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ABSTRACT

A successful reduction of p-nitrophenol was carried out on the surface of novel CuFe;0O;.
Copper ferrite (CuFe,0,4) nanoparticles were prepared via simple co-precipitation reaction in
presence of a capping agent. The prepared nanoparticles was investigated by DSC (Differential
Scanning Calorimeter) and the crystalline structure and size were estimated by XRD (X-Ray dif-
fraction). The experimental results have pointed out the high catalytic activity towards the reduc-
tion of p-nitrophenol to p-aminophenol (important intermediate for paracetamol and analgesic
drugs) which improved greatly by using polymer as capping agent, where it exhibited several
advantages such as low-cost, stability and rapid separation.
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INTRODUCTION

Water is available in the universe in huge quantity in the order of 1,400 x10° kms, only
2.5 % of the global water resources are consisted of fresh water. Among the fresh waters, only
about 5 % of them or 0.15 % of the total world waters are readily available for beneficial use, the
rest being contained in the polar glaciers or glaciers in altitude. Global freshwater reserves are
rapidly depleting and this is expected to significantly impact many densely populated areas of the
world. Low to medium income developing regions as well as highly developed countries will
face water stress in the future, unless existing water reserves are effectively managed. Although
low-and middle-income developing countries currently have low per capita water consumption,
rapid increase in population and inefficient use of water across sectors are expected to lead to
water shortages in the future. Traditionally, developed countries have high per capita water con-
sumption and need to focus on reducing their consumption through improved water management
techniques and practices. By 2025, India, China and selected countries in Europe and Africa will
face water scarcity if adequate and sustainable water management initiatives are not imple-
mented. (Martinez-Huitle and Ferro, 2006)

Nitrophenol and its derivatives are some of the most refractory pollutants found in indus-
trial wastewater. They are typically the result of the manufacturing process of insecticides, syn-
thetic dyes and herbicides. The United States Environmental Protection Agency (USEPA) lists
nitrophenol as one of the top 114 organic pollutants. (Liu, and Qiao, 2007; Xiong et al., 2019)
Aminophenol is an important intermediate in the preparation of several analgesic and antipyretic
drugs. It is a strong reducing agent and is used as corrosion inhibitor in paints, photographic de-
veloper, and anticorrosion—lubricating agent in fuels. In the dye industry, aminophenol is also
used as a wood stain and a dyeing agent for fur and feathers. Because of the aforesaid reasons, it
is important to convert nitrophenol to aminophenol. So far, there were many methods for the
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conversion of nitrophenol to aminophenol. Compared with those conversion routes, the method
using sodium borohydride as reducing agent in agueous medium under mild conditions was rela-
tively simple and clean. However, in the absence of suitable catalysts, this reaction proceeds
slowly. Therefore, the study for searching efficient catalysts which can catalyze the direct hydro-
genation of 4-NP using sodium borohydride becomes more significant from the point of pollu-
tion abatement. Nanoparticles have gained much attention for catalysis in recent years because of
their high surface-to-volume ratios and unique electronic and surface properties. Many reports
are available on the application of metal nanoparticles as catalysts for the reduction of nitrophe-
nols in the presence of NaBH,4. Au, Ag, Pd and Pt (Zhao et al., 2015) nanoparticles are most
commonly used as efficient catalysts (Herves et al., 2012) However, the separation of these na-
no-catalysts from the reaction mixture is an important issue. In order to solve this problem, many
researchers are working on the preparation of nanocomposites that combine noble metal with
magnetic materials. As the super paramagnetic nature of magnetic materials, the nanocomposite
can be separated from the reaction mixture using an external magnet, thus eliminating the need
for catalytic filtration, preventing the loss of a catalyst and making the catalyst cost-effective.
(Aditya and Pal, 2015; Zhao et al., 2015) Hence, the development of an alternative inexpensive,
facile and easy-removal magnetic catalyst for the reduction of nitrophenols is highly desirable in
the context of environmental and industrial concerns. As an important class of magnetic mate-
rials, the spinel structured ferrites with general formula MFe,O,4 (M is transition metal, such as
Fe, Mn, Cu, and Zn.) (Dey and Goswami, 2020; Frolova, 2020; Goyal and Singhal, 2014; Huang
et al., 2020; Liu et al., 2019; Zhang et al., 2019) have been used in many applications. Among
the ferrites, CuFe,O4 has attracted much fundamental and applied research attention owing to its
wide applications in sensors, electronics and catalysts.(Li et al., 2019; Singhal and Namgyal,
2013; Sutar and Patil, 2019; Xiong et al., 2019).

