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A B S T R A C T

Stearoyl ethanolamine was synthesized by amidation of stearic acid with ethanolamine in solventless conditions.
Iron containing heterogeneous catalysts supported on SiO2, Al2O3, Beta (BEA), ZSM-12 (MTW) and Ferrierite
(FER) were used in this work. Sn-modified Ferrierite and H-Ferrierite were also studied for comparison. Fe-
modified catalysts synthesized using solid state ion-exchange and evaporation impregnation methods, were
thoroughly characterized with X-ray powder diffraction, scanning electron microscope, FTIR with pyridine,
nitrogen adsorption, energy dispersive X-ray microanalysis and Mössbauer spectroscopy. The highest conversion
was obtained with Fe-H-FER-20 at 140 °C in 1 h giving 61% conversion and 98% selectivity towards the desired
amide. The catalytic performance in terms of turnover frequency per mole of iron was achieved with the catalyst
exhibiting the largest amount of Fe3+ species, optimum acidity and a relatively low Brønsted to Lewis acid site
ratio.

1. Introduction

Amidation of fatty acids is an important reaction, in which fatty
alkanolamines are formed as products. Applications of these products
are related not only to surfactants, but also to high value-added phar-
maceuticals exhibiting several biological effects, such anti-carcinogenic
ones [1] and activity against the Alzheimer disease [2]. The use of
heterogeneous catalysts makes the process more industrially benign and
cheaper, avoiding cumbersome catalyst separation.

Fatty acid amides are typically synthesized with homogeneous
catalysts, for example by reacting a fatty acid ester with an alkanola-
mine in the presence offatty acid chlorides [3] or using potassium hy-
droxideas reagents [4], which are not environmentally benign proce-
dures. Utilization of fatty acids is beneficial from the viewpoint of
expanding the feedstock base and typically acidic and metal modified
zeolites and mesoporous materials were used as catalysts. Direct ami-
dation of fatty acids with alkanolamines has been scarcely investigated
over heterogeneous catalysts [5–8]. These reactions were mainly con-
ducted in the presence of solvents. In some cases, supported iron cat-
alysts have been applied in acetic acid amidation [9,10]. This acid
underwent amidation with several phenylamine derivatives over iron
on activated carbon catalyst. A high excess of acid was used in this

reaction operating at the temperature close to the boiling point of acetic
acid yielding 96% of amides within 1- 5 h depending on the reactant
[9]. In addition acetic acid was also amidated with aniline using Fe-
Beta zeolite with Si/Al ratio of 15 at 117 °C with an excess of acetic acid
under microwave irradiation giving 52% conversion of stearic acid in
15 min [10]. Furthermore, cheap alumina balls were used for produc-
tion of n-isopropylheptanamide from heptanoic acid and iso-
propylamine resulting in 95% yield at 140 °C in 3 h [11]. In this work
[11] the alumina balls were calcined prior to the experiment facilitating
their function as adsorbents during amidation reaction. The reactant
was a relatively short carboxylic acid and the drawback with alumina
balls is that they cannot be used in autoclave. When Cu-SiO2, Cu-Al2O3

and Cu-TiO2 catalysts were studied in α-amidation of cyclic ethers [12],
it was observed that the reaction was influenced by the support type
and copper dispersion. Application of non-conventional, sustainable,
eco-friendly and highly efficient process technology for production of
various types of amides is of immense importance. Oxidative amidation
of alcohols with amines was carried out using heteropolyanion-based
ionic liquids under microwave irradiation and solvent free reaction
media [13]. Formation of primary, secondary and tertiary alkyl amides
was reported with bifunctional catalysts. Direct amidation of carboxylic
acids with amines using ultrasonic irradiation was investigated using
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solid acid sulfonated graphene oxide [14]. Very high yields of amides
under shorter reaction time was reported by the authors when sono-
chemical amidation of carboxylic acid was applied with a reusable solid
acid catalyst.

Besides zeolites per se, transition and noble metal modified ones
have found applications in several industrial processes in the fields of
petrochemistry, oil refining, exhaust gas emission abatement, produc-
tion of specialty and fine chemicals. In the current study besides SiO2,
Al2O3 and TiO2 supports also, Beta (BEA), Ferrierite (FER), and ZSM-12
(MTW) zeolites were modified with Fe using solid state ion-exchange
and evaporation impregnation synthesis methods. Sn modified FER was
synthesized using evaporation impregnation method. ZSM-12 (MTW)
belongs to high silica zeolite group with unidimensional channel sys-
tems, 12 membered rings with pore dimensions 0.57 × 0.61 nm. The
pore dimensions are slightly larger than for ZSM-5 (MFI) zeolite. ZSM-
12 zeolite exhibits shape selectivity and is resistant to coke formation
[15,16].

