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Abstract: A series of barium doped nano-magnesia supports (Ba-MgO) modified with ethylene diamine tetraacetic acid (EDTA)
were prepared by chemical co-precipitation with an ultrasonic method and were used as supports to prepare Ru-based catalysts. The
surface texture and the matter phase of the supports and Ru catalysts were characterized by X-ray diffraction, scanning electron
microscope, N physical-adsorption, H, temperature-programmed reduction and inductively coupled plasma-atomic emission
spectrometry. The results show that modification of EDTA increases the amount of barium promoter into the support and controls
the formation state of barium in supports. The effects of barium promoter content and surface texture in supports achieve an
equilibrium state when the molar ratio of EDTA to Ba is 1/2, and the highest activity of Ru/Ba-MgO catalyst is 69.31 mmol {g )™

under the reaction conditions of 10 MPa, 10 000 h™ and 698 K.
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Ru-based catalysts are thought to be the next generation
catalysts for ammonia synthesis since ammonia synthesis is
generally carried out at lower temperatures and pressures
compared to conventional multi-promoted magnetite-based
iron catalysts. Ru-based catalysts exhibited much higher
activity, less inhibition effect by ammonia and greater
tolerance to poisons under quite moderate conditions'™. The
frequently-used supports of Ru-based catalysts mainly include
activated carbon”, MgO¥!, AL, BaCeO,”, lanthanide
oxides (CeO,, Sm,0O; and LayO;) and so on. Many
researchers™®” have confirmed that the activities of
ruthenium-based catalysts strongly depend on the properties of
the supports as well as the nature of the promoters.
Magnesium oxide is regarded as the most effective and stable
support for ammonia synthesis. The basicity sites on the
surface of MgO can facilitate the activation of dinitrogen over
Ru atoms. Through comparing the influence of different
promoters on Ru/MgO catalysts for ammonia synthesis,
Szmigiel et al.”® found that the doping of Ba promoter showed
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a higher enhancement of basicity on MgO surface which made
the Ru/Ba-MgO catalyst exhibit the higher activity of
ammonia synthesis than other promoters. In the previous
studies, MgO with high Ba dispersion supported
ruthenium-based catalysts have been prepared by chemical
co-precipitation with an ultrasonic method. The mechanism of
how barium doping into MgO support can be seen in Fig.1a.
Mg(OH), taking positive charge in the co-precipitation
solution system prevented Ba®* adsorbing on Mg(OH),
precursor. Thus the doping amount of Ba could not be
properly controlled, and large amounts of Ba?* were dissolved
in residual solution washing away during the preparation
process. The key factor of the research is to find a method to
enhance the interaction between Ba”* and Mg(OH), precursor.

Ethylene diamine tetraacetic acid (EDTA) is inclined to
form stable [M(EDTA)]“ chelate with many alkali and
lanthanide metal irons. Ryczkowski™ investigated the
adsorption of alkaline salts of EDTA on inorganic supports
with different values of the isoelectric point of the surface
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(IEPS) obtained by transmission and photoacoustic (PA)
FT-IR. The results implied that the observed changes in the
properties of adsorbed complexes are mainly due to
interaction of the carboxyl groups of chelate molecule with
hydroxyl groups of inorganic oxide. Al-Dalama et al.™
studied the adsorption property of Ni** on Al,O support in the
existence of EDTA. They found that EDTA could change the
charge valence of Ni** ions by forming [Ni(EDTA)]* chelate;
as a result, the adsorbing capacity of Ni** ions on Al,O,
support increased. Thevenin et al.™ reported that cerium-
doped palladium catalysts exhibited a higher catalytic activity
for catalytic combustion by introduction of EDTA to form
[Ce(EDTA)] complex during the preparation of the Ce-doped
support. In the present paper, nano-magnesia supports and
Ru-catalysts modified by different proportions of EDTA to
barium were synthesized by ultrasound electrostatic
adsorption, and the purpose of this work was to investigate the
influence of EDTA modification on the Ba®* doping into MgO
support and the formation state of barium entering nano-
magnesia supports. The catalytic activity of ruthenium-based
catalysts for ammonia synthesis was also tested.

