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Abstract: The in situ characterization of catalysts provides important information on the catalyst and
the understanding of its catalytic performance and selectivity for a specific reaction. Temperature
programmed analyses (TPX) techniques for catalyst characterization reveal the role of the support on
the stabilization and dispersion of the active sites. However, these can be altered at high temperatures
since sintering of active species can occur as well as possible carbon deposition which hinders the
active species and deactivates the catalyst. The in situ characterization of the spent catalyst, however,
may expose the causes of catalyst deactivation. For example, a simple temperature programmed
oxidation (TPO) analysis on the spent catalyst may produce CO and CO, via a reaction with O, at
high temperatures and this is a strong indication that deactivation may be due to the deposition
of carbon. Other TPX techniques such as temperature programmed reduction (TPR) and pulse
chemisorption are also valuable techniques when they are applied in situ to the fresh catalyst and
then to the catalyst upon deactivation. In this work, two Ni supported catalysts were considered as
examples to elucidate the importance of these techniques in the characterization study of catalysts
applied to the reaction of hydrogenation of CO;.

Keywords: chemisorption; deactivation; dispersion; in situ characterization; metal supported
catalyst; TPX

1. Introduction

Characterization of the catalysts before the reaction and especially in situ characteriza-
tion is of extreme importance in heterogeneous catalysis [1-4]. Detailed knowledge of the
catalyst’s behavior under the same conditions of reaction and with the correct adjustments
to the reaction conditions as a way to elongate the catalyst’s active lifetime can be obtained
from in situ characterization. Sintering of active species as well as carbon deposition are
the main causes of catalytic deactivation [5-7] and they are good examples of where this
type of characterization would be necessary to obtain more information about the catalytic
process. Hence, in situ characterization before and after reaction is the key procedure for
carrying out a successful catalytic process. In previous work, we presented the need to
characterize the catalysts used in the Fischer-Tropsch reaction under the same reaction
conditions [8]. In the current work, a system is applied that allows these characterizations
to be carried out without having to remove the catalyst from the reactor and expose it to the
environmental conditions of the laboratory, and especially saving time having to remove
the catalyst from the reactor and take it to another device for characterization.

The In Situ Catalyst Characterization System (ICCS) developed by Micromeritics [9] is
a new instrument that complements any dynamic laboratory reactor system by bringing
new capabilities to catalyst researchers. It adds two key characterization techniques to
the functionality of an existing reaction system—Temperature Programmed Analyses

Physchem 2023, 3, 220-231. https://doi.org/10.3390 /physchem3020015

https:/ /www.mdpi.com/journal /physchem


https://doi.org/10.3390/physchem3020015
https://doi.org/10.3390/physchem3020015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physchem
https://www.mdpi.com
https://orcid.org/0000-0001-9323-5981
https://doi.org/10.3390/physchem3020015
https://www.mdpi.com/journal/physchem
https://www.mdpi.com/article/10.3390/physchem3020015?type=check_update&version=1

Physchem 2023, 3

221

(temperature programmed reduction (TPR) and temperature programmed desorption
(TPD)) and Pulse Chemisorption—in order to determine the number of active sites in
the reaction, as well as their dispersion on the support. These well-known and time-
tested techniques may now be performed on a fresh catalyst and then repeated on a spent
catalyst. Users benefit from obtaining both temperature programmed chemical analyses
(in general denoted as TPX) and pulse chemisorption data for the same sample used for
reaction studies. Performing these analyses in situ virtually eliminates the possibility of
contamination from atmospheric gases or moisture which may damage the active catalyst
and undermine the relevance of post-reaction characterization data. The ICCS connects
to an external reactor that provides a programmable oven; the PID-Micromeritics FR-100
micro-reactor is included in Figures 1 and 2. The ICCS is then used to carry out the TPX
analyses at 1 bar.

