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Boosting NiO Catalytic Activity by x wt% F-ions and K2O for
the Production of Methyl Ethyl Ketone (MEK) via Catalytic
Dehydrogenation of 2-Butanol
Samih A. Halawy,*[a] Ahmed I. Osman,*[a, b] Adel Abdelkader,[a] and Haiping Yang[c]

Herein, the synthesis of pure and modified mesoporous nano-
crystalline NiO is reported. The catalyst was modified with
different wt% F-ions or K2O and used to produce Methyl ethyl
ketone (MEK) as a potential fuel/solvent. XRD analysis of the
promoted catalysts confirmed the formation of Ni-metal
covered by the host oxide, compared with pure NiO, especially
for the promoted catalysts with x wt% F-ions. CO2-TPD results
demonstrated the existence of different basic sites over these
catalysts with varying strength. The catalytic conversion of sec-

butanol (SB) into MEK over the parent NiO catalyst showed
52% and 76.8% conversion of SB at 250 and 275 °C,
respectively, with higher selectivity to MEK >96%. Among the
promoted catalysts, NiO-10 wt% F� and NiO-1 wt% K2O cata-
lysts showed 99 and 95% conversion, respectively, with
retaining the MEK selectivity of �96%. The catalytic activity, of
the most active catalysts, was correlated with the presence of
Ni/NiO interfaces, different types of basic sites, especially strong
basic sites, and the surface area and porosity measurements.

1. Introduction

Methyl ethyl ketone (MEK) as a promising fuel alternative can be
produced in the main commercial route via the catalytic
dehydrogenation reaction of sec-butanol (SB).[1] Two different
methods were applied in the dehydrogenation of SB, i. e. gas-
phase dehydrogenation and liquid-phase dehydrogenation for
MEK production.[2] Also, MEK can be produced
biotechnologically[3] from biomass-derived sugars by a fermenta-
tion process, using various microorganisms, followed by dehy-
dration of the produced 2,3-butanediol.[4] Worldwide production
of MEK will exceed 1.7 million tons by 2020.[5] The global market
of MEK was valued at approximately 2.6 billion USD in 2015 and
is expected to reach 4.0 billion USD by 2024.[6] MEK has
commercial, technical, and medical applications such as a solvent
in adhesives, printing inks and lube oil dewaxing processes and
its utilisation have significantly increased during COVID-19

(Corona Virus Disease 2019 caused by SARS-CoV-2) in the
medical sector. Other applications of MEK include sterilisation of
surgical instruments and vegetable oil extraction.[6] It has
prospective applications as a fuel substitute in direct injection
spark ignition engines.[7] Dagle et al. investigated the conversion
of MEK into olefins using ZnxZryOz catalyst.[8] Ordomsky et al.
used the MEK a building block to synthesise various chemicals
such as aldehydes.[9]

Diverse experimental techniques and conditions have been
applied to prepare NiO nanorods using Ni(NO3)2 and Aloe vera
leaf extract solution,[10] or a mesoporous NiO in the form of
nanorods as a selective gas sensor for ammonia.[11] Additionally,
Xu et al.[12] applied a soft templates method to produce
mesoporous high surface area NiO for deep oxidation of CH4.
Various publications have reported the green and biosynthesis of
NiO nanoparticles by the aid of several biomaterials, such as
Solanum trilobatum extract,[13] Ananas comosus leaf extract,[14]

Cactus plant extract,[15] Okra plant extract[16] and Phoenix dactyli-
fera extract.[17] Also, NiO nanoparticles successfully were synthes-
ised using the ultrasonication technique.[18] Some articles dealt
with the preparation and use of porous Ni/NiO as an excellent
catalyst for urea electro-oxidation,[19] efficient alkaline hydrogen
evolution,[20] selective hydrogenation of biomass-derivative,[21] as
well as its uses in Li-ion batteries due to its electrochemical
performance as anodes.[22] Also, promotion of catalysts by other
elements to increase its catalytic activity and change the
morphological characterisation of such catalysts is considered a
new trend nowadays. Addition of F-ions[23] or alkali promoters,
i. e., K2O

[24] has been found to play an important role as
promoters for different catalysts. The main goal of the present
study is to examine the promotional effect of both F� ions and
K2O on the catalytic activities of nanocrystalline mesoporous NiO
that has been prepared from oxalate precursor, during the
catalytic decomposition of sec-butanol into MEK along with the
catalytic stability.
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The novelty herein is in the simple and facile promotion by
F-ions or K2O over NiO catalyst that led to the formation of Ni/
NiO interfaces & the variety of basic sites and applying these
catalysts during the production of MEK by catalytic dehydrogen-
ation of SB at low reaction temperatures.

2. Results and discussions

2.1. Characterisation results

2.1.1. Thermal analyses

The thermal analyses were utilised herein to understand the
effect of (x%-wt/wt) additions of both F-ions and K2O, as NH4HF2
(AHDF) and KOH, during the thermal decomposition of pure
NiC2O4.2H2O (NiOxal). Thermal analyses, TG and DSC, curves
obtained upon heating all samples at a heating rate of

10 °C.min� 1 under oxygen with a flow rate of 40 ml.min� 1 are
shown in Figure 1. There are two clearly distinct and separate
mass loss steps[25] in all TG curves (a1&b1) that corresponding to
pure NiOxal and its mixtures with (AHDF) and with KOH,
respectively. The first mass loss step (step-1) occurs in the
temperature range of 50–250 °C, in case of pure NiOxal, due to
its dehydration to give anhydrous NiC2O4

[25] as shown in
Equation [1]:

NiC2O4:2H2O! NiC2O4 þ 2 H2O (1)

Addition of 1 or 5 wt% of either F� or K2O did not alter the
temperature range of step-1 significantly. Increasing the addi-
tions to 10 wt% of both F� and K2O has led to a notable delay of
this step to 270 °C, in case of NiOxal+10% F� , and to 260 °C in
case of the other mixture NiOxal+10% K2O, see curves (a1&b1)
Figure 1. The % mass loss of step-1 for all samples was cited in
Table 1. This value was calculated as 18.12% in the case of

Figure 1. TG and DSC curves of NiC2O4.2H2O (NiOxal) and its mixtures with different (x) wt% of (a1, a2) F-ion and (b1, b2) K2O, performed in 40 mL/min dry O2,
with 10 °C/min heating rate.

Table 1. Summary of TG and DSC results for the dehydration and decomposition of NiC2O4 · 2H2O and its mixtures with 1–10 wt% of F� and K2O.

Sample
Function

NiC2O4 · 2H2O
(NiOxal.)

