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Abstract

Polyoxometalates (POMS) represent an important class of metal oxygen clusters of the early
transition metal elements. Supported POMs are good model catalysts for transition metal oxide
catalysts because of their stable and well-known structure as well as the possibility of controlling
acid site population in these catalysts. Physical, chemical and catalytic properties of POMs, e.g.,
H3PMo12040 (HPM) supported on nitrogen-containing carbon materials were investigated in this
work to understand support effects. Activated carbon (C), nitrogen-doped graphitic carbons, N-
C-1000 (2 N-atom%) and N-C-600 (19 N-atom%), and mesoporous graphitic carbon nitride,
mpgCsN4 (53 N-atom%) were used to study the influence of both nitrogen content and different

nitrogen species.

Our results showed that the polyoxometalate framework was retained on all the four supports
tested in this work, and the ability to disperse POMs without crystallite formation followed the
trend N-C-600 < N-C-1000 = activated carbon (C) < mpgCsN4. POMs preferentially interact
with pyridinic nitrogen and surface amino groups; the latter lead to ammonium POM salt
crystallites observed using X-ray Diffraction (XRD), while the former could be one of the
reasons that mpgCsN4 can produce monolayer POM dispersions. At low coverage, POMs are
molecularly dispersed on all four supports. At comparable POM coverages, the H*/POM ratio
followed the trend C = N-C-1000 > N-C-600 > mpgCsNa4. The POM loading effect on the POM-

support interaction was also investigated. On C, as POM loading is increased, both population

XiX



and strength of the acid site increased as shown by ammonia temperature programmed

desorption (NH3-TPD), while on N-C-600 and mpgCsNa such increase was not observed.

C and N-C-1000 supported POM catalysts with comparable POM surface coverages showed
similar dehydration/oxidation activities in methanol oxidation. However, N-C-600 and mpgCsNa4
exhibited lower activities for both reactions. The simultaneous decrease for dehydration and
oxidation activities as supports with higher nitrogen content were used confirmed that protons
played an important part for methanol oxidation using supported POM catalysts. The selectivity
for oxidation products can be improved when a small but finite number of acid sites exist on the
catalyst surface. For supports used in this work, N-C-600 provides an optimal nhumber of acid
sites and thus results in the highest selectivity for the sum of all oxidation products (COx

excluded), as well as the highest selectivity for formaldehyde (80%).

To further understand how different supports can affect the reaction outcome, mechanism-based
kinetic models were constructed for both primary and secondary products in methanol
dehydration and oxidation for the first time in the literature and are shown to have worked well
for HPM/C and HPM/N-C-600 catalysts. Based on the proposed mechanism, formaldehyde
(HCHO) and methyl formate (MF) may form on the same site (likely on the bridging O in the
vicinity of H*); dimethyl ether (DME) and dimethoxymethane (DMM) may form on the same
site (H*). The rate constant for the rate determining steps in DME and HCHO formation tracked
the decreasing trend observed when catalysts were compared at similar POM surface coverage
levels. N-C-600 supported catalysts exhibited lower rates of DMM formation, leading to higher

HCHO selectivity.

XX



This is the first systematic study of support effects for nitrogen-containing carbon support POM
catalysts, which can provide guidance in using supports to tune the properties of supported

POMs other than changing the identity of its center/framework atom and counter cations.
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Chapter 1 Introduction

1.1  Keggin-type Polyoxometalates (POMSs)

Polyoxometalates (POMS), also referred to as heteropolyacids (HPAS) in their acid form,
represent an important class of metal oxygen clusters of the early transition metal elements. The
unmatched range of physical and chemical properties arising from their wide variety of
molecular structures and sizes have made them particularly interesting for a variety of
applications. POMs discussed in this work will be the Keggin-type (with the general formula
XM12040%8, structure see Figure 1-1), where 12 octahedra structures, each containing a MOs (M
= Mo®*, We* or V"), surround a XO4 center (X= P°*, Si**, As>*, etc.)[1-3]. Cations such as H*,
Na*, Cs*, Ca?*, Cu?* can be used to balance the negative charge of POM anion[4-6]. Keggin
POMs, among all POMs, are the most stable and easily synthesized POM structure, and possess
interesting redox and Brensted acid properties[1-3]. These properties can be tuned systematically
by changing heteroatoms (X), framework polyatoms (M), or by choosing different counter-
cations[7]. Keggin-type POMs have been applied to catalysis[8-12], electrochemistry[13, 14],

photochemistry[15, 16] , energy storage[17], and to solve environmental problems[18].

@

@;

Figure 1-1. An example of Keggin POM in the acid form



In the solid state, POMs can form secondary and tertiary structures. Secondary structure refers to
the three-dimensional arrangement of POM polyanions, cations, water of crystallization and
other molecules if present[19]. Tertiary structure refers to the size of POM particles, pore
structure, distribution of protons in the particle, etc. Tertiary structure can be greatly influence by
the identity of cations. For example, when large ions like Cs™ and NH4" are used as cations for
POMs, the corresponding salt can form a very porous structure with high surface area, whereas

the H form or Na* salt of POMs have low surface areas (1-15 m?/g)[19].

The thermal stability of heteropoly acids changes with the heteroatom and framework polyatoms
following the trend: H3PW12040 > H3PM012040 > H4SiM012040. Thermolysis of H3PMo012040 has
been shown to proceed by loss of water of crystallization and then of constitutional water. The
Keggin structure of H3PMo012040 will be completely destroyed when the temperature is above

450°C[19].

The strength and number of acid sites on POMSs can be controlled by the composition of POMs,
extent of hydration, cation identity, support interactions and thermal treatment. Solid acid-form
POMs possess Brensted acidity. The acid strength of crystalline acid-form POMs follows the

trend: H3PW 12040 > H4SiW 12040 > H3PM012040 > HaSiM012040[3].

1.2 Supported POMs in catalysis

Catalysis was one of the first applications of POMs and it is still a major research focus. A key
difficulty in utilizing POMs for many heterogeneous catalytic processes stems from their low
bulk surface area (for acid-form POMs and most of the POM salts) and their high solubility in

water and many organic solvents[3]. This can be overcome by supporting POMs on insoluble,



high surface area supports. Supported POMs have been applied to both acid and oxidation
catalysis[19] and have been used as catalyst for industry process, e.g. hydration of olefins,
oxidation of methacrolein to methacrylic acid and production of ethyl acetate from ethylene and

acetic acid, among others.[20-23]

1.2.1 Supported POMs as model catalyst

Supported POMs can also serve as model catalysts for more complicated transition metal oxide
systems, since individual POM molecules can be viewed as transition metal oxide clusters with
very stable, well-understood structure.[7, 24-26] Moreover, the catalytic properties of POMs can

be changed by varying composition while maintaining a constant structure[25].

Previous works from Barteau and co-workers have shown that the by studying POMs deposited
on graphite using tunneling spectroscopy with a scanning tunneling microscope, one can gain
valuable information about the site requirements for catalysis by transition metal oxides[7, 27,
28]. Iglesia and co-workers have also used supported POM catalysts for fundamental catalysis
studies[24, 25]. They have performed both experimental and Density Function Theory (DFT)
studies using SiO2-supported POM catalysts to understand the mechanistic details in oxidation

and acid catalysis of methanol[29].

The two principal properties of POMs of interest in catalysis, redox behavior and Brensted
acidity, are often viewed as creating competing reaction channels for reactants that can undergo
either oxidation or acid-catalyzed reactions. However, in recent years there are a number of
results from supported POM catalyst studies that have indicated that some level of catalyst

acidity is necessary to promote oxidation[21, 24, 30]. Examples include methacrolein oxidation



with H3xCcxPMo012-yVyOao (1.5< x< 3, 0< y< 2, Cc, counter cations such as alkali metal,
especially Cs)[21], methanol oxidation with SiO2-supported HsPMo012040 and H4SiM012040[24,
30] and ethylene oxidation with Pd-POM/SiO- catalysts[31]. Gaining control over the acid sites
for supported POM catalysts thus becomes increasingly desirable. One common way to control
the acidity of POMs is by exchanging other cations for H* [6, 19]. However, when preparing
dispersed POM catalysts this strategy may be limited by the solubility of some POM salts and by
differences in the ability to disperse these well on different supports, as well as by potential
impacts of the counter cation on the stability of the POM framework during catalyst synthesis

and reaction.

1.2.2 Support effects

Recently researchers have reported that interaction with specific supports can also indirectly tune
the acid-base or the redox properties of POMs, which opens up new routes to design supported
POM catalysts with optimal activity[26, 32]. Metal oxides such as ZrO2, TiOz, SiO2, and Al>O3,
etc. have been used as supports for POMs[3, 33]. Basic oxides such as Alo03 and MgO tend to
decompose POMs[9]. Iglesia and co-workers[33] have reported that rates of CH3OH oxidative
dehydrogenation for ZrO and TiO2 supported POMs are higher than the SiO supported ones at
similar POM surface coverage levels, indicating that the identity of supports can influence redox
properties of Keggin clusters. Reaction rates were much lower on Al>O3, because POM tend to
decompose on this support to form less active metal oxide domains. Selectivities to secondary
products in methanol oxidation are also reported to be affected by the chemical properties of
support surfaces. Acidic SiO> surfaces favored dimethoxymethane formation, whereas ZrO, and

TiO2 led to methyl formate formation.



Another commonly used support, carbon, has stronger interaction with POMs compared to metal
oxides. H3PMo01204o can self-assemble into a monolayer with a periodic structure on highly
oriented pyrolytic graphite, which has a graphite-like structure but with no surface functional
groups [7, 34]. Carbon nanotubes[35, 36] , mesoporous carbon[37], activated carbon[8], and
graphene[26, 38] have all been reported as POM supports. On activated carbon, up to 10wt%
POMs are reported to be strongly adsorbed, which results in a weaker acidity of this supported
POM system compared to bulk POM. No crystallization occurs even when the HsPW12040
loading is as high as 45wt% on activated carbon[3]. Further modification of carbon, for instance

by adding nitrogen groups, can add to its interaction with POMs.

1.2.3 Nitrogen containing carbons as support for POMs.

Four kinds of nitrogen-containing carbon supports for POMs have been previously explored in
the literature. One is carbon modified with -NH> on the surface. The Song group has successfully
loaded well-dispersed POMs on -NH> decorated carbon spheres[39] and carbon aerogels[40].
The supported POM catalysts prepared this way were reported to be good selective oxidation
catalysts for isopropanol oxidation, which showed enhanced oxidation activity (formation of
acetone) and suppressed acid catalytic activity (formation of propylene and isopropyl ether)

compared to unsupported POM catalysts.

Another support discussed in the literature is carbon embedded with nitrogen. In such materials
there may be one or more nitrogen species such as pyridinic, pyrrolic, or graphitic nitrogen in the
carbon structure instead of just -NH2 group grafted on the support surface. The Song group used
nitrogen-containing carbon (N-C) with 2wt%[39, 41], 3.6wt%][37], 10.6wt%[42] nitrogen to

support HsPMo012040 or HsPMo10V2040, and reported the catalysts were useful in selective



conversion of methanol to dimethoxymethane[41] as well as in methacrolein oxidation[39],
displaying in both cases a decrease in acid catalytic activity and an enhanced oxidation activity
compared to the unsupported POMs. In the case of 2 wt% N-C, the composition was found to be
79.8% quaternary nitrogen, 17.0% pyridinic nitrogen and 3.2% of nitrogen oxide species[41].
They proposed that the edge quaternary nitrogen species can be more easily converted into
positively charged nitrogen groups than pyridinic nitrogen, and thus could play an important part
in immobilizing POM. Liu and co-workers[43] synthesized POM/nitrogen-functionalized,
onion-like carbon hybrid catalysts. They observed in X-ray photoelectron spectroscopy (XPS) an
increase in graphitic nitrogen N 1s signal with the increase of POM loading and concluded that

POMs could bond to graphitic nitrogen through electrostatic interactions.

Conductive polymers such as polyaniline[11], polypyrrole[44], and poly(4-vinylpyridine) [45]
have been studied as supports with generally higher loading of POMs and better dispersion.
Hasik et al. [11] reported 35.2wt% H3PW1204o dispersed on polyaniline with no crystal phase
observed in XRD. The high nitrogen content in the support (15.5wt%) proved to be very
effective in the blocking of acid-base functions of POMs. When applied in catalytic isopropanol

decomposition, the POM/aniline catalyst was reported to be 96.4% selective to acetone at 130°C.

Mesoporous carbon nitride (mpgCsaNa) is another interesting possible support for POMs.
Compared to the other three kinds of nitrogen-containing carbon supports discussed above,
mpgCsNa4 has an ordered structure (similar to that of graphene) and it has a nitrogen content even
higher than the three nitrogen-containing conductive polymers discussed above (more than

50wt %, about 53 atom%)[46]. Because of its semi-conducting nature, current literature studying



mpgCsN4 supported POMs has been mainly focused on photocatalysis such as organic pollutant
degradation [47]. Few groups have reported POM/C3N4 as oxidation catalysts. Long et al.
[48]studied the use of g-CaNs-HsPMo10V2040 as a dual catalysts system for aerobic oxidation of
benzene to phenol (liquid-phase). This non-noble metal system was reported to achieve a phenol
yield of 13.6%. Zhu et al. [12] have reported a mpgCsaN4-supported H3PW12040 catalyst for
oxidative desulfurization of fuel (liquid-phase). It was shown that HsPW1204 is strongly
immobilized on mpgCsN4 and that the catalyst exhibits very little deactivation after 15 cycles.

No gas-phase oxidation has been reported for POM/C3Nj4 catalyst.



1.3 Motivation

In the literature reviewed, while nitrogen appears to play an important role by neutralization of
some acidity of POMs and thus promoting selective oxidation pathways, these benefits of using
nitrogen-containing carbon materials proposed are mostly based on a comparison with
unsupported bulk POMs. A more rigorous comparison with a nitrogen-free carbon material can
provide more information on the true contribution of having different nitrogen species in the
support. Also, although some mechanisms for the interaction between POMSs and nitrogen-
containing carbon materials have been proposed, the nature of the POM-support interaction is

still unclear.

Moreover, previous studies have tended to examine a fairly narrow range of nitrogen
concentrations (N wt% < 15%, N atom% < 10%) that may not fully reflect the potential for
utilizing basic supports. Therefore, an opportunity exists to use a wider nitrogen concentration
range, and systematically study the effects of the support nitrogen content and nitrogen species
distribution on the modification of the properties of POMs, including stability, dispersion, acid

site population, acid site activity and oxidation activity.

By systematically studying the support effects, we can provide guidance in using supports to
tune the properties of supported POMs other than changing the identity of its center/framework
atom and counter cation, thus adding another degree of freedom to supported POM model

catalysts. The information gained in this research will be useful for future catalyst design.



1.4 Research goals

The goal of this project is to answer the following three questions:

First, how does nitrogen-containing carbon material interact with POMs? To answer this
question, two nitrogen-doped graphitic carbon samples, N-C-1000 (N atom% = 2%) and N-C-
600 (N atom% = 19%), as well as the mesoporous graphitic carbon nitride (mpgCsNa4, N atom%
= 53%) were used as supports for POMs. Activated carbon (C) supported POM catalysts were
also tested to serve as a rigorous nitrogen-free reference. The nitrogen content and nitrogen
species distribution were thoroughly studied for the three nitrogen-containing materials and
carefully relate to results from various characterization methods such as XRD to illustrate how

the nitrogen-containing carbon materials interact with POMs.

