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Abstract: 
In the present study, highly active nanocrystalline nickel oxide samples were 

prepared by using a simple, solvent-free and cost-effective preparation method. 

Commercial nickel oxalate dihydrate powder was mixed with deionized water to form a 

soft paste which was sonicated till dryness and then, calcined in static air. The prepared 

nickel oxide samples were characterized by means of Fourier transform infrared 

spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy (SEM) 

and N2 adsorption–desorption techniques. Surface basicity of the prepared oxide 

samples was measured by adsorption of CO2 molecules followed by desorption 

measurements using thermogravimetry (TG) technique. Catalytic activity of the 

prepared nickel oxide samples towards the dehydrogenation of 2-butanol to methyl ethyl 

ketone (MEK) was studied at a temperature range of 225-325°C. The effects of 

calcination temperature, reaction temperature and weight hourly space velocity (WHSV) 

on the catalytic activity was studied to determine the best calcination temperature and 

the optimum operation conditions. The sample calcined at 400°C showed the highest 

activity and the optimum operation conditions were found to be at reaction temperature 

of 300°C and WHSV of 15 L h
-1

 g
-1

. The selectivity to MEK was higher than 85% for all 

the conducted experiments. 

Keywords: Nickel oxalate dihydrate; NiO; Basic site densities; 2-butanol; methyl ethyl ketone. 

1- INTRODUCTION 
Nickel oxide (NiO) is a ferromagnetic crystalline solid material with unique magnetic, 

electrical, and optical properties that make it the main subject of a large number of research 

studies )Zhao et al., 2016  (  It is one of the most important and promising low-cost transition 

metal oxides due to its physical and chemical properties that make it suitable for many 

applications. The applications of nickel oxide include catalysis, electrochemistry, p-type 

transparent conducting films, and water treatment (Bonomo., 2018; Zhang S et al., 2017; Zhou 

et al., 2017; Lu et al., 2017; Zhang et al., 2016; Al-Ghamdi et al., 2016; Wang et al., 2015; 

Bodurov et al., 2014; Abbasi et al., 2013).  
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The the catalytic activity and performance of NiO in many applications depends mainly on 

its some important characteristics includes crystalline phase state, dimension and morphology 

(Kundu et al., 2017). There are many morphologies of NiO that were fabricated, such as 

nanorods, nanosheets, microspheres, hierarchical hollow nanostructures, and nanowires (Halawy 

et al., 2018; Zhang et al., 2017; Li et al., 2017; Zhang Y., 2015; Tyagi et al., 2014).  

The preparation of nickel oxide can be carried out by different pathways using different 

nickel precursors. One of the simplest methods for the preparation of nickel oxide is the direct 

calcination of nickel-containing precursors such as carbonates, nitrates, oxalates, etc. In the 

present study, nickel oxide was prepared by the calcination of nickel oxalate dihydrate at 400, 

500 and 600°C. In general, thermal decomposition of nickel oxalates dihydrate to nickel oxide 

proceeds in two main stages, i.e. dehydration and decomposition. However, the dehydration and 

decomposition steps of nickel oxalates dihydrate were found to be influenced by various factors 

such as the heating rate and mass of the sample (Mohamed et al., 2005; Mansour., 1993;  Yong 

and Hall., 1989; Alloun and Nair., 1985; Mu and Perlmutter., 1981;). In general, 

thermogravimetry (TG), differential thermal analysis (DTA) and differential scanning 

calorimetry (DSC) are the most commonly used techniques for studying the process of 

dehydration-decomposition of metal oxalates. 

      One of the most important industrial processes is the dehydrogenation of alcohols to their 

corresponding aldehydes and ketones that are widely used as fuel substitute sources, solvents, 

and chemical reaction intermediate compounds (Keuler et al., 2001). The dehydrogenation of 2-

butanol to methyl ethyl ketone (MEK) is one of the most important industrial processes due to the 

economical importance of MEK which has wide spectrum of applications. In addition to its use 

as fuel substitute, MEK is used also as solvent in the paint, adhesive industry, in surface coatings, 

removal of paints and varnish, printing inks, and as an extraction medium for oils, fats, resins and 

waxes (Hoppe et al., 2016).  