Figure 1. The ICCS commercial system connected to an external reactor placed in a programable
oven. (1) In Situ Catalyst Characterization System (ICCS). (2) Stand-alone programmable oven.
(3) Computer to register and reduce data. (4) 9 mm SS316 tubular reactor.
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Figure 2. Shows equipment used in characterizing and testing catalysts for this work. (1) The
In Situ Catalyst Characterization System (ICCS). (2) The FR-100 microreactor. (3) The micro-gas
chromatograph. (4) The MKS mass spectrometer.

As an application example, two Ni/support catalysts used in the CO, hydrogenation
reaction were selected. This reaction is one of the most studied thermal catalytic CO,
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conversions taking place at relatively low temperatures to produce CO, methane, and
methanol, among others [10,11]. The Ni based catalysts have been reported as the most
efficient and active catalytic systems together with alumina as a support [12]. Nickel
catalysts have a short lifetime due to sintering of Ni particles, Ni(CO), formation, coke
deposition, and sulfur poisoning [13,14]. It is necessary to improve the design of the
catalyst and, therefore, it is necessary to obtain more information on the performance of the
catalysts under reaction conditions and without altering the working atmosphere. In such
a case, an in situ characterization may be the best alternative to improve the performance
of these catalytic systems.

2. Experimental Procedure

In this work, the ICCS was connected to a microreactor FR-100 from PID-Micromeritics [15]
(see Figure 2). A mass spectrometer was also connected to the exhaust of the FR reactor to
carry out the up-to-date process of reduction of CO; to produce methane [16-20] and other
higher chains of hydrocarbon molecules following the below reactions [21-37]:

CO; +2H; —» C+2H,0 (1)
2C0O; +5H, - CHy + CO +3H,O 2)
CO; + H, — CO + H,O ©)]

CHy + CO, -+ 2CO +2H, 4)
CO+H,; - C+H,O 5)

To elucidate the effectiveness of such important tools (a combination of ICCS and the
mass spectrometer) for this study, two series of Ni-supported catalysts with about 5 wt.% of
metal were prepared using the classical impregnation method. The supports used were an
alumina trilobe (high specific surface area material, 310 m?/g) and an alumina tablet (low
specific surface area material, 92 m?/g); both aluminas were from Grace Davison Co. 1989.
Equivalent amounts of nickel nitrate (Ni(NOj3),-6H,0O from Aldrich) were considered for
the preparation of the catalysts. The difference in the supports” surface areas was thought
to have a direct impact on the dispersion of the active species. Each alumina was first dried
under a vacuum for 12 h and was then poured into the nickel solution that was prepared to
have an approximate amount of 5% NiO. The mixture was stirred at ambient temperature
until no more liquid was left over the solid. The freshly prepared catalysts were washed
with DI water. The washing liquid was a rather pale green, which indicated that all the NiO
immigrated within the pores. The precursor catalysts were dried and calcined at 500 °C
for 12 h with a minimum ramping rate (2 °C/min). The final approximate loading on NiO
was determined by using the ICCS system and performing TPR analyses, with TPR being a
bulk analysis that reduced all NiO present in the catalysts. The amounts of consumed H;
were 297 and 293 cm®/ g, respectively, and were very close to the theoretical value for 1 g of
pure NiO that consumes 300 cm3/g of Hj for its complete reduction to nickel metal (see
Equation (6)). It was concluded from these first results that almost all NiO present in the
catalysts was reduced and found to be about 5 wt.% approximately for both catalysts.