Second, how strong are the interactions between POMs and this type of support? The strength of
the interaction is represented by the H*/POM ratio in this work, which comes from the results of
ammonia temperature programmed desorption (NHs TPD) and butene chemisorption for POM
supported on C, N-C-1000, N-C-600 and mpgCsN4. The H*/POM ratios measured were
compared to the theoretical H*/POM ratio when no interaction is present to represent the strength
of interaction between POMs and each support. The H*/POM ratios were also compared across
different supports groups at the same POM surface coverage level to relate the strength of

interaction to nitrogen content as well as to the type of nitrogen species present in the support.

Third, can the interactions be used to control POM activity and selectivity? If so, How? POM

supported on different nitrogen-containing carbon materials were tested in methanol oxidation



and dehydration to answer this question. The methanol dehydration rate is used to represent the
acid activity of the catalyst, whereas methanol oxidative dehydrogenation rate is used to
characterize the oxidation activity of the catalyst. Kinetic models were constructed that describe
the pathways of both methanol dehydration to form dimethyl ether and methanol oxidation to
form formaldehyde, methyl formate and dimethoxymethane. By studying the change in kinetics
parameters (rate constants, equilibrium constants) when switching to different supports, we can
obtain insights on why using different supports can change the final product distribution, which

is valuable information for future catalyst design.

1.5  Chapter summaries

1.5.1 Chapter 2: Preparation and Characterization of Nitrogen-containing Carbon Supported
POM Catalysts

This chapter will discuss synthesis of nitrogen-containing carbon materials (N-C-1000, N-C-600
and mpgCsNa), preparation of POM catalysts using the as-synthesized materials as supports, as
well as the tools and techniques used to characterize the supports and the catalysts. Nitrogen
content and nitrogen species distribution in each support were studied in detail by XPS.
Characterization results for C, N-C-1000, N-C-600 and mpgCsN4 supported POM catalysts are
also presented, including Fourier transform infrared spectroscopy (FTIR) to confirm the stability
of POMs and XRD/Scanning transmission electron microscopy (STEM) to check the dispersion
state of POMs on these supports. XRD provided additional information about how the supports
interact with POMs. NH3-TPD and butene chemisorption results are reported for the strength and
quantity of acid sites on these catalysts; thus an analysis of the strength of the interaction can be

discussed. Overall, purpose of this chapter is to characterize the support materials, to confirm the
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stability and dispersion state of POMs on the support, and to understand the mechanism and

result of the interaction between POMs and nitrogen-containing carbon materials.

1.5.2 Chapter 3: Nitrogen-containing Carbon Supported POM as Catalyst for Methanol
Oxidation

Chapter 3 explores the behavior of POMs supported on different nitrogen-containing carbon
materials as well as on carbon in methanol oxidation and dehydration. Reaction rates for both
dehydration and oxidation products were analyzed for all the catalysts. Comparisons for catalysts
with the same support were carried out to study the POM loading effect. Comparisons across
catalysts with different supports were also performed at the same POM surface coverage level to
study the support effect. Supports with higher nitrogen concentration lead to a decrease in both
dehydration rates and oxidation rates, with dehydration rates dropping more dramatically.
Therefore, it is possible to use the support effect to improve selectivity to oxidation products. N-
C-600 catalysts showed the highest selectivity to oxidation products as well as highest selectivity

to formaldehyde (about 80%).

1.5.3 Chapter 4: Kinetics and mechanistic details for methanol oxidation and dehydration
Chapter 4 studied in detail the kinetics for every product in methanol oxidation and dehydration.
Kinetics experiments (varing total flow rate, partial pressure of reactants and co-feeding
products) were conducted for two carbon-based and two N-C-600- based catalysts, to study the
kinetic origin for both loading effect and support effect observed in Chapter 3. Mechanisms for
every product were proposed based on the experimental results as well as knowledge from the
literature. Mechanism-based rate equations were then derived, and kinetic models constructed
based on the as-derived rate equations as well as the mass balance for the packed-bed reactor.

The model prediction results and the experimental results were then compared to evaluate the
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models. Finally, the kinetic parameters were analyzed for all the four catalysts to provide insight
on why support can affect the rate of dehydration and oxidation and the distribution of oxidation

products.

1.5.4 Chapter 5: Conclusions and Recommended Future Directions

Chapter 5 includes the conclusions from this work as well as recommended possible future
directions. In this chapter we summarize the nature of interactions between POM and nitrogen-
containing carbon supports, the strength of the interaction in terms of H*/POM ratio, the effect of
this POM-support interaction in methanol dehydration and oxidation reactions, as well as the
insights about support effects gained from kinetic studies. Also presented in this chapter are the
potential new directions that include proposed DFT studies of the support effects, calorimetry
experiments to measure adsorption energy for methanol on different supports, as well as possible
liquid-phase reactions that could benefit from strong support-POM interactions to prevent

leaching.
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Chapter 2 Preparation and Characterization of Nitrogen-containing Carbon Supported
POM Catalysts

21 Introduction

2.1.1 Methods to confirm stability and dispersion of supported POMs

The structural integrity of supported POM catalysts is usually confirmed by FTIR[26, 49, 50]. As
introduced in Chapter 1, the structure of Keggin-type POMs (XM12040™ ball-stick structure
shown in Figure 2-1) contains one XO4 tetrahedron surrounding by four M3O13 sets formed by
three edge-sharing octahedra (linked by M-O¢-M). The M3013 sets are linked together by
bridging oxygen atoms (M-Op-M). The FTIR spectrum of HsPMo012049 is dominated by four
characteristic peaks at around 1050 cm™ (P-O), 950 cm™ (Mo=0x), 880 cm™ ( Mo-Oy-Mo) and
740 cm ( Mo-O¢-Mo)[51]. The Mo-Oc-Mo mode has been shown to move to higher
wavenumbers when the POM loading is decreased, possibly due to the absence of anion-anion
interactions at low loadings[26, 51]. Polarization, perturbation from water molecules as well as
anion-cation interactions can also lead to shift in FTIR peak positions. Other techniques such as
Nuclear Magnetic Resonance[24] or Raman spectroscopy[20, 52] can also be used to confirm the

intact structure of POM:s.
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Figure 2-1. Keggin POM with the four types of oxygen labeled: P-O (Op), corner (Oc), terminal
(Oy), and bridging (Ob).

XRD and aberration-corrected scanning transmission electron microscopy high-angle annular
dark field (STEM-HAADF) have been used in the literature to confirm the dispersion state of
POMs on supports. The XRD for a dispersed POM catalyst should show no features of POM
crystallites, which for Hs3PMo12040 are triclinic or tetragonal structures depending on the degree
of hydration[53]. Small POM clusters of 2-3 molecules are also identifiable based on the
literature, with a characteristic peak shown at about 26 = 7<9¥54]. STEM-HAADF done by
Barteau and co-workers for graphene-supported POMs has shown that individual POM

molecules or small POM clusters can be clearly observed using this technique[26].

2.1.2 Methods to measure acid site population of supported POMs

The Iglesia group has developed a titration method with 2,6-di-tert-butylpyridine (DTBP) under
reaction conditions to determine the quantity of Brensted acid sites[24, 25, 55-58]. Acid site
population can also be measured by butene chemisorption as shown by Seo and co-workers[59].
NH3-TPD is often used for acid site strength measurement, where NH3 (or other N-containing

species) desorbing at higher temperature corresponds to sites with higher acid strength[60].

14



2.1.3 Interactions between POMSs and nitrogen-containing carbons in the literature

For POMs on —NH> decorated carbon spheres and carbon aerogels, the Song group has suggested
that during the loading process, the -NH> group could be protonated and act as the counter cation
to anchor the negatively charged Keggin units[40]. For other nitrogen-containing carbon
supports where both quaternary nitrogen and pyridinic nitrogen existed on the surface, the same
researchers have proposed that the edge quaternary nitrogen species can be more easily
converted into positively charged nitrogen group than pyridinic nitrogen, and thus could play an
important part in immobilizing POMs[41]. Liu and co-workers synthesized POM/nitrogen-
functionalized onion-like carbon hybrid catalysts. They observed in XPS an increase in graphitic
nitrogen N1s signal with the increase of POM loading and concluded that POMs could bond to
graphitic nitrogen through electrostatic interactions[43]. No interaction theory has been proposed

for mpgCsN4 supported POM catalysts in the current literature.

2.2 Experimental

2.2.1 Support Preparation

2.2.1.1 N-C-1000 and N-C-600 synthesis

Surfactant P123, titanium tetraisopropoxide (TTIP), and H20 were successively added to a
solution containing ethanol and concentrated hydrochloric acid (HCI, 37%) and stirred at 40 C
for 12 h. Final molar ratios of TTIP/ P123/ HCI/ H20/ ethanol in the mixture were 1: 0.0135:
0.52: 16:40. 2.8g dicyandiamide was then added to the as-formed dispersion and dried at 40<C
overnight. The dried white powders were heated at 5<C min™ to 1000 <T (for N-C-1000) and
600 <C (for N-C-600) under N> flow and maintained at the fixed temperature for 1 h. After

cooling to room temperature, the as-formed black powder was etched with an excess amount of
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HF solution (20%) to remove TiN and TiO, components. After etching, the sample was further
washed with water and ethanol and dried at 60<C overnight. The sample was then calcined at
300 <T in air for 30min before POM loading. Synthesis of both N-C-1000 and N-C-600 are

performed by the Jie-Sheng Chen lab at Shanghai Jiao Tong University[61].

2.2.1.2 mpgCsaNg synthesis

50 g of cyanamide (Fisher) was dissolved in 156.3 g of Ludox HS40 solution (dispersion of 12
nm SiO> particles with 40 wt% in water, Fisher). After all the cyanamide dissolved, ethanol
(500ml) was added to the solution to form a gel. The as-formed gel was then heated in air at
550 <T for 4 h (ramp: 2.3<C min?). The resulting powder was treated with 4 M HF acid to
remove the silica template[62]. After etching, the powders were washed with distilled water and
then ethanol using vacuum filtration. Finally, the powders were dried at 60 <C under vacuum

overnight and was calcined at 300 <C in air for 30min before POM loading.

2.2.2 POM deposition procedure

Keggin-type acid polyoxometalates (HsPMo012040 XH20 and H3PW 12040 xH20, Fisher) were
deposited on activated carbon (C, Darco G-60 from Sigma Aldrich, calcined at 300 <C in air for
30 min before POM loading), N-C-1000, N-C-600 and mpgCsNa by incipient wetness from
aqueous solution. The as-obtained samples were dried in air at 60 <C overnight. A wide loading
range (4-50wt%) was adopted on each support. As an example, a 0.107M HzPMo012040 solution
was used to impregnate C (pore volume 0.59ml/g) with 15 wt% H3PMo012040, denoted as HPM-
15/C. Because the surface areas of these four supports are different, we compare catalysts with
similar polyoxometalate (POM) surface densities. Following previous examples [29], a density
of 0.88 POM/nm? was taken as monolayer coverage. For example, for the HPM-15/C catalyst,

the surface POM coverage on the 942m?/g carbon support was calculated to be 0.06 POM/nm?.
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Although all catalysts are labeled with their HPM loading (wt%), it is useful also to group them
by surface coverage when comparing reaction behavior. Table 2-1 lists the catalysts that fall into

three characteristic POM coverage ranges.

Approximate surface Calculated range of
Catalysts
coverage surface coverage
HPM-10/C, HPM-15/N-C-1000,
0.04 POM/nm? 0.034-0.042 POM/nm?
HPM-7/N-C-600, HPM-2/mpgCaN4
HPM-15/C, HPM-20/N-C-1000,
0.06 POM/nm? 0.049-0.063 POM/nm?
HPM-10/N-C-600, HPM-3/ mpgCsN4
HPM-20/C, HPM-30/N-C-1000,
0.09 POM/nm? 0.084-0.098 POM/nm?
HPM-15/N-C-600, HPM-4/ mpgCsNa

Table 2-1. Catalysts grouped by approximate POM surface coverage

2.2.3 Catalyst Characterization

All the characterization for the supports shown in this thesis were carried out after the 300C
calcination step. BET specific surface areas and pore volumes for each material were determined
by N2 physisorption using a Micromeritics ASAP 2020 automated system. XPS was used to
analyze the composition and nature of nitrogen-containing carbon materials using a Kratos axis
ultra XPS with a monochromated Al Ka source. The binding energy of the Au 4f7,> peak at 84 eV
was used for calibration. Elemental analysis was performed by Atlantic Microlab, Inc. to
determine the N concentration in the bulk structure. XRD measurements were performed on a
Rigaku MiniFlex 600 Table-top X-ray Diffractometer with Cu Ko (A=1.5406 A) radiation in the
range of 5 <20 <32.5° a-SiC (99.8% from Alfa Aesar) was used as an internal standard in XRD
studies. Attenuated total reflectance (ATR) FTIR measurements were performed on a Nicolet

1S50 spectrometer equipped with a DTGS detector and an ATR diamond sampling station.
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Typically, 128 scans were accumulated with a resolution of 4 cm™t. STEM-HAADF images were

obtained with JEOL JEM2100F electron microscope.

Butene chemisorption was used to measure the acid site population on the supported POM
catalysts. The chemisorption was performed on a TA Instruments SDTQ600 TGA with a quartz-
lined QGA furnace, modified with a custom gas manifold to provide pretreatment with reactive
gases. The samples were pretreated at 220 <C for 0.5h in 90sccm air and then cooled to 60<C in
air. Mass was recorded when it stabilized (mo). Then flow was switched to 90sccm 1% 1-butene
in N2 and the mass increase was monitored until saturated, typically for 0.5 hour. The samples
were then purged in He overnight, and final mass (ms) was recorded when it is stabilized.
Adsorption was assumed to be irreversible at 60<C) and the butene/H* was assumed to be 1:1.
Then the initial mass (m;) and final mass (ms) can be used to calculate the H*/POM ratio based

on Equation 2-1.

Equation 2-1: H*/POM ratio calculation based on results from butene chemisorption.
H* (my —my)
POM ~ AMW - Npoy

NHs-TPD was also used to gather information about the acid sites on the catalysts (acid site
population as well as acid strength). It was conducted using a Micromeritics AutoChem 11 2920
chemisorption instrument equipment with a mass spectrometer (Balzers ThermoStar) according
to procedures presented by Song and co-workers[41]. Catalyst samples were loaded into a U-
shaped quartz tube, pretreated in 20 sccm He at 220°C for 30 min and cooled back to room

temperature. Then the He flow was switched to 5 sccm, and NHz was pulsed in with a 0.5 mL
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loop until the TCD signal of two consecutive pulses did not change anymore. The sample was
then heated to 100°C in 5 sccm He and kept for 1 hour. Finally, the catalyst was cooled to room
temperature, and then heated in 10 sccm He to 800 °C at 5°C/min. Following every run, pure
NHz and pure N2 were pulsed into mass spectrometer to calibrate NH3z (mass 16 and mass 17)

and N2 (mass 28 and mass 14) in the mass spectrometer.
2.3 Results

2.3.1 Support surface area and pore volume

The surface areas and pore volumes of the supports are listed in Table 2-2. The surface areas
were very different among the four supports, with mpgCsN4 being the lowest (163m?/g) and N-
C-1000 being the highest (1692m?/g). Although the packing of POMs can vary with different
structures, degrees of cation exchange, hydration and support[27, 63], we have used a standard
value for monolayer coverage of 0.88 POM/nm? [29] to facilitate comparison between the
supports in this study that exhibit this wide range of surface areas. This value is based on a van

der Waals diameter of 1.2 nm[64].

