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Abstract: Nanocrystalline nickel oxide (NiO) and copper oxide (CuO) have been synthesized in a water-in-oil
microemulsion. The as-synthesized samples were characterized by X-ray diffraction (XRD), Electron Spin
Resonance (E.S.R.), transmission electron microscopy (T.E.M.), and Specific Surface Area (S.S.A.). The particle
size of nickel oxide and copper oxide can be controlled from 10.0 to 21.5 and 12.5 to 25.0 nm, respectively, at a
different time of calcination temperature with a fixed proportion of water, surfactant, and oil in the microemulsion.
Also, the results showed that the specific surface area (89.96 m? g) and pore diameter (8.11 nm) of the prepared
nano NiO are higher than the specific surface area (71.96 m? g*) and pore diameter (3.71 nm) of the prepared nano
CuO. An adsorption test was carried out to show the efficiency of these prepared NiO and CuO nanoparticles for
the Adsorption of T.N.T. in an aqueous solution. The removal efficiencies of both nano NiO and CuO were
achieved at 90.06% and 77.0%, respectively.

Additionally, NiO and CuO nanoparticles were regenerated for five cycles. The Kinetic models of Pseudo first-
order and pseudo-second-order were described. The results demonstrated that T.N.T. adsorption on both nano

adsorbents follows the pseudo-second-order model.
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1. Introduction

Wastewater is a global concern. It directly impacts the
biological diversity of aquatic ecosystems, disrupting
the fundamental integrity of our life support systems
on which a wide range of sectors from urban
development to food production and industry depend
-3, One explosive that is widely used for military and
civil purposes all over the world is 2,4,6-
trinitrotoluene  (T.N.T.) % As a result of this
ubiquitous use, residual T.N.T. in both soil and
groundwater have been detected >°. Thus, T.N.T. has
been listed as a significant pollutant to public health
and aquatic life by the USEPA 7. Different methods,
such as catalysis, photocatalysis, and adsorption have
been wused to eliminate contamination from
wastewater &6,

It is important to develop low-cost and effective
technology for the removal of waste explosives
precisely T.N.T. So, several methods have been used
for decontamination of T.N.T. from wastewater and
contaminated soil such as biotreatment 7, alkaline
hydrolysis, chemical reduction, catalytic degradation,
photocatalytic ~ degradation,  flocculation, and
adsorption %27, High surface area and low-cost
adsorbents are often favored to eliminate harmful
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materials . The use of nanoparticles as adsorbents
has recently drawn great interest because of their
higher surface area and higher porosity, contributing
to preferred adsorption characteristics 2°. The most
significant materials, nickel oxide (NiO) and copper
oxide (CuO) have high chemical stability unique
magnetic properties. In the adsorption of heavy metals
and organic dyes %!, CuO and NiO were investigated
as metal oxide nano-adsorbents 2%, However, it is
interesting to note that the studies on the Adsorption
of T.N.T. using nanoscale metal oxides are still
limited. Therefore, this paper aims to prepare and
evaluate nickel oxide and copper oxide nanoparticles'
performance as adsorbents for removing T.N.T. from
aqueous solutions. The prepared nano adsorbents
were characterized by X-ray diffraction,
Transmission  Electron  Microscopy (T.E.M.),
Electron Spin Resonance Technique (E.S.R.), and
Specific Surface Area (S.S.A)). The adsorption
performance of nickel oxide and copper oxide
nanoparticles was examined. The adsorption Kinetics
and reusability of the prepared adsorbents were
studied.

2. Experimental

2.1. Materials
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Cetyl trimethyl ammonium bromide as cationic
surfactant (C9H13N Br), nickel chloride hexahydrate
(99.9%), and copper chloride dihydrate (purity
99.2%) were supplied from Sigma-Aldrich U.S.A., n-
hexane, n-butanol, were purchased from Sinopharm
Chemical Reagent Co., Ltd., Chinese. 2,4,6-
trinitrotoluene (T.N.T.) was obtained from the
Factory-18 (Abou-Zaabal, Cairo, Egypt).