Application of zeolites is not only limited to amidation of carboxylic
acids, as they have been used as catalysts for amidation of alcohols [17]
and ketones [18]. In the former case for example sec-butanol was re-
acting with acrylonitrile at 160 °C giving 76% selectivity to the corre-
sponding amide with 72% conversion after 8 h [17]. Furthermore, there
was an optimum Si/Al ratio observed giving the highest amide se-
lectivity. In the latter case, in the amidation of benzophonene with
hydroxylamine hydrochloride the isolated yield of amide using micro-
wave irradiation and HY-zeolite as a catalyst of 94% was achieved in
2 min [18].

The aim in this work was to investigate the possibilities to synthe-
size stearoyl ethanolamide from stearic acid and ethanolamine in the
absence of any volatile solvent and for the first time to use cheap
supported iron catalysts in this reaction. The purpose was also to study
feasibility of overall technology comprising environmentally benign
methods of catalyst preparation by solid state ion exchange and reac-
tions with inexpensive heterogeneous catalysts. The studied catalysts
were characterized by several physical-chemical methods, including
Mössbauer spectroscopy, gas phase pyridine adsorption desorption, li-
quid phase adsorption of 2-phenylethylamine, solid state NMR, ni-
trogen adsorption and SEM. The main parameters were the type of the
support and acid sites, concentration of the latter and the oxidation
state of iron.

2. Experimental

2.1. Catalyst synthesis

Several commercial zeolites and oxides were used as catalysts and
supports. Silica gel 60 (Merck) was sieved with a 90 μm sieve. Titanium
(IV) hydroxide granules (Alfa Aesar) were crushed and sieved with ball
milling to the size below 90 μm. NH4-Beta-300, NH4-Beta-150, NH4-
Beta-25 and NH4-FER-20, in which the number represents SiO2 to Al2O3

ratio, were purchased from Zeolyst International and calcined in order
to get the proton forms. The step calcination procedure was: heating
rate of 3.8 °C/min up to 250 °C, holding at this temperature for 40 min,
subsequent heating with 2.1 °C/min up to 400 °C, maintaining this
temperature for 4 h, thereafter cooling zeolite to 25 °C.

To prepare iron catalysts with 5 wt% by evaporation impregnation
method (EIM), 3.6 g ferric nitrate nonahydrate (Fluka) was dissolved in
250 ml of water. The pH was recorded prior and after adding 10 g of the
catalyst support. The round bottom flask was put in the rotator eva-
porator for rotation at 60 °C during 24 h. Thereafter, water was eva-
porated under vacuum and the catalyst was dried at 100 °C overnight.
The catalyst was then calcined in a muffle oven at a rate of 3 °C/min up
to 250 °C, maintaining this temperature for 50 min, followed by heating
rate of 3.3 °C/min up to 450 °C and holding this temperature for 3 h,
thereafter cooling the catalyst to 25 °C. For Fe-SiO2-50% US-EIM the
slurry was first subjected to ultrasound for 2 h, followed by rotation in

rotavapor for 24 h. The aqueous solution was finally evaporated, the
catalyst was dried for 7 h at 100 °C and calcined in a muffle oven.

For the tin containing catalyst, the same synthesis procedure was
applied with 0.905 g of tin sulfate (Fluka, ≥96%) or 1.6976 g of tin
chloride (Sigma, 99%). The step calcination procedure was different
from iron catalysts: initial heating rate was 2.3 °C/min up to 200 °C,
maintaining this temperature for 65 min, heating to 400 °C with 2.9 °C/
min, holding at 400 °C for 3 h, thereafter cooling the catalyst to 25 °C.

To prepare iron catalysts of 5 wt% by SSIE, 3.6 g of ferrite nitrate
nonahydrate (Fluka) was mixed with 10 g of the catalyst support during
ball milling for 6 h. Every 2 h, the equipment was stopped to manually
mix and crush the solid mixture. After 6 h of ball milling, the catalyst
was dried in an oven at 100 °C overnight. Then, the catalyst was cal-
cined applying the same step calcination procedure as for iron catalysts
prepared by EIM.

For the tin catalyst, the same synthesis procedure was applied with
0.905 g of tin sulfate (Fluka, ≥96%).

2.2. Catalyst characterization methods

The specific surface area was determined using nitrogen adsorption
with Sorptomatic 1900. The samples were outgassed prior to mea-
surements at 150 °C for 3 h. The specific surface areas were calculated
using Dubinin’s method [19,20].

XRD measurements were performed to identify the structure of
zeolites using Philips X’Pert Pro MPD instrument and monochromated
CuKα radiation at 40 kV/50 mA using beam collimation of 0.25° di-
vergence slit and a fixed mask of 20 mm. Philips X’Pert HighScore and
MAUD programs were used for analysis.

