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Abstract

Nanocrystalline Fe,05-NiO composite catalysts were prepared using a sonication-assisted green preparation method. The
prepared catalysts were characterized using different techniques, including thermal analyses (TGA/DTA), X-ray diffraction
(XRD), Fourier transform infrared (FT-IR) spectroscopy, surface area measurements (Sggp), and scanning electron micros-
copy (SEM). The surface basicity of the prepared catalysts was measured using the temperature-programmed desorption of
CO, (CO,-TPD) as a highly acidic probe molecule. The catalytic activity of all the prepared catalysts was tested at a tem-
perature range of 250-325 °C towards the dehydrogenation of 2-butanol to methyl-ethyl ketone (MEK), which is considered
a promising fossil fuel alternative and has several industrial applications. The composite catalysts showed better catalytic
activity compared to the pure oxides (i.e., Fe,05; and NiO) due to the strong synergetic effect between the two oxides. Fe,05
prevented the coke formation over the surface of NiO by the oxygen-scavenging effect of Fe, which promotes the oxidation
of the carbonaceous species and increases the catalyst’s resistance to deactivation. The effect of weight hourly space velocity
(WHSV) on the catalytic activity was tested over a selected catalyst. In addition, the stability and durability of the catalyst
were tested across four successive reaction cycles, demonstrating remarkable performance throughout all the reaction cycles.
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Introduction
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new-generation biomass platform molecule, demonstrating
unique advantages including high calorific value, afford-
able sources of raw materials, and environmental friendli-
ness compared to traditional bio-methanol or bio-ethanol
(Kumar and Gayen 2011; Bharathiraja et al. 2017; Gao et al.
2019; Li et al. 2020a; Li et al. 2001). The selective dehy-
drogenation of 2-butanol to methyl ethyl ketone (MEK) is
considered an important industrial target due to the wide
range of industrial applications of MEK (Fang et al. 2009;
Varma et al. 2024). MEK serves as a solvent in paints, dyes,
and adhesives, especially for polyvinyl chloride pipes and
magnetic tapes. In addition, MEK is utilized in the phar-
maceutical refining industries and used as a solvent for fats,
waxes, oils, and resins. Furthermore, MEK can be used as
a precursor for the production of methyl ethyl ketone per-
oxide (Zhenhua et al. 2006; Bolder et al. 2008; Zhang et al.
2024). Recently, MEK has been introduced as a promising
biofuel for spark ignition engines with unique characteristics.
Compared to ethanol, MEK has the same engine efficiency,
higher heat of combustion, better cold-start characteristics,
less oil dilution, and lower emissions of hydrocarbons. These
characteristics of MEK contribute to decreasing the global
warming and climate change effects on our planet (Hoppe
et al. 2016). According to these reasons, MEK is considered
an attractive candidate in the supply of chemicals or biofuel,
where the global marketing for MEK was valued in 2015 at
approximately 2.6 billion USD and is anticipated to reach 4.0
billion USD by 2025 (Halawy et al. 2021). MEK can be pro-
duced through the dehydrogenation of 2-butanol over basic
solid catalysts (Geravand et al. 2015). There are two ways
for dehydrogenation of 2-butanol: liquid dehydrogenation
and gas phase dehydrogenation. Gas phase dehydrogenation
is widely employed on an industrial scale due to the rela-
tively low investment requirements and the straightforward
process flow. The enhancement of catalyst activity, selectiv-
ity, and durability is the primary key to driving industrial
technological development. In the case of the production of
MEK through gas phase dehydrogenation, the main challenge
researchers faced was the rapid deactivation of the catalyst
due to coke formation on the catalyst surface, where car-
bon deposition not only degrades catalyst performance but
also results in severe pressure drops due to reactor clogging
(Guan et al. 2024). The coke formation phenomena at the
catalyst surface resulted mainly from the deposition of carbo-
naceous species, especially at elevated reaction temperatures
(Zhenhua et al. 2006). Geravand and his co-workers prepared
nanosized Cu/SiO, catalysts using various precursors and dif-
ferent preparation methods to produce MEK by 2-butanol
dehydrogenation. They observed that the catalysts experi-
enced deactivation, which they attributed to the coke forma-
tion phenomena, which was detected using FT-IR spectros-
copy (Geravand et al. 2015). Gaigneaux and his co-workers
studied the dehydration-dehydrogenation of 2-butanol over
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a mechanical mixture of Sb,0, oxide with SnO, or MoO;
oxides at low temperatures. They found that both mixtures
exhibited better catalytic performances than the pure oxides.
They attributed the synergetic effects between the phases
to the occurrence of a remote-control mechanism acting
via the migration of spillover oxygen species. According to
Gaigneaux and his co-workers, the spillover creates new acid
sites on MoOs;, regenerates the reduced deactivated redox
sites on both SnO, and Mo0O;, and inhibits the coke forma-
tion during the reaction (Gaigneaux et al. 1997). Pischetola
et al. (2020) prepared a series of Au/CeO, + Cu/Oxide mix-
tures, which promoted the exclusive formation of MEK, and
found that the catalyst surface was completely covered by
coke deposits. In addition, it was reported that using different
morphological structures of NiO catalysts, including hierar-
chical and nanorods, for 2-butanol dehydrogenation to MEK
was accompanied by rapid catalyst deactivation, especially at
high reaction temperatures, due to coke formation (Halawy
et al. 2018; Gomaa et al. 2021). Kayo and his co-workers,
as well as Gomaa and his co-workers, studied the effect of
different preparation methods of iron oxide on its catalytic
activity towards MEK production through the dehydrogena-
tion of 2-butanol. Although the catalytic activity of these
iron oxides towards 2-butanol dehydrogenation was lower
compared to NiO, they demonstrated better stability as no
coke formation was observed on the catalyst surface (Kayo
et al. 1983; Gomaa et al. 2023).

