstrates the EDX analysis of
F-MWCNTs and NiO/F-MWCNTs nanocomposite. EDX
analysis of F-MWCNTs showed the presence of carbon
and oxygen in weight ratios 82.81% and 18.18%, respec-
tively. This indicates the success of the process of adding
carboxylic groups to the MWCNTSs surface. In addition,
the absence of any additional peaks confirms the purity of
the prepared MWCNTSs sample. While the EDX of NiO/F-
MWCNTs nanocomposite showed the existence of oxygen,
nickel and carbon in weight ratios of 48.77%, 37.79% and
13.44%, respectively. This confirms the success of the dec-
oration of the F-MWCNTs surface by NiO nanoparticles
using the hydrothermal method.



Carbon Letters (2022) 32:1073-1084 1077

SEM MAG: 100 kx Det: InBeam MIRA3 TESCAN SEM MAG: 50.0 kx Det: InBeam MIRA3 TESCAN
WD: 5.04 mm BI: 7.00 WD: 5.04 mm
View field: 2.08 ym | Date(m/dly): 12/08/20 View field: 4.15 ym Date(m/dly): 12/08/20
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Fig.4 FESEM image a, b F-MWCNTs and ¢, d NiO/F-MWCNTs nanocomposite

c 3000
30000— ]
1l 4 b
] 2500
25000 ]
1 19w
] 2000
20000 1
8 ] |
c 8
o 7 c 1500
o 15000-] 5 |
8] 1 2 ]
1 [v] ]
10000} 1000
5000_‘ 5(1]—_ Ni
1f0 Ni
o . T T T T T T T T T 0! P T T T T P T P T e T TP
1000 00500 1000

Energy (KeV) Energy (KeV)

Fig.5 EDX spectra of a F-MWCNTSs and b NiO/F-MWCNTs nanocomposite
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3.1.5 High-resolution transmission electron microscopy
(HRTEM) analysis

HRTEM is a common technique for identifying the mor-
phology, structural details, particle size and crystalline
defects of nanomaterials on the atomic scale [25]. Fig-
ure 6a HRTEM image of MWCNTSs shows the presence
of a cylindrical tube with regular edges and has an aver-
age diameter of 33.5 nm. Figure 6b HRTEM image of
NiO/F-MWCNTs nanocomposite shows the presence of
heterogeneous spherical shapes distributed on the surface
of the nanotubes with a significant decrease in the accu-
mulation rate of nanoparticles with an average diameter
of up to 45.14 nm. This morphology is consistent with a
previous report [26].

3.1.6 Specific surface area and pore volume estimate

The BET is a widely used method for estimating the specific
surface area (SSA) depending on the N, gas adsorption—des-
orption measurements at 77 K. While the BIJH method was
utilized to identify the specific pore volume distribution of
the solid surfaces. The BET data exhibited that the surface
area value of F-MWCNTs is 332.12 m%/g, while the BJH
data revealed that the pore volume value is 0.16 cm®/g. It
was noticed that the adsorption isotherm of F-MWCNTs fol-
lows the type II isotherm, which confirms that the physical
adsorption is obtained on porous surfaces through a mon-
olayer covering, followed by a multilayer covering (Fig. 7).
On the other hand, it was found that the specific surface
area and the pore volume of the NiO/F-MWCNTs nano-
composite are 412.08 m*/g and 0.13 cm?®/g, respectively.
In addition, the nanocomposite isotherm follows type IV,

50 nm

Mag = 10.000 KX

Mag =10.000 KX

Fig.6 HRTEM image a F-MWCNTs and b NiO/F-MWCNTs nanocomposite
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Fig. 7 Nitrogen adsorption and desorption isotherms and BJH plot (insert figure) of the a F-MWCNTSs and b NiO/F-MWCNTSs nanocomposite
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and this indicates that the sample is of a mesoporosity
nature. The BJH results showed that the pore diameter of
the F-MWCNTs and NiO/F-MWCNTs nanocomposite are
2.4 and 2.6 nm, respectively (insert Fig. 7). The obtained
pore diameter values refer to the mesoporous composition
of both surfaces [27].