SEM analyses were performed with a LEO Gemini 1530 scanning
electron microscope. Thermo Scientific UltraDry Silicon Detecto (SDD)
was used for morphological analysis of samples. The equipment con-
tained both secondary and backscattered electron detectors and an In-
Lens detector.

The amounts of Brønsted and Lewis acid sites at bands 1545 cm−1

and 1455 cm−1, respectively were quantified with pyridine (Sigma-
Aldrich,> 99.5%) adsorption/desorption by FTIR using ATI Mattson
instrument and using molar extinction coefficients from Emeis [21].

Adsorption of 2-phenylethylamine on zeolites and metal modified
zeolites was investigated using 0.03 M 2-phenylethylamine as an ad-
sorbate in distilled water [22]. Typically 50 mg of the dried catalyst was
combined with 3 ml of 2-phenylethylamine (Acros Organics, 99%) so-
lution at 24 °C. The solution was stirred with a magnet for 2 h, which
was sufficient to achieve the equilibrium. The supernatant liquid after
filtration of the catalyst was analyzed with UV–vis (Shimadzu UV-2550)
at 252 nm. The adsorbed amounts of 2-phenylethylamine were calcu-
lated by subtracting the amount of 2-phenylethylamine present in the
liquid phase from the initial adsorbent concentration. The experimental
error in absorbance was 2%.

2.3. Catalyst evaluation for amidation reaction and analytical procedure

Typically the experiments were performed in an autoclave using
equimolar amounts of the fatty acid (Sigma Aldrich, 95%) and etha-
nolamine (0.14 mol, Sigma Aldrich,> 95%) under 20 bar Ar (AGA)
under high stirring speed, 1100 rpm to minimize mass transfer limita-
tions using 0.5 g catalyst. External mass transfer was suppressed by
applying small catalyst particles, below 90 μm. The liquid volume was
44 ml and the initial concentration of fatty acid was 3.0 M. The samples
of reaction mixtures were silylated as follows: the solid sample was
dissolved in toluene with the concentration of 1 mg/ml. Thereafter
about 1 ml of the sample was silylated with 120 μl of bis(trimethylsilyl)
trifluoroacetamide (BSTFA) and 0.4 μl of trimethylchlorosilane (TMCS)
at 70 °C for 1 h. The samples were cooled and analyzed with a GC
equipped with HP-1 column using the following temperature program:
100 °C (1.5 min) – 12 °C/min – 340 °C (20 min). The injector and
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detector temperatures were 330 °C and 340 °C, respectively. The peaks
were confirmed with GC–MS and NMR analogously to our previous
publication [5].

3. Results and discussion

3.1. Catalyst characterization results

3.1.1. X-ray powder diffraction
The structure and phase purity of Fe modified Beta-25, ZSM-12-35

and Ferrierite-20 zeolite catalysts were determined using X-ray powder
diffraction. The diffractogram for Fe-FER-20-SSIE is shown in Fig. 1.
The corresponding diffraction patterns were similar to those of the
pristine unmodified Beta (Fig. 2) [23], ZSM-12 and Ferrierite zeolites
[24], indicating that Fe modification did not influence the basic
structures. In order to investigate if Fe2O3 particles, which presence was
confirmed by Mössbauer spectroscopy and discussed, are visible in XRD
of Fe-FER-20-SSIE, XRD for pristine ferrierite was also made and
compared with XRD of hematite [25]. The main Braggs reflection peak
of hematite, 104 is found at 2Θ 33° followed by the second largest peak,
110 at 36° were also visible in Fe-FER-20-SSIE. It was, however, chal-
lenging to clearly differentiate hematite particles from ferrierite in TEM
images due to low loading of iron. XRD data indicated that hematite
particles in Fe-FER-20-SSIE would be larger than 3 nm.

3.1.2. Scanning electron microscopy
The morphology of the catalysts was studied using scanning elec-

tron microscopy. The SEM images of some selected catalysts are shown
in Figs. 3 and 4. The shape of Fe-FER-20-SSIE crystals is rectangular,

often quite long and narrow. The Fe-Beta-25-EIM crystals are circular,
whereas Fe-Al2O3-EIM crystals have a shape of large balls with small
crystal growth inside. Fe-TiO2 crystals are very small and circular in
shape, while Fe-SiO2 crystals have sharp and thick edges.