In two previous separate studies, we investigated the cata-
lytic activity of both NiO and Fe,O; toward the dehydroge-
nation of 2-butanol (Gomaa et al. 2021, 2023). It was found
that, although pure NiO has high catalytic activity and high
selectivity to MEK, it suffered from rapid catalytic deactiva-
tion due to the coke formation on its surface, which reached
30% of its original weight. In contrast, no coke formation
was observed in the case of Fe,O5, which shows lower cata-
Iytic activity compared to NiO. In the present study, we aim
to fabricate a composite consisting of both NiO and Fe,0,
oxides for the dehydrogenation of 2-butanol to combine the
advantages of the two oxides. The study will focus on the
effect of the mixing ratio on the catalytic activity of NiO-
Fe, 05 composite towards the dehydrogenation of 2-butanol.
Additionally, a selected catalyst will be chosen for the study
of some kinetic parameters.

Experimental

Materials

Tin can waste, and chemicals include nitric acid (HNO;,
Merck, 55%), ammonium hydroxide (NH,OH, Merck,

35%), nickel oxalate dihydrate (denoted as Ni-Oxal), and
2-butanol (Fluka).



Environmental Science and Pollution Research (2024) 31:52105-52117

52107

Preparation of pure NiO and Fe,0,

To prepare NiO nanorods, as mentioned in our previous
study, nickel oxalate dihydrate NiC,0,.2H,0 powder was
mixed with a small amount of deionized water and placed
in an ultrasonic bath at 70 °C until dryness. The resulting
material was dried at 120 °C for 24 h and subsequently
calcined in static air for 2 h at 400 °C (Gomaa et al.
2021). To prepare iron oxide, as mentioned in our previ-
ous study, 25 g of cleaned tin cans were cut into small
pieces and dissolved in HNOj solution before NH,OH
solution was dropwise added till the formation of a
reddish-brown precipitate. The precipitate was filtered,
washed, dried, and finally calcined at 400 °C in static air
for 3 h (Gomaa et al. 2023).