NiOxal.+
1 wt% F�

NiOxal.+
5 wt% F�

NiOxal.+
10 wt% F�

NiOxal.+
1 wt% K2O

NiOxal.+
5 wt% K2O

NiOxal.+
10 wt%K2O

TG- step-1 [ML %]
TG- step-2 [ML %]
Total [ML %]
DSC[a] T1max – [°C]
(ΔH1)

[a] dehydration, [kJ.mol� 1]
DSC[a] T2max – [°C]
(ΔH2)

[a] decomposition, [kJ.mol� 1]

18.12
41.17
59.29
209.8
39.4
337.2
57.0

19.19
40.54
59.73
207.1
38.7
342.7
55.0

22.35
39.86
62.21
208.1
40.2
346.8
58.3

26.77
37.41
64.18
211.0
41.9
356.3
50.3

18.50
41.30
59.80
206.8
37.2
336.1
53.6

17.30
40.36
57.66
205.5
37.1
327.1
55.6

17.15
38.32
55.37
205.0
30.4
324.5
54.8

[a] values calculated for samples diluted (1 :1) (wt/wt) with α-Al2O3.
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NiOxal, and then gradually increased from 19.19 up to 27.77%
due to the addition of 1–10% F� as AHDF to NiOxal. These
gradual increments could be associated with the complete
decomposition of AHDF in the temperature range of 90–
222 °C,[26] as represented by Equation [2]:

NH4F:HF! NH3 " þ2 HF " (2)

On the contrary, % mass loss of this dehydration step in the
other mixtures of NiOxal with K2O decreased gradually with
increasing x% added of K2O (see Table 1). The other step in all
TG curves, (step-2) that ascribed to the decomposition of the
anhydrous NiOxal started at about 325 °C and completely ceased
at approximately 360 °C with the formation of NiO,[25] as shown
by Equation [3]:

NiC2O4 ! NiOþ CO " þCO2 " (3)

Because of the use of oxygen flow during the thermal
analyses experiments, this step seems to be a highly exothermic
step due to the oxidation of CO liberated, as shown in
Equation [3]. Step-2 was clearly hindered by the addition of 1–
10 wt% F� , see curves Figure 1(a1). This may be related to HF
molecules that liberated more than NH3 during the decomposi-
tion of AHDF, as shown in Equation [2]. On the other hand, the
addition of 5 and 10 wt% K2O was associated with a relative
enhancement of the decomposition of NiC2O4 at lower temper-
atures, see Figure 1(b1). This behaviour could be attributed to
the fast and ease adsorption of the evolved CO2 by KOH that
hosted in these mixtures according to the following reaction in
Equation [4]:[27]

2KOHþ CO2 ! K2CO3 þ H2O (4)

Where H2O simultaneously released during the thermal
decomposition course, while K2CO3 remains. This phenomenon
will be discussed later when explaining the CO2-TPD results of
the samples. The % mass loss of step-2 and the total % mass loss
associated with the complete decomposition to get final
products of all samples were cited in Table 1. As represented in
(Figure 2), the DSC curve related to the decomposition of
anhydrous NiC2O4 (step 2) showed a large peak with high
exothermic behaviour owing to the oxidation of liberated CO as
presented in (Equation [3]). Therefore, dilution of all samples with
(1 :1) α-Al2O3 (wt/wt), whether pure NiC2O4.2H2O or all its
mixtures under study, were done before DSC measurements to
keep control on this massive highly exothermic step, as plotted
in Figure 1 curves of a2 and b2. The DSC curves exhibit the
retarding effect of F� additions, and the enhancements due to
the additions of K2O on the decomposition of NiOxal, see curves
a2 and b2-Figure 1. Values of peak's temperatures Tmax1 and Tmax2

of the dehydration and decomposition steps were recorded and
cited in Table 1. Values of Tmax1 recorded within the temperature
range of 205–211 °C, while Tmax2 in case of the addition of (1–
10 wt%) F� showed a notable shift to higher temperatures in the
range of 342.7–356.3 °C, compared with Tmax2 of the unmodified
NiOxal that at 337.2 °C. On the other side, Tmax2 of NiOxal

modified with (1–10 wt%) of K2O were shifted to relatively low
temperatures in the range of 336.1–324.5 °C, see Table 1.
Calculated values of the enthalpy changes during dehydration
(ΔH1) and decomposition (ΔH2) steps of the non-diluted
NiC2O4.2H2O (the huge exothermic peak, Figure 2) were found to
agree well with our previously published data[25b] as (ΔH1=

69.6 kJ.mol� 1) and (ΔH2=64.9 kJ.mol� 1) respectively. After dilu-
tion of NiC2O4.2H2O with (1 :1) α-Al2O3, the calculated values of
both (ΔH1 and ΔH2) differ completely and equal to 39.4 and
57.0 kJ.mol� 1, respectively. These two functions were calculated
for all other mixed samples and cited in Table 1. It is noteworthy
that (ΔH1) recorded for NiOxal and its mixtures with F� have
nearly the same values, while the other mixtures with K2O
recorded lower values of (ΔH1) specially NiOxal+10 wt% K2O,
see Table 1. Also, (ΔH2) values that cited for all samples under
study were fairly in a narrow range.

2.1.2. X-ray powder diffraction (XRD) and FTIR analyses

XRD analysis was performed herein to identify the purity and
crystallinity of the obtained powders. The XRD patterns of NiO
and the final calcination products of NiO modified with (x) wt%
of both F� (a-patterns) and K2O (b-patterns), that calcined at
400 °C for 3 h in oxygen are demonstrated in Figure 3. All
patterns (a and b) showed the characteristic diffractions of NiO
that agreed well with ICDD file 44–1159. These patterns
displayed a group of sharp reflections of rhombohedral NiO at
2θ=37.253, 43.296, 62.887, 75.567 and 76.330° that correspond-
ing to (111), (200), (220), (311), and (222) panels for the FCC
phase of NiO (ICDD, 44–1159). A single diffraction peak can be
observed at 2θ=44.508° in all patterns of modified NiO samples
with both F� and K2O. This diffraction peak could be related to
the formation of Ni-metal in these mixtures, that corresponding
to (111) panel (ICDD, 87–0712), and appeared to be very weak in
case of NiO samples modified with (x) wt% of K2O, while it
increased and became strong and sharp diffraction line with
increasing of (x) wt% of F� , where x=5 and 10 wt% F� added to
NiO. Another diffraction peak recorded in the rest of patterns (a)
of NiO modified with 5 and 10 wt% F� at 2θ=51.863° that

Figure 2. DSC profiles of (a) NiC2O4 · 2H2O (NiOxal) as prepared, (b) NiOxal
diluted (1 :1) with α-Al2O3 and (c) α-Al2O3 only.
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related to (200) panel of Ni-metal (ICDD, 87–0712). Formation of
Ni-metal in these modified samples as indicated by XRD patterns
could be explained by the proposed reaction mechanism as
shown in Equation [5]:[28]

NiOðsÞ þ COðgÞ ! NiðsÞ þ CO2ðgÞ " (5)

According to the XRD results, the crystallite size of all
prepared samples was calculated using Debye-Scherer
equation,[29] concerning NiO and Ni-metal using the most
intense and sharp diffraction peaks at 2θ=43.317 and 44.507°,
respectively, see Figure 3 and Table 2. The crystallite size of
pure NiO was calculated as 12.5 nm, while NiO modified with 1–
10 wt% F� recorded nanocrystalline particles in the range 14.5–

17.3 nm. On the other hand, modification of NiO with 1–
10 wt% K2O has resulted in the formation of nanoparticles with
relatively bigger size, i. e., 26.8–29.9 nm, as cited in Table 2. The
same phenomenon was recognised during calculations of the
crystallite size of Ni-metal. In case of NiO modified with 5 and
10 wt% F� , the Ni crystallite size calculated to be 40.6 and
53.7 nm, respectively, whereas NiO modified with 5 and 10 wt%
K2O gave Ni crystallite size equal to 57 and 55.1 nm,
respectively.