Surface area (m?/g) Pore volume (cm?/g)
C 942 0.9
N-C-1000 1692 0.29
N-C-600 591 0.59
mMpgCsN4 163 0.44

Table 2-2. Surface area and pore volume of the supports.
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2.3.2 Support XPS

The XPS survey scans and the composition analyses of N-C-1000, N-C-600 and mpgCsN4 are
shown in Figure 2-2 (a-c) and Table 2-3 respectively. All three materials are composed of mainly
C and N, with less than 5% O. Among the three, N-C-1000 has the lowest N concentration (2
atom%) due to the very high carbonization temperature (1000 <C) applied during the synthesis.
N-C-600 contains more nitrogen (19 atom%) than N-C-1000 because of the lower carbonization
temperature (600 <C). mpgCaN4 has the largest N% (53 atom%), which is consistent with its ideal
stoichiometric value (57 atom%). Table 2-3 also shows the N:C ratios from CHN analysis of the
N-C-600 and mpgCsN4 samples, demonstrating that the surface region of both materials is

moderately depleted in N relative to the bulk.

Further deconvolution of N 1s spectra is shown in Figure 2-2 (d-f), illustrating the N-species
distribution in the nitrogen-containing carbon supports. Among the three supports, mpgCsN4
provides the most straightforward analysis because of its more organized structure, see Figure 2-
2(g). As shown, with a heptazine repeating unit[65], mpgCsNa has four different kinds of
nitrogen, designated N1, N2, N3 in the perfect C3Ns structure, as well as amine sites formed at
defects. According to this structure, we have assigned the peak at 401.3eV to N1 (analogous to
graphitic nitrogen, Neraphitic), 400.2eV to both N2 and the amine groups and 398.8eV to N3
(analogous to pyridinic nitrogen, Neyridginic). This is in agreement with previous polyemeraldine
XPS assignments by Tan[66], that of 3, 5, 11, 13-tetraazacycl[3, 3, 3]azine XPS by Boutique et
al[67], as well as the theoretical and experimental studies of nitrogen-containing carbon
materials[68-70]. The analysis of N-C-1000 and N-C-600 is more complicated, but it can be seen

that they mainly contain graphitic nitrogen (Neraphitic), pyrrolic nitrogen (Npyrolic) and pyridinic

20



nitrogen (Npyridinic)[68-70]. Meanwhile, similar to mpgCsN4, some amine groups were present on

the surface of N-C-600, positioned at 399.8eV.

N/C N/C
O C N
(surface) | (bulk)
N-C-1000 5% 93% 2% 0.02 -
N-C-600 5% 76% 19% 0.25 0.34
mMpgCsN4 3% 44% 53% 1.20 1.45

Table 2-3. XPS survey results for N-C-1000, N-C-600 and mpgCsN4. Compositions are given as
at%. Bulk N/C ratio are obtained from CHN analysis.

——

NGraphI'ﬁc

(12%)

NP‘y‘mﬂic (28%)
Y Py ,

(a) N-C-1000 Cls (d) N-C-1000
J NP}TO]]{C (66%)
Ols N ls NGfaphI'I:ic NPm'dirﬁc
(16% (18%)
i iy
T T T T T T T
(b) N-C-600 (e) N-C-600

(50%)

NP‘_m'dinic

(g) mpgC;N,

T L | '
(c) mpgC;N, (f) mpgC;N, J\N/ ’I\NE N3 N
N3 (NP}-‘rid.i:ﬂc) /k )\
(?2%) N \.N N ~
| |
s O Ky
A — oy
o N7 NN NN
T T T T T T T T l '
600 500 400 300 200 404 402 400 398 396

Binding Energy (eV)

Binding Energy (eV)

Figure 2-2. Survey scans of (a) N-C-1000, (b) N-C-600, (c) mpgCsNa4; N 1s peak deconvolution
of (d) N-C-1000, (e) N-C-600, (f) mpgCsNa; (g) structure of mpgCsNa.
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233 FTIR

ATR-FTIR spectra were used to confirm the stability of the polyoxometalate framework in the
supported POM catalysts (Figure 2-3). With the bulk HPM spectra shown at the bottom of each
panel in Figure 2-3 as a reference, the four main framework vibrational modes of the Keggin ion
in the range of 650-1100cm™ are apparent in all spectra[51]. Besides the characteristic peak for
HPMs, for HPM-40/N-C-600, an extra peak at around 1400cm for (NH4)3PM012040
(NH4PM)[71] is observed, which agreed with the NH4sPM spectra at the bottom of the spectra.
This is consistent with the NH4PM peak observed in XRD for the N-C-600 and mpgCsNa4 based
catalysts, which will be discussed in detail in Section 2.3.4. The IR spectrum of mpgCsNya in this
region has a large number of features due to the aromatic carbon nitrogen heterocycles[72]; thus,

a similar vibrational fingerprint for NHsPM on this material could not be discerned.
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Figure 2-3. ATR-FTIR spectra for (a) 0, 10, 15, 30, 45wt% HPM on C; (b) 0, 15, 30, 40wt%
HPM on N-C-1000; (c) 0, 7, 15, 30, 40wt% HPM on N-C-600; (d) 0, 7, 15, 30, 50wt% HPM on
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Figure 2-4. ATR-FTIR spectra of HPM-50/C (a) after and (b) before washing, HPM-50/N-C-
1000 (c) after and (d) before washing, HPM-30/N-C-600 (e) after and (f) before washing, HPM-
50/mpgCsNa () after and (h) before washing

To have a general ideal of how strong the HPMs are attached to the supports, water-washing
experiments were performed. The catalysts were stirred in water at 600rpm for 3 hours, then
filtered and dried before FTIR was taken again. Results were shown in Figure 2-4. For C and N-
C-1000 supported catalysts, the signal for POM peaks became much weaker after washing,
suggesting that some HPMs have been washed off. This is consistent with literature on C-
supported HPMs, which suggests that POMs can only be strongly adsorbed to activated carbon at
low loading (below 10wt%)[8]. For N-C-600 and mpgCsN4 supported catalysts, the signals

remained very strong after the washing experiments, suggesting that the interaction between
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HPMs and these two supports are strong even at very high HPM loadings (30 wt% for N-C-600

and 50% for mpgCsNa).

A

T T T T 71
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm)

Figure 2-5. ATR-FTIR spectra of HPM-30/C (a) after and (b) before methanol oxidation
reaction at 220°C, HPM-40/N-C-1000 (c) after and (d) before reaction, HPM-7/N-C-600 (e) after
and (f) before reaction, HPM-15/mpgCsN4 (g) after and (h) before reaction

Examples of FTIR spectra for catalysts before and after methanol oxidation are shown in Figure
2-5 (reaction results are discussed in Chapter 3 and Chapter 4). As shown in the figure, the four

characteristic POMs can be observed for the after-reaction catalysts, indicating that POMs are

intact after reaction.
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234 XRD

The XRD patterns of HPM/C and HPM/N-C-1000 with different HPM loadings/ surface
coverages are shown in Figure 2-6. The XRD pattern for HPM 8H20 crystallites, consistent with
previous literature results[73], is shown at the bottom of each panel for reference. As shown in
Figure 2-6(a), the HPMs were well dispersed on C at loadings up to 30wt%, which corresponds
to 0.16 POM/nm? on this support. Only when the loading reached 35wt% (0.22 POM/nm?) was
there evidence (peak at 20 = 8°) of HPM crystallite formation. Therefore, the maximum loading
of HPMs on carbon that can be achieved without crystallite formation is between 0.16 and 0.22
POM/nm?. N-C-1000 showed a similar ability to disperse HPMs. HPM 8H,0 crystallites started
to appear in samples with loadings corresponding to between 0.13 and 0.23 POM/nm?, as shown

in Figure 2-6(b).

E—C) o
50 wt% (0.37 POM/nm?) M
w\ 30 wt% (0.08 PONI/nm?)

0 wt% HPM on C
——’k\_n_\_,—
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I I I I I I I I I I
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0 wt% HPM on N-C-1000

Figure 2-6. XRD pattern of (a) 0, 15, 30, 35, 50wt% HPM on C; (b) 0, 15, 30, 40, 50wt% HPM
on N-C-1000.
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The XRD patterns are quite different in the case of HPM supported on the materials with higher
nitrogen content, N-C-600 and mpgCsN4. As shown in Figure 2-7(a), as the HPM loading was
increased on N-C-600 from 10wt% to 30wt%, diffraction peaks for (NH4)sPMo012040 (cubic
structure, main peak at 26.4 < consistent with previous literature[74]) appeared instead of
H3PMo12040, Which does not exhibit a similar pattern regardless of its degree of hydration[53].
This suggests that the -NH> groups on the support were extracted by HPM deposition to form the
ammonium salt. This process must involve removal of nitrogen from the support, or else 3-
dimensional crystallites of the ammonium salt would not be formed. At higher loadings, e.g., 40
wt% HPM on N-C-600, small peaks for HPM 28H,0 (in the 5-10< 25-30 “area) started to
appear, indicating that the -NH. from the N-C-600 surface had been exhausted. NHsPM was also
formed with the HPM/mpgCsN4 system as shown in Figure 2-7(b), but only at the highest
loading, 50wt%. This further supports the relationship between surface -NH2 and the NHsPM
formation, because, as demonstrated in XPS, mpgCsNjs also contains defect amine groups on the

support surface.
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30 wt% (0.24 POM/nm?) 30 wt% (0.88 POM/nm?)
15 wt% (0.10 POM/nm?) 15 wt% (0.36 POM/nm?)

10 Wt% (0.06 POM/nm?) 7 wt% (0.16 POM/nm?)
7wt% (0.04 POM/nm?) 0wt% HPM on mpgCsN,
0 wt% HPM on N-C-600

k NH,PM
J NH,PM Il
A

HPM-28H,O HPM-28H,O

f I T I T I T I T I T T T T T T T T T T
5 10 15 20 25 30 5 10 15 20 25 30

2Theta (degrees) 2Theta (degrees)

Intensity (a.u.)
Intensity (a.u.)

27



Figure 2-7. XRD patterns for (a) 0, 7, 10, 15, 30, 40wt% HPM on N-C-600; (b) 0, 7, 15, 30,
50wt% HPM on mpgCsNs. Diffraction pattern for NH4PM and HPM 28H.0 is shown at the
bottom of each figure for comparison.

However, despite the fact that both supports give rise to NH4sPM crystallite formation, there is a
significant difference between N-C-600 and mpgCsNa in their ability to disperse HPMs. With N-
C-600, as shown in Figure 2-7(a), NH4PM crystallites appeared at very low loadings, 10wt%
(0.06 POM/nm?), and the area of the crystallite peaks continued to increase as HPM loading
increased until the -NH> groups were consumed. In contrast, with mpgCsNa, for 30wt% HPM,
which corresponds to 0.88 POM/nm? (monolayer coverage), the HPMs remained dispersed on
the surface with no evidence for crystallite formation by the parent POM or its ammonium salt.
Even when the loading reached 50wt%, which corresponds to more than two layers (2.06
POM/nm?), the NH4PM crystallite peaks in XRD were still very small. The most prominent peak
for the HPM/mpgCsN4 system was a lower angle peak at around 7< and it continued to increase
with HPM loading. This peak is assigned to the dispersed HPMs or clusters of 2-3 HPM

molecules according to previous literature[54].

To further estimate the amount of NH4PM crystallites formed after loading HPM, we used a-SiC
as a standard and performed XRD on the as-synthesized supported HPM samples (HPM-30/N-C-
600 and HPM-50/mpgCsNa) as well as physical mixtures of NHsPM and corresponding supports.
Ammonium phosphomolybdate (Strem Chemicals) and silicon carbide (alpha-phase, 99.8%
(metals basis), Alfa Aesar) were used to make physical mixtures in comparative XRD. The
results are shown in Figure 2-8 and Figure 2-9 for N-C-600 and mpgCsNjs respectively. Figure 2-
8(a) presents the XRD pattern for a physical mixture of 30wt% NH4+PM with N-C-600, which is

a good indicator of how much ammonium salt should appear in XRD if all the HPM loaded on
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N-C-600 were transformed into NH4PM in the sample HPM-30/N-C-600. Figure 2-8(b) shows
the XRD pattern of HPM-30/N-C-600 for comparison. Because crystallite size affects both the
width and height of the diffraction peaks, rigorous calibration is not possible. However, by
integrating the area of the NH4PM peaks at 10.6< 21.3<and 30.5<for both HPM-30/N-C-600
and the physical mixture, one can make a rough estimate of the relative contributions of NHsPM
crystallites to the diffraction patterns of each. For HPM-30/N-C-600 we estimate that about 30%
of the POM loaded is converted to crystalline NH4PM by reaction with amine groups on the N-
C-600 support. For HPM-50/mpgC3N4 the corresponding value is about 3%, based on analysis of

the diffraction peak at 26.3<
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Figure 2-8. Comparative XRD using a-SiC as standard: (a) physical mixture of 30wt% NHsPM
with N-C-600; (b) HPM-30/N-C-600. Both samples contained the same concentration of SiC (41
wt%). The two spectra were normalized to the same SiC peak height. Aluminum peaks are from
the sample holder.
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Figure 2-9. Comparative XRD using a-SiC as standard: (a) physical mixture of 50wt% NHsPM
with mpgCsNys; (b) HPM-50/ mpgCsN4. Both samples contained the same concentration of SiC
(41 wt%). The two spectra were normalized to the same SiC peak height.
Different loadings of Hs3PW12040 on the four supports were also prepared and examined by
XRD. Similar trends, including the correlation of -NH> and ammonium salt formation and the
proficiency of mpgCsNa at dispersing HPWs, were observed. As shown in figure 2-10 (a), for
HPW-15/N-C-600 and HPW-30/N-C-600 catalysts, (NH4)3sPW12040 (NHsPW) peaks were
observed instead of HPW, meaning that the amino groups on N-C-600 are again pulled off from
the support. A very weak NH4PW peak was observed for HPW-15/mpgCsN4 and HPW-
30/mpgCsN34 at about 26.8< which is a little different from the HPM/mpgCsN4 data where the
NH4PM crystallites did not show up until 50wt%. However, this is consistent with literature,
which showed that the loading threshold for HPW crystallite formation is always lower than that
for HPM. Nevertheless, NH4sPW peaks were very small for both HPW-15/mpgCsN4 and HPW-

30/mpgCsNa4and the low angle peak did appear in Figure 2-10(b) as the HPW loading went up,
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so most HPWs are still dispersed or in very small clusters on the surface of mpgC3N4 even up to

high loading of 30wt%.