MATERIALS AND EXPERIMENTAL PROCEDURES
1. Materials
Sodium borohydride (NaBH,) (Sigma-Aldrich, 99%), p-nitrophenol (C¢HsNO3), copper chloride
(CuCly), ferric chloride anhydrous (FeCls), silver nitrate (AgNOs3), hydrochloric acid (HCI), so-
dium hydroxide flakes (NaOH), ammonium hydroxide (35%) (NH,OH) were all purchased from
alpha-chemicals and distilled water was obtained using a 10L 2 step distillation device.

2. Preparation of spinel ferrites nanoparticles

The preparation of copper ferrite active phase and magnetic recycling responsible part of
the composite was selected to be a ferro spinel for their stability, super paramagnetism, availabil-
ity and high catalytic activity regarding nitrophenols reduction. First a three ferro spinel samples
(namely copper ferrite, cobalt ferrite and nickel ferrite) were selected from a pool of many ferro-
spinels from which the copper ferrite was selected after some comparative trials for being the
most active toward the target reaction. Where a simple co-precipitation method were used to pre-
pare all three spinels for this simple comparison in the activity toward the desired reaction, re-
sulting in copper ferrite being the most active of the three selected spinels due to the presence of
copper ions in its formula and crystal lattice leading to an improved catalytic activity toward ni-
trophenols reduction. The preparation process was further improved by the addition of a polymer
to further reduce the copper ferrite size and catalytic activity (Ahmed et al., 2008; Amighian et
al., 2006; Daigle et al., 2011; Gonzalez-Sandoval et al., 2004; Houshiar et al., 2014; Kundu et
al., 2003; Lu et al., 2011). The polymer was also selected from a pool of four polymers for com-
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parison and optimization for the selected model reaction, being polyvinyl pyrrolidone (PVP), po-
Iyvinyl alcohol (PVA), and polyacrylic acid (PAA), where the most effective polymer in stabiliz-
ing the formed particulates was PVP which improved stability and size. Where the 2% weight
ratio was selected for the comparison between different polymers.

The simple preparation method done using a mixture containing (1:2) ratio of (copper,
cobalt or nickel) and ferric ions which was stirred together first and the appropriate amount of
the polymer was then added to the mixture and stirred for 1 hours. A 1M NaOH solution was
then added drop by drop to begin the precipitation of the copper-iron double hydroxide until the
mixture pH reached a basic pH~10. The mixture was then filtered and washed with copious
amount of distilled water to ensure the removal of chloride ions (using silver nitrate AQNO3) and
the excess sodium hydroxide. The obtained slurry was then dried in and oven at 100 °C over-
night to obtain the powder, which was then crushed into a mortar to ensure size uniformity. The
obtained fine powder was then calcinated at 600 °C for 3 hours to ensure polymer removal and
the complete transformation of the formed copper-iron double hydroxide to a spinel. The calci-
nated powder was then crushed again to obtain the final ferrite spinel in powder form.

3. Conversion of p-nitrophenol to p-aminophenol

The purchased p-nitrophenol was first recrystallized using warm water acidified by 1N
sulfuric acid and dried at room temperature overnight. Then a 1-liter stock solution of 1x10*M
was prepared using adequate amount of p-nitrophenol and was then diluted to 10“*M for the re-
duction and conversion of p-nitrophenol to p-aminophenol in the application section.(Feng et al.,
2013; Goyal et al., 2014; Li et al., 2012, 2015; Zhang et al., 2011)

RESULTS AND DISCUSSION

1. TG TGA, DSC analysis

The as prepared double hydroxide powder resulting from the co-precipitation of the ferric
ion with copper ions was first analyzed used the Thermogravimetric and differential scanning
calorimetry method to select the best calcination temperature specific for the polymer used and
the copper spinel. In Figure (1), it was clear that the polymer was nearly completely oxidized in
air at around 300 °C — 350 °C (Singh et al., 2011; Tang et al., 2013; Wu et al., 2016; Zhang et
al., 2005) which is evident in the TG line as the mass loss stopped after and the transformation of
the copper-iron double hydroxide to the copper ferrite nearly finished around 600 °C which was
chosen to be the calcination temperature for the rest of the sample (Zakiyah et al., 2015).