Figure 4 presents the FTIR spectra (a) of the original sample
of NiC2O4.2H2O, its calcination product at 400 °C as NiO, its
mixed samples with (x) wt% of F� and (b) the other mixed
samples with (x) wt% K2O, all calcined at 400 °C for 3 h in
oxygen, that recorded within the range 300–3800 cm� 1. FTIR

Figure 3. XRD patterns of the prepared NiO and the calcination products of NiO modified with different (x) wt% of (a) F-ion and (b) K2O, at 400 °C for 3 h in
oxygen.

Table 2. Crystallite size calculated from XRD patterns as well as the distribution of different basic sites over samples under study, all calcined at 400 °C for
3 h in oxygen.

Sample
Function

pure
NiO

NiO-
1 wt% F

NiO-
5 wt% F

NiO-
10 wt% F

NiO-
1 wt% K2O

NiO-
5 wt% K2O

NiO-
10 wt% K2O

Crystallite size [nm] XRD :
NiO (2θ=43.317°)
Ni (2θ=44.507°)
Total No. basic sites
[sites ×1020/g]
Weak basic sites [%] (RT-100 °C)
Medium basic sites [%] (100–250 °C)
Strong basic sites [%] (>250 °C)

12.5
–

2.84
33.3
53.1
13.6

17.3
–

2.31
43.7
44.9
11.4

14.5
40.6

2.36
39.2
48.7
12.1

15.7
53.7

2.17
37.4
45.9
16.7

26.8
–

1.47
25.9
56.5
17.6

28.4
57.0

2.85
11.1
73.7
15.2

29.9
55.1

7.47
5.7
89.2
5.1
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spectrum of the original NiC2O4.2H2O, as prepared, exhibited
the intense broadband at 3385 cm� 1 that may be assigned to
the vibration of water of hydration. Another strong, sharp band

centred at 1640 cm� 1 of the bending mode δ(H2O), overlaps
with the asymmetric vibration (νas OCO).

[30] Two sharp bands at
1369 and 1319 cm� 1 are ascribed to (νs OCO) and δ(OCO)

Figure 4. FTIR spectra of the original NiC2O4.2H2O (NiOxal) and NiO at 400 °C, besides the samples mixed with F-ion (a), and samples mixed with K2O(b), all
calcined at 400 °C for 3 h in oxygen.
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vibrations, respectively[30] for the bridged oxalate ion. A group
of medium and weak bands in the region 840–483 cm� 1 arise
from the different bending modes of mixed vibrations as
follows:[31] νs(C� O)+δ(O� C=O) and δ(O� C=O)+δ(Ni� O). Finally,
the spectrum of original NiC2O4.2H2O shows an absorption
band at 336 cm� 1 assigned to δ(Ni� O� C) in oxalate
compounds.[32] Two sharp bands at 2365 and 2347 cm� 1

appeared in all recorded spectra, for all samples herein, due to
νas of a mixture of physisorbed and gaseous CO2 over the KBr
disc.[33] The spectrum of NiO, that produced by calcination at
400 °C shows two bands at 443 cm� 1 (sharp and strong) and
667 cm� 1 (weak band) correspond to Ni� O vibrations modes.[30]

The strong band was shifted to a lower value in the range of
433–420 cm� 1, as recorded recently,[33a] and became a common
denominator band in all spectra of the mixed samples, see
Figure 4(a,b). In addition to the bands mentioned above,
broadband at 3465 cm� 1 recorded for the stretching vibration
of the OH group of the moisture, because of the hygroscopic
nature of NiO.[30] Also, a group of absorption bands in the range
of 1725–1230 cm� 1 due to the formation of carbonate species,
i. e. bidentate and monodentate carbonate[34] over the surface
of the NiO.

This can be associated with the reaction of CO2 molecules
from the air with the oxygen anions O2� which are Lewis basic
sites[35] over the surface of such mixed samples. From the results
of IR analysis one can conclude that all samples at 400 °C,
whether pure NiO or mixed with F- and K2O, are characterised
by its surface basic sites that become stronger with increasing
(x) wt% especially samples contain 5 and 10 wt% K2O, see
Figure 4.

2.1.3. SBET measurement and morphology

Figure 5 shows the N2 adsorption/desorption isotherms, as well
as the pore diameter profiles of pure NiO and its mixtures with
1–10 wt% F� (a1–a3) and the other mixtures with 1–10 wt%
K2O (b1–b3), all samples prepared by calcination at 400 °C for
3 h in oxygen. All samples exhibit typical type-IV isotherms as
recommended by IUPAC,[36] with a type H3 hysteresis loops.[37]

The adsorption hysteresis of NiO and NiO mixed with 1–10 wt%
F� (a1–a3) located in the P/P° region of 0.40–0.49, whereas
those of NiO mixed with 1–10 wt% K2O (b1–b3) recorded in the
region of 0.59–0.65 of P/P° scale, which indicates that these
isotherms are combined with mesoporous nature for these

samples.[36b] Table 3 indicates the textural properties of all
samples, where the BET-surface area of pure NiO measured as
63.3 m2.g� 1. The addition of 1–10 wt% F� have reflected, firstly,
in a slight decrease in the surface area (ca. 60.4 m2.g� 1) followed
by a gradual increase to 74.1 and 87.1 m2.g� 1, with the addition
of 5 and 10 wt% F� , respectively. This could be related to the
evolution of both HF and NH3

[26] as presented by Equation [2]
during the calcination process of these samples. On the
contrary, a significant contraction of the surface area had
resulted with the consequence additions of 1–10 wt% K2O to
NiO, see Table 3, where the smallest SBET value was measured
for NiO-10 wt% K2O (ca. 12.7 m2.g� 1). This can be ascribed to
the suggested reaction between KOH, that added to
NiC2O4.2H2O during the preparation of these samples followed
by calcination at 400 °C, and molecules of the ambient CO2

[27] to
form K2CO3 as shown in Equation [4]. The aggregation of K2CO3

formed in the bulk of these samples led to the contraction of
the surface area of these samples. The majority of mesopores in
pure NiO located at 6.3 nm pore diameter see Figure 5. This
value gradually shifted to lower values of pore diameter (ca. 3.6
and 3.7 nm) by the addition of 1–10 wt% F� to NiO, see
Figure 5 (a1–a3). On the other hand, the addition of 1–10 wt%
K2O to NiO produced a wide range of pores with different
diameters, i. e., perhaps hierarchical samples with pores ranging
from 2.6 up to 18.4 nm in case of NiO-10 wt% K2O, see
Figure 5(b3).

Pore area vs pore diameter was plotted, as in Figure 6. Values
of the pore area recorded for pure NiO and samples modified
with 1–10 wt% F� , curves in Figure 5 (a1–a3), and are notably
directed to a higher scale. Strong pore area scale reduction was
observed (curves b1–b3) for samples of NiO modified with 1–
10 wt%K2O. From the above-discussed results of samples under
study, one can conclude that NiC2O4 ·2H2O is a suitable precursor
for nanocrystalline NiO preparation, whether pure or modified
samples, that characterised by relatively higher surface area and
mesoporous nature with a wide range of pores. The addition of F
has increased the surface area, total pore volume, and pore area,
increasing the wt% loading of F� promoter. On the contrary, the
addition of K2O has decreased the surface area, total pore
volume and the pore area significantly and created hierarchical
samples with different wide pore diameters; see Table 3 and
Figures 5 and 6. It is well known that samples characterised by
large pore diameter, always gained small values of both surface
area and total pore volume and pore area.[35b,38]

Table 3. Textural properties of NiO as pure and modified with (x) wt% F� or K2O, calcined at 400 °C for 3 h in oxygen.