3.1.7 Thermogravimetric analysis (TGA)

The TGA analysis is a quick and facile way to determine
the thermal stability of prepared nanomaterials as a result
of changing their properties through losing weight with
increasing temperature. Figure 8 shows TGA analysis of
F-MWCNTs and NiO/F-MWCNTs nanocomposite in the
range of 0—800 °C. The F-MWCNTs showed low thermal
stability, resulting in a weight loss up to 99.58% in the range
of 200-580 °C owing to the water elimination, functional
groups and consequently the thermal decomposition of
other molecules with the oxidation of carbon [21]. After
decorating F-MWCNTs with NiO nanoparticles, the ther-
mal stability is significantly increased due to the low rate of
mass loss 28.32% in the range 400-520 °C is owing to the
rapid pyrolysis of the residual oxygen types. In addition to
the evaporation of CO, and CO gases. The obtained ther-
mal data confirmed that the thermal stability of the NiO/F-
MWCNTs nanocomposite is higher than F-MWCNTs [28].

3.2 Investigation of MG adsorption

3.2.1 Influence of the F-MWCNTs and NiO/F-MWCNTs
nanocomposite mass

The influence of FF-MWCNTs and NiO/F-MWCNTs doses at
different masses (0.04-0.28 g) towards adsorption of mala-
chite green dye was studied. Figure 9 shows the increase in

120

100

[el)
(=]
L

Weight loss (28.32%)

Weight Loss (%)
I o
IS S

[\
(=}

e F-MWCNT

e NiO/F-MWCNT
O T T T
0 200 400 600 800

Temperture (°C)

‘Weight loss (99.58%)

Fig.8 TGA thermograms of F-MWCNTs and NiO/F-MWCNTs
nanocomposite
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Fig.9 Influence of adsorbents mass on the adsorption of MG dye

the dye removal percentage with the increase in the mass of
both surfaces. The NiO/F-MWCNTs nanocomposite showed
a dye removal efficiency of up to 94% which is higher than
the removal efficiency of F-MWCNTSs (up to 88%). There-
fore, all subsequent experiments were performed with
NiO/F-MWCNTs.

3.2.2 Influence of contact time

The influence of contact time on the adsorption capacity of
malachite green dye on NiO/F-MWCNTs nanocomposite with
different times (1-140 min) at the temperature of 25 °C and
initial dye concentration 10 ppm was studied. Figure 10 shows
that increasing the adsorption contact time beside an increase
in the adsorption capacity up to time 140 min when removal

10

<
L 3

p
4
L 4
<@
L 2

q.(mg/g)

0 T T T T
0 30 60 90 120 150

Contact time (min)

Fig. 10 Influence of contact time on the adsorption of MG dye
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efficiency of 90.06%. After that, the adsorption became almost
constant due to the saturation of the active sites with dye mol-
ecules [29].

3.2.3 Adsorption kinetics evaluation

In this section, the interaction between the MG dye and the
NiO/F-MWCNTs nanocomposite and their kinetics were iden-
tified. Two kinetic models are pseudo-first-order and pseudo-
second-order models, have been studied. Equation 4 shows the
pseudo-first-order model [30]:

Ln(g,—q,) =Lnqg, —k;t @

where k; is the pseudo-first-order adsorption rate constant
(min~!), g, and g, are equilibrium adsorption capacity (mg g~')
and the adsorption capacity at a certain time (mg g~ ). Finally,
the values of the pseudo-first-order constant and equilibrium
adsorption capacity can be estimated from the linear relation-
ship between In (g, —¢g,) and time, since the k; represents the
slope and the g, represents the intercept. Equation 5 shows the
pseudo-second-order model [31]:

Loy <l>t 5)
9 kyge*  \q,

where k, is the pseudo-second-order adsorption rate con-
stant (g mg~! min~"). The linear relationship between #/g, with
time can calculate the values of the equilibrium adsorption
capacity (slope) and the k, (intercept). The kinetic constants
and correlation coefficients for both models were calculated
in Table 2. It was noted that the correlation coefficient for
the pseudo-first-order model is R?=0.214, and this confirms
the incompatibility of the model with the adsorption pro-
cess between the dye and the NiO/F-MWCNTSs nanocom-
posite. Figure 11 displays the linearity of the second-order
model is R>=0.935, and this indicates that the interaction
between adsorbate and adsorbent follows the pseudo-second-
order model. The pseudo-second-order model suggests that
the higher number of unoccupied active sites, the higher the
adsorption rate. In addition, covering the adsorbent surface
does not change the reaction energy [31].