Preparation of Fe,0;-NiO composites

Four Fe,05-NiO composites were prepared with different
Fe,0,/NiO weight ratios (i.e., 0.7/0.3, 0.5/0.5, 0.2/0.8,
and 0.1/0.9) by mixing Fe,O; with nickel oxalate dihy-
drate. The theoretical calculations for the composite prep-
aration are shown in Table 1. The calculated amounts
of Fe,0; and nickel oxalate dihydrate were well mixed
with a small amount of deionized water and placed in an
ultrasonic bath at 70 °C for 1 h. The resulting mixture
was dried at 100 °C for 24 h and was finally calcined at
400 °C in static air for 2 h. The composites with Fe,0,/
NiO ratios of 0.7/0.3, 0.5/0.5, 0.2/0.8, and 0.1/0.9 were
labeled as 7Fe,0;-3NiO, 5Fe,05-5NiO, 2Fe,05-8NiO,
and 1Fe,05-9NiO, respectively.

Catalyst characterization

Thermogravimetric and differential thermal analyses (TGA/
DTA) were performed on the parent materials in dry N, with
a flowing rate of 40 mL/min and a heating rate of 10 °C/min
using an automatic recorder model S0H Shimadzu thermal
analyzer, made in Japan. Using Nicolet Omnic software,
a Magna-FT-IR 500 (USA) in the wave number range of
4000-300 cm™', and the KBr disk technique, FT-IR spec-
tra of the calcined samples were recorded. A model D5000
Siemens diffractometer (Germany) was used to perform
X-ray powder diffraction (XRD) analysis. It was fitted with
a copper anode that provided Ni-filtered Cu Ka radiation
(A=1.5406 A), with a 26 range of 20 to 80°. For phase
identification purposes, an automatic JCPDS library search
and match (Diffrac software, Siemens) was made possible
through an online data collecting and handling system. The
crystallite size of the samples was calculated using Debye-
Scherer’s Eq. 1 (Tasisa et al. 2024)

D = K2/(Bcos) )

in which D is the crystallite size (nm), 4 is the wave-
length (0.15412 nm), K is the shape factor (0.90), @ is the
Bragg angle (radian), and $ is the adjusted full width at half
maximum (radian). The actual amounts of Fe and Ni in the
composites were analyzed by inductively coupled plasma
atomic emission spectrometry (ICPS, Shimadzu), after dis-
solving 5 mg of the sample in diluted aqua regia. The BET
surface area measurements were carried out with an auto-
matic Gemini (VIz) Micromeritics (USA) Model 2390P at
liquid nitrogen temperature (— 195 °C). Prior to the meas-
urements, the catalysts were outgassed for 1 h at 200 °C.
Scanning electron microscopy (SEM) was used to analyze

Table 1 Theoretical calculations for the preparation of Fe,05;-NiO composites, ICP analysis results, and results of thermal analysis of the parent

materials
Catalyst Preparation calculations ICP analysis of Thermal analysis results
the composites
Weight (g) of precursors  Wt. (%) of oxides ~ %Ni %Fe Step (1) dehydration Step (2) decomposition ~ %Total
after calcinations mass
(a*) loss
NiC,0,2H,0 Fe,0O; %NiO %Fe,0; Massloss%  Tp./°C T/ °C  %Mass loss
NiO 10 - 100 - 78.12 - 21.4 263 378 39.5 60.9
1Fe,05-9NiO 9.5 0.5 88.1 11.9 69.10 8.10 20.9 255 383 37.1 58
2Fe,0;-8NiO 9 1 71.9 22.1 6091 15.19 194 258 385 34.6 54
5Fe,0;-5Ni0 7 47.7 52.3 3692 36.34 16.1 254 386 26.4 425
7Fe,05-3Ni0 5 28.1 71.9 21.88 49.14 1237 251 388 18.53 30.9
Fe,04 - 10 - 100 - 68.71 - - - - -

a*These theoretical calculations were based on the TGA analysis results in which the total mass loss of NiC,0,.2H,0 after calcination was

60.9% of its original weight
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the surface morphology of the calcined samples using the
JEOL JSM-IT200 SEM at different magnifications depend-
ing on the appearance of each sample. The EDAX quantita-
tive elemental analysis was carried out for tin can waste and
the recovered Fe,O; using a Jeol JSX-3222 element analyzer
system equipped with an X-ray tube of Rh anode.