Sample name BET
Surf. Area
[m2/g]

Langmuir
Surf. Area
[m2/g]

External
surface area
[m2/g]

Total pore
volume
[cm3/g]

Mesopore
volume
[cm3/g]

Average pore
diameter [nm]
BJH-method

Pure NiO
NiO-1 wt% F
NiO-5 wt% F
NiO-10 wt% F
NiO-1 wt% K2O
NiO-5 wt% K2O
NiO-10 wt% K2O

63.3
60.4
74.1
87.1
31.1
15.8
12.7

86.8
83.8
102.8
120.4
42.8
21.7
17.5

61.9
59.0
74.5
85.9
26.5
12.9
10.3

0.1573
0.1397
0.1456
0.1462
0.1022
0.0472
0.0353

0.1569
0.1395
0.1455
0.1461
0.1002
0.0459
0.0342

2.5, 3.6, 6.3
2.8, 3.6, 4.8
2.5, 3.7
2.6, 3.6
2.6, 3.6, 4.9, 8.9
2.6, 3.7, 9.8
2.6, 3.6, 4.9, 18.4
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The surface morphology of the prepared NiO and two other
modified samples as the most active catalysts, at 400 °C, were
examined by SEM. Figure 7 shows that SEM image (a) of NiO and

(b and c) of NiO modified with 10 wt% F� and 1 wt% K2O,
respectively, seems like aggregates of brittle nanoparticles. This
may be due to the exothermic process accompanied by a large

Figure 5. N2 adsorption/desorption isotherms and pore diameter profiles of NiO, the calcination products of NiO modified with different (x) wt% of F-ion (a1–
a3) and K2O(b1–b3), all calcined at 400 °C for 3 h in oxygen.
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amount of heat liberated during the calcination process,[39] as
seen from DSC curves in Figure 1(a2,b2). These brittle nano-
crystalline particles characterised by less cohesive energy

compared with condensed bulk particles.[39] The different
additions of F� and K2O have no significant effect on the external
morphology of the modified samples, Figure 7 images (b and c).

Figure 6. Pore area versus pore diameter curves of NiO, the calcination products of NiO modified with different (x) wt% of F-ion (a1–a3) and K2O(b1–b3), at
400 °C for 3 h in oxygen.
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2.2. Catalytic activity

The catalytic activity of the nanocrystalline NiO, produced by
calcination of oxalate precursor at 400 °C for 3 h in oxygen,
during the conversion of SB as a test reaction was performed in a

continuous flow fixed-bed reactor under atmospheric pressure.
Reactivity tests were carried out at intervals of 25 °C from 200 °C
up to 300 °C. It was found that the % conversion of SB, see
Figure 8, gradually improved with increasing the reaction
temperature.[40] This may be related to activation of the active
sites over NiO catalyst with increasing the reaction temperature,
as in the recently published work for NiO produced from Ni-
galactarate.[33a] The main product was in all cases the MEK with a
high % selectivity in the range of 85.6–98.2, as confirmed by
published articles,[33a,41] see Figure 8, while both trans-2-butene
and cis-2-butene have been detected as minor products, with
total selectivity in the range 6.3–4.4%, except for at a low
reaction temperature at 200 °C using WHSV=60000 mL.g� 1cat.h

� 1

as illustrated in Scheme 1.
Also, the effect of weight-hourly-space-velocity (WHSV) on

the catalyst‘s reactivity was investigated using three WHSV
values, ca. 15000, 30000 and 60000 mL.g� 1cat.h

� 1, respectively, at
the same temperature range of 200–300°C, as shown in Figure 8.
As the WHSV was increased steadily from 15000 up to
60000 mL.g� 1cat.h

� 1
, % conversion of SB drastically decreased

especially at higher temperatures, i.e., at 275 and 300 °C. This
meant that at a higher value of WHSV ca. 60000 mL.g� 1cat.h

� 1,
inadequate time for a large amount of SB molecules to react

Figure 7. SEM images of (a) pure NiO and (b and c) of NiO modified with 10 wt% F� and 1 wt% K2O, respectively, at 400 °C for 3 h in oxygen.

Figure 8. Conversion of sec-butanol (SB) as a function of reaction temper-
ature using different GHSV over pure NiO, calcined at 400 °C, focusing on
MEK as the main product.

Scheme 1. Dehydration/dehydrogenation reactions of sec-butanol (SB).
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over the catalyst surface has occurred. It is worth noting that %
selectivity of MEK, in the temperature range of 200–300°C, was
almost constant using WHSV equal to 15000 and
30000 mL.g� 1cat.h

� 1 and was in the range of 92.6–98.2%. There-
fore, two reaction temperatures were selected ca. 250 and 275 °C
with the corresponding value of WHSV=30000 as experimental
conditions to apply, in this study, for the promoted samples of
NiO with x wt% of F� and K2O. The above-discussed results
suggested that the main active sites over NiO calcined at 400 °C)
responsible for MEK production were basic sites with different
strength.[33a,42]

CO2-TPD results of our samples offer qualitative and
quantitative pieces of evidence about the improved basicity on
NiO as pure and modified samples with F� and K2O, as shown in
Figure 9. These results frankly indicated that CO2 was adsorbed,
on all samples, at four types of basic sites over a wide
temperature range from RT up to 400 °C. The CO2-TPD profiles of
samples herein are somewhat complicated due to the overlap
between the different basic sites, especially the first three types
located at the surface of NiO as pure and those promoted with
1–10 wt% F� as well as NiO-1 wt% K2O, see Figure 9. The first
broad peak located in the temperature range of 60–67 °C, may
be attributed to desorption of bicarbonate species from weak
basic sites,[43] followed by another broad peak in the range of
179–185 °C that associated with the desorption of bidentate
carbonate, see Figure 9. The monodentate carbonate desorption
peak centred at 285 °C, in case of NiO, while it slightly shifted to
a lower temperature at 280 °C in NiO-5 wt% F� .[43a] This peak
may be merged with the previous basic sites in NiO modified
with 1 and 10 wt% F� , see Figure 9. Recalling the CO2-TPD results
of the other modified samples with 1–10 wt% K2O, curves e-g. It
is clearly shown that modification of NiO with 5 and 10 wt% K2O
have changed the shape of desorption peak of pure NiO and
obviously created various medium basic sites, especially that
sharp and strong desorption peak in the range of 157 and
164 °C, related to bidentate carbonate,[43b] while the other peak
appeared in the temperature range of 259–278 °C that associated
with the desorption of monodentate carbonate.[43a] It is note-

worthy that the distribution of the different types of basic sites
over samples, whether pure NiO or modified samples, clearly
affected by x wt% addition of both F� and K2O. Promotion with
10 wt% F� has improved the percentage of strong basic sites.
Instead, the addition of x wt% K2O had appreciably increased
percentages of the medium basic sites, at the expense of both
weak and strong basic sites, except for NiO-1 wt% K2O that
gained 17.6% of strong basic sites. Finally, another peak
associated with strong basic sites observed in all TPD profiles of
the samples at T>320 °C, due to desorption of bridged
carbonate,[43b] with large intensity in case of pure NiO, NiO-
10 wt% F� and NiO-1 wt% K2O, see Figure 9 and Table 2. This
wide spectrum of basic sites, with variable strength over such
samples, can explain the selectivity of these samples towards the
production of MEK as the main product. The recorded CO2-TPD
curves, for the samples in this study, are in line with the results
published recently by Ewald et al..[44]