2.2. Synthesis of nickel oxide and copper oxide
nanoparticles by the microemulsion method

A representative synthesis of the copper and nickel
oxide nanoparticles involved the mixing of two
reverse microemulsions. The first microemulsion was
prepared by taking 25 mL of 0.1 M solution of cetyl
trimethyl ammonium bromide in n-hexane and adding
300 pL of n-butanol (co-surfactant) and 225 pL of
a 5% (w/v) ag. solution of nickel chloride or copper
chloride. The second microemulsion was prepared as
the same procedure, but nickel or copper chlorides
were replaced by alkaline sodium carbonate solution.
Both the microemulsions were left stirring at 500 rpm
for 30 minutes to obtain an optically clear
homogeneous dispersion. Nickel or copper basic
carbonates nanoparticles were formed by mixing the
two microemulsions’ appropriate volumes with
vigorous stirring at 500 rpm for 30 min. The
precipitates were washed with ethanol and distilled
water to remove the undesirable contaminants. The
washed precipitates were dried and then calcined at
400°C for one and two hrs. to obtain the
corresponding metal oxide nanoparticles *.

2.3. Adsorption experiments (Batch reactor)

Batch tests were completed on a condition that
specific concentrations of Ni-oxide and Cu-oxide
nanoparticles were applied to reduce 100 mg/l of
T.N.T. stock solutions. The solutions were processed
on a rotary shaker (150 rpm) at room temperature for
2 hours. The solution was centrifuged, and the mother
liquor was analyzed for residual T.N.T. concentration
with HPLC. The following equation was used to
determine the

ge= (Co-Ce) X VIW

Where ¢ is the adsorption capacity (mg g-1) in the
solid at equilibrium; C, and C. are the initial and
equilibrium concentrations of metals/contaminant
(mg L) respectively; Vis the volume of the agueous
solution; W is the mass (g) of adsorbent used in the
experiments 7. Adsorption experiments were
performed at least three times to examine the results'
repeatability and verify experimental data.

2.4. Reusability Experimental

The reusability of the prepared nano-CuO and nano-
NiO was tested by performing five alternating
adsorption-desorption  cycles.  The  collected
adsorbents were then dispersed into 20 mL of 0.5-M
HCI and shaken at 180 rpm for 10 minutes to
regenerate the adsorbent. Before the next cycle, the
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regenerated adsorbent was washed repeatedly with
ultrapure water until the effluent was neutral (pH 7).
The regenerated NiO and CuO were used for
sequential adsorption-desorption cycles and the
T.N.T. adsorption efficiency were obtained.

2.5. Instruments

2.5.1. X-ray diffraction (XRD) X-ray diffraction
patterns were recorded on a P.A.N. analytical X'Pert
PRO instrument with Cu Ka (1.54 A) radiation at
40kV and 40 mA in the range of 26= 10-80°.

2.5.2. Transmission Electron Microscopy (T.E.M.)
The catalysts' microstructures were examined by
transmission electron microscopy (T.E.M.) ona JEOL
JEM -2000EX at an accelerating voltage of 100kV.

2.5.3. Electron Spin Resonance Technique
(ES.R)

The ESR-spectra were recorded on a Brucker, Elex-
500 spectrometer with the ER-4131VT variable
temperature accessory at room temperature and liquid
nitrogen temperature. The spectrometer was operated
at X-band frequency, and the samples were held on a
silica tube.

2.5.4. Specific Surface Area (S.S.A.)

The average particle size and Specific Surface Area of
the catalyst samples prepared were determined on a
Quantachrome 3200.

2.5.5. High-performance liquid chromatography
(HPLC)

The concentration of T.N.T. was determined by
Agilent HPLC 1260 infinity series (Agilent
Technologies) equipped with a quaternary pump, a
variable wavelength diode array detector (D.A.D.).