Determination of surface basicity of the catalysts

The surface basic site densities were studied quantitatively
and qualitatively using desorption thermogravimetry of CO,
as an acidic probe molecule (TPD-TGA). Fifty milligrams of
each sample was pre-activated by heating at 400 °C in static
air for 1 h and then kept for 2 weeks in a glass chamber fitted
with a gas inlet and outlet under a flow of 40 mL/min CO,.
Twenty to thirty milligrams of the sample saturated with CO,
was subjected to TGA analysis in a nitrogen atmosphere under
a heating rate of 20 °C/min from 30 to 400 °C. The percentage
weight loss from TGA due to CO, desorption from the basic
sites was calculated and used to determine the surface basic
site densities. The density of basic sites as site/g was calculated
using the following equation (Gomaa et al. 2021, 2023):

Moles of CO, desorbed X Avogadro Number (site / mol)
Weight of sample (g)

Basic site density (site/g)=

@)
Catalytic activity measurements

2-butanol dehydrogenation reaction was utilized to test the
catalytic efficiency of the produced catalysts in a continu-
ous-flow fixed-bed reactor operated at atmospheric pressure.
The reaction was performed in a Pyrex glass reactor using
0.2 g of the catalyst. Prior to the reaction, the catalyst was
preheated at 400 °C for 1 h under a flow of 100 mL/min N,
to activate the catalyst’s surface. After the activation step,
the reactor temperature was adjusted to the desired reaction
temperature, and the flow was switched to 100 mL/min of
the reaction feed, which consisted of 0.789% of 2-butanol
and 99.211% of N,. The reactor output was recorded and
analyzed using a gas chromatograph conducted with a data
processing system model Shimadzu Chromatopac C-R4AD
(Japan). The % conversions of 2-butanol and the selectivity
to MEK were calculated using the following equations:

. PA(standard) — PA(unreacted
%Conversion = (PAC ) ( ) x 100
PA(standard)

3

%Selectivity(MEK) = [ PAMEK) - x 100
(PAMEK) + PA(Trans — butene) + PA(Cis — butene))

“
where PA_, ..q=standard peak area of 2-butanol;
PA reacted = Peak area of the unreacted 2-butanol.
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Results and discussion
Characterization of the catalysts

The parent materials, including nickel oxalate dihydrate, and
the mixtures of nickel oxalate dihydrate with Fe,0; were
exposed to TGA and DTA analyses to analyze their thermal
characteristics and detect the suitable calcination temperatures
to form stable composites. Figures 1a and b show the TGA
and DTA curves. All the TGA curves show two weight losses,
which can be attributed to the thermal decomposition of Ni-
Oxal, where the pre-calcined Fe,O; is thermally stable within
this temperature range (Mohamed et al. 2005; Chenakin and
Kruse 2019; Gomaa et al. 2021). The first mass loss is attrib-
uted to the dehydration of NiC,0,.2H,0 to NiC,0,, while
the second is due to the decomposition of NiC,0, to form
NiO (Mohamed et al. 2005; Chenakin and Kruse 2019). As
expected, the mass loss in the two TGA steps decreased by
increasing the weight ratio of Fe,O; at the expense of Ni-Oxal.
Similar to TGA, DTA curves exhibit two endothermic peaks,
which correspond to the same dehydration and decomposi-
tion steps (Donia 1997). By increasing the ratio of Fe,O; in
the mixtures, the first endothermic peak was slightly shifted
towards lower temperature, while the second endothermic
peak was slightly shifted towards higher temperatures. This
indicates that increasing the dilution of Ni-Oxal with Fe,0O;
seems to accelerate the dehydration step and delay the decom-
position step of nickel oxalate, as mentioned in Table 1.

Figure 2A shows the FT-IR spectra of Fe,05-NiO com-
posites in comparison with pure NiO and Fe,O; oxides. The
broad band at 3400 cm™' was related to v(OH), and the band
centered at 436 cm™! was related to Ni—O bond vibrations
(Mala et al. 2023). The two peaks centered at 1378 cm™! and
1634 cm™! were related to the uni- and bidentate surface car-
bonate adsorbed as CO, from the atmosphere (Donia 1997,
Li et al. 2001). The small band at 420 cm™!, which started to
appear in the spectrum (d) and became more distinguishable
by increasing the Fe,O; ratio in the composites, can be attrib-
uted to Fe—O bond vibrations (Abdelrahman et al. 2019; Oni-
zuka and Iwasaki 2022). A clear decrease was observed in the
bands’ intensity that was attributed to surface hydroxyl groups
and adsorbed CO, by increasing the ratio of Fe,03, indicating
a decrease in the number of surface basic site densities.