2.2.1. Influence of NiO promotion by different x wt% F� or K2O

The impact of the promotional effect of different wt% (ca. x=1,
5 and 10, F� or K2O) added to NiO on its catalytic activity during
the conversion of SB to MEK was studied at two reaction
temperatures. The results are presented in Figure 10 and Table 4.
A significant increase in % conversion of SB can be observed,
that are parallel to the increased amounts of F� added to NiO
from 1 to 10 wt% of F� , whether the reaction temperature was
at 250 or 275 °C. The % selectivity of MEK measured for all
samples was approximately >97%. Alternatively, the addition of
1 wt% K2O to NiO greatly promoted the catalytic activity. The %
conversion of SB over pure NiO was 51.99% at 250 °C and 76.8%
at 275 °C, respectively, and this has significantly increased to
82.15% and 94.96% over NiO-1 wt% K2O at the same corre-
sponding temperatures. Increasing the added amounts of K2O to
NiO, i.e., 5 and 10 wt% K2O, led to a continuous decrease in %
conversion of SB to 47.9 and 38.7% at 250 °C, and 69.34 and
54.75% at 275 °C, respectively. Additionally, the selectivity of
MEK production over NiO-x wt% K2O at 250 °C was about 97%,
while it was in the range of 95.9–98.3% at 275 °C, respectively.
These significant increments of % conversion of SB at 275 °C
compared to that at 250 °C, as presented in (Figure 10), could be
related to activation of the basic sites that responsible for the
formation of MEK, where strong basic sites play a part in the
dehydrogenation reaction of SB at temperatures >250 °C, see
Figure 9. To better understand the impact of these additions on
the catalytic activity of NiO and the behaviour of NiO-x wt% F�

catalysts, against the other promoter (NiO-x wt% K2O), during
the conversion of SB to MEK, three main parameters discussed
herein.

To understand the different behaviour, of samples under
study, of the two systems, i.e., NiO-x wt% F- and NiO-x wt% K2O
during the conversion of SB to MEK, a depth discussion on the
responsible key factors is required herein. It seems that the key
factor of the catalytic activity may be correlated with three
corroborated parameters, sometimes were slightly conflicted, as
follows:

Figure 9. CO2-TPD profiles of pure NiO (a), NiO promoted by 1–10 wt% F-ion
(b–d) and by 1–10 wt% K2O (e–g), all calcined at 400 °C for 3 h in oxygen.
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(1) The sample‘s surface area and its mesoporous nature,
where the dehydrogenation reaction of SB was carried out
over the active sites spread over a high surface area. This is
in agreement with catalysts of NiO-x wt% F� , except for
NiO-1 wt% F� , see Table 3. While the other system NiO-
x wt% K2O is in line with this parameter. All samples,
whether pure NiO or modified NiO, also have a mesoporous
nature, as shown in Figure 5.

(2) The % of strong basic sites looks crucial herein, where the
strong basic sites start to take part in catalysis at reaction
temperatures >250 °C, as concluded from CO2-TPD (Fig-
ure 9) and initiate the production of MEK. This factor is in
agreement with % conversion of SB in the case of NiO-
x wt% K2O, at 250 and 275 °C, while the addition of 5 and
10 wt% K2O have resulted in the creation of more medium
basic sites at the expense of both weak and strong basic
sites, see Table 2. Also, this parameter in line too with the
surface area, and could be applied for catalysts of NiO-
x wt% F� , where the most active catalyst NiO-10 wt% F�

gained a higher percentage of strong basic sites ca. 16.7%.

(3) A Ni/NiO interface. This factor probably is the most crucial
parameter, due to the presence of metal/oxide interfaces in
the catalysts under study as concluded from XRD analysis of
the promoted samples. This phenomenon is clearly ob-
served in NiO-x wt% F� see Figure 3a, where Ni-metal
diffraction lines steadily grown in the host NiO. As the
amount of NH4F.HF added was increased, i. e., 5 and
10 wt% to NiO, the diffraction lines of Ni-metal became
more intense, and more Ni/NiO interfaces formed through
these samples. Therefore, the sample NiO-10 wt%
F� exhibited higher activity during the conversion of SB to
MEK. This behaviour recently cited[21] for efficient selective
hydrogenation of biomass-derivatives over Ni/NiO compo-
sites. Another study about the alkaline hydrogen
evolution[20] also suggested that the NiO component could
accelerate H2O dissociation, while Ni-metal could facilitate
H2 formation from H-adsorbed over Ni/NiO nanoscale
hetero-surfaces. Li and co-workers,[19] in their study, they
demonstrated the collaborative effects of NiO/Ni as an
excellent catalyst for urea electro-oxidation in 1 M solution

Figure 10. Catalysts composition as a function of their activity during the decomposition of SB, at 250 and 275 °C and % strong basic sites (S.B.S) over these
catalysts.

Table 4. Catalytic parameters of NiO as pure and modified with (x) wt% F-ions or K2O, calcined at 400 °C for 3 h in oxygen, as catalysts during the
decomposition of sec-butanol at 250 and 275 °C.
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of KOH. They correlated the catalytic activity and durability
of their catalyst to its mesoporous structure. This factor
seems to be a secondary factor in the case of NiO-x wt%
K2O samples herein. A single faint diffraction line of Ni-
metal appeared in XRD analysis, see Figure 3b, without any
considerable changes in its intensity. Herein three factors
seem to be interlinked and overlapped.

2.2.2. Stability and reusability of the most active catalysts

Stability and usability of the most active catalysts, during the
conversion of SB to MEK, are a significant and important goal of
our study. To examine the catalytic stability of the most active
three catalysts, i. e., pure NiO, NiO-10 wt% F� and NiO-1 wt%
K2O, 6-cycles of the catalytic conversion of SB to MEK consec-
utively were achieved at 275 °C using WHSV=30000 mL.g� 1cat.h

� 1

and presented in Figure 11. Fresh catalysts in the first cycle
during the conversion of SB can be arranged, according to their
activities, as follows: NiO-10 wt% F� >NiO-1 wt% K2O>pure
NiO. After 3-cycles, the promoted catalysts lost about 17–20% of
their activity towards the conversion of SB to MEK, whilst pure
NiO only lost 5% of its activity, see Figure 11. As the number of
cycles increases, i.e., from 3 to 6-cycles, NiO-10 wt% F� showed a
relatively constant catalytic activity ca. ffi83% conversion. On the
other hand, both NiO-1 wt% K2O and pure NiO continued to
experience further losses of their activities. This could be related
to the deterioration of the active basic sites over the catalyst
surface, as the number of cycles increased up to 6-cycles,
perhaps due to the loss of nanostructure of the catalysts at
275 °C. Also, no carbon deposition was observed after the
prolonged use of all of these catalysts, as published[33a] in case of
NiO prepared from Ni-galactarate salt at 500 °C. Therefore, we
strongly recommend using the most active catalyst NiO-10 wt%
F-that exhibited a high catalytic performance during the
conversion of SB to MEK with higher selectivity, as a good
catalyst in this reaction prolonged time. This test for stability and
reusability has been applied for different types of catalysts, as
cited in the literature, during several reactions.[45]

3. Conclusions

Mesoporous NiO was prepared using NiC2O4 ·2H2O, as pure and
modified with x wt% F� or K2O, by calcination at 400 °C in an
oxygen atmosphere. All catalysts were in the nanoscale structure
with different types of basic sites spread over their surfaces. The
additions of F� ions enlarged the surface area of these modified
samples, while addition with K2O continuously decreased the
surface area. Also, a remarkable catalytic performance was
recorded for NiO-10 wt% F� and NiO-1 wt% K2O, among all the
boosted catalysts, during the conversion of SB to MEK with %
selectivity �96%. The catalytic activity, of the most active
catalysts, was correlated with the presence of Ni/NiO interfaces,
different types of basic sites, especially strong basic sites, and the
surface area and porosity measurements. Finally, it is worth
noting that the novelty herein focused on the simple and facile
promotion of NiO by F-ions or K2O, due to the formation of Ni/
NiO interfaces & the variety of basic sites and applying these
catalysts during the production of MEK by catalytic dehydrogen-
ation of SB at low reaction temperatures.