Fig.1. TGA, DTG and DSC for copper iron double hydroxide before calcinations
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2. XRD analysis

The XRD patterns was used to identify the crystal structure for the different spinel ferrite
samples prepared as shown in Figure (2). It was obvious that the pure copper ferrite sample dif-
fraction pattern confirming the formation of copper ferrite with peaks evident at (35.86°, 34.72°,
62.16 ° and 29.9% and some minor hematite impurities evident at (33.15 °, 54 ° and 24.1 °) )
(Singh et al., 2015; 2011; Zakiyah et al., 2015; Zhang et al., 2014) from this diffraction pattern
the calculated crystallite size for copper ferrite was around 40 nm. Also, it was clear that the dif-
fraction pattern of the copper ferrite sample prepared using 2wt% PAA, which confirm the for-
mation of copper ferrite with peaks evident at (35.86°, 34.72 °, 62.16° and 29.9°) ) and some he-
matite impurities evident at (33.15°% 54 ° and 24.1°) (Singh et al., 2015; 2011; Zakiyah et al.,
2015; Zhang et al., 2014) and copper oxide as tenorite phase at (35.55° and 38.73°) (Bakhtiari
and Darezereshki, 2011; Darezereshki and Bakhtiari, 2011) and minor sodium chloride impuri-
ties from washing due to its gel like texture when dispersed in water which are evident from its
main peak at 31.7°, also from this diffraction pattern the calculated crystallite size for copper fer-
rite was around 10.4 nm, and the diffraction pattern of the copper ferrite sample prepared using
2wt% PAA, which confirm the formation of copper ferrite with peaks evident at (35.86°, 34.72 °,
62.16 ° and 29.9°) (Singh et al., 2015; Singh et al., 2011; Zakiyah et al., 2015; Zhang et al.,
2014) and some hematite impurities evident at (33.15 °, 54 ° and 24.1°) (Singh et al., 2015;
Singh et al., 2011; Zakiyah et al., 2015; Zhang et al., 2014) and copper oxide as tenorite phase at
(35.55° and 38.73 °) (Bakhtiari and Darezereshki, 2011; Darezereshki and Bakhtiari, 2011;
Sarkar and Dolui, 2015) and minor sodium chloride impurities from washing due to its gel like
texture when dispersed in water which are evident from its main peak at 31.7°, also from this dif-
fraction pattern the calculated crystallite size for copper ferrite was around 10.4 nm which is
slightly different from the diffraction pattern of the copper ferrite sample prepared using 2wt%
PVP, which confirm the formation of copper ferrite with peaks evident at (35.860, 34.72 °, 62.16
° and 29.9°) and some hematite impurities evident at (33.15 °, 54 ° and 24.1°) (Singh et al., 2011,
15; Zhang et al., 2014; Zakiyah et al., 2015) and copper oxide as tenorite phase at (35.55° and
38.73 °) (Bakhtiari and Darezereshki, 2011; Darezereshki and Bakhtiari, 2011; Sarkar and Dolui,
2015), also from this diffraction pattern the calculated crystallite size for copper ferrite was
around 14 nm.
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Fig. 2. XRD pattern to compare different polymers used in the preparation of copper ferrite
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3. Reduction of p-nitrophenol