1 Experiment

All chemicals are of reagent grade and used without further
purification. Ba-MgO supports modified by EDTA were
synthesized by a wet homogeneous co-precipitation method in
the presence of ultrasonic treatment. Certain amount of barium
nitrate and different amounts of ethylene diamine tetraacetic
acid disodium salt were dissolved in 25% ammonia aqueous
solution, and the molar ratio of EDTA to Ba was 0, 1/4, 1/3,
1/2 and 1. Then certain amount of magnesium nitrate aqueous
solution was added into the above solution instantly. After
reacted by assistance of ultrasonic wave (25 kHz, 300 W) for
50 min, the resulted precipitation solution was further aged for
24 h, then filtered and washed with alcohol. Finally, the
samples were dried in an oven at 383 K for 12 h and calcined
in air at 873 K for 5 h.

In order to obtain Ru/Ba-MgO catalysts, the prepared Ba-
MgO supports were impregnated with solutions of triruthe-
nium dodecacarbonyl (Ru precursor) in THF. The Ru loading
was fixed to 2 wt% by total mass of support. The solution was
stirred under ambient conditions for 12 h, and then THF was
removed by a rotary evaporator under vacuum at room
temperature. After dried in air at 333 K for 6 h, the sample
was treated in vacuum at 723K for 2 h to decompose
Ruz(CO)y,, then reduced in hydrogen stream and cooled to
room temperature.

The crystalline structures of the samples were analyzed by
X-ray diffraction (XRD) with a Thermo ARL X'TRA X-ray
diffractometer, by the Cu Ko radiation (1=0.154050 nm). All
diffraction patterns were recorded in a 26 range from 10°to
80<at a scanning rate of 4°min™* in a step of 0.02< Crystallite
size can be calculated by Scherrer equation: D =AK/(cos6),

where D is average crystal size, K is the Scherrer constant (the
calculation was performed with a value K=0.89), 4 is the
X-ray wavelength, g is the width of the X-ray peak (the height
of the X-ray peak is half) and & is the Bragg angle. The
surface morphologies of the samples were investigated by
scanning electron microscope (FESEM, Hitachi S-4700) at an
accelerating voltage of 15 kV. BET surface area and the pore
size of the samples were determined by Micromeritics ASAP
2010 Analyzer with N, as adsorbate at liquid nitrogen
temperature. H, temperature-programmed reduction (H,-TPR)
of the samples was measured by a Micromeritics AutoChem
2910 Analyzer using a 20 mL min™ stream containing H,
(>99.999%) at a linear heating ramp of 10 K min™ from 323 K.
The decomposition of barium carbonates was determined by
temperature-programmed desorption (TPD) combined with
mass spectrometry (MS). The sample was heated from 323 to
1,123 K at 10 K min™ with an Ar stream of 20 mL min™. The
Ba content was determined by inductively coupled
plasma-atomic emission spectrometry (ICP-AES).

The catalytic activities in ammonia synthesis were
evaluated by 2.3 g catalyst (particle size 80~140 um) in a
fixed bed flow reactor (id=14 mm). Before measuring the
catalytic activity, a reduction treatment was carried out with
N,+3H, for 6 h (723 K) and further 10 h (823 K) both at a
heating rate of 10 K min™. After being stabilized for 60 min at
each reaction temperature, the catalyst was tested for ammonia
synthesis at 648, 673, 698 and 723 K under 10 MPa with a
space velocity of 10 000 h™ of (N,*+3H,). The concentration of
the produced ammonia was determined by a chemical titration
method using fixed amount of diluted sulfuric acid solution
containing methyl red as indicator and the activities were
expressed as mmol {g h)™.