0 wt% HPW on mpgC,N,
Jl i NH,PW & ' | ) NH4“P\V & |
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Figure 2-10. XRD patterns for (a) 0, 15, 30wt% HPW on N-C-600; (b) 0, 7, 15, 30 HPW on
mpgCsNa. Diffraction pattern for NHsPW and HPW 6H.0 is shown at the bottom of each figure
for comparison.

2.3.5 STEM-HAADF

Aberration-corrected STEM-HAADF was performed to help visualize the dispersion state of
HPMs on the four supports. Since the atomic numbers of carbon (Z=6) and nitrogen (Z=7) are
very different from molybdenum (Z=42), the molybdenum-containing POMs can be
distinguished from the support as bright spots in STEM-HAADF images. As shown in Figure 2-
11(a-d), bright features of 1.1 to 2.4 nm are apparent in all images. The lower end of this range is
as expected for molecularly dispersed POMs; the upper end of the distribution may reflect
clusters of ~ 3 POMs. However, since this technique does not resolve depth well, the larger
features may also include contributions from multiple layers of the sample. Thus, these results

are in good agreement with the XRD results that showed low angle peaks indicative of some 2-D
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cluster formation, but no crystallite formation at the loadings characteristic of most of the
samples in Figure 2-11. Even in the case of HPM-15/N-C-600, see Figure 2-11(c), for which
there is evidence in XRD of crystallite formation, most POMs are still dispersed molecularly or

in small clusters on the support.

20 nm §1

20 nm : 20 nm

Figure 2-11. STEM-HAADF image of (a) HPM-10/C; (b) HPM-20/N-C-1000; (c) HPM-15/N-
C-600; (d) HPM-7/ mpgCsNa.
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2.3.6 NHs-TPD

NHs-TPD was used to measure acid site population and acid strength for C and N-C-600
supported catalysts. For C-supported HPM catalyst, NH3-TPD of both catalyst and support were
taken. Taking HPM-10/C as an example, the raw data from mass spectrometer for both HPM-
10/C and C are shown in Figure 2-12. As shown in the figure, carbon itself can adsorb a small
amount of NHs, meaning that it has a small amount of weak acid sites on the surface. This
support contribution will be subtracted from the NH3 signal of HPM-10/C to get the amount of
NHs that is adsorbed by only HPMs. No other N-containing species were observed during the

TPD for HPM-10/C and C. NHjs signal are based on the mass spectrometer signals for mass 17.
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Figure 2-12. Mass spectrometer signals for NHs-TPD from HPM-10/C and C. NH3 was
monitored using mass 17. Both spectra were based on same amount of support mass.

The NH3-TPD data (support contribution subtracted) for HPM-7/C, HPM-10/C, HPM-15/C,
HPM-20/C and HPM-30/C are shown in Figure 2-13 and Figure 2-14, where NH3 signal based

on mass 17 is shown in Figure 2-13 and N> signal based on mass 14 is plotted in Figure 2-14. As
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is demonstrated in the Figure 2-13, for HPM-7/C, HPM-10/C, HPM-15/C and HPM-20/C, NH3
desorbed between 120 and 350°C, the peak area increases with HPM loading and also shifted
slightly to higher temperature. However, for HPM-30/C, the peak area between 120 and 350°C
decreased compared to HPM/C with low loadings and an additional peak at 400°C appeared. In
the meantime, a N2 peak at 400°C was also observed, as shown in Figure 2-14, whereas the N2
peak for HPM-20/C was very small (at about 300°C) with no N2 peak for HPM/C catalyst with
loadings lower than 20wt%. This indicates that the acid strength for some of the protons in
HPM-30/C is higher than the other HPM/C catalysts with lower loadings, possibly because small
clusters of POMs existed in this catalyst whereas in the low loading ones the POMs are
molecularly dispersed. The integration result of the peaks (from both NHz and N2) is shown in

Table 2-4.
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Figure 2-13. NHz3 desorption signal (in mol N/(mol POM -<C)) based on mass 17 for HPM-7/C,
HPM-10/C, HPM-15/C, HPM-20/C and HPM-30/C. Support (C) signal has been subtracted.
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Figure 2-14. N> desorption signal (in mol N/(mol POM -<C)) based on mass 14 for HPM-7/C,
HPM-15/C, HPM-20/C and HPM-30/C.

Calculated H*/POM ratio
Catalyst

from NH3s peak from N2 peak total
HPM-7/C 0.82 0 0.82
HPM-10/C 0.9 0 0.9
HPM-15/C 1.11 0 1.11
HPM-20/C 1.32 0.03 1.35
HPM-30/C 0.82 0.58 1.4

Table 2-4. Calculated H*/POM ratio based on the integration result of NHz and N2 peaks in
NHs-TPD.

For N-C-600 supported catalysts, a TPD procedure without the NH3 adsorption step was
performed first to get an idea of how much NHs or other N species (e.g. N2) would come off

from the N-C-600 support or N-C-600 supported catalysts themselves. As is shown in the Figure
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2-15(a), N-C-600 itself can emit a large amount of NHz3 in the temperature range of 400-700°C,
which could come from breaking of C-N bond for the amino groups on the surface of N-C-600.
A rough estimate based on the integration of the peak gives a density of 2.2*10%° -NH_ per gram
N-C-600. This is consistent the -NH: density result calculated with XPS result (4.9%10%° -NH,

per gram N-C-600), if we assume a surface atom density of 3.6*10'° /m? for N-C-600.

After HPMs were loaded on N-C-600 however, take HPM-7/N-C-600 for example, the peak that
may correspond to -NHz decreased dramatically, while in the meantime we see a big increase in
the N2 emission of the sample. This simultaneous decrease in NHz and increase in N2 can be
interpreted as the -NH. groups interacting very strongly with HPM, so instead of coming off as
NH3 they came off oxidized to N2. For HPM-30/N-C-600, the shape of N peak is different from
that of HPM-7/N-C-600, a sharp peak at around 600°C was observed. This can be attributed to
NH4PM crystallite formation observed in XRD for this sample, because the same sharp peak

appears in the TPD result of bulk NH4PM at similar temperature.
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Figure 2-15. (a) NHz and (b) N2 desorption signal without NH3 adsorption step for N-C-600,
HPM-7/N-C-600 and HPM-30/N-C-600 (all NHz and N2 came from N-C-600). NH3z and N>
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Signals are based on mass 17 and mass 14 respectively, and are normalized by the amount of N-
C-600 used in the experiments.

Figure 2-16 showed the NHz evolution for HPM-7/N-C-600 and HPM-15/N-C-600 after the NH3
adsorption step was added before the temperature ramp. No new N peak appeared and the N
peak area remained the same. The new NHs peak, coming from the HPMs, appeared in the
temperature range of 150-350 °C, which is similar temperature compared to that observed for the
low loading HPM/C catalysts. H*/POM ratios are calculated to be 0.58 and 0.53 for HPM-7/N-

C-600 and HPM-15/N-C-600 respectively.
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Figure 2-16. NHsz desorption signal (mol N/(mol POM -<C)) based on mass 17 for HPM-7/N-C-
600 and HPM-15/N-C-600.

NH3-TPD for mpgCsN4 supported catalysts was also carried out. However, the N species
desorbed from the support itself were complicated and hard to analyze, so the results are not
shown here. NH3z-TPD for N-C-1000 supported catalysts were not performed due to the limited

amount of N-C-1000 materials.
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2.3.7 Butene Chemisorption

Butene chemisorption was also used to measure acid site population[59, 75]. Results are shown
in Table 2-5. To address the large variation in surface area among the supports, catalysts with
different supports were grouped based on the POM coverage level (0.04, 0.06 and 0.09
POM/nm?). Take 0.06POM/nm? for example. As shown in Table 2-5, both HPM-15/C and
HPM-20/N-C-1000 gave similar acid site population results (1.3 vs. 1.2 H*/POM), which is
about half of the stoichiometric value (3 H/POM). This is consistent with literature results
showing that activated carbon supported POMs are less acidic than bulk POMs[76]. It also
implies that the low nitrogen content (2%) of the N-C-1000 sample did not make a significant
contribution to removing acid sites. However, for the supports with higher nitrogen
concentrations, the H*/ POM ratio was dramatically lower. For HPM-10/N-C-600, the H*/ POM
ratio decreased to 0.55. For HPM-3/mpgCsN4, which contains 53% nitrogen in the support, the
H*/ POM ratio dropped to an almost undetectable level, suggesting a very strong interaction
between the HPM and mpgCsN4 which consumes almost all the available HPM protons at this
loading. Note that the low H*/POM ratio for HPM-3/mpgCsN4 was not due to the low loading, as
the acid site population for HPM-30/mpgCsN4 was also measured to be about 0.03 H*/POM.
Thus, the same strong interaction between HPM and mpgCsN4 was observed even at 30wt%
HPM loading. Experiments in which the catalysts were exposed to ammonia prior to butene
uptake demonstrated complete suppression of butene adsorption. Thus, any NH4" species that
may have been present on the catalyst are insufficiently acidic to bind butene and are not counted

as acid sites by this method.
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Overall butene chemisorption gave similar results compared to NH3-TPD. However, butene
chemisorption failed to portray the increasing H*/POM trend with HPM loading for the carbon-
based catalysts. This is possibly because butene chemisorption cannot access protons in small
POM clusters (2 or 3 POM molecules), and such clusters might exist for higher-loading HPM/C
catalysts. However, since we are focusing on the H*/POM trend at the same POM surface
coverage level (0.04, 0.06 and 0.09 POM/nm?), butene chemisorption still gives valid results

when making comparisons within the same surface coverage group.

Supported HPM catalysts H*/ POM
HPM-10/C 1.33
HPM-15/N-C-1000 1.14
0.04 POM/nm?
HPM-7/N-C-600 0.58
HPM-2/mpgCsN4 less than 0.03
HPM-15/C 1.30
HPM-20/N-C-1000 1.20
0.06 POM/nm?
HPM-10/N-C-600 0.55
HPM-3/mpgCsN4 less than 0.03
HPM-20/C 1.35
HPM-30/N-C-1000 1.10
0.09 POM/nm?
HPM-15/N-C-600 0.50
HPM-4/mpgCsN4 less than 0.03

Table 2-5. N atom% on support surface (determined by XPS) and H*/POM measured by butene
adsorption for supported HPM. Catalysts are grouped by POM surface coverage.

2.4  Discussion
Three nitrogen-containing carbon materials (N-C-1000, N-C-600, mpgCsNa4) with different

nitrogen concentrations and nitrogen species distributions were examined in this study. XPS
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revealed that most of nitrogen in all three materials belonged to quaternary nitrogen, pyrrolic
nitrogen and pyridinic nitrogen or their analogous species. However, in N-C-600 and mpgCsNz,
for which the nitrogen contents were higher, some -NH> groups were also present on the surface.
For N-C-600, the -NH2 coverage on the surface was calculated to be about 2% based on the
nitrogen content of the sample (19%) and the fraction of the XPS signal assigned to -NH> groups
(10%). In the case of mpgCsNs, it is more complicated to determine the -NH, coverage because
of the overlap with the N2 peak in XPS (see Figure 2-2(f)). However, an estimate can be made
based on the N1 and N3 concentration obtained and the theoretical ratio of N1: N2: N3 in an
ideal C3Ng4 structure (1: 1: 6, see Figure 2-2(g)). Since N1 and N3 account for 11% and 72% of
the total nitrogen, the N2 concentration can be estimated at about 12%. Subtracting this value
from the total assigned to N2 and -NH> yields an -NH percentage of about 5% of the total N.
This corresponds to a -NH. surface coverage of about 2.7%, given the overall nitrogen content of

53%.

It should be noted that the NH. surface coverages estimated above for both N-C-600 and
mpgCsNg4 are similar to the surface oxygen atom contents of these materials determined by XPS
(Table 2). Thus, one cannot exclude the possibility that the -NH2 groups present are amides (i.e.,
bound to a carbonyl carbon), rather than amines. If this is the case, their removal by hydrolysis
with acidic POM solutions would be expected to be facile and may explain the observed

formation of ammonium salts of the POMs.

HPMs can be supported on C, N-C-1000, N-C-600, mpgCsN4 and remain well dispersed at low

coverages (less than 0.06 POM/nm?). Individual HPM molecules can be seen on all four supports
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in the STEM-HAADF images (Figure 2-11). FTIR spectra showed that the HPMs were stable on
all four supports (Figure 2-3) and that POMSs remain its structure after methanol oxidation
reactions (Figure 2-5). IR taken after the water-washing experiments showed that POMs are
strongly adsorbed on N-C-600 and mpgCsNa4 even at very high loadings. XRD further showed
that for C and N-C-1000, where there was no or little nitrogen and no -NHz groups, some HPM
crystallites were formed as the HPM loading was increased. For N-C-600 and mpgCsNa4, where -
NH. groups are present, NH4sPM crystallites were observed. This suggests that when there is NH:
present on the support, the -NH> can be extracted by POMs, possibly by amide hydrolysis. This
ammonium salt crystallite formation has not been previously recognized, although evidence for
this phenomenon can be found in published data for POMSs on nitrogen-containing carbons [12,
77, 78]. Regardless of the mechanism by which it occurs, it is important to recognize this
phenomenon in catalyst preparation because it represents a change in the identity of surface

species actually formed.

Another noteworthy point from the XRD results is the ability to disperse HPMs on the four
materials tested. N-C-1000 showed a similar capability of dispersing HPMs compared to C, both
can disperse about 0.20 POM/nm?. However, the presence of abundant -NH2 groups on the
support does not improve the dispersion of POMs because of the tendency to form ammonium
salt crystallites, in contrast to the earlier suggestions that -NH2 will help disperse POMs[39].
This was demonstrated very clearly in the case of N-C-600, which can disperse less than 0.06
POM/nm? of HPMs before ammonium salt crystallite formation is detected. Surprisingly,

mpgCsNa, which is nitrogen-rich and has amine groups present on the surface, can achieve full
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monolayer dispersion. Even at 2.06 POM/nm?, the amount of NH4PM crystallites formed

remained very small.

The estimate of NH4PM crystallite content for HPM-30/N-C-600 from XRD is consistent with
our determination of the population of -NH> groups on this support from XPS. The 30wt% HPM
loading on this 600 m?/g support corresponds to a nominal coverage of 2.4 10*3/cm?; conversion
of this entire amount to (NH4)3PMo12040 would require 7.2 10* -NH/cm?. From the surface
atom density of graphite (3.8 10'°/cm?) the nitrogen content of the N-C-600 material (19 at%),
and the fraction of the nitrogen present as -NH, from XPS (10%), one can estimate the coverage
of available -NH: groups to be 7.2 10'% -NH2/cm? Thus, there are sufficient amino groups on N-

C-600 to convert 30% of the HPM loaded to ammonium salts as estimated from XRD.