This was a very important optimization step to first select the optimum catalyst for the
transformation of the p-nitrophenol to the p-aminophenol used in drug manufacturing. This op-
timization step was kept simple by reacting each of the candidates with the same amount of the
p-nitrophenol in presence of sodium borohydride in this model reduction reaction and measure
the time needed to reach 99% reduction for the initial p-nitrophenol concentration used. This was
followed by measuring the change in solution absorption spectrum with time using a UV-Vis
spectrophotometer. Knowing that the main p-nitrophenol absorption peak was at wavelength =
400nm, which decreased with time and reaction progression and another peak at wavelength =
300nm appeared and increased, this absorption peak was evident for the formation of p-
aminophenol (Herves et al., 2012; Aditya et al., 2015)

The model reduction reaction was done using 100mL bottle containing 100mL of 1x10
*M p-Nitrophenol and 0.01g of the selected catalyst stirred well at 700rpm for 5mins, heated to
40°C and maintained for the rest of the reaction then 1mL of a 19wt% solution of sodium boro-
hydride. Then a sample was withdrawn at steady time intervals by a syringe and filtered through
a 0.44pm Millipore then measured for absorbance as seen in Figure (3).From the acquired data,
the most polymer suitable for catalyst preparation toward the p-Nitrophenol reduction reaction
was selected to be Polyvinyl pyrrolidone for its superior stabilization resulting in a more active
catalyst for the reduction of p-NP reaction as seen in Table (1).
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Fig. 3. UV-Vis chart sample to show the decrease in p-Nitrophenol peak at 400nm and the
increase in p-Aminophenol peak at 300nm.

Table 1. Time for 99% reduction (min) and the constant rats (min™) for different polymers.

. . . Pseudo first order kinetics
Polymer | Time for 99% reduction (min) Rate constant (K) (min™) RO
Pure 20 0.27 0.98
PVP 15 0.28 0.97
PVA 20 0.24 0.88
PAA 300 0.0331 0.93
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The reaction kinetics was studied under the pseudo first order reaction kinetics as the
reaction is originally second order in p-NP and sodium borohydride, but sodium borohydride is
always used in excess to accelerate the reaction further as it may take days to occur at a second
order same concentration for example. The first order kinetics equation used to calculate the rate

constant is as follow:
In—— = —kt
a—Xx
where, a: the initial concentration of the reactant
X: the concentration of product at any given time t
k: reaction rate constant
t: reaction time
From the above equation a linear relationship was plotted for each reaction as seen in
Figure (4) from which we can calculate the rate constant (k) of each reaction simply as the rate

constant is equal to the slope’s modulus.

N}

Fig. 4. First order reaction kinetics showing the calculating for rate constant.

A comparison summary for the usage of different polymers to prepare the copper ferrite
catalyst used in the reduction of p-Nitrophenol to p-Aminophenol was shown in Figure (5).

Fig. 5. Usage of different polymers to prepare the copper ferrite catalyst used in the reduc-
tion of p-Nitrophenol to p-Aminophenol
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Conclusion
In this work, we have successfully prepared copper ferrite nano material using a simple

precipitation method using different polymers to improve the crystallite size and reaction rate

constant for further facilitating the reduction of the toxic p-nitrophenol to the more useful and

less toxic p-aminophenol.

REFRENCES

Aditya, T.; Pal, A. and Pal, T. (2015). Nitroarene reduction: a trusted model reaction to test
nanoparticle  catalysts.  Chem.  Commun  (Camb), 51(46):  9410-9431.
d0i:10.1039/c5cc01131k

Ahmed, M.A.; Okasha, N. and El-Dek, S.I. (2008). Preparation and characterization of
nanometric Mn ferrite via different methods. Nanotechnology, 19(6): 065603.
doi:10.1088/0957-4484/19/6/065603

Amighian, J.; Mozaffari, M. and Nasr, B. (2006). Preparation of nano-sized manganese ferrite
(MnFe204) via coprecipitation method. Physica status solidi (c), 3(9): 3188-3192.
doi:10.1002/pssc.200567054

Bakhtiari, F. and Darezereshki, E. (2011). One-step synthesis of tenorite (CuO) nano-particles
from Cu4 (SO4) (OH) 6 by direct thermal-decomposition method. Materials Letters,
65(2): 171-174. d0i:10.1016/j.matlet.2010.09.071