The XRD diffractograms of Fe,O3, NiO, and Fe,05-NiO
composites are shown in Fig. 2B. The XRD pattern of NiO is
composed of five diffractions indexed as (111), (200), (220),
(311), and (222) crystal planes, corresponding to the cubic
phase of NiO (JCPDS card no. 78-0423) (Wang et al. 2017;
Rashad et al. 2020; Mala et al. 2023). The XRD pattern
of Fe,O; corresponds to hematite a-Fe,O5; (Rhombohedral)
indexed to (JCPDS card no. 33-0664) with diffractions
indexed as (012), (104), (110), (113), (024), (116), (018),
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(214), and (330) (Abdelrahman et al. 2019; Ge et al. 2022).
All the diffraction peaks of Fe,0;-NiO composites could be
well indexed to cubic NiO (JCPDS card no. 78-0423) and
rhombohedral a-Fe,O; (JCPDS card no. 33-0664) with dif-
ferent intensities depending on the Fe,05/NiO ratios (Wang
et al. 2014; Bai et al. 2020; Dong et al. 2020). No char-
acteristic diffraction peaks related to phases like Ni-metal,
Fe-metal, or nickel—iron alloy could be observed, indicating
that the final composites contain mainly mixtures of Fe,0;
and NiO. The ICP analysis was used to determine the actual
percentages of Fe and Ni, revealing that the % of Fe and
Ni at all composite ratios were in good agreement with the
theoretical calculations as shown in Table 1.

The morphological structure of the calcined samples
was identified using SEM analysis, as indicated in Fig. 3.
It was found that NiO appears as a one-dimensional rod-
like morphology with a relatively rough surface (Anandan
and Rajendran 2011; Li et al. 2023), while Fe,O; showed
aggregates of irregular shapes. The SEM images of
Fe,03-NiO composites indicated that all composite images

T T T T T T T
100 150 200 250 300 350 400

Temperature (°C)

had two types of particles, each one has its own appear-
ance and are existing together in a random distribution.
The first type of particles was that of rod morphology,
which was attributed to NiO, while the second one was
that of agglomerated particles of irregular shape, which
was related to Fe,O;. As shown from SEM images of the
mixed oxides, the two types of particles exist together in
different ratios depending on the Fe,05/NiO ratio without
the formation of any new phases or spinals like NiFe,O,.
As concluded by XRD analysis, the low calcination tem-
perature of these samples was not enough for the formation
of any spinals. Table 2 shows the crystallite sizes of the
prepared catalysts calculated using the Scherrer equation
from the XRD diffractograms. In addition, Table 2 also
shows the surface area measurements, containing the total
surface area, external surface area, and micropore area of
Fe,03, NiO, and Fe,05-NiO composites. Comparing with
Fe,0;, the surface area has been improved by the addition
of NiO, especially at high ratios of NiO. This was attrib-
uted to the effect of sonication used during the preparation
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Fig.2 A FT-IR spectra of
NiO (a), [xFe,0;-(10-x)NiO],
where x (1,2, 5,7), (b, ¢, d, e),
and Fe,O; (f) curves; B XRD
diffractograms of NiO (a),
[xFe,0;- (10- x)NiO], where
x(1,2,5,7),(b,c,d,e), and
Fe, 05 (f), respectively

(F), Fe20s

(e), x =7
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steps of the mixed oxides, in addition to the effect of gas
evolution during the dehydration and decomposition of
Ni-Oxal in these mixtures (Halawy et al. 2022). In com-
parison with NiO, except for 1Fe,05-9NiO, the surface
area of the produced mixtures was slightly reduced by the
replacement of NiO with Fe,O5.