NiO + Hy — Ni + H,O 6)

Water as a product of the reduction was trapped by the automatic cold trap provided
by ICCS where the temperature was set to —12 °C to prevent the TCD signal from being
disturbed. The produced peaks over a stable TCD base line were used to quantify the
amount of Hy consumed by the oxide particles present in the catalysts.
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3. Results and Discussion
3.1. Characterization of the Supports

The two supports used to prepare the catalysts were alumina trilobe and alumina tablet.
Surface area and pore volume distribution were determined by experimental adsorption of
Ny at —196 °C using the Micromeritics 3Flex instrument. Results are shown in Figure 3 for
both supports. In both cases, the adsorption isotherms corresponded to type IV according
to the IUPAC classification that corresponds to mesoporous materials. Alumina trilobe,
however, showed a larger amount of N, adsorbed than the alumina tablet, and that could
be related to a higher number of pores as shown in Table 1 for the total pore volume (V).
The desorption of N; at the same temperature of the adsorption process did not coincide
and produced the formation of two hysteresis loops: H1 type in the case of alumina trilobe
that was related to a narrow range of uniform mesopores, and H3 type in the case of
alumina tablet that was related to pores within the aggregation of plate-like particles [38].
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Figure 3. N, adsorption—desorption isotherms for both aluminas used as supports. Both isotherms
seemed to correspond to type IV, which corresponds to mesoporous materials.

Table 1. BET specific surface areas and total pore volumes for both supports.

Sample SpeT (M?/g) Vpr (cm®/g)
Alumina

(trilobe) 310 0.67
Alumina

(tablet 92 0.26

3.2. Characterization of the Catalysts by the ICCS
3.2.1. Temperature Programmed Reduction (TPR)

TPR was used to determine the reduction profile of the catalysts and verify the correct
reduction temperature for each of the reducible species. This technique also confirmed the
amount of Hj being consumed, which corresponded to the amount of reducible species
present in the catalysts. Approximately 0.50 g of the sample was placed in a quartz reactor
and heated up to 950 °C with a ramp of 10 °C/min in the presence of a flow of 100 cm?/min
of a 10% Hj-Argon mixture. Results are shown in Figures 4 and 5 for the high surface area
and for the low surface area catalysts, respectively.

The ICCS can precisely detect, elucidate, and quantify the amount of H, consumed
during the reduction reaction. Profiles of TPR on the two catalysts showed different
behaviors; the catalyst with high surface area support showed mainly two well identified
peaks at 635 and 725 °C, while the catalyst with low surface area support showed lower
reduction peaks, 297 and 345 °C, respectively. The amount of H; consumed in these two
TPR experiments (close to a 300 cm?/g theoretical value for consumption of H, by 1 g of

pure NiO) suggested that all the used NiO that was deposited on the supports remained

in the catalysts with no apparent reaction with the alumina to produce the unreducible
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spinels NiAl,Oy4. These results could well indicate the role of the support in interacting
and stabilizing the metal active particles on the surface [39-41]. In the same way, the high
dispersion of the active particles exhibited by the high surface area catalyst justified the
higher performance of the catalyst to produce CHy, as can be seen below.

59% Ni-alumina trilobate /——+—"‘ '

Consumption of H2

692°C
50 200 600 1000
Temperature ( OC )

Figure 4. The TPR profile corresponding to the high surface area fresh catalyst. Both peaks indicated
a strong interaction of the NiO with the support due to the high reduction temperature.
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Figure 5. Shows the TPR profile corresponding to the low surface area fresh catalyst. The two

peaks probably corresponded to weak or no interaction of the NiO with the support due to the low
reduction temperature.