3.1.3. Surface area and pore volume measurements using nitrogen
physisorption

The specific surface areas of the catalysts are given in Table 1. The
largest specific surface area (953 m2/g) was measured for Fe-Beta-25-
EIM zeolite catalyst, whereas Fe-TiO2-SSIE exhibited the lowest specific
surface area (90 m2/g). The reason for a very large surface area for Fe-
Beta-25-EIM zeolite catalyst is attributed to the presence of a large
amount of micropores. In addition Fe-FER-20-SSIE zeolite catalyst ex-
hibited even a lower specific surface area (384 m2/g), which was 17%
lower than the specific surface area (464 m2/g) of pristine H-FER. Fe-H-
ZSM-12-35-EIM catalyst displayed also a low specific surface area.

3.1.4. Determination of acidity
Acidity of the catalysts was elucidated by pyridine adsorption-des-

orption from the gas phase and via adsorption of phenyl ethylamine
from distilled water. The results from pyridine adsorption-desorption
showed that Fe-SiO2 exhibited a very low acidity as expected. Fe-
TiO2–SSIE showed only Lewis acidity. Fe-ZSM-12-35-EIM displayed
very low acidity according to pyridine FTIR. Due to its small pore sizes,
it can be, however, concluded that pyridine is not capable to enter the
pores of ZSM-12 giving thus very low acidity values reflecting only the
external surface. The Brønsted acidity of H-FER was the highest one
featuring also large amounts of strong acid sites (Table 1). When Fe was
loaded on H-FER, the concentration of Brønsted acid sites of the re-
sulting Fe-H-FER-20-SSIE was only 54% of H-FER initial acidity. The
amount of Brønsted acid sites in Fe-Beta-25-EIM catalyst was 13%
higher than that of H-Beta-150-SSIE as expected. Noteworthy is, how-
ever, that the amount of strong acid sites increased in the following
order: Fe-Beta-25-EIM > Fe-Beta-150-SSIE > Fe-FER-20-SSIE. When
comparing the acidity values measured with pyridine adsorption des-
orption to that of amine adsorption (Fig. 5), it can be seen that Fe-Beta-
25-EIM exhibited high acidity according to both methods. Un-
expectedly, the amine adsorption capacity of Fe-Beta-150-EIM was
higher than that of Fe-Beta-25-EIM (Fig. 5), although they have almost
the same total capacity for adsorption of pyridine. The latter catalyst
contains also more Brønsted acid sites than the former one. On the other
hand, acidity of especially H-FER measured by amine adsorption was
lower than determined by pyridine adsorption-desorption method. Iron
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Fig. 2. X-ray powder diffraction patterns of H-Beta-25 zeolite.

P. Mäki-Arvela et al. Applied Catalysis A, General 542 (2017) 350–358

352



loaded Fe-FER-20-SSIE exhibited a rather low acid site concentration
based on amine adsorption. These results can be correlated with the fact
that 2-phenylethylamine is a rather large molecule having difficulties in
penetrating into the pores of FER. Noteworthy is the acidity measured
for Fe-TiO2-SSIE, which was relatively large based on 2-phenylaethy-
lamine adsorption in comparison to pyridine adsorption-desorption.
Both methods indicated very low acidity of Fe-ZSM-12-35-EIM re-
flecting difficulties of adsorbate penetration into narrow pores of this
material.

27Al NMR showed clearly that tetrahedrally and octahedrally co-
ordinated Al species at 55 ppm and close to zero ppm were clearly visible
in the spectra [27]. The ratio between tetrahedrally to octahedrally co-
ordinated Al-species decreased in the following order: Fe-H-Beta-25-EIM∼
Fe-ZSM-12-35-EIM > > > Fe-H-Beta-150-SSIE (Table 2), which is in

line with the pyridine adsorption-desorption results. As mentioned above
acidity of ZSM-12 is related to its pore size.

3.1.5. Measurement of the oxidation states of Fe using Mössbauer
spectroscopy

The Mössbauer spectra of Fe-H-FER-SSIE, Fe-H-Beta-25-EIM and Fe-
Al2O3-EIM catalysts are given in Fig. 6a–c. The oxidation states of Fe i.e.
FeO, α-Fe2O3, Fe3O4 and Fe0 studied in the above catalysts showed the
presence of magnetic, paramagnetic and super magnetic oxides. 1.8 wt
% Fe-Ferrierite-20-SSIE, the most active and selective catalyst in ami-
dation of stearic acid, exhibited two paramagnetic compounds with
isomer shifts of 0.20 mm/s and 0.21 mm/s attributed to Fe (III). Fe-
FER-20-SSIE sample contained also large amounts of magnetic iron
oxides which was probably hematite, Fe2O3, about 60% and the two

Fig. 3. Scanning electron micrographs of (a) 1.8 wt%
Fe-FER-20-SSIE and (b) H-FER-20.
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other iron species with oxidation state of III which were paramagnetic.
The influence of Fe content on the oxidation states of Fe in Ferrierite
zeolite was previously studied using Mössbauer spectroscopy [28]
showing that the amount of Fe in Ferrierite influenced the oxidation
states. Isomer shifts for Fe (II) and Fe (III) were reported to be depen-
dent on the amount of Fe present in Ferrierite, in the study where the
iron loading was very low, below 0.3the molar ratio of Fe/Al [29].