Daigle, A.; Modest, J.; Geiler, A.L.; Gillette, S.; Chen, Y.; Geiler, M. et al., . . . Harris, V. G.
(2011). Structure, morphology and magnetic properties of Mg((x))Zn((1 - x))Fe204
ferrites prepared by polyol and aqueous co-precipitation methods: a low-toxicity
alternative to Ni((x))Zn((1-x))Fe204 ferrites. Nanotechnology, 22(30): 305708.
d0i:10.1088/0957-4484/22/30/305708

Darezereshki, E. and Bakhtiari, F. (2011). A novel technique to synthesis of tenorite (CuO)
nanoparticles from low concentration CuSO4 solution. J. Mining and Metallurgy, Section
B: Metallurgy, 47(1): 73-78. doi:10.2298/jmmb1101073d

Dey, C.; De, D.; Nandi, M. and Goswami, M.M. (2020). A high performance recyclable
magnetic CuFe204 nanocatalyst for facile reduction of 4-nitrophenol. Materials
Chemistry and Physics, 242. doi:10.1016/j.matchemphys.2019.122237

Feng, J.; Su, L.; Ma, Y.; Ren, C.; Guo, Q. and Chen, X. (2013). CuFe204 magnetic
nanoparticles: A simple and efficient catalyst for the reduction of nitrophenol. Chemical
Engineering J., 221: 16-24. doi:10.1016/j.cej.2013.02.009

Frolova, L. (2020). Photocatalytic activity of spinel ferrites CoxFe3—x04 (0.25 <x <1) obtained
by treatment contact low-temperature non-equilibrium plasma. Appl. Nanoscience.
d0i:10.1007/s13204-020-01344-8

Gonzalez-Sandoval, M.P.; Beesley, A.M.; Miki-Yoshida, M.; Fuentes-Cobas, L. and Matutes-
Aquino, J.A. (2004). Comparative study of the microstructural and magnetic properties of
spinel ferrites obtained by co-precipitation. J. Alloys and Compounds, 369(1-2): 190-194.
doi:10.1016/j.jallcom.2003.09.101

Goyal, A.; Bansal, S. and Singhal, S. (2014). Facile reduction of nitrophenols: Comparative
catalytic efficiency of MFe204 (M = Ni, Cu, Zn) nano ferrites. Int. J. Hydrogen Energy,
39(10): 4895-4908. d0i:10.1016/j.ijhydene.2014.01.050

Herves, P.; Perez-Lorenzo, M.; Liz-Marzan, L.M.; Dzubiella, J., Lu, Y., and Ballauff, M. (2012).
Catalysis by metallic nanoparticles in aqueous solution: model reactions. Chem Soc Rev,
41(17), 5577-5587. doi:10.1039/c2cs35029g



80
Mohammed M. Gad et al.

Houshiar, M.; Zebhi, F.; Razi, Z.J.; Alidoust, A. and Askari, Z. (2014). Synthesis of cobalt ferrite
(CoFe204) nanoparticles using combustion, coprecipitation, and precipitation methods:
A comparison study of size, structural, and magnetic properties. J. Magnetism and
Magnetic Materials, 371: 43-48. doi:10.1016/j.jmmm.2014.06.059

Huang, L.; Zhang, H.; He, Z.; Chen, J. and Song, S. (2020). In situ formation of nitrogen-doped
carbon-wrapped Co304 enabling highly efficient and stable catalytic reduction of p-
nitrophenol. Chem. Commun (Camb), 56(5): 770-773. doi:10.1039/c9cc08763]

Kundu, A.; Upadhyay, C. and Verma, H.C. (2003). Magnetic properties of a partially inverted
zinc ferrite synthesized by a new coprecipitation technique using urea. Physics Letters A,
311(4-5): 410-415. doi:10.1016/s0375-9601(03)00509-7

Li, J.; Liu, W.; Ding, Y.; Liu, L.; Li, F. and Li, Q. (2019). Composition modulation of
Cu/Cu20/CuO nanoparticles supported on carbon for p-nitrophenol reduction. Korean
Journal of Chemical Engineering, 36(6), 851-859. doi:10.1007/s11814-019-0275-1