Experimental

Materials and methods

Nickel carbonate, basic hydrate (NiCB), NiCO3 ·2Ni(OH)2 · xH2O and
oxalic acid dihydrate (Merck) were utilised in this study.
NiC2O4 ·2H2O was prepared by suspending 50 g of (NiCB) in 100 mL
of deionised water at 60 °C with continuous stirring using a
magnetic stirrer. Potions of oxalic acid were added regularly to the
suspension until the complete transformation of NiCB into
NiC2O4 ·2H2O, where the effervescence of CO2 gas was stopped, and
the pH of the medium was measured as ffi1.4. The resulting
precipitate was instantly filtered off and washed many times with
deionised water until the filtrate became neutral. The prepared
NiC2O4 ·2H2O was dried at 100 °C, in an oven overnight, and then a
sample was directly calcined at 400 °C for 3 h in an oxygen
atmosphere to prepare pure NiO. Two promoted NiO-systems were
synthesised using F-ions or K2O that were added to give 1, 5 and
10% (by wt.) as follows: calculated amounts of ammonium acid
fluoride (NH4F.HF, Hopkin & Williams) or KOH (Prolabo), as cited in
Table 5, to produce 1, 5 and 10% (by wt.) of F� or K2O was
dissolved in deionised water, in Teflon beakers, and well mixed
with the corresponding weights of NiC2O4.2H2O, see Table 5. These
mixtures were then evaporated until a dry state over a water bath.
The resulting mixtures were dried at 100 °C overnight. All these
NiO-modified samples were also calcined at 400 °C for 3 h in an
oxygen atmosphere. Modification of NiO with F-ions or K2O was
intended to modify the strength and capacity of basic sites, over
such catalysts, during their employment in the decomposition of
sec-butanol into methyl ethyl ketone.

Characterisation

Thermal analyses of the prepared NiC2O4.2H2O and its mixtures with
NH4F.HF and KOH were conducted using thermogravimetric (TG)
and differential scanning calorimetric (DSC) techniques. These were
performed at a heating rate of 10 °C.min� 1 in a stream of dry
oxygen flowing at 40 mL.min� 1, using a 50H Shimadzu thermal
analyser, Japan. The thermal analyser is equipped with data
acquisition and handling system (TA-50WSI). Highly sintered α-

Figure 11. Conversion of SB at 275 °C in six successive cycles over the most
active catalysts.
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Al2O3 was used as reference material in DSC measurements, while
temperature and enthalpy readings were calibrated versus the
melting point, i. e. 156.3 °C[46] and the heat of fusion, ΔHf=

28.24 J.g� 1[46] of Specpure In-metal (a Johnson Matthey product),
respectively. X-ray powder diffraction analysis (XRD) of all solid
samples calcined at 400 °C was carried out using a D5000 Siemens
diffractometer (Germany), equipped with a copper anode generat-
ing Ni-filtered CuKα radiation (λ=1.5406 Å), in the 2θ range
between 15–80θ. Online data acquisition and handling system
were used to facilitate an automatic JCPDS library search and match
(Diffrac software, Siemens) for phase identification purposes. Sur-
face textural properties of all samples that were calcined at 400 °C,
(viz. specific surface area, pore volume and mean pore radius) were
calculated from nitrogen adsorption-desorption isotherms recorded
at liquid nitrogen temperature (i. e. � 196 °C) using an automatic
Micromeritics ASAP 2010 (U.S.) equipped with online data acquis-
ition and handling system operating BET and BJH analytical
software. All samples were degassed at 200 °C and 10� 5 Torr for 2 h
before measurements (1 Torr=133.3 Pa). The FTIR spectra were
recorded using a Magna-FTIR 500 (USA), between 4000–300 cm� 1,
operating a Nicolet Omnic software and adopting the KBr disk
technique. The morphological characterisation of the prepared NiO
at 400 °C and two boosted samples by 10 wt% F� and 1 wt% K2O
was performed by Scanning Electron Microscopy (SEM) using a FEI
Quanta 250 FEG MKII with a high-resolution environmental micro-
scope (ESEM) using XT microscope Control software. The distribu-
tion of the surface basic sites strength over all NiO samples,
whether pure or modified with F� and K2O, was investigated by
temperature-programmed desorption of CO2 (CO2-TPD) as ex-
plained previously.[33a] 100 mg of each sample was initially heated
at 380 °C for 1 h in air and then, all was immediately transferred
into a pyrex-glass chamber fitted with inlet/outlet allowing for a
CO2-stream (50 mL.min� 1) to pass at room temperature. After four
days, ffi20 mg of the CO2-covered sample was subjected to DSC
analysis using 40 mL.min� 1 as N2-flow with 20 °C.min� 1 heating rate.

Catalytic measurements

Catalyst activity tests were performed at atmospheric pressure in a
conventional fixed bed U-shaped quartz reactor. 100 mg fresh
catalyst was charged for each run and was preheated at 350 °C for
2 h in N2-flow (100 mL.min� 1) before measurements; then the
temperature was gradually decreased to 200 °C. Sec-butanol (SB)
(Fluka, �99%) vapours were generated by passing a stream of
nitrogen (50 °C.min� 1) through the liquid SB in a thermostatic water
bath stabilised at 0 °C. The gas hourly space velocity of
30,000 mL.gcat

� 1.h� 1 was used in all the experiments for most of the
samples. The reaction temperature was increased gradually from
200 up to 300 °C. The effluent of products and reactants were
analysed using an online gas chromatograph (Shimadzu GC-14),
equipped with a data processor model Shimadzu Chromatopac
C� R4AD. An automatic sampling was continuously performed using
a heated gas sampling cock, type HGS-2 at 140 °C, using a hydrogen

flame ionisation detector (FID) and a stainless-steel column (PEG
20 M 20% on Chrmosorb W, 60/80 mesh, 3 m×3 mm) at 80 °C.

The SB conversion % and selectivity % of products were calculated
using the following equations 6 and 7:

% SB conversion ¼
No: moles SB½ �in � No: moles SB½ �out

No: moles SB½ �in
� 100% (6)

Product selectivity %ð Þ ¼

½ No: moles of product�
½Total no: moles of products�

� 100%
(7)

[No. moles SB]in and [No. moles SB]out= the number of SB moles in
the feed and outlet streams, respectively.
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Table 5. Theoretical calculations for the preparation of the mixed samples of NiC2O4 · 2H2O with 1–10 wt% of F� and K2O.