4.8 wt% Fe-H-Beta-25-EIM zeolite prepared by the evaporation
impregnation method showed two paramagnetic compounds with
isomer shifts< 0.5 mm/s both tentatively attributed to Fe (III) at
0.4 mm/s, with one component being slightly shifted towards divalency
(isomer shift 0.40 mm/s). It is also noteworthy to mention, that isomer
shifts of Fe were observed to be influenced by the type of structures for
Beta (BEA), Ferrierite (FER) and ZSM-5 (MFI) zeolites [29].

For 3.8 wt% Fe-Al2O3–EIM catalyst prepared using evaporation-
impregnation method, three paramagnetic compounds with isomer
shifts obtained were at 0.44 mm/s, 3.0 mm/s and 0.13 mm/s. The
compound with a negative isomer shift could be due to the presence of
Fe(IV). Analogously to 4.8 wt% Fe-H-Beta-25-EIM, all iron was also
paramagnetic in 3.8 wt% Fe-Al2O3–EIM. Hence, based on the
Mössbauer spectra results of the studied catalysts, Fe isomer shifts were
influenced by the amount of Fe, structure and acidity of the catalysts.

Furthermore, catalytic activity and selectivity in stearic acid amidation
were also observed to be correlated with the isomer shifts of the studied
catalysts, and thus with the presence of different iron species.

Fig. 4. Scanning electron micrograph of Fe-SiO2 US-
50%-EIM catalyst.

Table 1
Brønsted and Lewis acidity of selected used catalysts.

Catalyst Specific surface
area (m2/gcat)

Pore volume
(cm3/gcat)

Brønsted acid sites (μmol/gcat) Lewis acid sites (μmol/gcat) Refs.

250 °C 350 °C 450 °C 250 °C 350 °C 450 °C

4.6 wt% Fe-SiO2-50% US-EIM 389 0.68 4 4 2 5 3 1 [26]
3.8 wt% Fe-Al2O3-EIM 261 1.13 12 12 6 140 62 12 [26]
4.5 wt% Fe-TiO2-SSIE 90 0.27 0 0 0 117 0 0 This work
6.4 wt% Fe-ZSM-12-35-EIM 109 0.04 0 0 0 12 0 0 This work
5.3 wt% Fe-Beta-150-SSIE 467 0.59 193 137 45 119 41 4 [26]
4.8 wt% Fe-Beta-25-EIM 953 0.65 216 168 17 95 36 5 This work
1.8 wt% Fe-Fer-20-SSIE 384 176 169 74 19 15 4 [24]
4.3 wt% Sn-FER-20-EIM 949
H-FER-20 464 326 284 170 8 7 4 [24]

Fig. 5. Acid site concentration from pyridine adsorption-desorption with gas phase versus
2-phenylethylamine adsorption from aqueous phase.
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3.2. Catalytic evaluation of stearic acid amidation

3.2.1. Thermal amidation of stearic acid
Thermal amidation of stearic acid with an equimolar amount of

ethanolamine proceeded at 180 °C in an autoclave very rapidly in the
absence of any solvent giving 90% conversion within 1 h (Table 3). This
is much higher conversion than achieved at the same temperature in
hexane as a solvent, when conversion of stearic acid of only 61% after
5 h was reported [6]. Thus it can be concluded that a higher reaction
rate is related to a higher initial stearic acid concentration. High ac-
tivity of undiluted stearic acid was supported by experimental data at
160 °C giving conversion 73% after 1 h. An important question is re-
lated to a potential impact of reactor walls and impeller material made
of stainless steel as they could also act as a catalyst in addition to the

Table 2
Results from 27Al MAS NMR for different Fe-modified zeolites.

Catalyst Al(tetrahedral
(ppm)

Al(octahedral)
(ppm)

Al(tetrahedral)
/Al(octahedral)

5.3 wt% Fe-Beta-150-SSIE 53.74 −0.64 4.0 ± 0.1
4.8 wt% Fe-H-Beta-25-EIM 54.46 −0.65 9.0
6.4 wt% Fe-ZSM-12-35-EIM 51 ± 1 −0 ± 1 25

Fig. 6. Mössbauer spectra (a) 1.8 wt% Fe-H-FER-20-SSIE zeolite catalyst, notation: 1. line corresponds to magnetic hematite, 2. and 3. lines correspond to paramagnetic trivalent Fe2O3,
(b) 4.8 wt% Fe-Beta-25-EIM zeolite catalyst, notation: the sample is fully paramagnetic, 1. line corresponds to trivalent iron, 2. line is most probably trivalent, but slightly shifted towards
Fe2+ and (c) 3.8 wt% Fe-Al2O3-EIM catalyst, notation: all iron paramagnetic, 1. line trivalent iron, 2. line, trivalent, 20.3%, 3. line, corresponds possibly to tetravalent, 23.4%.
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thermal reaction. A decrease of the reaction temperature resulted in
non-negligible conversions of stearic acid equal to 7% and 4%, re-
spectively at 140 °C and 120 °C. The subsequent step was to investigate
the catalytic effect of iron.