Li, X.; Wang, X.; Song, S.; Liu, D. and Zhang, H. (2012). Selectively deposited noble metal
nanoparticles on Fe304/graphene composites: stable, recyclable, and magnetically
separable catalysts. Chemistry, 18(24): 7601-7607. doi:10.1002/chem.201103726

Li, Y.; Cao, Y.; Xie, J.; Jia, D.; Qin, H. and Liang, Z. (2015). Facile solid-state synthesis of
Ag/graphene oxide nanocomposites as highly active and stable catalyst for the reduction
of 4-nitrophenol. Catalysis Communications, 58: 21-25.
doi:10.1016/j.catcom.2014.08.022

Liu, J.; Li, J.; Meng, R.; Jian, P. and Wang, L. (2019). Silver nanoparticles-decorated-Co304
porous sheets as efficient catalysts for the liquid-phase hydrogenation reduction of p-
Nitrophenol. J. Colloid Interface Sci., 551: 261-269. doi:10.1016/j.jcis.2019.05.018

Liu, Z.; Yang, C. and Qiao, C. (2007). Biodegradation of p-nitrophenol and 4-chlorophenol by
Stenotrophomonas sp. FEMS Microbiol Lett, 277(2): 150-156. doi:10.1111/}.1574-
6968.2007.00940.x

Lu, H.F.; Hong, R.Y. and Li, H.Z. (2011). Influence of surfactants on co-precipitation synthesis
of strontium ferrite. J. Alloys and Compounds, 509(41): 10127-10131.
doi:10.1016/j.jallcom.2011.08.058

Martinez-Huitle, C.A. and Ferro, S. (2006). Electrochemical oxidation of organic pollutants for
the wastewater treatment: direct and indirect processes. Chem. Soc. Rev., 35(12): 1324-
1340. doi:10.1039/b517632h

Sarkar, C. and Dolui, S.K. (2015). Synthesis of copper oxide/reduced graphene oxide
nanocomposite and its enhanced catalytic activity towards reduction of 4-nitrophenol.
RSC Advances, 5(75): 60763-60769. doi:10.1039/c5ra10551]

Singh, C.; Bansal, S.; Kumar, V.; Tikoo, K.B. and Singhal, S. (2015). Encrustation of cobalt
doped copper ferrite nanoparticles on solid scaffold CNTs and their comparison with
corresponding ferrite nanoparticles: a study of structural, optical, magnetic and photo
catalytic properties. RSC Advances, 5(49): 39052-39061. doi:10.1039/c5ra03330f

Singh, S.; Yadav, B.C.; Prakash, R.; Bajaj, B. and lee, J. R. (2011). Synthesis of nanorods and
mixed shaped copper ferrite and their applications as liquefied petroleum gas sensor.
Applied Surface Science, 257(24), 10763-10770. doi:10.1016/j.apsusc.2011.07.094

Singhal, S. and Namgyal, T. (2013). Efficiency, Selectivity and Reusability of
CuFe<sub>2</sub>0O<sub>4</sub> Nanoferrite Particles for Reductive Transformation
of P-Nitrophenol to P-Aminophenol. Solid State Phenomena, 202: 161-171.
doi:10.4028/www.scientific.net/SSP.202.161



file:///C:\Users\LOAA\Desktop\desktop%202020\Backup%20C\Downloads\www.scientific.net\SSP.202.161

81
Reduction of p-nitrophenol to p-aminophenol using an efficient, cheap and
simple technique to prepare spinel ferrites: A comparative study

Sutar, R.S..; Barkul, R.P. and Patil, M. K. (2019). REDUCTION OF p-NITROPHENOL TO p-
AMINOPHENOL BY USING NiO CATALYSTS: A COMPARATIVE STUDY. European
Chemical Bulletin, 8(2). doi:10.17628/ecb.2019.8.34-37

Tang, Y.; Li, Z.; He, N.; Zhang, L.; Ma, C.; Li, X. and. He, L. (2013). Preparation of functional magnetic
nanoparticles mediated with PEG-4000 and application in Pseudomonas aeruginosa rapid
detection. J Biomed. Nanotechnol., 9(2): 312-317. doi:10.1166/jbn.2013.1493