3. Results and Discussion

3.1. Adsorbents Characterization

X-ray diffraction (XRD) analysis of the prepared Ni-
and Cu-oxides thermally treated at 400°C for one and
two hours are shown in Figs. 1,2. The characteristic
diffraction peaks corresponded to (111), (200), (220),
(202), (311), and (222) indicate the monoclinic
structure of NiO and CuO nanocrystals, which were
also found to be highly crystalline planes of NiO and
CuO. The observed interplanar spacing, d hkl, was
compared with the data of JCPDS card number of 78-
0429 for NiO and JCPDS 45-0937 for CuO. The
results obtained in this study are further supported by
XRD results obtained for NiO 3% and CuO
nanoparticles %4, XRD patterns for Ni-oxide
preheated for 1 hr are less intensive compared with
oxide calcined for 2 hr. This may be ascribed to the
increase of particle size upon prolonged calcination
Table 1. The average particle size of each crystalline
oxides Table 1 was determined according to the
Scherrer formula: d = 0.89/b cos 0, where d is the
average particle size and b stands for the full-width at
half-height of the peaks.
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Figure 1. X-ray diffraction of nickel oxide

nanoparticle calcined at a different time for two hr. (a)
and one hr. (b)
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Figure 2. X-ray diffraction of copper oxide
nanoparticle calcined at a different time for two hr.
(a) and one hr. (b)
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Table 1. The particle size and surface area of nickel oxide and copper oxide nanoparticles calcined at different

time.
Particle Size, nm Surface Area, cclg Pore diameter, nm
Metal oxide = 1hr.,400°C 2hr,400°C 1hr.,400°C 2hr.,400°C 1hr.,400°C 2hr.,400°C
NiO 10 215 89.96 41.84 8.11 3.71
CuO 12.5 25 71.96 35.98 7.24 3.67

Table 1 reveals that the particle size of the oxide
prepared via microemulsion technique is considerably
increased by increase calcination temperature.
Prolonged heating of the solid is associated with a
pronounced increase of the particle size, probably due
to heat and mass transfer during calcination.

3.2. The textural properties
Specific surface areas and porosity of the prepared

nanometal oxides were examined by N adsorption-
desorption measurements performed at 77K. The
corresponding adsorption-desorption isotherms are
shown in Fig. 3. Both the nano-NiO and nano-CuO
gave similar  nitrogen  adsorption-desorption
isotherms. They corresponded to type Il of the IUPAC
classification and showed a characteristic hysteric's
loop associated with capillary condensation in
mesopores Fig. 3 #2,
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Figure 3. Nitrogen adsorption-desorption isotherms of nickel oxide and copper oxide nanoparticles calcined at
different times for one and two hours
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Figure 4. Pore diameter of nickel oxide and copper oxide nanoparticles calcined at different
times for one and two hours
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3.3. Transmission Electron Microscopy

(T.E.M.) Figs. 4,5 illustrate the photographs of the
investigated samples prepared by the microemulsion
technique. Figs. 4,5 depict that; smaller particle sizes
characterize the prepared oxides calcined at 400°C for
1 hr than their equivalents calcined for 2 hr. The
synthesized NiO N.P.s were flakes nano rod-like
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structures with tiny agglomerates and sizes of 4
- 10 nm). Meanwhile, the CuO N.P.s were mostly
cubic with size ranged (10 -25 nm), as confirmed by
XRD. So, the particle size of CuO is relatively larger
than the particle size of NiO, prepared under the same
conditions.

G R
Figure 6. T.E.M. 0

A progressive decrease in the amount of the adsorbed
N2, i.e., a reduction in surface area, is observed with
an increase in calcination time, according to Table 1.
Additionally, an apparent type-H4 hysteresis loop can
also be seen in the relative vapor pressure range of
0.4-1.0 bar, indicating the presence of a mesoporous
system Fig. 4 “. The B.E.T. surface area and pore
diameter of the adsorbents are summarized in Table 1.
It can be found that the B.E.T. specific surface of the
prepared nano NiO decreases from 89.96 m? g* to
41.84 m? g*by increasing of time of calcination from
1h to 2h while the B.E.T. of the CuO decrease from
71.96 to 35.98 m? g. The Pore diameter is
gradually decreased from 8.11, 3.71 to 3.71, 3.67 nm
for NiO and CuO, respectively, with the increase of
calcination time from 1 hr to 2 hr at 400°C. The higher
surface area of NiO may be due to the smaller pore
diameter. The vast majority of the total surface area
and pore diameter of all samples were emanated from
mesopores. Such mesoporous structure would be
propitious for adsorption purposes in terms of