3.2.2. Iron catalyzed amidation of stearic acid
To investigate the effect of bulk iron, 2 g of Fe2O3 was used as a

catalyst for 0.31 mol of stearic acid with an equimolar amount of
ethanolamine at 120 °C. The result showed that even bulk iron oxide
has a catalytic effect, since the conversion after 1 h was 17% (Table 3),
being in the absence of any catalyst only 4%.

A systematic catalyst screening study for amidation of stearic acid
was performed at 120 °C, since under these conditions noncatalytic
stearic acid conversion was only 4% and 15% after 1 and 5 h, respec-
tively. When the supported iron catalyst (Fe-Al2O3-EIM) was used, the
conversion after 5 h was 26% showing clearly that it acts more effi-
ciently as a catalyst than plain hematite. In addition, catalyst pro-
ductivity, calculated as the moles of converted stearic acid per mole of
iron was much higher for Fe-Al2O3-EIM compared to hematite
(Table 3). When only Al2O3 was used, conversion of 17% was achieved
in 5 h also reflecting the catalytic effect of iron.

To avoid interference of sampling the solvent-free amidation of
stearic acid with an equimolar amount of ethanolamine was conducted
by analyzing only the final mixtures for experiments lasting either 1 or
5 h. The results revealed that conversion of stearic acid increased with
4.6 wt% Fe-SiO2-EIM and 1.8 wt% Fe-FER-20-SSIE when the reaction
time was prolonged from 1 h to 5 h (Fig. 7). On the other hand, with the
medium pore size zeolite, ZSM-12-35-EIM the same conversion levels
were obtained after 1 and 5 h indicating strong deactivation which can
be explained by its small pore size compared to the size of the reactants
and products leading to pore blockage. The conversion levels, however,
remained in the range of 32 − 33% after 5 h experiment for 4.6 wt%
Fe-SiO2-50% US-EIM, 6.4 wt% Fe-ZSM-12-35-EIM and 1.8 wt% Fe-FER-
SSIE-20. In order to check if these conversion levels correspond to the
equilibrium, the latter were determined for amidation of stearic acid

using the Gibbs free energy at 120 °C, calculated with HyperChem
programme [7]. ΔG393K was equal to −0.1 kJ/(K mol) giving the
equilibrium conversion of 50% showing that the experimental conver-
sion was lower than corresponding to the equilibrium one.

In order to compare catalytic activity in terms of turnover fre-
quencies (TOF) of different catalysts, the particle sizes of different iron
species, for example hematite, should be determined. While XRD results
indicate presence of hematite particles larger than 3 nm, it is, however,
difficult to approximate the sizes due to partially overlapping peaks in
pristine Ferrierite. Iron particle sizes could be determined by CO che-
misorption at −78 °C [30], which is not feasible with the setup used in
this work. Moreover, in the current case the catalyst was not reduced
prior to the reaction, as done for example in Fischer-Tropsch synthesis,

Table 3
Results from the amidation of stearic acid with an equimolar amount of ethanolamine in a batch reactor.

Entry Catalyst Temperature
(°C)

Mass of catalyst
(g)

Time
(h)

Conversion
(%)

Mole converted SA per
mol Fe

Selectivity to amide
(mol-%)

Selectivity to esteramide
(mol-%)

1 No 180 – 1 90 – 92 0
2 No 160 – 1 73 – 95 0
3 No 140 – 1 7
4 No 140 – 5 78 – 97
5 No 120 – 1 4 – 100 0
6 No 120 – 5 15 – 95 0
7 Fe2O3 120 2 1 17 2 95 0
8 3.8 wt% Fe-Al2O3-EIM 120 0.5 5 26 104 90 3
9 Al2O3 120 0.5 5 17 – – 0
10 4.6 wt% Fe-SiO2-50% US-EIM 120 0.5 1 22 72 96 4
11 4.6 wt% Fe-SiO2-50% US-EIM 120 0.5 5 32 106 97 0
12 4.5 wt% Fe-TiO2-SSIE 120 0.5 5 11 37 93 0
13 6.4 wt% Fe-ZSM-12-35-EIM 120 0.5 1 32 75 94 0
14 6.4 wt% Fe-ZSM-12-35-EIM 120 0.5 5 32 76 97 3
15 4.6 wt% Fe-SiO2 and H-6.4 wt%