        In a part of a recent study in our laboratory (Halawy et al., 2021), pure nanocrystalline NiO 

catalyst was prepared by the thermal decomposition of a home-made nickel oxalate dihydrate 

produced from nickel carbonate basic hydrate and oxalic acid dehydrate. The NiO catalyst was 

tested for the production of MEK from 2-butanol and showed a good efficiency. In this study, as 

part of our endeavor to develop simple environment-friend preparation methods, a pure 

nanocrystalline NiO was prepared by the thermal decomposition of a pre-sonicated commercial 

NiC2O4.2H2O. This method is characterized by using cheap commercial salt instead of preparing 

it in the laboratory, which reduces costs and saves time. The prepared NiO catalysts were tested 

also as catalysts for the dehydrogenation of 2-butanol to MEK as an economically important test 

reaction. 

2. EXPERIMENTAL 

2.1 Preparation of NiO samples    

           Nickel oxalate dihydrtae NiC2O4.2H2O powder was mixed with a little amount of de 

ionized water using ultrasonic bath at 70 °C to obtain a homogeneous paste which was left in the 

ultrasonic bath till dryness. The resulting material was dried at 120 °C for 24 h and was finally 

calcined in static air for 2 h at 400, 500 and 600 °C. Nickel oxalate samples calcined at 400, 500 

and 600 °C were denoted as N400, N500 and N600, respectively. 

 



Aswan University Journal of Environmental Studies (AUJES) 2 (3), pp. 178-189, (2021). 

Online ISSN: 2735-4237, Print: ISSN 2735-4229. https://aujes.journals.ekb.eg/ 

 

Page 180 Gomaa et al., 2021 
 

2.2. Characterization of NiO samples 

Thermogravimetry (TG), and differnitial thermal analysis (DTA) were performed at 

heating rate 10°C/min in a flow of 40 cm
3
/min dry nitrogen, using automatically 

recording model 50H Shimadzu thermal analyzer, Japan. The thermal analyzer is 

equipped with a data acquisition and handling system (TA-50WSI), while α-alumina was 

used as the reference material in (DTA) measurements. IR spectra of the samples were 

recorded using a Magna-FT-IR 500 (USA), between 4000-300 cm
-1

, operating Nicolet 

Omnic software and adopting the KBr disk technique. X-ray powder diffraction analysis 

(XRD) was carried out using a model D5000 Siemens diffractometer (Germany), 

equipped with a copper anode generating Ni-filtered Cu Kα radiation (λ = 1.5406 Å), in 

the 2θ range between 20° and 80°. An on–line data acquisition and handling system 

facilitated an automatic JCPDS library search and match (Diffrac software, Siemens) for 

phase identification purposes. The BET surface area measurements were performed at 

liquid nitrogen temperature (-195°C) using an automatic Gemini VӀӀ Micromeritics (USA) 

Model 2390P in Egyption ferroalloys company. The solid samples were outgassed at 200 °C 

for 1 h prior to measurements. Scanning electron microscopy (SEM) was used to 

analyze the morphology of the samples using JEOL JSM-IT200 SEM. 

2.3 Determination surface basicity of NiO samples 

The surface basicity of all the samples under investigation was studied 

quantitatively and qualitatively by means of desorption thermogravimetry using CO2 as 

a probe molecule. 50 mg of each sample was pre-heated at 400°C for 1 hr in static air, 

then; all the samples were kept for two weeks in a glass chamber fitted with gas inlet 

and outlet under a flow of 40 ml/min CO2 gas. 15–20 mg of sample covered with 

adsorbed CO2 was subjected to TG analysis on heating till 400°C at a heating rate of 20 

°C/min. The mass loss from TG analysis due to desorption of CO2 molecules from the 

basic sites was determined as a function of surface basic sites density. The temperature 

ranges of the mass loss steps were used as a measure of the strength of the basic sites. 

Calculation of the density of the basic sites expressed in (site/g) was carried out using 

the following equation (Osman et al., 2012): 

(g)sampleofweight

)(sites/molNumber Avogadro desorpedCO2of moles
(site/g) densitysite

x
Basic

 

2.4. Catalytic activity measurements 

The catalytic activity of all the catalysts for the vapor phase 

dehydrogenation/dehydration of 2-butanol as indicated in scheme.1. (Halawy et al., 

2021) was performed in a continuous flow system under atmospheric pressure. The 

reactions were carried out in a Pyrex glass reactor (1 cm wide and 16.5 cm long) using 

nitrogen as a carrier gas. 200 mg of the catalyst was preheated for one hour at 400°C 

under a flow of 100 ml/min nitrogen; then, the temperature was lowered to the reaction 

temperature. All catalysts were subjected to the reaction at saturator temperature 5 °C 

and weight hourly space velocity equal 30 Lh
-1

g
-1

 which give (100 ml/min = 0.789% 

secondary butanol + 99.211% nitrogen). The reactor effluent was analyzed by using a 

gas chromatograph (Shimadzu GC-14A) equipped with a data processor model 

Shimadzu chromatrope C-R4AD (Japan). A flame ionization detector (FID) and a 

stainless-steel column (PEG 20M 20% on chromocarb W, 60/80 mesh, 3 m× 3 mm) at 
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80°C were used to identify secondary butanol and the reaction products. Automatic 

sampling was performed with a heated gas sample cock, type HGS-2 at 140 °C.  