S Ty iR P

f copper oxide nanoparticle calcined at different times for one hour (a) and (b) two hours

improved accessibility of the adsorbent to the active
binding centers within the porous structure of
samples, ubiquitous existence in effluents worldwide,
extreme toxicity and hazardous nature towards many
living creatures, high water solubility, and increased
persistence in aquatic ecosystems 445,

3.4. Electron Spin Resonance (E.S.R.)

E.S.R. spectra of the investigated samples are
presented in Figs. 7,8. The E.S.R. spectra of NiO
prepared by microemulsion method Fig. 7 showed
moderately sharp isotropic for the oxide calcined for
2 hr and strong isotropic signal for NiO calcined for
1 hr. The strong isotropic signal that appeared for the
sample prepared by microemulsion (calcined for
1 hr) may be related to the presence of trivalent nickel
or/and the formation of nano Ni-oxide particles. This
strong signal can be attributed to the
superparamagnetic effect detectable in nanoparticles
with high magnetic property “°. The E.S.R. spectra of
Cu-oxide Fig. 8 prepared by microemulsion calcined
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for 1 hr show a sharp isotropic signal indicating the
formation of nanoparticles of  Cu-oxide, while the
E.S.R. spectra of Cu-oxide calcined at 400°C for 2hr
show moderately sharp isotropic for the oxide
indicating that the investigated solid exhibits

&%
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600 1000 1500 2000 2500 3000 3500 4000 4500 S000 5500 G000 6500

Fleld[G]
Figure 7. E.S.R. of nickel oxide nanoparticle
calcined at different times for two hours (a) and
one hour (b)

3.5. Comparison of T.N.T. adsorption using Nickel
and Copper Oxide Nanoparticles
As shown in Figs. 9,10, the adsorption process of
T.N.T. by nickel oxide and copper oxide
nanoparticles was rapid in the first 60 min with
percentage removal of 90.6 %, and 77.2% reaches
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diamagnetic properties “7“%. In general, E.S.R. of
CuO and NiO calcined for one and two hours show
strong and moderately sharp isotropic signals,
respectively, indicating differences in the magnetic

properties.

600 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 G000 6500

Field[G)
Figure 8. E.S.R. of copper oxide nanoparticle
calcined at different times for two hours (a) and
one hour (b)

its maximum value (94.5%) and 87.5% after 120
min for nickel and copper oxides, respectively. The
higher efficiency of NiO can be attributed to its high

0 20 40 60 .80 100 120
Time, MIn

Figure 9. T.N.T. adsorption on nickel oxide
nanoparticle calcined at different time for one hr.
(@) and two hr. (b)

surface area. Further increase in the contact time did

not affect the adsorption.
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Figure 10. T.N.T. adsorption on copper oxide
nanoparticle calcined at different time for one hr.
(@) and two hr. (b)
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3.6. Adsorption kinetics

Adsorption kinetics was investigated for a better
understanding of the mechanism of adsorption. In the
present study, the adsorption data of T.N.T. by Cu-
oxide and Ni-Oxide at different time intervals were
analyzed by the pseudo-first-order Kkinetic pseudo-
second-order Kkinetic models (Egs. (2, 3). The two
adsorption kinetic models used in this study are first-
order “° and second-order equations °° developed by
Cuevas-Villanueva et al. 5. The first-order equation is
expressed as follows (Eq. (2)):

In(qe — q¢) = Lng, )
The second-order equation is expressed as follows
(Ea. 3)):
Table 2. The values of the kinetics parameters.