ZSM-12-35-EIM
120 0.5 5 29 95 100 0

16 1.8 wt% Fe-FER-20-SSIE 120 0.5 1 26 219 97 0
17 1.8 wt% Fe-FER-20-SSIE 140 0.5 1 61 538 98 2
18 1.8 wt% Fe-FER-20-SSIE 120 0.5 5 33 277 100 0
19 Sn-FER-20-EIM 120 0.5 5 10 30a 93 0
20 H-FER-20 120 0.5 5 23 – 89 0
21 4.8 wt% Fe-Beta-25-EIM 120 0.5 5 25 81 97 0
22 5.3 wt% Fe-Beta-150-SSIE 120 0.5 5 22 109 90 4
23 nob 120 – 5 12 – 93 0
24 5.3 wt% Fe-Beta−150-SSIEb 120 0.5 5 4 42 71 0

a Calculated per mole of Sn.
b Reactive distillation with stepwise addition of ethanolamine, 0.8 g per batch, corresponding to the molar ratio of SA:EA (stearic acid = SA, ethanol amine = EA) of 1:1 in each

30 min.
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Fig. 7. Conversion of stearic acid in its amidation with an equimolar amount of etha-
nolamine at 120 °C after 1 h (red bar) or 5 h (blue bar) using 0.5 g of different catalyst. In
comparison results from thermal amidation are given. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

P. Mäki-Arvela et al. Applied Catalysis A, General 542 (2017) 350–358

356



allowing correlation of hydrogen uptake with catalytic activity [31].
Due to such specific features of iron containing catalyst, the catalytic
activity is typically correlated only with the oxidation state of iron as
for example in benzene oxidation to phenol [32].

When the batch operation mode was used, the formed water was
accumulating in the reactor, shifting the reaction towards the reactants
(Scheme 1). Thus some experiments were also performed under atmo-
spheric pressure using a reactive distillation option, when water can be
evaporated continuously from the reactor while ethanolamine was
added in several batches. Acceptable levels of ethanolamine vapor
pressure at 120 °C permitted injection of ethanolamine into the stearic
acid melt containing the catalyst. The conversion remained, however,
at a quite low level, most probably due to high viscosity of the reaction
mixture retarding water evaporation.

The effect of specific surface area on iron dispersion and subse-
quently on stearic acid reactivity in amidation was clearly visible, for
example with oxide supported Fe-catalysts. The lowest conversion
among Fe-oxide catalysts was achieved with Fe-TiO2–SSIE exhibiting
the lowest specific surface area of 90 m2/gcat followed by Fe-Al2O3-EIM
and Fe-SiO2-EIM. Fe-FER-20-SSIE, which also gave a relatively high
conversion of stearic acid, possesses a high specific surface area. It
should, however, be stated that due to strong acidity of some zeolites,
with high specific surface area and high dispersion of iron, e.g. Fe-Beta-
150-SSIE, catalyst deactivation is prominent. When comparing the
performance of different catalysts in terms of productivity (moles of
converted stearic acid per moles of iron), Fe-FER-20-SSIE is much better
than Fe-SiO2-50% US-EIM and Fe-ZSM-12-35-EIM, with the corre-
sponding ratios being 277, 106 and 76, respectively. In addition,
bearing in mind that for both Fe-FER-20-SSIE and Fe-ZSM-12-35-EIM
all iron and acidic sites are not accessible, the result is even more ap-
parent indicating that Fe-FER-20-SSIE is the best catalyst among tested
due to its optimum acidity.

The effect of the type, strength and concentrations of acid sites in
the studied catalysts on stearic acid amidation can be seen in Figs. 8 and
9. The results showed that the highest conversion was obtained with Fe-
ZSM-12-35, Fe-SiO2–EIM and Fe-FER-20-SSIE, which exhibit different
acidities. The acid sites in Fe-ZSM-12-35-EIM are most probably not
accessible for the reactants due to too small pores of the zeolite. Fe-
SiO2–EIM exhibits only very low acidity, being still active in stearic acid
amidation. Fe-FER-20-SSIE with a relatively high acidity and especially
a high amount of strong acid sites seems to be beneficial for the reac-
tion. Noteworthy is that Fe-Beta-25-EIM with relatively large pores, but
only a small amount of strong acid sites, gave conversion lower than Fe-
FER-20-SSIE. This result indicates that also presence of strong Brønsted
acid sites is beneficial for amidation. On the other hand, when only H-
FER was used as a catalyst, conversion of stearic acid was low, H-FER
exhibited nearly two fold strong acid sites compared to Fe-FER-SSIE-20.
It should also be noted that Sn-FER-20-EIM did not have any catalytic
effect, moreover, conversion with this material was even lower than
thermal amidation per se. The effect of the ratio between Brønsted to
Lewis acid site concentration on stearic acid conversion is also visible in