The combined results of XRD and the nitrogen species distribution information obtained from
XPS suggest an HPM-support interaction that mainly involves the Npyridinic and amino groups on
the support. It is possible that HPMs interact with both Npyriginic and amino groups (-NH.), where
the Npyridinic lead to dispersed HPMs and the amino groups to NHsPM crystallites. Based on the
XPS spectra of N-C-600, the ratio of (-NH2)/ (-NH2+ Npyridinic) is calculated to be 17%, which is
roughly comparable to the NH4PM crystallite percentage in HPM-30/N-C-600 estimated from
XRD. Thus, in the sample HPM-30/N-C-600, it is possible that around 20-30% of HPMs
interacted with amino groups and formed ammonium salts, whereas the other 70-80% of HPMs
interacted with pyridinic N and were dispersed on the support. This proposed mechanism can
also offer an explanation to the superior HPM dispersion ability of mpgCsN4 compared to N-C-

600, despite having similar -NHz surface concentration, since mpgCsNa4 has far more pyridinic
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nitrogen in its structure. Therefore, in HPM-50/mpgCsNg4, nearly all of HPMs loaded are
potentially interacting with the Npyriginic (N3 in Figure 2-2(g)) with very few interacting with
amino groups and forming NH4sPM. Moreover, at HPM loadings less than 50wt% on mpgCsNa,
the HPMs are likely to interact with pyridinic N only. Another possible explanation for this
excellent ability of mpgCsN4 to disperse POMs is its ordered structure. The characteristic
rhombic unit cell dimension of mpgCsNa is 1.43 nm if planar, 1.37 nm if corrugated[79]. This is
slightly larger than the POM anion (1nm). Thus, it is geometrically feasible for HPMs to form a
2 %2 array in the voids of mpgCsNg structure, see Figure 2-17. Such packing could achieve
coverages of 70 to 78% of a theoretical close-packed POM monolayer. Both factors, the
abundance of pyridinic N and its ordered structure, suggest that mpgCsNs may be a promising
candidate to support POMs at high surface coverages. Strong binding of the POMs in this
fashion may also explain the absence of ammonium salt formation at monolayer coverage and

below, even when surface NH2 groups are available for salt formation as on N-C-600.

Figure 2-17. Proposed surface structure for HPM/mpgCsN4. HPMs form a 2 %<2 array in the
voids of mpgCsNa structure. Bottom right: top view of Cz Symmetry HPM.
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NHs-TPD and butene adsorption was carried out in order to measure differences in acid site
population and acid strength. NHz-TPD showed that the H/POM ratio for HPM/C catalysts
increased with HPM loading, and that the acid sites get stronger with higher loading catalyst
such as HPM-20/C and HPM-30/C. Butene chemisorption failed to portray the increasing
H*/POM ratio trend with loading possibly because it is sensitive to dispersion, so the results are
only used for acid site population comparison at the same POM surface coverage level. Based on
the butene chemisorption results, at the same surface coverage level, N-C-600 (19% nitrogen)
and mpgCsN4 (53% nitrogen) can reduce acid site population quite effectively due to their strong
interaction with POMs compared to C and N-C-1000. mpgCsNa4 suppressed almost all acidity.
The strong interaction observed in N-C-600 and mpgCsN4 supported catalysts with butene
chemisorption is consistent with the preliminary water washing experiment. These results
provide guidance for controlling the acid site population of supported POM systems by taking

advantage of the interaction between POMs and nitrogen-containing carbon materials.

2.5  Conclusions

Three nitrogen-containing carbon materials with a wide nitrogen content range and different N
species distribution (N-C-1000, N-C-600 and mpgCsNa) were synthesized and used to support
POMs (HPM and HPW). By comparing C, N-C-1000, N-C-600 and mpgCzNs, the effects of
nitrogen in the support (both concentration and species distribution) on POM dispersion and acid
site population were examined. XRD and FTIR demonstrated that high levels of -NH> can lead to
ammonium POM salt crystallite formation. The POM dispersion ability of these supports
followed the trend: N-C-600 < N-C-1000 =~ C < mpgCsNa. mpgCsNg, in particular, can produce

monolayer POM dispersions, possibly because of its rich pyridinic nitrogen content and its
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ordered structure. At low POM coverage (0.04, 0.06 and 0.09 POM/nm?), the acid site
population followed the trend: C =~ N-C-1000 > N-C-600 > mpgCsNa. Thus, by using nitrogen-
containing carbon materials as supports, one can construct molecularly-dispersed POMs catalysts

with controllable acid site populations.
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Chapter 3 Nitrogen-containing Carbon Supported POMs as Catalysts for Methanol
Oxidation

3.1 Introduction

3.1.1 Methanol Oxidation as a test reaction

Methanol oxidation is a commonly used catalytic surface probe because it satisfies the three
general criteria considered for such reactions. First, the activity should be influenced by the
properties of catalytic surface, such as the chemical composition and the arrangement of surface
atoms. Second, the test reaction should present different selectivity patterns, where different
reaction routes can lead to different final products. Third, the mechanism of the test reaction
should be thoroughly understood to give a correct interpretation of catalytic behavior observed.
The pathways of methanol oxidation have been proposed by Iglesia[24] and Tatibouet[30]
(shown in Scheme 3-1), where on acid site dimethyl ether is formed through dehydration of
methanol, whereas on oxidation site methanol is oxidized into formaldehyde (HCHO), which can

further react to become dimethoxymethane (DMM) and methylformate (MF).

CH,;0H H CH,0CH, (dimethyl ether, DME)
+ CH,0H
+ O* .
| H',07 +CHOH+ %0, > HCOOCH, (methyl formate, MF)
0* H* +2 CH,0H _
%0, HCHO * CH,(OCHs,), (dimethoxy methane, DMM)

(formaldehyde)

Scheme 3-1. Methanol oxidation and dehydration pathways as proposed by Iglesia.
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Although it might seem that the dehydration and oxidation pathways are independent of one
another, research from Iglesia and co-workers have proved that this is not the case. It is shown in
their work using SiO.-supported POM catalysts that when protons are titrated during reaction,
both dehydration and oxidation rates dropped to very low level, which suggested that protons
play a role in the methanol oxidation pathway too. The DFT study carried out by the same
researchers suggested an oxidation pathway that involved proton sitting close to the oxidation

site, which could possibly help stabilize the adsorbed methanol molecule.[24]

3.1.2 Nitrogen-containing carbon supported POMs as Oxidation catalysts in the literature
Amine-decorated carbon (N wt% = 1.7%[39], 1.1%[80]), and carbon embedded with other N-
containing species (e.g., pyridinic, graphitic nitrogen) (N wt% = 2%[41, 81], 3.6%[82], 10.6%
[42]) and nitrogen-containing polymers such as polyaniline (N wt% = 15%)[32] have been used
as supports for POMs. They have proven useful in isopropanol oxidation[39, 42, 80, 82],
methacrolein oxidation[81], methanol oxidation[41] and isopropanol decomposition[32],
displaying in all cases a decrease in acid catalytic activity and enhanced oxidation activity
compared to unsupported POMs. While nitrogen appears to play an important role by
neutralization of some acidity, thus promoting selective oxidation pathways, the nature of the
POM-support interaction is unclear. Moreover, previous studies have tended to examine a fairly
narrow range of nitrogen concentrations (N wt% < 15%, N atom% < 10%) that may not fully
reflect the potential for utilizing basic supports. In this section, catalysts supported on C, N-C-
1000, N-C-600 and mpgCsN4, with a wide span of nitrogen content range (0-53atom%) are
tested, to study how the support effect can change the result of methanol oxidation and

dehydration.
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3.2  Experimental

Methanol oxidation was carried out in a ’4” quartz tube in a resistively heated furnace (Mellen
Microtherm) with a thermocouple placed at the top of the catalyst bed. Catalysts were pretreated
in 20 kPa O and 80 kPa He by ramping up temperature at 10 °C/min to 220°C and holding for
0.5 hours before exposing catalysts to reactants. Reaction mixtures contained 5 kPa methanol
(99.99%, Fisher), 2.5 kPa water (distilled and deionized), 20 kPa O2 (99.99%, Purity Plus) and
balance He (99.99%, Purity Plus). Methanol and water were delivered using syringe pumps
(New Era Pump Systems NE-300). He and O were delivered via flow controllers (GF80/GF40,
Brooks). Catalyst loading (10-150 mg) and flow rate (10-100 sccm) were adjusted to maintain
methanol conversions below 5%. Products were analyzed using an online gas chromatograph
equipped with a DB-1 capillary column connected to FID and packed Hayesep Q and
ShinCarbon ST columns connected to a TCD. All rates reported in this paper were measured
after the catalyst reached steady state. For the higher surface area supports, up to 13 hr was
required for DME formation to reach steady state. For the low surface area carbon nitride
support, steady state was achieved more rapidly. This suggests that some slow rearrangement of
the high surface area catalysts may occur under reaction conditions, as the activity decrease prior
to reaching steady state was less than 50% in all cases. An example of the variation of DME
production, measured by GC, is shown in Figure 3-1. Data points in the red box were used to
calculate the average steady-state partial pressure of DME (Ppwmg) and standard deviation. In this

case the Ppme was calculated to be 0.0486 +0.00386 kPa, representing about #7.9% error.
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Figure 3-1. Ppme (partial pressure of DME measured by GC) vs. time for HPM-10/C (170mg)
reaction at 220°C, with 30sccm total flow rate, 101kPa total pressure, 5 kPa CH30OH, 18 kPa O,
2.5 kPa H20 and balance He. Data points in the red box were used to calculate the steady-state
Powme average and standard deviation.

DME, HCHO, MF, DMM and H>O were the main products for most of catalysts. CO and CO-
were also detected, but the amount was small compared to the main products. Selective oxidation
turnover frequency (TOF) was defined as the molar sum of HCHO, MF and DMM per POM, as
the formation of DMM and MF each requires the formation of one molecule of HCHO, the
primary product. Dehydration TOFs are presented in two ways, both as the molar production rate
of DME normalized per POM and molar production rate of DME per Brensted acid site (H"),
based on the acid site populations measured from butene adsorption experiments. Amounts of
COx products (CO+CO2) TOF per POM are also reported. All the analysis of TOF variations in
this chapter is based on the assumption that the nature of the active sites is the same before and

after reaction.
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3.3 Results

3.3.1 Loading effects in C, N-C-1000, N-C-600 and mpgCsN4 supported HPM catalysts
Methanol oxidation was used to probe both acid and oxidation activity of the supported POM
catalysts. Shown in Figure 3-1 are selective oxidation products (HCHO+MF+DMM), DME and
COx turnover frequency (TOF) normalized per POM plotted vs. POM loading (wt%). As can be
seen in the figure, for HPM/C and HPM/N-C-1000 catalysts, both selective oxidation and DME
TOF increased as HPM loading increased. The DME TOF trend observed here is consistent with
the NH3-TPD results for HPM/C shown in Chapter 2 (Table 2-4), where for catalysts with higher
HPM loading, both acid site population and acid site strength increased. To account for the
change in acid site population, DME TOF data normalized per H* (acid site population measured
by NHs-TPD) are calculated for HPM/C and plotted in Figure 3-1(a). As shown in the figure,
DME TOF per H still showed a similar increasing trend with HPM loading compared to DME
TOF normalized by POM, which suggested that only a portion of the increasing trend can be
explained by the increase in total acid site population, because otherwise a flat line should be
observed when TOF is normalized per H*. A similar trend was observed in another research
conducted in Barteau Group that involved using cation exchange to control the acid site of
supported POMs, in which the non-ideal increasing trend is explained by a difference in
thermodynamic activity of protons between catalysts with different H*/POM ratio. A similar
discussion applied to HPM/C catalysts with different loadings can be found in Section 3.4.1.

For both HPM/C and HPM/N-C-1000, oxidation TOF per POM also followed a similar trend
with DME TOF, which is consistent with studies from Iglesia group, indicating that protons are
needed in methanol oxidation with supported POM catalysts[24]. COx TOF was low for all

HPM/C and HPM/N-C-1000 catalysts.
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Figure 3-2. Oxidation (HCHO + MF + DMM) TOF per POM, DME TOF per POM, COx TOF
per POM and DME TOF per H* at various HPM loading (wt%). (a) HPM/C, (b) HPM/N-C-1000
The TOF trend for DME, Selective Oxidation and COx products for HPM on N-C-600 and
mpgCsNg is quite different from that on C and N-C-1000. For both HPM/N-C-600 and
HPM/mpgCsNg, a decreasing trend for both DME and Oxidation TOF with loading is observed,
as demonstrated by Figure 3-2. One possible reason for the different trend observed in Figure 3-1
and Figure 3-2 is that unlike HPM/C and HPM/N-C-1000, the H*/POM ratio for HPM/N-C-600
and HPM/mpgCsNs. did not change much when HPM loading changed (H*/POM ratio measured
by NH3-TPD for HPM-7/N-C-600 and HPM-15/N-C-600 is 0.58 and 0.53 respectively. Acid site
population for HPM/mpgCsN4 remains very close to zero within the loading range of 2-30wt%.).
Thus, it is possible that with H*/POM ratio remaining constant, other factors come into play, e.g.,
POM dispersion effects. For HPM/N-C-600, NH4PM crystallites were identified in XRD for
HPM loadings higher than 15wt% (shown in Chapter 2, Figure 2-7), which could lead to a loss in
the number of active oxidation sites. For HPM/mpgCsNg4, although no crystallites was observed

up to 30wt%, clusters of 2-3nm did appear in HAADF-STEM for HPM-7/mpgCsNa4, meaning
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that small clusters of 2-3 POM molecules can form at relatively low loading. Therefore, it is
possible that such cluster formation in HPM/mpgCsN4 can lead to blockage of active sites and

thus low oxidation TOF.

For DME and COx TOF, HPM/N-C-600 and HPM/mpgCsNa also exhibited very different
behavior compared to HPM/C and HPM/N-C-1000. DME TOF are much lower compared to
catalysts with C or N-C-1000 as supports, which is consistent with the lower H*/POM ratio from
butene chemisorption. COx TOF, however, is higher than that from HPM/C and HPM/N-C-1000,

which agrees with literature results that suggest CO> is mainly formed on basic sites[30].
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Figure 3-3. TOF for Oxidation (HCHO + MF + DMM), DME and COx at various HPM loading
(Wt%). (a) HPM/N-C-600, (b) HPM/mpgCaNa

3.3.2 HPM/C, HPM/N-C-1000, HPM/N-C-600 and HPM/mpgCsN4 at comparable surface

coverages
In this section methanol oxidation and dehydration results are compared across four different

supports on the same coverage levels (0.04, 0.06, 0.09 POM/nm?). DME TOF (POM %s)* is
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shown in Figure 3-3 (a). As demonstrated, HPM on C and N-C-1000 showed almost the same
acid activity at every coverage level respectively. However, the acid activity decreased
dramatically for supports with higher nitrogen content (N-C-600 and mpgCsNsa). It dropped two

to three orders of magnitude from C to mpgCsNa4 for comparable POM coverages.