3.2.4 Influence of temperature and adsorption
thermodynamics

The influence of temperature on the adsorption process was
investigated using various temperatures 10, 20 and 30 °C.

5
a
>
& TS v * - s
=45
=
=)
y =-0.0002x + 4.5781
R2=0.214
4 T T T
0 40 80 120 160
t(min)
20
b
15 4
= 10 1
59
y=0.1016x + 1.0966
R2=0.9351
00
0 T T T
0 40 80 120 160
t(min)

Fig. 11 a Pseudo first-order and b pseudo-second-order kinetic mod-
els for MG dye adsorption

Figure 12 shows the gradual increase in the adsorption capac-
ity with rising solution temperature, this indicates an increase
in the spread of cations of the malachite green dye on the
active sites of the prepared nanocomposite surface owing to
the increase in kinetic energy. The thermodynamic param-
eters that have been studied include Gibbs free energy (AG®),
enthalpy change (AH®) and change in entropy (AS°) whose
equations are mentioned below:

AG’ = -RTInK, (6)

Table 2 Kinetics parameters for

” : Dye Pseudo-first order Pseudo-second order
MG dye adsorption on NiO/F-
MWCNTs k, q, R? k, q, h R?
MG 0.0002 97.32 0.214 0.0096 1.842 0.9347 0.935

@ Springer



Carbon Letters (2022) 32:1073-1084

1081

30
25 1
~ 20 1
L0
o0
g
P
T 15 1
——10 °C
10 —o—20 °C
——30 °C
5 T T T
0 5 10 15 20

Ce(mg/g)

Fig. 12 Influence of the temperature on the MG dye adsorption

AG’ = AH® — TAS° )

AH? — AG°

A 0 —
s - ®)

where R represents the universal gas constant (8.314 J/
mol K), K, represents adsorption equilibrium constant
and T represents the temperature (K). Depending on the
Van’t Hoff Eq. (9), InK, versus T~ is plotted to estimate
the AH® value from the slope and the AS° value from an
intercept. The mathematical expression of the Vant Hoff
equation is as shown below [32]:

nk, = A8 AH
R~ RT

€))

The results obtained from the thermodynamic calcu-
lations showed that the treatment process has a negative
Gibbs free energy (AG°=— 1.363), meaning that the
interaction between the nanocomposite and the dye occurs
spontaneously. Moreover, the enthalpy change value is
positive (AH®°= +12.31) and this suggests that the
adsorption is endothermic. On the other hand, the change
in entropy showed a positive value (AS°= +46.69),
which indicates a high rate of randomness during the
adsorption process [33].

3.2.5 Adsorption isotherms

The adsorption isotherm represents the relationship between
the quantity of adsorbate (g,) and the equilibrium concentra-
tion at a constant temperature [34]. Three types of adsorption
isotherms have been studied, they are Langmuir, Freundlich
and Temkin models. Langmuir adsorption isotherm suggests
that the reaction system between the adsorbate and the adsor-
bent is monolayered, homogeneous and all active adsorption
sites have equal activation energy. Equation 10 represents the

mathematical form of the Langmuir model [35]:
Co_Cey 1 10
Qe Qm KLQm ( )

where C, represents the equilibrium concentration of MG
dye (mg LY, q,, and g, represents the maximum adsorp-
tion capacity and the adsorption capacity at equilibrium (mg
g1, respectively. Freundlich adsorption isotherm describes
the reversible, heterogeneous and multilayer adsorption, espe-
cially on the active carbon materials or organic compounds
[36]. The mathematical expression of the Freundlich model
is shown in Eq. (11):