2 Results and Discussion

Fig.1 presents the X-ray diffraction patterns of Ba-MgO
supports modified by different amounts of EDTA. All
supports show reflections corresponding to the formation of
cubic MgO phase (20=36.89< 42.85< 62.21< 74.58< and
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Fig.1 XRD patterns of Ba-MgO supports modified by different
amounts of EDTA (mol ratio)
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Fig.2 Schematic presentation of the interaction of EDTA modified
Ba-MgO precursors: (a) without addition of EDTA and
(b) appropriate addition of EDTA

78.519 and orthorhombic BaCO; phase (20=23.98< and
24.389"1 This indicates that barium containing species are
decomposed into BaO when calcined at 873 K in air and BaO
gradually reacts with CO, in air to form BaCO; which was the
stable state of barium salt™***. It is observed clearly in XRD
patterns that the strength of BaCO; phase characteristic
diffraction peaks is enhanced gradually with increasing the
amount of EDTA in Ba-MgO supports. But the peak width at
half height narrows at the same time. The crystallite sizes of
BaCO; were calculated from XRD peaks and Scherrer
equation, and all parameters involved in Scherrer equation and
the results are listed in Table 1. The crystallite size of BaCO,
is 38 nm when the proportion of EDTA to Ba is 1/2, and the
crystallite size decreases when a little amount of EDTA is
added. The characteristic diffraction peaks of MgO change
slightly after adding EDTA. It is well known that the
isoelectric point of Mg(OH), particles in water is ca. pH 120*%.
In this study, ammonia aqueous solution was used as the
precipitator, and the pH value in final reaction system was
about 10.5. Therefore, the electric charge on the surface of
Mg(OH), precursor should be positive. Under this condition,
HY? and HY* are the main forms of EDTA which react with
Ba® to form [Ba(EDTA)]* ™. There exist two forms of
barium [Ba(EDTA)]* and Ba® in precipitation solution
(Fig.2b). The positive surface of Mg(OH), adsorbs NO;™ and
[Ba(EDTA)]* ions when the amount of EDTA is little.
Moreover, the ionic radius of [Ba(EDTA)]* is much larger
than Ba®, and dimensional steric hindrance of EDTA
disperses Ba®* ion adsorbed on the surface of Mg(OH),
precursor. With further increasing the amount of EDTA,
however, [Ba(EDTA)]* becomes the major formation state of
barium ions. The Ba content in Ba-MgO supports modified by
different amounts of EDTA after calcined was measured by
inductively coupled plasma-atomic emission spectrometry,
which is shown in Table 1. The results show that the amount
of Ba promoter entering MgO support increases a lot resulting
in the growth of BaCO; crystalline grain. It is consistent with

the crystallite size data of BaCO; calculated in Table 1.

The surface morphologies of the supports characterized by
FE-SEM are shown in Fig.3. It can be seen that all the
particles in Ba-MgO supports are in the degree of nanometer
and nearly spherical after the introduction of EDTA during the
preparation of supports. The sizes of particles become larger
and limited aggregation is observed. The above phenomenon
could be attributed to the moderate interaction between the
carbonyl group of EDTA and the hydroxyl group on the
surface of Mg(OH), precursor. The textural parameters of
Ba-MgO supports modified by different amounts of EDTA are
summarized in Table 2. The Ba-MgO support without adding
EDTA exhibits a BET surface area of about 44.7 m* g™. It
could be noticed that the surface areas and the pore volumes
of Ba-MgO supports decrease after modification by different
amounts of EDTA. It is due to that EDTA modification
increases the amount of Ba into support and the particles of
BaCO; filled in the pores of the supports. The average pore
sizes also decrease with the doping amount of EDTA. The
diameters of all the pores in Ba-MgO mostly distribute from 4
to 10 nm. The introduction of EDTA causes Ba*,
[Ba(EDTA)]* and (EDTA)* competing to absorb on Mg(OH),
precursor. EDTA doping amount could be regulated to control
suitable surface area and pore size of Ba-MgO support for
high activity of catalysts.