Assessment of basic site densities

The basic site densities of the calcined samples were meas-
ured using the TGA-TPD technique of CO, to calculate
the basic site density for each catalyst and to detect the
different types of basic sites depending on their strengths
as weak, medium, and strong. The acidic CO, molecule
has been proposed as a suitable probe molecule due to its
highly acidic nature, which can form stable adducts with
a large variety of surface O>~ sites with different potential

@ Springer

2Theta (degree)

interactions. The desorbed amount of CO, at the given tem-
perature range provides the concentration of basic sites,
whereas the temperature is indicative of the basic strength
of the site. Three types of basic sites were detected, includ-
ing weak (< 125 °C), medium (125-275 °C), and strong
(275-400 °C) (Gomaa et al. 2021, 2023). Figure 4a and
Table 2 show the total number of basic sites over the pure
oxides and the composite catalysts. NiO exhibited a higher
density of basic sites (4.283 x 10?° site/g) compared to
Fe,05 (2.886 x 107 site/g). Then, the surface basicity was
improved by mixing Fe,0; with NiO, as for all the compos-
ite catalysts except 7Fe,05-3NiO, the total surface basic-
ity was higher than that of the pure oxides. Based on the
total number of surface basic sites, the prepared samples
are arranged in the following order: 1Fe,05-9NiO > 2Fe,
0;-8NiO > 5Fe,0;-5NiO > NiO > 7Fe,05-3NiO > Fe,0;.
This arrangement of the samples according to their values
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Fig.3 SEM images of NiO (a),
[xFe203-(10- x) NiO], where
x(1,2,5,7), (b, c,d,e), and
Fe203 (f), respectively

Table 2 Crystallite size, total Sppy (mz/g), external Sgpp (mz/g), micropore area (m2/g), and the total number of basic sites (site/g) and their dis-

tributions for all catalysts under investigations

Sample Crystallite  Total Sggr (m¥g)  External Micropore  Total basic sites (site/g) ~ %WBS’  MBS®%  %SBS®
size (nm) SgET (mz/g) area (mz/g)
NiO 11.65 68.98 66.35 2.63 4.283%10% 27.10 62 10.90
1Fe,05-9NiO 9.82 88.67 87.53 1.455 6.036 % 10%° 31.95 51.1 16.70
2Fe,0;-8Ni0  12.60 59.90 58.56 1.185 4.809x 10% 31.73 53.2 14.84
5Fe,05-5Ni0  10.22 66.31 65.16 1.149 4.840x 10%° 29.66 52.4 17.37
7Fe,05-3NiO  10.69 58.32 57.29 1.027 3.657x10%° 27.11 54 19.66
Fe,0;4 22.45 48.73 46.12 2.609 2.886 % 10% 21.20 40.9 37.90

(DWeak basic sites
@Medium basic sites
3 Strong basic sites

of surface basic sites indicated a strong mutual effect of
both pure oxides, which had been proven previously by
the intensity of adsorbed CO, peaks in FT-IR spectra.
The formation of composites from these oxides strongly

improved their basic surface densities compared to the pure
oxides. Additionally, the primary type of basic site present
on the surface of all samples was the medium type (biden-
tate carbonate), which desorbs in the temperature range of

@ Springer



52112

Environmental Science and Pollution Research (2024) 31:52105-52117

O === ==5--——= g — = = = g - - — - — 2
s 1 H
o ' '
wn
21 : TGA-TPD |
g 1 ]
— '

@ 1
w
Sy '
- Fe203 :
X A 7Fe203-3Ni ]
S5Fe203-5NiO ""
3 1 2Fe203-8NiO |
d 1Fe203-9NiO ‘._:
Fe203 ¥
4 - ' ' '
pa 7 i om0 '
H HO—C/ : T_T/ : -_\\c—/ 4
1 '
5§44 —M—oO0—wm : ——M—O0—M— [ M——O —M—— B
1 1
Il Bicarbonate Bidentate carbonate Unidentate carbonate
v (weak basic site) (medium basic site) (strong basic site)
6 T T |} T r T ] T T
50 100 150 200 250 300 350 400
Temperature (°C)
100 100
1 B 1otal BET (mg) |
90 - (b) B Micro pore area (m¥g) | 90

Total BET(m?/g), micro pore area (m*/g), and C. size (nm)