Fig. 8. It can be clearly seen that conversion was the lowest with the
catalysts having only Lewis acidity, such as Fe-TiO2-SSIE, exhibiting
low specific surface area. A relatively high conversion was achieved
with mildly acidic Fe-SiO2-50% US-EIM with a large specific surface
area. When the ratio between Brønsted to Lewis sites increased, the
conversion of stearic acid increased. A high conversion was also
achieved with Fe-FER-20-SSIE. H-FER exhibited too high concentration
of Brønsted acid sites leading to catalyst deactivation. These results

Scheme 1. Reaction scheme for stearic acid (1) amidation with ethanolamine (2). Notation: stearylethanolamide (3) and esteramide (4).
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Fig. 8. Conversion of stearic acid in its amidation with an equimolar amount of etha-
nolamine at 120 °C after 5 h using 0.5 g of different catalysts as a function of the ratio of
Brønsted to Lewis acid site concentrations.

Fig. 9. Conversion of stearic acid in its amidation with an equimolar amount of etha-
nolamine at 120 °C after 5 h using 0.5 g of different catalyst as a function of the sum of
Brønsted and Lewis acidity of the catalyst (measured by pyridine adsorption).
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indicate that too high amount of strong Brønsted acid sites is not fa-
vorable for the amidation of stearic acid or alternatively that Fe is
highly dispersed on a non-acidic catalyst. Selectivity to amide was al-
ways very high and only a limited amount of esteramide was formed.

From the above mentioned results, it can be concluded that sup-
ported iron catalysts have a clear catalytic effect in stearic acid ami-
dation with an equimolar amount of ethanolamine in the absence of any
solvent. High iron dispersion is beneficial for stearic acid amidation. An
optimum amount of strong Brønsted acid sites in addition to high Fe
dispersion is also required for catalyst efficiency. For the catalyst most
active at 120 °C, Fe-FER-20-SSIE, amidation of stearic acid was also
performed at 140 °C. A blank experiment in the absence of any catalyst
was also conducted. The results revealed that the non-catalyzed ami-
dation at 140 °C gave only 7% conversion after 1 h of reaction time,
whereas with Fe-FER-20-SSIE the conversion was 61%. In addition to a
relatively low concentration of Brønsted acid sites, this catalyst con-
tained mostly iron as Fe3+ species which are apparently promoting
amidation of stearic acid. This result is very promising showing clearly
that a bifunctional Fe-modified zeolite is active and selective catalyst
for production of stearoyl ethanolamide in the absence of any solvent.

4. Conclusions

Solvent-free amidation of stearic acid with ethanolamine for pro-
duction of surfactants and pharmaceuticals was investigated for the first
time using inexpensive iron-supported catalysts.

Iron-modified SiO2, Al2O3, TiO2 as well as Fe containing Ferrierite,
ZSM-12 and Beta zeolite catalysts were synthesized using solid state
ion-exchange and evaporation impregnation methods. Structural in-
tegrity of the Fe modified catalysts studied with X-ray powder diffrac-
tion and scanning electron microscopy showed that the parent struc-
tures of the support were kept intact. Mössbauer spectroscopy of the
most active and selective catalyst in the amidation of stearic acid,
1.8 wt% Fe-Ferrierite-20-SSIE exhibited the presence of Fe (III) species.
4.8 wt% Fe-Beta-25-EIM contained Fe (II) and Fe (III), whereas iron in
mildly acidic Fe-Al2O3-EIM was present as magnetite with Fe (IV) and
hematite containing Fe (III), respectively.

The most active and selective catalyst for amidation of stearic acid
with ethanolamine was 1.8 wt% Fe-Ferrierite-20-SSIE containing
mainly Fe3+ species and an optimum concentration of acid sites,
especially a low amount of Brønsted acid sites. The highest conversion
(61%) of stearic acid and selectivity (98%) to amide at 140 °C in 1 h
was obtained over this catalyst, which was superior to other catalysts in
terms of catalyst productivity per mole of iron. In addition, a nonacidic
Fe-SiO2 with large pores and slightly higher iron loading gave also high
conversion. Noteworthy was also that Fe-ZSM-12-35-EIM with a smaller
pore size facilitated high conversion of stearic acid despite accessibility
of only external surface.

These results indicated that although there are several parameters
influencing selectivity in amidation of stearic acid and further studies

are needed to fully optimize the catalyst properties, application of
supported iron catalysts in solvent-free conditions is a promising and an
environmentally benign route to produce fatty alkanolamides.
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