Much of the dramatic drop in acid activity in Figure 3-3(a) can be explained by the decrease in
acid site population, since the TOFs in Figure 3-3(a) were normalized per POM. In Figure 3-3(b)
DME TOF (H* ks)* were plotted, where the acid site population is based on the butene
chemisorption results. Because of the difficulty of measuring acid site populations on the
mpgCsNj4 catalysts, dehydration TOFs per acid site are less reliable for these catalysts. Even so,
comparing the N-C-600 supported catalysts to the carbon-supported catalysts, it is apparent that
the decrease in rate is larger than can be explained by the decrease in acid site population
measured by butene chemisorption shown in Chapter 2, Table 2-5. This suggests that supports
with higher nitrogen content not only reduce the acid site population, but also decrease the

reactivity of the remaining acid sites.
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Figure 3-4. (a) DME TOF (POM ks)?, (b) DME TOF (H* ks)?, (c) Selective Oxidation TOF
(POM ks)L, (d) COx TOF (POM ks)as a function of nitrogen content of the supports, at 0.04,
0.06, 0.09 POM/nm? coverage levels. (493 K, 5 kPa CH3zOH, 20 kPa Oz, 2.5 kPa H-O, less than
5% conversion)

Oxidation TOF is again reported in two parts, selective oxidation TOF (HCHO, MF, DMM) and
COx TOF (CO, COy). Selective oxidation TOF (POM ks) is presented in Figure 3-3(c). As

demonstrated, aside from HPM/N-C-1000, which exhibited similar activity as HPM/C, selective
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oxidation TOF also decreased as the nitrogen content increased to 19atom% and 53atom%.
However, COx TOF presented a different trend. As shown in Figure 3-3(d), N-C-600 and
mpgCsN4 produced more COx than C and N-C-1000, which is consistent with what is observed

in Section 3.3.1 and could be attributed to the basic nature of the supports with more nitrogen.

It is interesting that DME TOF and Selective Oxidation TOF follow the same decreasing trend if
comparing Figure 3-3 (a) and (c). This relationship is clearer in Figure 3-4, where Selective
Oxidation TOFs (POM %s)* are plotted vs. DME TOFs (POM ks)* and DME TOFs (H* ks)*
respectively. MpgCaNs-based catalyst data were not included in figure 3-4(b), because DME
TOFs per acid site are less reliable for these catalysts due to the difficulty in measuring acid
sites. Nevertheless, we can see in both figures that catalysts with higher DME TOFs, normalized
per POM or per acid sites, also exhibited higher oxidation TOFs. This is in agreement with
previous work by Iglesia[24]. They have shown that when titrating the SiO2-supported HPM
catalyst with 2, 6-di-tert-butylpyridine during methanol oxidation reaction, dehydration and
oxidation rate decreased together, which suggested that acid sites are involved in formaldehyde
production. Their DFT calculations indicated that the lowest energy pathway for methanol
oxidation involved interactions between molecular methanol and protons from the catalyst,

explaining the association between dehydration and oxidation rates.
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Figure 3-5. (a) Selective Oxidation TOF (POM ks)* as a function of DME TOF (POM ks)™ for
HPM/C (7-20wt%), HPM/N-C-1000 (7-30wt%), HPM/N-C-600 (7-30wt%) and HPM/mpgCsN4
(2-30wt%); (b) Selective Oxidation TOF (POM ks)* as a function of DME TOF (H* ks)™ for
HPM/C (7-30wt%), HPM/N-C-1000 (7-30wt%), HPM/N-C-600 (7-30wt%). (493 K, 5 kPa
CH30H, 20 kPa O3, 2.5 kPa H20, less than 5% conversion)

3.4 Discussion

3.4.1 Loading effects

The ability of using support-POM interaction to control acid activity was tested using methanol
oxidation and dehydration as a test reaction. When comparing oxidation and dehydration activity
with various loading within each support group, we found different TOF trend for C/ N-C-1000
supported catalysts and N-C-600/mpgCsNa supported catalysts. Both DME and Oxidation TOF
for C/N-C-1000 supported POM catalysts increased with HPM loading, whereas Oxidation TOF
for N-C-600/mpgCsN4 supported POM catalysts decreased with HPM loading (DME TOFs are

very low for those catalysts so the DME TOF trend is not discussed here).
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To understand why the DME TOF changed so much with HPM loading for HPM/C and HPM/N-
C-1000 catalysts, DME TOF per H* is plotted for various H*/POM ratios (only HPM/C data is
discussed here because we have shown in Section 3.3.2 that HPM/C and HPM/N-C-1000
exhibited identical reaction rates at the same POM surface coverages). In Figure 3-5 (a), an
increasing trend of DME TOF per H* vs. H/POM ratio is observed. This trend is similar to the
results of another POM project from Barteau Group, which focused on the effect of cation
exchange in supported POM catalysts. The finding from the cation exchange study showed that
when H*/POM ratio decreased due to different extent of cation exchange, the DME TOF in
methanol oxidation decreased exponentially. A novel theory is proposed to explain this TOF
behavior based on a framework developed to apply activity coefficients to describe supported
POM catalysts. Since a similar trend is seen here, the same method is applied to see if it can be

used to explain the ‘non-ideal’ behavior observed for HPM/C when HPM loading changes.

The main idea of the framework is to treat supported POM catalysts as a concentrated acid
solution that follows the theory of Debye and Hickel[83] and Harned’s rule[84, 85], which is
reasonable because similar to concentrated acid solutions, anions, cations as well as water (from
either water of hydration, or the water fed during reaction) exist in supported POM catalysts
under reaction conditions. Following this assumption, a modified Harned’s rule equation
(Equation 3-1) can be used to calculate the activity coefficient (yn) that describes proton activity,

using variable y defined as the fractional extent of proton removal (Equation 3-2).

Equation 3-1: Harned’s rule defined using the extent of proton removal, .

pure

log,,(yu)=log,,(v};")-ax
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pure

Where yy is activity coefficient for proton, v,

Is set equal to 1, y is the fractional extent of

proton removal defined in equation 3-2, and a is the Harned coefficient defined for the extent of

proton removal.

Equation 3-2: The fractional extent of proton removal, ¥, as a function of the quantity of acid
sites per POM, Nhs.

_ Ny+ 30— Ny+ x
X =

N H*,30
where y is the extent of proton removal, Ny+,30 is the quantity of protons per POM measured by
NH3-TPD for HPM-30/C, and Nu+,x is the quantity of protons per POM measured by NH3z-TPD

for HPM-x/C.

vH calculated using equation x with a = 2.5 is plotted in Figure 3-5 (a). As shown in the figure,
the yn curve (open symbol) has a similar shape as DME TOF per H* (closed symbol), which
indicates goodness of fit between the activity coefficients of H" and the non-ideal behavior
observed for DME TOF per H*. When the difference in yn is taken into consideration in the
calculation of TOF (TOF, described in Equation 3-3), the result appears invariant (with the
exception of HPM-20/C) with H*/POM ratio and HPM loading, as shown in Figure 3-5(b).
Therefore, by calculating TOF using proton thermodynamic activity instead of proton
concentration, we are able to normalize dehydration rates to get invariant TOFs with different

H*/POM ratios.

Equation 3-3: DME TOF defined using the proton activity coefficient and proton concentration.

mol DME
DME TOF,, (ks') =
OFy (k™) mol H* - yy - ks
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Figure 3-6. (a) DME TOF per H* and yw at various H*/POM ratio; (b) DME TOF, (H"-yn s)™*

at various H*/POM ratio for HPM/C

For HPM/N-C-600 and HPM/mpgC3Na, the H*/POM ratio did not change much with loading

within each support group, so a similar analysis could not be carried out. However, an attempt

was made to incorporate HPM-7/N-C-600 and HPM-15/N-C-600 data into Figure 3-5. As shown

in Figure 3-6, the addition of HPM/N-C-600 data did not disrupt the trend followed by HPM/C.

For both HPM/C and HPM/N-C-600 catalysts, DME TOF normalized by thermodynamic

activity DME TOF, (calculated using the same o value, 2.5) is relatively constant at various

H*/POM ratio and various HPM loading, suggesting that H/POM ratio may be the one

determining factor for DME TOF when either cation exchange or support effects is used to

control the acid sites in supported POM catalysts.
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Figure 3-7. (a) DME TOF per H* and yn at various H*/POM ratio; (b) DME TOF, (H"-yn s)™*
at various H*/POM ratio for HPM/C and HPM/N-C-600

In the cation exchange project for supported POM catalysts, the same trend of DME TOF was
found for oxidation TOF. And it is shown that when adding the thermodynamic activity
coefficient to normalize the oxidation TOF, i.e., using Equation 3-4 to calculate Oxidation TOF,,
the Oxidation TOF,, would also be invariant at various H*/POM ratio when the extent of cation
exchange varied. However, this is not true in the case of support effect, when H*/POM changed
with HPM loading as well as with different supports. As shown in Figure 3-7, the shape of yy did
not agree with the shape of Oxidation TOF per POM, especially at low loading HPM/C and
HPM/N-C-600 catalysts. Therefore, Oxidation TOF,, is not constant over various H*/POM ratio
here. This suggested that using cation exchange and support effect to control the oxidation
activity of supported POM catalysts is different when in the low H*/POM regime, possibly
because in that region dispersion effects and interactions between POMs and supports come into

play.
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Equation 3-4: Oxidation TOF defined using the proton activity coefficient and POM

concentration.
mol (HCHO + DMM + MF)

mol POM - yq - ks

Oxidation TOF, (ks)=

20 1.2
O 7(C) o
® Oxidation TOF per POM(C) ® 10
E 154 | ¥ 74(N-C-600) 1
= A Ozxidation TOF per POM(N-C-600) ® o8
@]
= o
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Figure 3-8. Oxidation TOF per POM and yu at various H*/POM ratio for HPM/C and HPM/N-
C-600

3.4.2 TOF trend at the same surface coverage level

When compared at the same surface coverage level (0.04, 0.06, 0.09 POM/nm?), DME formation
rates between N-C-1000 and C based catalysts showed that the 2 atom% nitrogen in N-C-1000 is
not effective in reducing the acid activity, contrary to common belief that a little nitrogen doped
in carbon would significantly affect the support-POM interaction. This has not been pointed out

in previous literature because most researchers have used unsupported POMs as a benchmark to
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compare their catalysts[39, 41, 42, 81, 82]. Supports with higher nitrogen content (N-C-600 and
mpgCsNa4), which have not been studied as supports for POMs before, produced much lower
DME formation rate regardless of coverage levels. mpgCsN4 suppressed almost all the acid

activity to 2-3 orders of magnitude below that of C and N-C-1000.

The selectivity of Selective Oxidation products for all catalysts tested here fell in the range of 60-
85% (molecule based), higher than the SiO2-supported HPM catalysts which usually have less
than 50% selectivity toward oxidation products under the same reaction condition. Among all the
catalysts tested, the N-C-600 based catalysts gave the highest selective oxidation selectivity (80-
85%), due to their significantly lowered DME selectivity (less than 5%) and moderate COx
formation. N-C-600 catalysts also give the highest selectivity to HCHO (about 80%) among all
the catalyst tested, since only a small portion of HCHO further reacted to become secondary
products. For mpgCsNa4 based catalysts, although with even lower DME selectivity (about 1%),
the selectivity of selective oxidation products is about 70% because they produce more COx (up

to about 30% selectivity.)

3.5  Conclusions

Within each support group, DME TOF and Oxidation TOF responded in different ways to
loading changes for HPM supported on C/N-C-1000 and HPM supported on N-C-600/mpgCaNa.
For HPM supported on C/N-C-1000, DME TOF and Oxidation TOF increased as HPM loading
increased. The increasing trend of DME TOF per H* can be portrayed by the trend of
thermodynamic activity coefficient y vs. H/POM ratio, which is consistent with the DME TOF
behavior when cation exchange is used to control acid sites. The DME TOF normalized per

proton activity is constant over a H*/POM ratio range of 0.5-1.4 when both HPM/C and HPM/N-
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C-600 are plotted. Oxidation TOF (POM * yy) is not constant over the same range of H*/POM
ratio, possibly because of dispersion effects and the interactions between POMs and different

supports at low H*/POM ratio.

When compared at the same surface coverage level (0.04, 0.06, 0.09 POM/nm?), both DME TOF
(POM ks)* and Selective Oxidation TOF (POM ks)* followed the trend: C ~ N-C-1000 > N-C-
600 > mpgCsN4, with DME TOF (POM ks)* dropping more dramatically than Selective
oxidation TOF. N-C-600 based catalyst presented the highest selectivity to selective oxidation
products as well as to formaldehyde. This is the first systematic study of the modification of
POM acidity by nitrogen-containing carbon support materials, which can provide guidance in

using supports to tune the properties of supported POMs.
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Chapter 4  Kinetics and mechanistic details for methanol oxidation and dehydration

4.1 Introduction

The known structure and bifunctional nature of POMs make them ideal to probe the mechanism
for methanol oxidation and dehydration. Mechanistic interpretations of the formation of primary
products, DME from CH3OH dehydration and HCHO from oxidative dehydrogenation (ODH,
calculated as the sum of HCHO, MF and DMM) has been studied in detail by Iglesia and co-

workers using SiOz-supported POM catalysts[24, 86].

For methanol dehydration, Iglesia and co-workers proposed that DME is formed by the
concerted reactions between co-adsorbed CH3OH molecules (protonated methanol dimer) and
involved a late ion-pair transition state according to their DFT calculation. These researchers
have also suggested that separate assessments of ionic and covalent deprotonation energy (DPE,
the energy required to separate a proton from a conjugate base to non-interacting distance), can

serve as a descriptor for DME reactivity[24].

For methanol oxidative dehydrogenation, existing literature has agreed that it involves Mars-van
Krevelen ODH redox cycles, and the rate limiting step is the breaking of C-H bond in either
adsorbed methoxy group or molecularly adsorbed methanol[24, 30]. The Iglesia group used DFT
results to argue that the H-abstraction from the adsorbed methanol molecule, rather than

dissociated methoxy group is more energetically favorable.[86] They also suggested that a late
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transition state was involved in this process, and that the energy of the transition state correlates
with H-atom addition energy (HAE), which is the energy of adding an H-atom to an O-atom in
POM molecule (the value is averaged over all the O atoms in POM structure). Thus, they
proposed that the HAE can be used as a reactivity descriptor for oxidative dehydrogenation

reaction of methanol.

There are fewer discussions about the kinetics of the secondary products in the literature.
Researchers generally agree that the formation of both MF and DMM involve hemiacetal
intermediates. Tatibouet has suggested that the selectivity of MF and DMM depends on the acid
strength as well as the nucleophilic character of the catalyst surface[30]. Iglesia found that the
reactions leading to DMM and MF are influenced by the properties of support surfaces[33, 87].
Acidic surfaces such as SiO, favored DMM formation, while amphoteric or dehydrogenating
surfaces like ZrO and TiO: led to MF formation. No specific rate equations or kinetic models

have been proposed for MF and DMM.