TNT
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t 1 t
- = — 3
qt KanQg de ( )

Where kit and kang are the rates constant of first-order
and second-order reaction, respectively, ge and qt
denote the amount of adsorption at equilibrium and at
time t. Kinetic parameters of these models were
calculated from the slope and the intercept of the
linear plots of In (ge—qy) vs. t for the first-order Kinetic
model and t/qt vs. t for second-order kinetic. The
kinetics parameters' values are tabulated in Table 2,
along with the corresponding linear regression
correlation coefficient °°°. The linear plots obtained
for the first-order and second-order equation are
shown graphically in Figs. 11 - 14.

concentration, Nano- Pseudo-first-order model Pseudo-second-order model
adsorbents
(mg /L)
ki(mint)  ge(mg g?) R2  ko(gmgminl) gemggl) R2
Ni-Oxide .
(Calc. 1hr) 0.0488 9.695 0.95 2410 20.41 0.98
Ni-Oxide
5
100 (C,ak,:' 0.0447 18.193 0.83 1.1710 33.3 0.99
Cu-Oxide 4 5rg7 11596  0.90 2.2910° 2445  0.99
(Calc. 1hr.)
Cu-Oxide B
(Calc. 2 hr) 0.023 10.927 0.81 1.1310 68.03 0.96
+ >0 Cu-oxide 1hr
45 Ni-Oxide 1hr. 45 ® Cu-Oxide 2hr
40 @ Ni-Oxide 2hr. 4,0
°
3,5 3,5 Y
= 30 3,0
:}: 2,5 ’g 2,5
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Figure 11. Pseudo-first-order linear plots for the

Figure 12. Pseudo-first-order linear plots for the

Adsorption of T.N.T. onto Ni-oxide calcined at 1 hr. (a) Adsorption of T.N.T. onto Cu-oxide calcined at

and 2 hr (b)

hr.(a) and 2 hr (b)

1
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Figure 13. Pseudo-second-order linear plots for the
Adsorption of T.N.T. onto Ni-oxide calcined at 1 hr.
(@) and 2hr (b)

It is evident from Table 2 that the linear plot of the
pseudo-second-order model gave a higher correlation
coefficient for nickel oxide (R?) value of 0.98, 0.99 as
compared to that of the pseudo-first-order model 0.95,
0.83 for one and two hours, respectively. Also, the
correlation coefficient for copper oxide (R?) value of
0.99, 0.96 as compared to that of the pseudo-first-
order model 0.90, 0.81 for one and two hours,
respectively. This result suggested that the kinetics of
T.N.T. adsorption onto metal oxide nanoparticles
confirmed the pseudo-second-order model, indicating
that the diffusion of the T.N.T. molecules principally
controlled the overall adsorption rate into the porous
system of metal oxide nanoparticles.

NiO

100
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3
2
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Adsorption %
o O O O O O O

o

Figure 14. Pseudo- second -order linear plots for the
adsorption of T.N.T. onto Cu-oxide calcined at 1 hr. (a)
and 2 hr (b)

Adorption %

3.7. Reusability of the prepared adsorbents
Reusability or recycling is a significant benefit of the
adsorbent for removing different contaminants due to
the lower cost. Successive adsorption-desorption
cycling experiments were performed to evaluate the
reusability of NiO and CuO. Fig.15 shows that the
removal percentage of T.N.T. after one hour were
90 % and 77% by NiO and CuO, respectively, during
the first cycle and almost unaltered after five recycling
runs, remaining the same percentage. These results
indicated that the NiO and CuO had been reused for
five cycles at a commercial scale level to lower the
adsorbing materials' cost.
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Figure 15. Reusability of NiO and CuO nanoadsorbents

4, Conclusion

NiO and CuO nanoparticles were prepared by the
microemulsion method and evaluated as nano
adsorbents to remove T.N.T. from an aqueous
solution. Nano-sized nickel oxides have been

successfully — synthesized in  cetyl trimethyl
ammonium bromide/n-hexane/n-butanol/water
reverse microemulsion, by fixed of surfactant, oil, and
water in the microemulsion, the mixing method as
well as different time of calcination temperature (1, 2
hours.). The prepared nanoparticles were
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characterized by X-ray diffraction (XRD),
transmission electron microscopy (T.E.M.), Electron
Spin Resonance (E.S.R.), and Specific Surface Area
(S.S.A). The T.N.T. adsorption onto NiO was higher
than that onto CuO, probably due to the larger surface
area and pore diameter, which increase the number of
active centers on the adsorbent surface high effective
adsorption between nanometal oxide prepared and
T.N.T. The pseudo-first-order reaction model
followed the adsorption reaction of T.N.T. by the
prepared adsorbents.
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