 
Scheme. 1. Catalytic decomposition (Dehydrogenation and Dehydration) of 2-butanol 

 

3. RESULT AND DISCUSSION 

3.1 Catalyst characterization 

TG-DTA curves of pure nickel oxalate dihydrate (NiC2O4.2H2O) precursor are 

shown in Figure 1. Two mass loss steps can be seen in the TG curve with 60.9% total 

mass loss. These two mass losses have two corresponding DTA endothermic peaks. The 

first step centered at 260 °C and associated with 21.4 % mass loss which is likely due to 

the dehydration of nickel oxalate dihydrate to form anhydrous oxalate. The calculated 

theoretical value of the mass loss due to removing of two water molecules from nickel 

oxalate dihydrate was found to be 19.7% which is relatively similar to the experimental 

value. The second mass loss step started at 350 °C associated with 39.5% mass loss can be 

attributed to the decomposition of the anhydrous NiC2O4 to NiO which is theoretically associated 

with a mass loss of 39.4%.  

Figure 2 shows the FT-IR spectra obtained for nickel oxalates and its calcination 

products. Spectrum (a) of pure Ni-oxalates shows peaks at 3400-3450, 1628, 1360-1364, 1315, 

830, 760, 615-620, 530 and 460-480 cm
-1

 assigned to ν(OH), ν as of C=O, νs C−O +ν (C-C), 

νs C−O+ δ(O−C=O), νs C−O+ δ(O−C=O), δ(O−C=O)+ ν (Ni−O), ν(O− Ni −O), ν (Ni−O)+ ν (C-

C) and ν (Ni−O) respectively (Donia., 1997; Li et al., 2001). Spectrum (b) of N400 shows pure 

NiO with uni- and bidentate surface carbonate due to CO2 adsorption. Spectrum (c, d) of N500 

and N600 shows only pure NiO.  

Figure 3 shows the XRD diffractograms of the prepared NiO samples. The three 

diffractograms showed the same five diffraction peaks and was indexed as (111), (200), (220), 

(311) and (222) crystal planes correspond to cubic NiO phase (JCPDS 78-0423). It is clear from 

the XRD diffractograms in figure 3 that the calcination temperature has a notable effect on the 

crystallinity of the prepared NiO samples as the peak sharpness increased by increasing the 

calcination temperature. A small peak at 2theta of 44.56 started to appear in the N500 sample 

which increased by increasing calcination temperature in N600 with the appearance of another at 

2theta of 52. These two peaks are attributed to metallic nickel (ICDD, 004-0850) which is formed 
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likely due to the reduction of a finite amount of NiO by carbon deposition during the 

decomposition oxalate salt (Cheng et al., 2016; Cao et al., 2006). 

 
Fig.1.  TGA and DTA curves of nickel oxalate dihydrate carried out at a heating rate of 10°C/min 

in nitrogen atmosphere of 40 ml/min. 

 
Fig.2. FT-IR spectra nickel oxalate dihydrateand (N400, N500, N600), (a, b, c, d)  respectively. 
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Fig.3. XRD patterns of (N400, N500, N600) samples, (a, b, c) respectively. 