3.2.2. Pulse Chemisorption of Hj

The ICCS performed pulse chemisorption by using a pre-calibrated loop of about
0.5 cm3 up to 20 bar of pressure. The analysis was carried out at 35 °C at 1 bar and was used
before and after the reaction to determine dispersion. Thus, comparing dispersion values
before and after reduction would indicate sintering if the post-reaction value had depleted,
which was one of the deactivation phenomena of the catalyst. Dispersion was determined
according to Equation (7) and highly depended on the amount of H, adsorbed. For this test,
catalysts were reduced at 500 °C for 4 h and 20 bar of pressure and monitored using the
TCD signal of the ICCS to ensure complete reduction of the catalyst. It was found that after
4 h of reduction, the TCD signal returned to base line, indicating the maximum amount
of NiO that could be reduced in these conditions. Upon completion of the reduction,
the catalysts were flushed with pure Ar for 1 h at the reduction temperature to ensure a
complete removal of any H, that could have been left after reduction. The temperature was
then brought down to 35 °C and pulses of 10% Hj,-Ar were admitted to the sample until
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similar peaks were detected and quantified by the TCD, indicating saturation. The results
are shown in Figures 6 and 7, respectively.
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Figure 6. H, pulse chemisorption profile on the high surface area fresh catalyst. The first peak was
almost 90% consumed by the sample, which could indicate that the Ni was well dispersed on the
catalyst’s surface.
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Figure 7. H; pulse chemisorption profile on the low surface area fresh catalyst. The first peak
corresponded almost completely to the entire volume of H injected, which could indicate that the Ni
was poorly dispersed on the catalyst’s surface.

The H; chemisorption on nickel was the most advisable technique to determine dis-
persion of the active species due to the affinity of nickel to adsorb Hj [42], and hence was
widely used in the hydrogenation processes. The high surface area catalyst exhibited the
higher dispersion (37% vs. 17%), although both catalysts had similar loading on Ni. This
phenomenon was due to the fact that a higher surface area support would better disperse
the active elements, while a lower surface area support tended to allow agglomeration (large
particles) that dramatically reduced dispersion and, therefore, showed lower catalytic perfor-
mance for any type of reaction. Dispersion was usually considered to be directly related to
the performance of the catalyst. The metal dispersion was determined from the amount of
H; consumed when applying the pulse chemisorption technique from Equation (7) [42]:

VHZ'Xm'MatomMetal 100 (7)

dispersion (%) = Vo or
mo. meta

where Vp is the chemisorbed monolayer volume (cm3(STP)/ g), Xy is the average stoichio-
metric factor, Mysommerar i the atomic weight of Ni (g/mole), V,, is the molar volume of Hp
(22,414 cm3 occupied by one mol of gas at STP conditions), and %, is the metal content.
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3.3. Catalytic Tests

Approximately 0.5 g of the catalyst was taken for all tests and was placed in a 9 mm ID
SS tubular fixed bed reactor. The catalyst was reduced with pure H, and the temperature
was ramped at a rate of 10 °C/min up to 500 °C and kept for 6 h at 20 bar. These reduction
conditions were selected rather than a high reduction temperature to minimize sintering
of the active species. After reduction, the reactor temperature was brought down to 30 °C
prior to flowing the active gases for the reaction. A combination of 50 cm®/min of CO, and
200 cm3/min of H, was pre-mixed before being passed through the catalyst bed at room
temperature. The pressure in the system was set to 20 bar. The reactor temperature was
then raised to 600 °C at a rate of 2 °C/min and set at this temperature for 24 h. The mass
spectrometer (Cirrus MKS) [43] was connected to the exhaust of the reactor and served to
online monitor the signals for both the flowing mixture as well as for the expected products.
This latest method allowed the step-by-step identification of the newly produced products
under the reaction conditions of temperature and pressure. It was found that the catalyst
that had the higher specific surface area produced a higher conversion of CO, into CHy
and other products. Furthermore, the high specific surface area catalyst showed a longer
active life and less deactivation after 24 h of testing at 20 bar than the low specific surface
area catalyst (see Figures 8 and 9).
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Figure 8. The reaction trends as detected by online mass spectroscopy. The left figure shows signals
for the advanced reaction as the temperature rose to 600 °C, while the right figure shows the last
trends of the reaction before deactivation had appeared after 24 h of reaction.
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Figure 9. The reaction trends as detected by online mass spectroscopy on the low specific surface
area catalyst. The catalyst tended to deactivate after about 20 h of reaction.
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The testing and monitoring of the production in this work was completed using a
rather innovative method. Experiments started from room temperature and then were
slowly raised at a rate of 2 °C/min up to 600 °C and set for 24 h. This procedure helped
to identify the steps that the reaction could undergo and the temperature at which
every product could be produced as the reaction advanced (see Figures 8 and 9). It
was observed that while the low specific surface area catalyst produced CHy at a lower
temperature than CO (275 °C vs. 325 °C), the high specific surface area catalyst produced
CHy at a higher temperature than CO. However, the high specific surface area catalyst
produced about two times the amount of CHy as is indicated by Equations (1) and (2)
of relative intensity (102,450 vs. 55,620) and was active for at least 24 h, while the low
specific surface area catalyst was only active for about 18 h. The relative performance was
determined by dividing the MS signal by the number of surface-active sites according
to Equation (8):