Sample [a]Weight [g] of NiC2O4 · 2H2O
to give [y%] NiO

Weight [g] of NH4F ·HF
to give [x%] F�

Weight [g] of KOH
to give [x%] K2O

NiC2O4 · 2H2O
NiO-1 wt%
NiO-5 wt%
NiO-10 wt%

7.00 (100%)
6.93 (99%)
6.65 (95%)
6.30 (90%)

–
0.0428 (x=1 wt%)
0.2239 (x=5 wt%)
0.4278 (x=10 wt%)

–
0.0339 (x=1 wt%)
0.1698 (x=5 wt%)
0.3395 (x=10 wt%)

[a] According the TG- total % mass loss of NiC2O4 · 2H2O as 59.29%, calcination of 7 g NiC2O4 · 2H2O gives 2.850 g of pure NiO.

ChemCatChem
Full Papers
doi.org/10.1002/cctc.202001954

13ChemCatChem 2021, 13, 1–15 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Freitag, 26.02.2021

2199 / 195784 [S. 13/15] 1

http://orcid.org/0000-0003-2788-7839


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[1] R. Ghani, D. Iranshahi, Int. J. Hydrogen Energy 2019, 44, 2905–2917.
[2] L. Zhenhua, H. Wenzhou, M. Hao, Chin. J. Chem. Eng. 2006, 14, 676–684.
[3] a) D. Penner, C. Redepenning, A. Mitsos, J. Viell, Ind. Eng. Chem. Res.
2017, 56, 3947–3957; b) A. Multer, N. McGraw, K. Hohn, P. Vadlani, Ind.
Eng. Chem. Res. 2013, 52, 56–60.

[4] M. A. Nikitina, I. I. Ivanova, ChemCatChem 2016, 8, 1346–1353.
[5] L. Torres-Vinces, G. Contreras-Zarazua, B. Huerta-Rosas, E. Sánchez-

Ramírez, J. G. Segovia-Hernández, Chem. Eng. Technol. 2020, 43, 1433–
1441.

[6] Methyl Ethyl Ketone (MEK) Market Size, Share & Trends Analysis Report
By Application (Paints & Coatings, Printing Inks, Adhesives), By Region
(North America, Europe, APAC, MEA, CSA), and Segment Forecasts,
2016–2024, https://www.grandviewresearch.com/industry-analysis/
methyl-ethyl-ketone-mek-market (accessed on 01-12-2020).

[7] F. Hoppe, U. Burke, M. Thewes, A. Heufer, F. Kremer, S. Pischinger, Fuel
2016, 167, 106–117.

[8] V. L. Dagle, R. A. Dagle, L. Kovarik, F. Baddour, S. E. Habas, R. Elander,
ChemCatChem 2019, 11, 3340–3340.

[9] V. V. Ordomsky, A. Y. Khodakov, ChemCatChem 2017, 9, 1040–1046.
[10] N. Modanlou Juibari, A. Eslami, J. Therm. Anal. Calorim. 2019, 136, 913–

923.
[11] M. Yin, Z. Zhu, J. Alloys Compd. 2019, 789, 941–947.
[12] X. Xu, L. Li, F. Yu, H. Peng, X. Fang, X. Wang, Mol. Cancer 2017, 441, 81–

91.
[13] A. A. Ezhilarasi, J. J. Vijaya, K. Kaviyarasu, X. Zhang, L. J. Kennedy, Surf.

Interfaces 2020, 20, 100553.
[14] A. A. Olajire, A. A. Mohammed, Adv. Powder Technol. 2020, 31, 211–218.
[15] H. G. Gebretinsae, M. G. Tsegay, Z. Y. Nuru, Mater. Today: Proc. 2020.
[16] Z. Sabouri, A. Akbari, H. A. Hosseini, A. Hashemzadeh, M. Darroudi, J.

Cluster Sci. 2019, 30, 1425–1434.
[17] A. A. Ezhilarasi, J. J. Vijaya, L. J. Kennedy, K. Kaviyarasu, Mater. Chem.

Phys. 2020, 241, 122419.
[18] B. Gnana Sundara Raj, B. Natesan, A. M. Asiri, J. J. Wu, S. Anandan, Ionics

2020, 26, 953–960.
[19] Q. Li, N. Li, J. An, H. Pang, Inorg. Chem. Front. 2020, 7, 2089–2096.
[20] L. Zhao, Y. Zhang, Z. Zhao, Q.-H. Zhang, L.-B. Huang, L. Gu, G. Lu, J.-S.

Hu, L.-J. Wan, Natl. Sci. Rev. 2019, 7, 27–36.
[21] Y. Wang, F. Cao, W. Lin, F. Zhao, J. Zhou, S. Li, G. Qin, J. Mater. Chem. A

2019, 7, 17834–17841.
[22] M. Du, Q. Li, H. Pang, J. Colloid Interface Sci. 2020, 580, 614–622.
[23] a) Z. Shayegan, F. Haghighat, C.-S. Lee, A. Bahloul, M. Huard, Chem. Eng.

J. (Amsterdam, Neth.) 2018, 346, 578–589; b) T. Wu, C. Chen, Y. Wei, R.
Lu, L. Wang, X. Jiang, Dalton Trans. 2019, 48, 12096–12104; c) M.-H. Jo,
B.-R. Koo, H.-J. Ahn, Ceram. Int. 2021, 46, 25066–25072.

[24] a) M. Ao, G. H. Pham, J. Sunarso, F. Li, Y. Jin, S. Liu, Catal. Today 2020,
355, 26–34; b) Z. Wang, G. Laddha, S. Kanitkar, J. J. Spivey, Catal. Today
2017, 298, 209–215; c) B. M. Abu-Zied, A. M. Asiri, Chin. J. Catal. 2015,
36, 1837–1845.

[25] a) Y. Ye, Y. Zhao, L. Ni, K. Jiang, G. Tong, Y. Zhao, B. Teng, Appl. Surf. Sci.
2016, 362, 20–27; b) M. A. Mohamed, A. K. Galwey, S. A. Halawy,
Thermochim. Acta 2005, 429, 57–72.

[26] A. C. Resentera, G. D. Rosales, M. R. Esquivel, M. H. Rodriguez, Thermo-
chim. Acta 2020, 689, 178609.

[27] L. Lombardia, A. Corti, E. Carnevale, R. Baciocchi, D. Zingaretti, Energy
Procedia 2011, 4, 465–472.

[28] J. Chen, P. C. Hayes, Metall. Mater. Trans. B 2019, 50, 2623–2635.
[29] S. Pilban Jahromi, A. Pandikumar, B. T. Goh, Y. S. Lim, W. J. Basirun, H. N.

Lim, N. M. Huang, RSC Adv. 2015, 5, 14010–14019.
[30] N. R. Batti, N. R. Mandre, Metall. Mater. Trans. B 2020, 51, 1225–1232.
[31] Z. Lin, S. Liu, J.-G. Li, J. Chen, M. Xie, X. Li, M. Zhang, Q. Zhu, D. Huo, X.

Sun, Mater. Des. 2016, 108, 640–647.
[32] J. M. Ramos, O. Versiane, J. Felcman, C. A. Téllez Soto, Spectrochim. Acta

Part A 2009, 72, 182–189.
[33] a) S. A. Halawy, M. A. Mohamed, A. Abdelkader, Arabian J. Chem. 2018,

11, 991–999; b) G. Busca, V. Lorenzelli, Mater. Chem. 1982, 7, 89–126.
[34] K. Coenen, F. Gallucci, B. Mezari, E. Hensen, M. van Sint Annaland, J. CO2

Util. 2018, 24, 228–239.
[35] a) C. Pighini, T. Belin, J. Mijoin, P. Magnoux, G. Costentin, H. Lauron-

Pernot, Appl. Surf. Sci. 2011, 257, 6952–6962; b) S. A. Halawy, M. A.
Mohamed, S. El-Nahas, Int. J. Environ. Sci. Technol. 2020, 17, 1551–1566.