 

Figure 4 shows the SEM images of the prepared NiO samples.  It is clear from figure 4 that the 

morphologies of NiO are changed with calcination temperature.  Both of N400 and N500 sample 

images shows a one-dimensional rod-like morphology with a partial agglomeration started to 

appear in N500 sample due to increasing calcination temperature. By increasing the calcination 

temperature to 600°C in N600, the rod-like particles are completely agglomerated to form 

compact granules. Table.1. shows the results of BET surface area, Total number of basic sites 

and average crystallite size of the prepared NiO samples. As expected, the increase in calcination 

temperature significantly decreased the surface area and surface basicity of NiO samples while 

increased their crystallite size. It was surprising to find that the N400 sample has better properties 

than the nickel oxide sample in our recent study which was calcined at 400°C (Halawy, et al., 

2021) values of surface area, total number of basic sites and average crystallite size for N400 

(68.98 m
2
/g, 4.28 x1020 site/g and 11.65 nm) is better than that of nickel oxide sample in our 

previous research (63.3 m
2
/g, 2.84 x10

20
 site/g and 12.5 nm). 
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Table. 1. Crystallite size, total surface area measurement (BE T), and total number of basic sites (site/g)  

Total  no. of basic 

sites (site/g) 

SBET (m
2
/g) C. size (nm) Sample 

4.283x10
20

 68.98 11.65 N400 

0.458x10
20

 5.711 30.64 N500 

0.284x10
20

 0.5942 44.79 N600 

3.2 Catalytic activity measurements 

The catalytic activity of the prepared NiO catalysts calcined at different temperatures was 

tested during the decomposition of secondary butanol (dehydrogenation and dehydration) in a 

reaction temperature range of 225–325°C. Figure 5 shows the % conversion of secondary 

butanol over all the tested NiO catalysts as a function of reaction temperature.  As shown in 

Figure 5, the % conversion increases by increasing reaction temperature for all the catalysts 

which can be attributed to gradual activation of the NiO surface active sites by increasing the 

reaction temperature (Halawy, et al., 2021). The effect of calcination temperatures of NiO 

catalysts on their catalytic activity is clear from the notable decrease in the % conversion by 

increasing the calcination temperature as shown in Figure 5 where the order of catalytic activity 

is N400 > N500 ≈ N600. This decrease in the catalytic activity with the increase in calcination 

temperature is expected as a result of the sharp decrease in both of the surface area and number of 

basic sites in the same direction especially in the 400°C - 500°C transition as shown in Table 1. 

Also the catalytic activity of the prepared NiO catalysts can be attributed to the combination of 

two factors; the surface area and the presence of metal/oxide interface. By increasing the 

calcination temperature, the surface area decreases while the number of metal/oxide (Ni/NiO) 

points increase in the same direction which maintain the catalytic activity of NiO catalysts at a 

relatively good level (Halawy, et al.,2021).  

The effect of weight-hourly-space-velocity (WHSV) on the catalytic activity of the N400 

catalyst, as the most active one, was investigated in a temperature range of 225–325°C and using 

three values WHSV (i.e. 15, 30 and 60 L h
-1

 g
-1

) and the results are shown in Figure 6. 

According to the results in Figure 6, the values of % conversion decreased clearly by increasing 

the value of WHSV which can be attributed to the decrease in the contact time between the 

reacting molecules and surface-active sites. A test of stability and reusability of the N400, as the 

most active catalyst, was carried out by repeating the full catalytic test over 225–325°C 

temperature range four times using the same catalyst bed. Each cycle takes about 5 hours and a 

refreshment step was applied before each new cycle by heating the catalyst at 400°C for 1 hour in 

a flow of nitrogen. The stability test results are shown in figure 7 where we can see clearly that 

the four cycles are relatively identical which indicate that the catalyst is stable and reusable.  
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Fig. 4. SEM images for N400(a), N500(b) and N600 (c) at  magnification 10000x. 
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Fig. 5. Catalytic activity profiles for sec-butanol decomposition over (N400, N500, N600) 

samples at temperature range (225:325) °C. 

 

Fig .6.  effect of gas houriy space velocity on catalytic activity of N400 sample at temperature 

range (225:325)°C. 
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Fig.7. Comparison of catalytic activity between fresh N400 and regenerated N400 during the 

conversion of sec butanol at reaction temperature range of 200-325°C. 

Conclusion 

Nanocrystalline NiO catalysts were prepared by the thermal treatment of 

commercial nickel oxalate dihydrate. The results indicated that the calcination 

temperature of the nickel oxalate dihydrate precursor strongly affected the morphology, 

the surface properties and consequently the catalytic activity of the produced NiO 

catalysts. The sample N400 calcined at 400°C is the best in terms of surface area, 

number of basic centers and consequently catalytic activity toward the dehydrogenation 

of 2-butanol. By increasing the calcination temperature, the NiO catalysts showed a 

notable decrease in both of surface area and number of basic centers which decreased 

their catalytic activity. In conclusion, the preparation method presented in this work 

offers a simple and cost-effective way for the production of nanocrystalline nickel oxide 

catalysts.  
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