Il C. size (nm)
—— External BET (m%/g)
—®@— No. of basic sites *10"° (site/g)

19

External BET(m"/g), and No. of basic sites *10 " (site/g)

2

Fig.4 CO, desorption thermogravimetry curves recorded for pure oxides and composites performed in 40 mL/min dry N, with 20 °C/min heat-
ing rate (a) and the relation between the surface properties of pure and composite samples (b)

125-275 °C. These sites are considered the most crucial
type of basic sites for the dehydrogenation of 2-butanol to
MEK (Gomaa et al. 2021; Halawy et al. 2022). Figure 4b
illustrates the relationship among the surface texture prop-
erties of all prepared catalysts. For all the catalysts, the
surface basicity of the catalysts exhibits a similar trend to
that of total surface area and crystallite size. This similarity
is likely due to the same reasons that depend mainly on the
Fe,054/NiO ratio in the composites.
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Catalytic activity measurements
Effect of reaction temperature and catalyst composition

Figure 5a shows the relation between catalyst composition
and conversion of 2-butanol at different reaction tempera-
tures in the range of 250-325 °C. For all catalysts, the %
conversion of 2-butanol increased by increasing the reac-
tion temperature. This can be attributed to increasing the
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kinetic energy of the reacting molecules, which enhanced
their interaction, leading to a higher conversion rate (Halawy
etal. 2018, 2021, 2022; Gomaa et al. 2021). Figure 5b shows
the relation between catalyst composition and the selectivity
of MEK at different reaction temperatures. The selectivity
to MEK was slightly decreased by increasing the reaction
temperature over all catalysts. However, the selectivity to
MEK was higher than 85% for all catalysts at all reaction
temperatures. Depending on the results presented in Fig. 5a,
the catalysts can be arranged according to their catalytic
activity as follows: 1Fe,03-9NiO > NiO > 5Fe,05-5NiO >
2Fe,03-8NiO > 7Fe,03-3NiO > Fe, ;. This arrangement is
in line with the arrangement of these catalysts according to
total surface area, total number of basic sites, and crystallite
size, as shown in Table 2. However, more explanation of the
effects of Fe,O5 and NiO on each other is required.
Regarding the two pure oxides, it is clear from Fig. 5a
that the catalytic activity of NiO is much higher than that
of Fe,0;. The catalytic activity difference between the
two oxides can be attributed to many reasons, such as
the surface area, the surface basicity, and the chemical
nature of each oxide. Regarding the mixed oxide catalysts
and starting from the side of pure Fe,0;, the addition
of NiO to Fe,0O; strongly improved the catalytic activ-
ity in a steady way by increasing the amount of NiO.
This observation can be understood simply as a result of
the gradual replacement of the Fe,O; with low catalytic
activity by the NiO with high catalytic activity. Whereas
starting from the side of pure NiO, the addition of a small
amount of Fe,O5 to NiO increased the catalytic activity,
as in 1Fe,03-9NiO, and then the excess addition of Fe,O5
decreased the catalytic activity. Furthermore, the addition
of Fe,0; reduced the coke formation over the catalyst
surface from a 30% weight gain of carbonaceous species
in the case of pure NiO to almost zero in all Fe,05-NiO
catalysts, as shown in Fig. 5c. This effect of Fe,O5 addi-
tion to NiO can be understood from the results of some
previous studies. Kathiraser and his co-workers (2016)
studied the steam reforming of biomass tar resulting from
cellulose gasification using supported Ni—Fe bimetallic
catalysts. They found that the addition of Fe to Ni-con-
taining catalyst suppressed the carbon deposition rate by
up to 2.5 times due to the oxygen-scavenging effect of
Fe, which promotes carbon gasification while providing
sufficient active Ni metal sites. However, they found that
increasing Fe loading above 1 wt.% led to a decrease in
the catalytic activity due to the decrease in the Ni active
site numbers. Wang et al. (2011) studied the catalytic
activity of Ni—Fe catalysts toward the steam reforming
of tar from biomass pyrolysis. They found that Ni—Fe
catalysts with the optimal composition were much active
in comparison with the monometallic Ni and Fe catalysts.
According to Wang and his co-workers, the addition of Fe