logg, = logK; + 1logCe (11)
n

where K represents the adsorption constant of the Freun-
dlich model, » represents the linear factor. Temkin adsorption
isotherm suggests that the reaction temperature for all active
species decreases linearly with surface coverage. Equation 12
shows the linear form of the Temkin model [37]:

q, = BInK; + BInC, (12)

where K represents the adsorption constant of the Temkin
model. Table 3 and Fig. 13 display the correlation coefficients
for the three models and the adsorption isotherms data. It was
found that the correlation coefficients of Langmuir and Tem-
kin isotherms are R*=0.5014 and 0.879, respectively. A lower
value of the R? indicates that both isotherms are not suitable
for the adsorption process. In contrast, the value of the correla-
tion coefficient of the Freundlich isotherm model is R*=0.99,
which indicates that the isotherm fits the obtained adsorption
data. We conclude from this that the adsorption reaction is
heterogeneous and multilayered.

Table 3 Langmuir, Freundlich

e Langmuir Freundlich Temkin
and Temkin isotherm constants
K, G R? Ky n R? K; B R?
0.017 400 0.5014 7.284 1.101 0.990 7.739 0.032 0.879
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Fig. 13 Adsorption isotherms a Langmuir model, b Freundlich model and ¢ Temkin model

3.2.6 Influence of solution pH

The influence of the pH in the range of 2—12 was studied
as an influencing factor on the adsorption nature through
changing surface charges according to the pH medium.
Figure 14a displays the relationship between the amount

102

q(mg/g)

94 1

92 1

90

q.(mg/g)

of adsorbate and the acidic function. It can be seen that at
low pH values, decreases in the removal percentage of the
MG dye on the NiO/F-MWCNTs nanocomposite due to
the ability of hydrogen ions to attach with the active sur-
face sites which is faster than the dye molecules. At high
pH values, increases of the adsorption efficiency owing to

105

95 1

85 1

75 T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Mass of NaCl (g)

Fig. 14 Influence of a pH medium and b NaCl weight on MG dye adsorption
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the increase of negative electrical charges (OH™) on the
nanocomposite surface, and thus increases the electrostatic
interaction between the positively charged MG molecules
with the negatively charged adsorbent [38].

3.2.7 Influence of salt concentration

The presence of inorganic salts in the reaction solution is
a significant index that changes the removal efficiency and
affects the surface charge. Figure 14b displays the influ-
ence of NaCl mass on the amount of MG adsorbed by
the NiO/F-MWCNTs nanocomposite. It was noticed that
an increase in NaCl mass decreased adsorption capacity.
This behavior is due to the competition between positively
charged MG molecules and the sodium ions (Na*) to
occupying the same negatively charged active sites on the
NiO/F-MWCNTs surface [39]. Similar was behaviors in
aqueous solution previously studied by Runping et al. [40].

4 Conclusions

In the current study, the NiO/F-MWCNTSs nanocomposite
was fabricated via a hydrothermal process. It was found
that the synthesized nanocomposite has good properties
of particle size is 25 nm, a good large surface area and
high thermal stability, and this makes it an absorbent and
effective material in removing hazardous substances from
polluted water. It was observed that the removal efficiency
of the malachite green dye on the nanocomposite was up to
94%. Most of the factors affecting the adsorption process
like surfaces mass, temperature, pH, salt concentration and
contact time are studied. It was found that the removal
efficiency increases besides increasing the surface’s mass,
the temperature and the acidic function. While adsorption
kinetics models were applied, namely the pseudo-first-
order model and the pseudo-second-order model, as it was
established that the reaction between dye and nanocom-
posite obeys the pseudo-second-order model. Calculations
of thermodynamic functions (AH®, AG®, AS°) showed that
the adsorption reaction is endothermic, spontaneous and
highly random. In contrast, the results of the adsorption
isotherms displayed that the reaction between adsorb-
ate and adsorbent obeys the Freundlich isotherm model
(R*=0.990) and does not agree with the Langmuir and
Temkin isotherm model. This indicates that the adsorption
is heterogeneous and multilayered. Finally, the removal
ability decreases with the increase in the amount of inor-
ganic salt added to the adsorption solution.
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