[36] a) M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-
Reinoso, J. Rouquerol, K. S. W. Sing, Pure Appl. Chem. 2015, 87, 1051–
1069; b) F. Yang, Z. Guo, J. Colloid Interface Sci. 2016, 467, 192–202.

[37] K. S. W. Sing, R. T. Williams, Adsorpt. Sci. Technol. 2004, 22, 773–782.
[38] W. Gao, T. Zhou, Q. Wang, Chem. Eng. J. (Amsterdam, Neth.) 2018, 336,

710–720.
[39] S. Srihasam, K. Thyagarajan, M. Korivi, V. R. Lebaka, S. P. R. Mallem,

Biomolecules 2020, 10, 89.
[40] D. Fang, W. Ren, Z. Liu, X. Xu, L. Xu, H. Lü, W. Liao, H. Zhang, J. Nat. Gas

Chem. 2009, 18, 179–182.
[41] T. Yamamoto, A. Kurimoto, Anal. Sci. 2020, 36, 41–46.
[42] N. Takarroumt, M. Kacimi, F. Bozon-Verduraz, L. F. Liotta, M. Ziyad, J.

Mol. Catal. A 2013, 377, 42–50.
[43] a) S. Ewald, O. Hinrichsen, Appl. Catal. A 2019, 580, 71–80; b) X. Wang,

M. Shen, L. Song, Y. Su, J. Wang, Phys. Chem. Chem. Phys. 2011, 13,
15589–15596.

[44] S. Ewald, M. Kolbeck, T. Kratky, M. Wolf, O. Hinrichsen, Appl. Catal. A
2019, 570, 376–386.

[45] a) A. Kumar, M. Belwal, R. R. Maurya, V. Mohan, V. Vishwanathan, Mater.
Sci. Energy Technol. 2019, 2, 526–531; b) R. K. Sharma, R. Gaur, M. Yadav,
A. Goswami, R. Zbořil, M. B. Gawande, Sci. Rep. 2018, 8, 1901; c) M.
Liang, L. Wang, R. Su, W. Qi, M. Wang, Y. Yu, Z. He, Catal. Sci. Technol.
2013, 3, 1910–1914.

[46] D. R. Lide, CRC Handbook of Chemistry and Physics, 85th ed., CRC Press,
New York 2004.

Manuscript received: December 8, 2020
Revised manuscript received: January 26, 2021
Accepted manuscript online: January 27, 2021
Version of record online: ■■■, ■■■■

ChemCatChem
Full Papers
doi.org/10.1002/cctc.202001954

14ChemCatChem 2021, 13, 1–15 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Freitag, 26.02.2021

2199 / 195784 [S. 14/15] 1

https://doi.org/10.1016/j.ijhydene.2018.11.028
https://doi.org/10.1021/acs.iecr.6b03678
https://doi.org/10.1021/acs.iecr.6b03678
https://doi.org/10.1002/cctc.201501399
https://doi.org/10.1002/ceat.201900664
https://doi.org/10.1002/ceat.201900664
https://doi.org/10.1016/j.fuel.2015.11.039
https://doi.org/10.1016/j.fuel.2015.11.039
https://doi.org/10.1002/cctc.201901126
https://doi.org/10.1002/cctc.201601508
https://doi.org/10.1007/s10973-018-7640-x
https://doi.org/10.1007/s10973-018-7640-x
https://doi.org/10.1016/j.jallcom.2019.03.143
https://doi.org/10.1016/j.surfin.2020.100553
https://doi.org/10.1016/j.surfin.2020.100553
https://doi.org/10.1016/j.apt.2019.10.012
https://doi.org/10.1007/s10876-019-01584-x
https://doi.org/10.1007/s10876-019-01584-x
https://doi.org/10.1016/j.matchemphys.2019.122419
https://doi.org/10.1016/j.matchemphys.2019.122419
https://doi.org/10.1007/s11581-019-03236-6
https://doi.org/10.1007/s11581-019-03236-6
https://doi.org/10.1039/D0QI00316F
https://doi.org/10.1039/C9TA04487F
https://doi.org/10.1039/C9TA04487F
https://doi.org/10.1016/j.jcis.2020.07.009
https://doi.org/10.1039/C9DT01994D
https://doi.org/10.1016/j.cattod.2019.06.061
https://doi.org/10.1016/j.cattod.2019.06.061
https://doi.org/10.1016/j.cattod.2017.04.035
https://doi.org/10.1016/j.cattod.2017.04.035
https://doi.org/10.1016/S1872-2067(15)60963-9
https://doi.org/10.1016/S1872-2067(15)60963-9
https://doi.org/10.1016/j.apsusc.2015.11.213
https://doi.org/10.1016/j.apsusc.2015.11.213
https://doi.org/10.1016/j.tca.2004.08.021
https://doi.org/10.1016/j.tca.2020.178609
https://doi.org/10.1016/j.tca.2020.178609
https://doi.org/10.1016/j.egypro.2011.01.076
https://doi.org/10.1016/j.egypro.2011.01.076
https://doi.org/10.1007/s11663-019-01662-5
https://doi.org/10.1039/C4RA16776G
https://doi.org/10.1007/s11663-020-01828-6
https://doi.org/10.1016/j.matdes.2016.06.123
https://doi.org/10.1016/j.saa.2008.09.026
https://doi.org/10.1016/j.saa.2008.09.026
https://doi.org/10.1016/j.arabjc.2018.03.023
https://doi.org/10.1016/j.arabjc.2018.03.023
https://doi.org/10.1016/0390-6035(82)90059-1
https://doi.org/10.1016/j.apsusc.2011.03.040
https://doi.org/10.1007/s13762-019-02584-0
https://doi.org/10.1016/j.jcis.2016.01.033
https://doi.org/10.1260/0263617053499032
https://doi.org/10.3390/biom10010089
https://doi.org/10.1016/S1003-9953(08)60099-7
https://doi.org/10.1016/S1003-9953(08)60099-7
https://doi.org/10.2116/analsci.19SAP03
https://doi.org/10.1016/j.molcata.2013.04.017
https://doi.org/10.1016/j.molcata.2013.04.017
https://doi.org/10.1016/j.apcata.2019.04.005
https://doi.org/10.1039/c1cp21299k
https://doi.org/10.1039/c1cp21299k
https://doi.org/10.1016/j.apcata.2018.10.033
https://doi.org/10.1016/j.apcata.2018.10.033
https://doi.org/10.1039/c3cy00157a
https://doi.org/10.1039/c3cy00157a
https://doi.org/10.1039/c3cy00157a


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

FULL PAPERS

Just got promoted! A highly active
and selective promoted Ni-based
catalyst is effective for the produc-
tion of Methyl Ethyl Ketone via the
catalytic dehydrogenation of
secondary butanol at low reaction
temperatures. The catalyst promoters
were added to the Ni-based catalyst
using simple and facile promotion
using F-ions or K2O. The catalytic
activity, of the most active catalysts,
was correlated with the presence of
Ni/NiO interfaces, different types of
basic sites, especially strong basic
sites, and the surface area and
porosity.
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