MSRP

Relative performance) = - -
( perf ) Weatalyst™ Yometal-Jodispersion

®)

where MSRP is the MS signal of the produced element (relative pressure in torr). Val-
ues of 102,450 and 55,619 were obtained from the high and low specific surface area
catalysts, respectively.

It can be concluded from this study of catalytic performance that the high specific
surface area support positively impacted the performance of the catalyst. Thus, the
active species are better dispersed and stabilized, yielding a higher dispersion which is
translated into small active particles that make a large contribution to the active area for
the reaction.

3.4. Causes of Deactivation

A catalyst deactivates mainly due to two critical phenomena [44,45]: (i) The depo-
sition of carbon due to cracking or the deposition of a product such as graphite, as in
this case. The carbon that was produced at a high temperature was deposited directly
onto the surface of the catalyst, and covered the active area, thus preventing the contact
between the reactant molecules and the actives species, which was the principal condition
for the reaction to proceed. (ii) The growing of the active particles under severe reaction
condition (sintering) that dramatically decreased the active area of the catalyst. Here, the
ICCS instrument came to play an important role in this study of deactivation as it allowed
the in situ characterization of the catalyst that helped to reveal the causes of deactivation.
At the end of the reaction, the ICCS was used to perform a TPO analysis by flowing
(as before) a mixture of O, balanced inert carrier gas. In this work, oxidation started
from room temperature up to 600 °C by ramping 10 °C/min. This technique oxidized
the carbon to produce mainly CO;. Here, production of CO and CO, were monitored
using the mass spectrometer as a function of the consumption of O;. The evolution of the
formation of CO; as O; consumed is presented in Figure 10. Quantification of the amount
of O, consumed could be used to estimate the amount of carbon being deposited during
the reaction. After cleaning the catalyst, a second method was applied. Once again,
the ICCS system enabled us (as before) to perform the pulse chemisorption technique
to determine dispersion. The difference between dispersion before and after reaction,
if any, was related to sintering of active species that contributed to the deactivation of
the catalyst.
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Figure 10. The mass spectrometer signals corresponding to the TPO results in producing CO and
CO; as carbon being oxidized by the O, mixture: (A) corresponds to the low surface area catalyst,
while (B) corresponds to the high surface area catalyst.

4. Characterization upon Deactivation of the Catalysts

The Sabatier reaction that demonstrates a reduction of CO, with H, at elevated
pressure and temperature was performed on both catalysts. Reaction time was set to 24 h
and the reaction’s products were followed online by the mass spectrometer. Twenty-four
hours was enough to observe some deactivation of the catalysts which was the main goal
for this study. The ICCS was used again to study the causes of the deactivation on both
catalysts. The following techniques were used again to evaluate the amount of graphite that
was supposed to be produced as one of the products of the reaction as it comes to deposit
and cover the active surface area of the catalysts. Pulse chemisorption, however, was used
to determine dispersion of the active particles, since the severe reaction conditions would
sinter the well-dispersed active species.