Wu, X.; Wang, W.; Li, F.; Khaimanov, S.; Tsidaeva, N. and Lahoubi, M. (2016). PEG-assisted
hydrothermal synthesis of CoFe204 nanoparticles with enhanced selective adsorption properties
for different dyes. Appl. Surface Sci., 389: 1003-1011. doi:10.1016/j.apsusc.2016.08.053

Xiong, Z.; Zhang, H.; Zhang, W.; Lai, B. and Yao, G. (2019). Removal of nitrophenols and their
derivatives by chemical redox: A review. Chem. Engineer. J.,, 359: 13-31.
doi:10.1016/j.cej.2018.11.111

Zakiyah, L.B.; Saion, E.; Al-Hada, N.M.; Gharibshahi, E.; Salem, A.; Soltani, N. and Gene, S. (2015).
Up-scalable synthesis of size-controlled copper ferrite nanocrystals by thermal treatment method.
Materials Science in Semiconductor Processing, 40: 564-569. doi:10.1016/j.mssp.2015.07.027

Zhang, D.E.; Zhang, X.J.; Ni, X.M.; Zheng, H.G. and Yang, D.D. (2005). Synthesis and characterization
of NiFe204 magnetic nanorods via a PEG-assisted route. J. Magnetism and Magnetic Materials,
292: 79-82. doi:10.1016/j.jmmm.2004.10.097

Zhang, H.; Gao, S.; Shang, N.; Wang, C. and Wang, Z. (2014). Copper ferrite—graphene hybrid: a highly
efficient magnetic catalyst for chemoselective reduction of nitroarenes. RSC Adv., 4(59), 31328-
31332. d0i:10.1039/c4ra05059b

Zhang, X.; Jiang, W.; Zhou, Y.; Xuan, S.; Peng, C.; Zong, L. and Gong, X. (2011). Magnetic recyclable
Ag catalysts with a hierarchical nanostructure. Nanotechnol.,, 22(37), 375701. doi:10.1088/0957-
4484/22/37/375701

Zhang, Y., Fang, H., Zhang, Y., Wen, M., Wu, D., and Wu, Q. (2019). Active cobalt induced high
catalytic performances of cobalt ferrite nanobrushes for the reduction of p-nitrophenol. J Colloid
Interface Sci, 535, 499-504. doi:10.1016/j.jcis.2018.10.022

Zhao, P.; Feng, X.; Huang, D.; Yang, G. and Astruc, D. (2015). Basic concepts and recent advances in
nitrophenol reduction by gold- and other transition metal nanoparticles. Coordination Chem.
Rev., 287: 114-136. doi:10.1016/j.ccr.2015.01.002.

: st Jgan 5 Gl 5 Jladl puladl i b ikl J5id giaalo) D ) g s sl ull a1 )
3 JG.A Aul ya

Al 3158 ¢ ) alias ¢ daa) allue daaa ¢l Al 3 gana daaa
(el (e dnala - o glall S - e Lia Sl

oaldliall
L o5 ) 53023 CUFE04 43yt sl LS el mhass o J s i)l I mals JalS J) 358 o) ja) o

Adlide Apdard Jal se 29 5 (A & idall s jill oy Jelii 335k e (CUFE20;) dpsladll iy 58 Ul Gl s juiass
45l Slaguad) pand i 45 5Siall Gl jall JSI5 (8 o Luall & el gy aladins] (3 5k (he 49 jéall ABUS (a3 55
AxiY) 35n) XRD  Adas 0 (5 sl anall s &y sll) Al a3 g ((Lualill peasall janse) DSC Aassl 535 pumanall
J s siaal-) UL 5 5 i) jl Sl gat lall g sl aLail) ) A ol i) & LAT 508 o5 LS (A
Go 2l < pelal G Gl sall aladial Gayhe e S JS8 it il 5 (AiSie 453V 5 J saliand JL aga Jasa )
) QLY 5 ) a5 i ial) ASE Jia Ll 3l




Mohammed M. Gad et al.

82