4.2  Experimental

Kinetics experiments for methanol oxidation and dehydration were carried out in a ¥4” quartz
tube in a resistively heated furnace (Mellen Microtherm) with a thermocouple placed at the top
of the catalyst bed. Catalysts were pretreated before the reactant mixture was flowed into the
reactor as described in Section 3.2. Four catalysts, including both HPM/C and HPM/N-C-600
catalysts with two surface coverage levels for each group of catalysts (HPM-10/C (0.04
POM/nm?), HPM-20/C (0.09 POM/nm?), HPM-7/N-C-600 (0.04 POM/nm?), HPM-15/ N-C-600
(0.09 POM/nm?)), were chosen for the kinetics experiments, so that both loading effects and

support effects on kinetics could be studied. Kinetic experiments for HPM/N-C-1000 were not
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performed because it has been shown in Chapter 3 that HPM/N-C-1000 catalysts behave very
similar to HPM/C at the same POM surface coverage levels. HPM/mpgCsNj4 catalysts were also
not chosen for kinetic experiments because of their general inactivity toward methanol oxidation

and dehydration as well as its high selectivity to COy products.

A series of experiments were carried out for each catalyst (HPM-10/C (0.04 POM/nm?), HPM-
20/C (0.09 POM/nm?), HPM-7/N-C-600 (0.04 POM/nm?), HPM-15/ N-C-600 (0.09 POM/nm?)).
The experiments performed using HPM-10/C are shown in Table 4-1. 170mg HPM-10/C catalyst

was used in all seven experiments, and the reactions were run at 220°C and 101kPa total

pressure. For experiment 1, the total flow rate was varied with all other variables (partial
pressure of CH3OH, O2 and H20 in the feed) kept the same. Changing the total flow rate leads to
a change in space time (or space velocity), thus a change to the conversion achieved at the end of

catalyst bed. For 170 mg HPM-10/C at 220°C, a change in total flow rate of 5-120sccm would

lead to 2.5-23% conversion. For experiment 2, O partial pressure was changed to study the
effect of Oz on the reaction kinetics. Results of experiment 2 showed that changing O partial
pressure had no effect on the kinetics of both methanol oxidation and dehydration, thus Oz is not
included in any discussion or figures in this chapter. For experiments 3 and 4, methanol partial
pressure was changed to see the role of methanol in the reaction kinetics. 0 kPa and 2.5 kPa
water were co-fed into the system in experiments 3 and 4 respectively to understand the kinetics
effect of water, because water accompanies the formation of every major product in methanol
oxidation and dehydration and it can compete with methanol for catalytic sites in the reaction
process. For experiments 5-7, various partial pressures of HCHO, MF or DMM were fed into the

reactor along with CH3OH, O and H>0, to check the kinetic effects of HCHO, MF or DMM
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respectively. Different partial pressures of HCHO, MF or DMM were achieved by injecting
using a syringe pump (New Era Pump Systems NE-300) a mixture of certain concentration of
HCHO/MF/DMM, CH30H and H-O that was mixed prior to the injection. Experiments 2-7 were
all run under 10% conversion. In all experiments the catalyst was allowed to go to steady state

before any change in flow rate or partial pressure was made to the system. All reactions, except

for HCHO + 2CH;0H «—— CH3;0CH,0CH;(DMM) + H,O0, are far from equilibrium under

the reaction conditions listed in Table 4-1.

flowrate| O, [CHsOH| HO | HCHO |HCOOCHs|CH2(OCHs),
(sccm) [(kPa)| (kPa) | (kPa) (kPa) (kPa) (kPa)
exprl | 5-120 | 20 5 2.5 0 0 0
expr 2 30 5-30 5 0 0 0 0
expr 3 30 20 2-20 0 0 0 0
expr 4 30 20 2-20 2.5 0 0 0
expr 5 25 20 15 25 10,0.6,0.9 0 0
expr 6 25 20 15 2.5 0 0,0.1,0.2 0
expr 7 25 20 15 2.5 0 0 0,051

Table 4-1. Kinetic experiments for 170mg HPM-10/C, 220°C, 101kPa. Balance He.

Data from all the kinetics experiments were used to construct the kinetics models. Ordinary
differential equations (ODEs) based on mass balance in packed-bed reactor and proposed
reaction mechanisms are solved numerically with Matlab. Kinetic parameters were adjusted

individually to get the model that gives prediction results closest to experimental results.
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4.3 Results

4.3.1 Reaction network

Information about the reaction network of methanol oxidation and dehydration are mainly given
by experiments 5-7 and will be discussed in this section. The results of experiment 1 (vary total
flow rate) and experiments 3&4 are shown in Figure 4-3 to Figure 4-10. These results will be

discussed in detail later in section 4.3.3.

Results from experiment 5 (co-feeding HCHO) are shown in Figure 4-1. As shown in the figure,
the formation rates of DMM, MF and CO are all first order in HCHO (Figure 4-1(a)), whereas
DME (Figure 4-1(b)) and CO; (Figure 4-1(c)) are both 0" order in HCHO. The results for DME,
DMM and MF is consistent with the reaction network proposed by both Iglesia[24] and

Tatibouet[30].

5 4 025
5 1(a) DMM | = |(b) = (0
) 44 ) ¥ 0204
'.f *M 3 n u u -JF;d
- | | |

% 3 g DME g 0.15 CO,
= MF | &% <
= 21 . [, 0.10
O o =
= co = = 0.0s-

0 . : . . 0 ‘ ‘ : : 0.00 : : : :

00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0

Pycpo (kPa) Pycno (kPa) Pycno (kPa)

Figure 4-1. TOF of (a) DMM, MF and CO (b) DME (c) CO: at various HCHO partial pressure
(PHcHo, kPa). Reaction and catalyst information: 156mg HPM-10/C, 220°C, 101kPa total
pressure, 25sccm total flow rate, 15kPa CH3OH, 20kPa O, 2.5kPa H;O, balance He.

Reaction pathways for CO and CO- have not been discussed in the literature before. It is

interesting to see from our experiment that CO and CO; have different kinetic responses
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regarding HCHO. This result suggests that CO is a secondary product coming from HCHO,
whereas COz is not. This is backed by another evidence that comes from the CO; partial pressure
vs. space time (1, calculated using Equation 4-1) plot based on results from experiment 1 (Figure
4-2). As can be seen from this figure, for all the four catalysts tested, at t = 0, the slope of an
imaginary curve for Pcoz has a non-zero value, meaning that at T =0, CO- is being produced at a
non-zero rate. Since at T = 0 only methanol, Oz and H20 exist, at least a portion of CO: has to

come directly from methanol as primary product.

Equation 4-1: Calculation of space time (7)
w

T=—F—
Fenzon, o

where W is HPM amount in pmol, Fchzon, o is CH3OH initial flow rate in umol/ks.
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Figure 4-2. Partial pressure of CO2 (Pco2, kPa) vs. space time t(ks) for (a) HPM-7/N-C-600, (b)
HPM-15/N-C-600, (c) HPM-10/C, (d) HPM-20/C

Experiment 6 (co-feeding different amounts of MF, data not shown here) demonstrated that co-
feeding MF does not affect the formation rate of DME, HCHO and DMM. CO and CO.
increased a little as more MF was fed, indicating that very small amount of MF can react to CO

and COa.
Experiment 7 (co-feeding various amounts of DMM, result shown in Table 4-2) showed that
both forward and reverse reaction of HCHO+2CH30H <« CH30OCH>0OCHs + H2O is significant

under reaction conditions. Table 4-2 presented the partial pressure of all the reactants and
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products when 0 kPa, 0.5 kPa and 1 kPa of DMM were fed into the reactor for HPM-10/C. As
shown, when 0.5 kPa DMM was introduced into the reactor, partial pressure of HCHO increased
from 0.27kPa to 0.52kPa, indicating that some DMM reacted with water to form HCHO and
CH3OH. Partial pressure of MF and CO also increased because some of the HCHO further

reacted into secondary products.
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feed 0 kpa DMM (feed 0.5 kpa DMM | feed 1 kpa DMM
PrcHo (kPa) 0.27 0.52 0.72
Powme (kPa) 0.10 0.11 0.13
PcHaon (kPa) 13.70 14.42 17.73
Pvr (kPa) 0.024 0.051 0.072
Pomm (kPa) 0.05 0.12 0.23
Pco (kPa) 0.007 0.013 0.016
Pcoz (kPa) 0.006 0.007 0.006

Table 4-2. Partial pressure of HCHO, DME, CH3OH, MF, DMM, CO and CO_ when 0 kPa, 0.5
kPa and 1 kPa of DMM is fed into the reactor. 170mg HPM-10/C, 220°C, 101kPa total pressure,
25sccm total flow rate, 15kPa CH3OH, 20kPa O, 2.5kPa H20, balance He.

Combining information from experiment 5, 6 and 7, a network reaction for methanol oxidation
and dehydration that involves every product is proposed. As shown in Scheme 4-1, this scheme
is the same as the one proposed by Iglesia[24] and Tatibouet[30] except that CO and CO; are
added to the network. CO is assumed to only come from HCHO in the reaction network, where
in reality some CO might also come from secondary products, as shown by the result of
experiment 6 (co-feeding different amounts of MF). CO- is assumed as a primary product,
possibly coming from methanol reacting with oxygen on the support surface (both C and N-C-
600 have some oxygen atoms on the surface as detected by XPS, shown in Chapter 2). However,
in reality, some CO- formation could also come from burning of secondary products.
Assumptions about CO and CO, were made so that the kinetic models were not too complicated
for these two products. All the reactions in the network are listed below in Scheme 4-2 with

correct stoichiometry.
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+ CH;OH

CH,OH CH;0CH; (DME)
+ CH;OH + O, HCOOCH; (MF)
?a 0, + CH,OH

HCHO

Co, &, CcO

CH,(OCH;), (DMM)

Scheme 4-1. Proposed reaction network for methanol oxidation and dehydration.

(1) 2CH;0H —> CH;0CH;(DME) + H,0
(2) CH;0H + 50, — HCHO + Hy0
(3) HCHO + CH;0H + 30, — HCOOCH;(MF) + H,0

(4) HCHO + 2CH;0H «— CH;0CH,0CH;(DMM) + H,0
(5) HCHO + 50, — CO + H,0

(6) CH30H + 20, — €O, + 2H,0

Scheme 4-2. Individual reactions in methanol oxidation and dehydration.

4.3.2 Proposed mechanisms and rate equations for DME, HCHO, MF and DMM

Mechanisms for the formation of DME, HCHO, MF and DMM proposed for constructing
kinetics models will be shown in this section. A general assumption for the mechanisms
proposed here is that two different sites are involved, Site a (acid site) and Site b (oxidation site),
where DME and DMM are assumed to form on Site a (H*), whereas HCHO and MF are assumed

to form on Site b (oxidation site).

The reaction steps happening on Site a are listed in Scheme 4-3. The steps for DME formation

listed here are largely based on the theoretical and kinetics studies by Iglesia and co-workers
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[24], where they suggested that formation of protonated methanol monomer and dimer are
involved to produce DME. One extra step that involved water competing with methanol to form
a protonated water-methanol dimer is added to better portray DME formation here, because it
has been found in our kinetics study that adding water has a negative effect on DME production
rate with all the HPM/C and HPM/N-C-600 catalysts tested (results shown in Figure 4-3 to
Figure 4-10, discussed in section 4.3.3). The steps involved in DMM formation are also proposed
in Scheme 4-3, which involved hemiacetal formation and hemiacetal condensation with another

methanol to form DMM. Detailed steps are described below.

The first step involves the quasi-equilibrated adsorption of CH3OH ( CH;0H - s,,) at Site a (Sa,
the acid site) (Step 1, Scheme 4-3). The adsorbed CH3OH ( CH;0H - s,;) can then react with

another CH3OH or a H>.O molecule in quasi-equilibrated steps, which involves proton transfer
from POM to CH3O0H - s, to form protonated dimer (CH;0H - s, - CH;0H and CH;0H - s, -
H,0) (Step 2 and 3, Scheme 4-3). The protonated methanol dimer (CH;0H - s, - CH;0H) can

then eliminate a H.O molecule and form DME (Step 4, Scheme 4-3).

For DMM formation, here we proposed that the adsorbed CH3sOH ( CH;0H - s,) can react with
HCHO formed on oxidation sites (will be discussed later in Scheme 4-5) and form adsorbed
hemiacetal (HOCH,0CHj; - s,;) (Step 5, Scheme 4-3), and this adsorbed hemiacetal
(HOCH,0CHj; - s,;) can react with another CH3sOH and eliminate a H.O molecule to form
adsorbed DMM ( CH;0CH,0OCHj; - s,;) (Step 6, Scheme 4-3). DMM can then desorb from the

surface (Step 7, Scheme 4-3).
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(1) CH30H + s, — CH;0H - 5,

(2) CH,OH - s, + CH;OH —> CH,0H - 5, - CH;0H

(3) CHOH - s, + H,0 &= CHy0H - 5, - Hy0

(4) CH30H - s, - CH;0H LR CH;0CH; (DME) + H,0 + s,

(8) CH;0H - s, + HCHO <> HOCH,0CH; - s,

(9) HOCH,OCHj; - s, + CH;0H % CH3;0CH,0CHs - s, + H,0

(10) CH3OCH,0CH(DMM) + s, &= CH;0CH,OCHs - s,

Scheme 4-3. Proposed reaction steps on Site a (acid site), step number 5-7 are used to describe

oxidation steps in Scheme 4-5 and do not appear here. Ki and ki represent the equilibrium
constant and rate constants for Step i.

Based on steps proposed in Scheme 4-3, if we assume that the adsorbed methanol monomer
(CH;0H - s,), protonated methanol dimer (CH;0H - s, - CH;0H) and the protonated methanol-
water dimer ( CH;0H - s, - H,0 ) are the most abundant reactive intermediate, and that Step 1, 2,
3, 5 are at quasi-equilibrium, whereas Step 4 and Step 6 are rate determining for DME and DMM
formation respectively, then the rate equation for DME and DMM formation can be derived as
shown by Scheme 4-4. K; and k; in these equations correspond to those listed in Scheme 4-3.

Note that equilibrium constants K1, Kz and Ks are used in both DME and DMM rate calculation,

because Step 1, 2, 3 are involved in both DME and DMM formation.