4.1. Temperature Programmed Oxidation (TPO)

For the regeneration of the spent catalysts, the ICCS was used at the end of the reaction
and upon deactivation of the catalyst to perform temperature programmed oxidation (TPO)
to quantify the amount of carbon that was produced as graphite or by possible cracking
(if there was any) and had covered the active surface, and hence, deactivated the catalyst.
This test was completed by flowing a mixture of 10% O, balance He through the catalyst
bed at 35 °C and brought up to 500 °C at a rate of 10 °C/min. The TPO results were
monitored by the mass spectrometer that was connected to the exhaust of the reactor. The
TPO profiles for both spent catalysts are included in Figure 10. Profile A corresponds to the
low specific surface area catalyst, while profile B corresponds to the high specific surface
area catalyst. The consumption of O, was not quantified, but it was observed that the high
specific surface area catalyst showed a higher consumption of O, which indicated that
more graphite was formed during the reaction as there was little probability of cracking
in these cases.

Temperature programmed oxidation (TPO) was the preferred technique that was used
to regenerate the catalyst upon deactivation and to quantify the amount of carbon that
resulted as a product of the reaction, graphite in this case, or by the effect of cracking of the
reactant molecules yielding atomic carbon that was directly deposited on the surface of the
catalyst. Consumption of O, then indicated the presence of carbon that came to cover the
actives species, thus reducing the contact between the reactant molecules and the accessible
active sites that yielded rapid deactivation of the catalyst. The TCD was considered blind
as it did not differentiate between the oxidation states of the carbon. In this case, the mass
spectrometer was used to follow the formation of CO and CO;. According to the TPO
profiles, it was concluded that the oxidation mainly produced CO; rather than CO.
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4.2. Catalyst Dispersion upon Regeneration

The freshly regenerated catalyst was reduced again with the same previously de-
scribed conditions. Pulse chemisorption was performed (as before) to determine dispersion
after regeneration (Figure 11 corresponds to the high specific surface area catalyst, while
Figure 12 corresponds to the low specific surface area catalyst). A comparison of the disper-
sion values before and after reaction indicated a cause of deactivation by sintering if the
second value of dispersion was depleted compared with the dispersion value on the fresh
catalyst. In this case, dispersion was 23 and 5%, respectively.
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Figure 11. Shows the pulse chemisorption profile on the spent 5 wt.% Ni alumina trilobate catalyst
with a dispersion of 23%.
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Figure 12. Shows the pulse chemisorption profile on the spent 5 wt.% Ni alumina tablet catalyst with
a dispersion of 5% only.

5. Conclusions

The in situ characterization of catalysts such as the PID-Micromeritics ICCS system is
an indispensable tool when connected to any external reactor, allowing for the chemical
characterization of the catalyst by providing the TPX techniques. Its self-built cold trap
that is automatically set to —15 °C prevents any moisture as a product of reduction from
reaching the built-in highly sensitive TCD and disturbing its base line.

The ICCS helps to characterize the catalyst in situ before and after reaction and thus
identifies the causes of deactivation of the catalyst without the need to remove the catalyst
from the reactor. The mass spectrometer is also a very powerful tool when connected to
the exhaust of the reactor, as it was in this study. It allows for the online following of the
catalyst’s behavior as the reaction proceeds and identifies the products of the reaction as a
function of the rising temperature.

From the experimental results found, the high specific surface area catalyst showed,
as suspected, a higher catalytic performance to produce CH4 and other co-products. Thus,
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the support disperses and stabilizes the active species and hence elongates the active life
of the catalyst. The lower dispersion on the spent catalysts than on the fresh catalysts
clearly indicates that the deactivation of the catalyst was not only due to the production of
graphite that slowly deposited onto the surface of the catalyst, hindering the active sites,
but also due to sintering of the active particles. The above characterization results were
easily obtained by connecting the ICCS to a reactor and overall they can be obtained in situ
without needing to remove the catalyst from the reactor and expose it to the atmosphere.
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