From the XRD patterns mentioned above, we know that
barium is doped into the supports in the final form of BaCOs.
Piacentini™ reported that BaCO, could be divided into two
barium carbonate phases with different stability,
low-temperature barium carbonate (LT-BaCO;) and high-
temperature barium carbonate (HT-BaCQO;). Fig.4 shows the
H,-TPR patterns of Ba-MgO and EDTA-Ba-MgO supports
(the molar ratio of EDTA to Ba is 1/2). Two small peaks of
hydrogen consumption (753, 823 K) exist in Ba-MgO
standing for the reduction of LT-BaCO; and HT-BaCOs;,
respectively™™”.. In comparison, only a broad peak of hydrogen
consumption (673~803 K) is observed in EDTA-Ba-MgO
supports. In the H,-TPR-MS patterns (Fig.5), the generated
CO, and CH, peak both shift to lower temperature. The results
indicate that BaCO; in EDTA-Ba-MgO support belongs to
LT-BaCO; and decomposes to BaO absolutely at moderate

Table1 Crystallite size of BaCOs in different supports
calculated from the XRD measurement modified
by different amounts of EDTA

Support (Iano-Ir'rAa/t?oa) BAI<10% (9 20/(9 Dinm Ba (;]:)2:;:“/
Ba-MgO-a 0 4.20 24.0 33 1.22
Ba-MgO-b 1/4 5.67 24.2 24 0.73
Ba-MgO-c 1/3 3.87 239 36 0.88
Ba-MgO-d 1/2 3.51 24.0 38 1.56
Ba-MgO-e 3/4 3.26 24.1 41 1.71
Ba-MgO-f 1 2.88 24.1 46 3.79
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Fig.3 FE-SEM images of Ba-MgO supports modified by different amounts of EDTA: (a) EDTA/Ba=0; (b) EDTA/Ba=1/4; (c) EDTA/Ba=1/3;

(d) EDTA/Ba=1/2; (¢) EDTA/Ba=3/4; (f) EDTA/Ba=1

Table 2 Textural parameters of Ba-MgO supports modified by
different amounts of EDTA

EDTA/Ba i i Average pore
! Sger/m? gt Vylem® gt )
(mol ratio) ser/M 9 P 9 diameter/nm
0 44.7 0.16 21.7
1/4 38.6 0.24 239
1/3 37.7 0.19 174
1/2 37.1 0.16 14.6
3/4 324 0.13 144
1 24.8 0.12 144
5 /\/\
g b
2
£ |Ba-Mg0
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Fig.4 H,-TPR patterns of Ba-MgO and EDTA-Ba-MgO (the molar
ratio of EDTA to Ba is 1/2)

temperature. Since amorphous BaO is the most effective
promoter to ruthenium based catalyst™®, the activity of the
catalysts modified by EDTA improves after heat-resisting.

The reducibility of ruthenium catalysts supported on

Intensity/a.u.

Intensity/a.u.
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Fig.5 Hy-TPR-MS patterns of Ba-MgO supports modified by EDTA:
(a) EDTA/Ba=0 and (b) EDTA/Ba=1/2

Ba-MgO modified by EDTA was studied by hydrogen
temperature-programmed reduction. Fig.6 shows the H,-TPR
patterns measured from 323 to 1073 K. Two typical reduction
peaks could be observed. The peak at 423~523 K corresponds



Huo Chao et al. / Rare Metal Materials and Engineering, 2017, 46(3): 0657-0662 661

/~\ EDTA/Ba=1
A N
SN eomameus
_/\/L,___

Intensity/a.u.

EDTA/Ba=0

400 500 600 700 800 900 1000
Temperature/K

Fig.6 H.-TPR patterns of Ru/Ba-MgO catalysts modified by
different amounts of EDTA

to the reduction of highly decentralized Ru particles and RuO,
species on the surface of catalysts, and the peak in 550~650 K
corresponded to the reduction of Ru particles and RuO,
species in the phase. It is worth noting that in Ru/Ba-MgO
catalysts modified by EDTA a shoulder reduction peak at
650~700 K, which corresponds to the hydrogen consumption
of carbonyl group decomposed from EDTA. Payneet al.'*?!
had certificated that the decomposition of EDTA consisted of
several steps: Firstly, EDTA degraded to EDTA by losing
carbonyl group, and then EDDA-N, N' or EDDA-N, N
decomposed to EDMA at last. The decomposition of EDTA
facilitates distribution of ruthenium oxides on Ba-MgO
supports and then improves the activities of catalysts.