improved the number of Ni active centers and increased
the coverage of oxygen atoms during steam reforming
reactions. The oxygen atoms of Fe species can be supplied
to Ni species to catalyze the reaction between oxygen spe-
cies and coke species formed on Ni sites, which reduces
coke formation. Wang and his coworkers reported that
the addition of excess Fe species dropped the catalytic
performance due to decreasing the concentration of Ni
active centers at the catalyst surface, which cannot be
compensated by the excess Fe addition. It was reported
that one of the most crucial factors responsible for the
catalytic performance of NiO for the dehydrogenation of
2-butanol was the presence of the Ni/NiO interface. It
was found that Ni-metal facilitates the formation of H,
from H-adsorbed over Ni/NiO nanoscale hetero-surfaces
(Halawy et al. 2021; Gomaa et al. 2021). In light of the
results of these previous studies, we might be able to give
our explanation of the effect of the addition of Fe,O; to
NiO. The replacement of a small amount of NiO with
Fe,0; in 1Fe,05-9NiO catalyst increased the number
of active Ni metal sites, which increased the area of the
Ni/NiO interface, and consequently, the catalytic activ-
ity towards MEK formation increased. By increasing
the ratio of Fe,O; at the expense of NiO, the catalytic
performance decreased due to a decrease in the number
of active Ni sites. Furthermore, the addition of Fe,O; to
NiO inhibited the coke formation over all the mixed oxide
catalysts due to the oxygen-scavenging effect of Fe, which
promotes the oxidation of the carbonaceous species (Wu
et al. 2021; Kathiraser et al. 2016).

Effect of weight-hourly-space-velocity (WHSV)

The effect of WHSV on the catalytic efficiency of
7Fe,05;-3NiO was tested in reaction temperature range of
225-325 °C. Figure 6 shows the % conversion of 2-butanol
and the selectivity to MEK over 7Fe,05-3NiO at three dif-
ferent values of WHSV: 15, 30, and 60 L.h_l.g_l. Increasing
the value of WHSYV resulted in a remarkable decrease in the
% conversion. This can be attributed to the decrease in con-
tact or residence time between the reacting molecules and
the active basic sites on the catalyst surface (Natesakhawat
et al. 2015; Halawy et al. 2021; Gomaa et al. 2024). There
is no effect of increasing the value of WHSV on the prod-
uct selectivity, as shown in Fig. 6, which indicates that the
selectivity to MEK is independent of the value of WHSV.

Catalytic stability and durability
To examine the catalytic stability and reusability of the

TFe,05-3NiO catalyst, four complete cycles of the reaction were
carried out at a temperature range of 225-325 °C at WHSV of

@ Springer
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cycles, the catalyst showed clear stability, both in the % conver-
sion of 2-butanol and the selectivity to MEK as shown in Fig. 7.
This indicates the sustained catalytic activity and selectivity of
the catalysts due to the synergistic effect of the two oxides.
This combination between NiO and Fe,O; provides sufficient
active sites for the reaction and prevents coke formation, which
enhances the catalyst’s resistance to deactivation.

Conclusion

Four Fe,0;-NiO composites with different Fe,05/NiO
ratios were prepared with an ultrasonic-assisted, environ-
mentally friendly preparation method using only water as
a solvent. The catalytic activity of these composites was

tested in the dehydrogenation of 2-butanol to MEK and
compared with that of pure iron and nickel oxides. The
results indicated the superiority of the composites over the
pure oxides due to the synergistic effect of the two oxides.
While NiO provides most of the active surface basic sites,
Fe,O; prevents coke formation by the oxygen-scavenging
effect of Fe, which promotes the oxidation of the carbo-
naceous species. This synergistic effect between the two
oxides produces catalysts with better catalytic activity
and better stability compared to the pure iron and nickel
oxides. The optimum mixing ratio of the two oxides was
1Fe,05:9Ni0, which shows the highest surface area, the
highest total number of surface basic site, and the lowest
value of crystallite size. Furthermore, this catalyst was
the most active and selective to MEK compared to the
other catalysts. We strongly recommend the NiO-Fe,0,
system for the production of MEK through 2-butanol
dehydrogenation.
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