The catalytic activities of the catalyst system (RU/EDTA-
Ba-MgO) were measured to determine the promoting effect of
EDTA. The initial catalytic activities increase with the
addition of a little amount of EDTA as shown in Fig.7. When
the molar ratio of EDTA to Ba is 1/2, the Ru/Ba-MgO catalyst
exhibits the highest catalytic activity for ammonia synthesis
with a reaction rate of 69.31 mmol {g h)™ at 698 K, 10 MPa
and 10 000 h™. It is 13.73% higher than the initial activity of
catalyst without EDTA. Then the activities of the catalysts
decrease on the contrary with further increasing the doping
amount of EDTA. Its reason is that when the content of EDTA
is low, the main existing form of Ba is Ba?" and NO* is the
main surface adsorption on Mg(OH), precursor, and it causes
the low adsorption of Ba promoter. When the content of
EDTA is proper, the main existing form of Ba is [Ba(EDTA)]*
which could be absorbed on the negatively charged surface of
supports directly, and could effectively increase the amount of
Ba promoter into the support (Fig.3d) and control the formation
state of barium in supports. The appropriate addition of EDTA
and Ba?" could form [Ba(EDTA)]* which could decompose to
LT-BaCO; promoting catalytic activity (Fig.4). And the steric
repulsion of EDTA makes the reduction of Ba promoter easier
which could increase the activity of catalysts. When the
content of EDTA is high, [Ba(EDTA)]* and (EDTA)*
compete to absorb on Mg(OH), precursor which causes low
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Fig.7 Catalytic activities (rnn,) of Ru/Ba-MgO catalysts modified by
different amounts of EDTA
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Fig.8 Catalytic activities (rnn,) of Ru/Ba-MgO catalysts modified by
EDTA (EDTA/Ba=1/2)

surface absorption of Ba promoter on the supports. The
catalytic activity of Ru/Ba-MgO catalyst modified by EDTA
(EDTA/Ba=1/2) increases a lot as shown in Fig.8. After
heat-resisting for 12 h under the condition of 823 K, 5 MPa
and 30 000 h™. The results are consistent with the H,-TPR
analysis mentioned above.

3 Conclusions

1) During the preparation of Ba-doped nano-magnesia by
ultrasound electrostatic adsorption method, barium promoter
could be adsorbed on the surface of the supports directly due
to the formation of [Ba(EDTA)]® chelate when EDTA
modifier is added. The introduction of EDTA not only
changes the chemical and textural properties of Ba-MgO
supports for high distribution of ruthenium, but also controlls
the growth and size of BaCO; crystalline grain.

2) The catalytic activities for ammonia synthesis are higher
when LT-BaCO; occupies the main formation state. The
Ru/Ba-MgO catalyst with the molar ratio of EDTA/Ba= 1/2
shows the highest catalytic activity for ammonia synthesis
with a reaction rate of 69.31 mmol {g h)™ at 698 K, 10 MPa
and 10 000 h™.
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% E: MAES-EIUREARGIE T —R5] EDTA BIFMBIPKEMESE (EDTA-Ba-MgO) K H F#k (147 & & i 4k 77
(RU/EDTA-Ba-MgO) . BT R AT s s, X LR ARATH . FUAERIL T, AE M Hy 725 FHELE 5 5 7 1o Bt A 713
ITRAE. S5 RFW]: EDTA SR R 79U SEAAIIER 7, 83t Ba BhI & 44 &1 T [Ba(EDTA))®, % T Ba™
P T, A HFRITE T IE A I BRI S L T B M, AT BB R T UL FITE Ba-MgO ik i KB B NN %, Rk
BBE AL FIE PE R H . 7€ 10 MPa, 10 000 h™ A1 698 K 1 5 B 4414 F » RWEDTA-Ba-MgO #4L71_E & A ik A %) 69.31 mmol {g h)™,
Et Ru/Ba-MgO #7581 7.4%.
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