75



_ [CH30H * Sa]

L=
Pcuson * [Sal

[CH30H * Sa * CH30H]

2 Pcuson * [CH30H - s,4]

_ [H,0 -5, CH;0H]
37 Pyyo * [CH30H - s,]

_ [HOCH,OCHj - s4]
87 Pucno * [CH30H - 54]

[ CH;0CH,0CHs - 5,]

Poumm * [Sql

10 —

[ CH;0H - 5,] + [ CH30H - s, - CHsOH] + [ H,0 - s, - CHs0H] = L,
pME = k4 * [CH30H *Sg CH30H]

2
TpME ky * Ky * K * Peyzon

= 2
Lq Ky * Pepzon+Ky * Ky * Pepson”™ + Ky * K3 * Pepson * Przo

_ k4 * K3 * Peyson
1+ K3 * Pcuzon+Ks * Puzo

_ my * Peyzon
1+ my * Peyson + Ms * Pyao

. . m
inwhich m{ =k, *K, ,my =K,, ms =K;, m_1=k4’
4

Tomm = ko * [HOCH,OCH3 - 54] * Peyzon — kg * [ CH30CH,OCH3 - 5] * Pyzo

2
TDMM_k9*K1*K8*PHCH0*PCH30H — k_g * K10 * Poym * Przo

Lq Ky * Peyson+Ky * Ky * Peyson” + Ky * K * Pepson * Prao

2
_ Mg * (Myo * Pucno * Peuson” — Pomm * Przo)
Pcuzon * (1 +my * Peyson + Ms * Pyyp)

k_9K1g _ K1KgKg
Kk, 10 K10

inwhichms = (Ky = kk—Z), my = K,, mg =Kz

Scheme 4-4. Derivation of DME and DMM rate equations if we assume that the adsorbed
methanol monomer (CH3OH s3), protonated methanol dimer (CH3OH s, CH3OH) and the
protonated methanol-water dimer (CH3OH s, H20) are the most abundant reactive intermediates,
and that Steps 1, 2, 3, 5 are at quasi-equilibrium whereas Step 4 and Step 6 are rate determining
for DME and DMM formation, respectively. La is the total number of site a on the catalyst. K;
and ki in these equations correspond to those listed in Scheme 4-3. mj are the parameters used in
the kinetic models during calculation.
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The reactions on site b are listed in Scheme 4-5. Site b (oxidation site) is assumed to be bridging
oxygen in the POM structure with H* nearby, which is consistent with the model that Iglesia and
co-workers used in their kinetics and DFT study [24]. The elementary steps Iglesia proposed for
the formation of formaldehyde was adopted here too, as shown in Steps 5, 6 and 7 in Scheme 4-
5. The H-abstraction step was assumed to happen from an undissociated adsorbed methanol
molecule, rather than a methoxy, which is often assumed as intermediate in methanol oxidation
over transition metal oxides. A possible MF formation mechanism is then proposed that involves

the formation of hemiacetal and H-abstraction from hemiacetal to form MF.

Step 5 and 6 in Scheme 4-5 involved CH3OH and H>O competing to adsorb on the same
oxidation site, bridging oxygen in the POM structure with H* nearby, so that an additional H-
bond can be formed between the oxygen from CH3OH and the H" from POM and thus further
stabilize the structure. This step is likely relevant to the relationship between methanol oxidation
activity and acid site quantity and strength shown in Chapter 3, since the acid site is involved.
After CH30H is adsorbed on the oxidation site, subsequent irreversible steps followed with the

breakage of C-H bond in methanol and form HCHO (Step 7, Scheme 4-5).

As mentioned earlier in steps that occur on the acid site, after HCHO is produced on oxidation
sites, hemiacetal can be formed and then condense with another methanol to make DMM. In the
meantime, on the oxidation site, it is proposed here that hemiacetal can undergo another H-

abstraction step to form MF, eliminating one H>.O molecule (Step 12, Scheme 4-5).
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K
(5) CH;0H + s, &< CH0H - s,
Ke
(6) H20 + Sp <=>H20 *Sp
k
(7) CH30H - s, + 50, —> HCHO + H,0 + 5,
K
(11) CH50H - s, + HCHO <= HOCH,0CH; - s,
k
(12) HOCH,0CHs - 55, + %02 — HCOOCH; + H,0 - sy,
Scheme 4-5. Proposed reaction steps on Site b (oxidation site). Ki and ki represent the

equilibrium constant and rate constants for Step i. Step number 1-4 and 8-9 are used to describe
dehydration steps in Scheme 4-3 and do not appear here.

Based on steps proposed in Scheme 4-5, if we assume that the concentration of adsorbed
hemiacetal (HOCH,0CHj; - s;,) is small, and that Steps 5, 6, 11 are in quasi-equilibrium whereas
Step 7 and Step 11 are the rate determining steps for HCHO and MF respectively, then the rate
of formation for HCHO and MF can be derived as shown in Scheme 4-6. Note that equilibrium

constants Ks and Kg are used in both HCHO and MF rate calculation, because Steps 5 and 6 in

Scheme 4-5 are involved in both HCHO and MF formation.
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_ [CH30H . Sb]

5=
Pcuson * [Spl

_ [ H,0 - sp]

" Puzo * [sp]

. = [HOCH,OCH; - s},
" Pycno * [CH30H - sp]

[ CH30H - s,] + [ Hy0 - sp] + [sp] = L
Topu = k7 * [ CH;0H - s3]

TopH k7 * Ks * Pcyzon
Ly 1+ Ks*Pcyzont Ke * Puzo

_ my * Peyzon
1+ mg * Pcyzoy + Mo * Pyyo

m
where m; = k; K5, mg = Ks, mg=Ke, — =k
8

™™mF = klz * [HOCH20CH3 . Sb]

T’M_F_ku*Ks*K11*PHCH0*PCH30H
Ly 1+ K5 * Peyzon + Ke * Puzo

_ my * Pycro * Penzon
1+ mg * Pcyzon + Mo * Pryo

where m, = k12 * KS * Kll,mg = Ks,mg = KG y % = k12 * Kll

Scheme 4-6. Rate expression derivation for HCHO and MF, if we assume that the concentration
of adsorbed hemiacetal (HOCH2OCH?z sp) is small and that Steps 5, 6, 11 are in quasi-
equilibrium, whereas Step 7 and Step 11 are the rate determining steps for HCHO and MF
respectively. Ly is total number of site b on the surface of the support. K and k; in these
equations correspond to those listed in Scheme 4-5. m; are the parameters used in the kinetic
models during calculation.

For CO, a rate equation is proposed based on the assumption that CO comes only from HCHO
and is first order in HCHO. For CO., a rate equation is proposed assuming that CO> comes only

from methanol and that during this process methanol adsorb on a different site (possibly a basic

site). See Equation 4-3 and Equation 4-4 for rate expressions proposed for CO and CO-
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Equation 4-2: Rate expressions proposed for CO
Tco = Mg * Pycho

Equation 4-3: Rate expressions proposed for CO»
My4 * Peyzon
1+ mys * Peyson

Tcoz =

4.3.3 Kinetic models for DME, HCHO, MF, DMM, CO and CO;
Kinetic models for DME, HCHO, MF, DMM, CO and CO_ were constructed based on mass
balance in a packed-bed reactor (Equation 4-5) as well as the rate equations proposed in section

4.3.2. Combining the mass balance and the rate equations, and using X;(yield) as well as

PcH3oH
CH30H,0

Xcuson(conversion) = to rewrite partial pressure of both reactants and products ( P;),

we obtain equations 1-6 in Scheme 4-7, where the variables in each equation are either yield or
conversion. Equations 7 and 8 are expressions of conversion (based on methanol) and yield for

water calculated based on the stoichiometric values of all the reactions in Scheme 4-7.

Equation 4-4: Mass balance in packed-bed reactor

dX;
rra
Where X;(yield) = B piisthe partial pressure of a product in kPa, Pchson,o is the initial

Pcuson,o

partial pressure of methanol in kPa. t is space time defined in Equation 4-1.
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(1) dXpME __ my*Pcy30H,0*(1-XcH30H)

dt 1+my*Pch3on,0*(1-XcHu3oH)+Ms*(PH20,0+PcH30H,0*XH20)
) AdXHCcHO _ my*PcH30H,0*(1-XcH30H) _ dXyr  dXpum _ dXco

dt 1+mg*Pch3oH,0*(1—XcH30H) +Mo*(PH20,0+PCcH30H,0*XH20) dt dt dt
(3) dXyr My*PcH30H,0*XHCcHO*PcH30H,0*(1—XcH30H)

dt 1+mg*Pcuzon,0*(1-XcH30H) +Mo*(PH20,0+PCcH30H,0¥*XH20)

2

@ dXpmm _ ms*(m1o*PCH30H,o*XHCHO*(PCHsoH,o*(1—XCH30H)) —PcH30H,0*XDMM*(PH20,0TPCH30H,0*XH20))

dr Pcuzon,0*(1—XcHzoH)*(1+my*Pch3oH,0*(1—XcH30H)+Ms*(PH20,0 +PcH30H,0*XH20))

dXco

(5) e Me * Peuzom,o * Xucno
(6) dXcoz _  Myia*Pcuzon,o*(1-=XcH30H)

dr 1+mys5*+Pchzon,0*(1-XcH30H)

@) Xcnzon (conversion) = 2 * Xpye + Xucno + 2 * Xyr + 3 * Xpum + Xco + Xcoz
(8)  Xuzo(yield) = Xpmg + Xucho + 2 * Xyp + 2 * Xpyy + 2 % Xco + 2 * Xco2
Scheme 4-7. Kinetic models for DME, HCHO, MF, DMM, CO and CO: based on the mass
balance for packed-bed reactor and rate expressions derived in 4.3.2.

The eight equations shown in Scheme 4-7 were solved simultaneously in Matlab with initial

conditions given as Pcyson o (initial partial pressure of CH3OH) and Py, o (initial partial

w

pressure of H20). The calculation is stopped when space time 7 = 7,4 = , Where W is

FcH30H, 0

total amount of catalyst in the reactor, and F¢y3oy, o 1S the initial flow rate of methanol. For
example, for 32.6mg HPM-20/C catalyst with 5kPa initial partial pressure of CH3OH, 101kPa
total pressure and 20sccm total flow rate, 7,4 is calculated to be 4.8s based on the calculation

process in Equation 4-6.
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Equation 4-5: 1eng calculation for 32.6mg HPM-20/C catalyst with 5kPa initial partial pressure
of CH3OH, 101kPa total pressure and 20sccm total flow rate.

32.6mg * 20wt%
w 1.825mg/umol

Tend = = =
Fenson, o 181161’]:;& « 20 scem 745;?211(:1[/1(5

48s

where W is total amount of catalyst in the reactor, and Fcg30p ¢ IS the initial flow rate of

methanol.

The result of experiment 1 (vary total pressure) and the corresponding model prediction for
HPM-10/C, HPM-20/C, HPM-7/N-C-600 and HPM-15/N-C-600 are shown in Figure 4-3, Figure
4-4, Figure 4-5 and Figure 4-6 respectively, where partial pressure of both reactants and products
are plotted against conversion. Model prediction of experiment 1 (vary total flow rate) for each
catalyst involved one pair of initial conditions (PcHson,0, PH20,0), and 1000 different 7,4 values
were used to generate the smooth blue curve in Figure 4-3 to Figure 4-6. Note that the partial
pressure of ODH products (HCHO+MF+DMM+CO) is also plotted, which stands for the total
amount of HCHO formed on the oxidation site including those that further reacted to be

secondary products.

From Figure 4-3 to Figure 4-6 one can tell that overall the model constructed from the
mechanisms proposed in section 4.3.2 can predict the experimental data well. Taking HPM-10/C
as an example (Figure 4-3), the curvature of the model prediction for DME, HCHO, DMM and
MF are all consistent with the experimental results. The CO and CO2 model predictions deviated
from the experimental data at higher conversions, meaning that the assumptions we made for
these products are over-simplified. We have assumed that CO only came from HCHO, but it is

possible that some of the CO products also come from other secondary products. For example,
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when different amount of MF is fed into the system together with the reactants, a small increase
of CO signal in the GC is observed. The same idea can apply to CO2, which we have assumed is
produced directly from methanol, whereas it may also arise from the burning of secondary

products, which could account for the difference between model prediction and experimental

data at higher conversions.
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The result of experiment 3 (vary methanol initial pressure with 0 kPa H20) and experiment 4
(vary methanol initial pressure with 2.5 kPa H»O) as well as the corresponding model prediction
for HPM-10/C, HPM-20/C, HPM-7/N-C-600 and HPM-15/N-C-600, are shown in Figure 4-7,
Figure 4-8, Figure 4-9 and Figure 4-10 respectively, with partial pressure for both reactants and
products plotted against methanol initial pressure. Model prediction of experiments 3 and 4 (vary
methanol initial pressure with 0 kPa or 2.5 kPa H20) for each catalyst involved one pair of initial
conditions (Pchson,0, PH20,0) for each experimental data point. Specific t,,4 values calculated by
Equation 4-6 were used to get model prediction result (hollow points) in Figure 4-7 to Figure 4-

10.

In Figure 4-7 to Figure 4-10, two sets of curves are shown in each subplot, representing the
effect of co-feeding 2.5 kPa water on each product. The 2.5 kPa curve lies below the 0 kPa curve
in the case of DME, HCHO, DMM and MF, indicating that adding 2.5 kPa H>O has a negative
effect on the rate for these products, which is consistent with the proposed mechanism (Scheme
4-3 and Scheme 4-5) where water is competing with methanol on both oxidation and acid sites.
For CO and COg, the water effect is less obvious, possibly due to the more complicated nature of

their formation mechanisms.

Overall the models constructed using the proposed mechanisms in Section 4.3.2 have done a

good job predicting the reaction rate under different methanol and water conditions.
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Figure 4-9. Partial pressure of CH30H, H,0O, DME, HCHO, MF, DMM, CO, COz and ODH products vs. CH3OH initial pressure.
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Figure 4-10. Partial pressure of CH3sOH, H.O, DME, HCHO, MF, DMM, CO, CO2and ODH products vs. CH3OH initial pressure.
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4.4  Discussion
Kinetic parameters for formation of DME, HCHO, MF and DMM will be presented and

discussed in detail in this section.

Kinetic parameters involved in DME formation used in the model for each catalyst are listed in
Table 4-3. As can be seen from the table, m4 (K2), the equilibrium constant for a second
methanol adsorption to form protonated dimer is very small for all the four catalysts, especially
for the carbon-based catalysts, for which only a range estimate can be obtained. This is
consistent with the DME plot in Figure 4-7 and Figure 4-8, where the experimental data all fall
in a first order region. This linear behavior suggests that the adsorbed methanol monomer

dominates the surface.

Rate constants for the rate determining step for DME, calculated as the k, = mﬂj are presented in

row 5-7 of Table 4-3, normalized per POM, per H* measured by NH3-TPD and per H* measured
by butene chemisorption respectively. As shown in the table, even though only a range can be
determined for the carbon-based catalysts, the trend among the four catalysts is still clear. The N-
C-600 based catalysts have much smaller rate constant for DME than the carbon-based catalysts
regardless of how the rate constant is normalized. This trend of rate constant is consistent with
the DME TOF plot (Figure 3-3) presented in Chapter 3. The differences in DME TOF for
HPM/C and HPM/N-C-600 catalysts appear to be largely due to the difference in rate constants
(ks). This difference in ks could be caused by the energy difference of the late ion-pair transition

state that Iglesia proposed [24], or it could be caused by the energy of the protonated dimer
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(CH;0H - s, - CH;0H). A comparison of the energy of protonated dimer cannot be made here

because information about K1 cannot be extracted from the model.

HPM-7/ | HPM-15/ |HPM-10/| HPM-20/
) o N-C-600 | N-C-600 C C
Mechanism and kinetic parameters
(0.04 (0.09 (0.04 (0.09
POM/nm?) | POM/nm?) |POM/nm?)| POM/nm?)
my, = k4 * Kz
0.14 0.056 0.187 1.65
(kPa~'ks™1)
my = Kz
0.073 0.036 [0.007-0.02] 0-0.005
(kPa~1)
ms = K3
0.32 0.33 0 0.39
(kPa™1)
K
CH3;0H + s, &< CH30H - s, m_
— =Ky
K My
CH30H - s, + CH;0H &= CH30H - s, - CH;0H (ks1) 1.9 16 |94-267 >=330
K.
CH;0H - sy + Hy,0 &= CH;0H - s, - H,0 per POM
k
CH30H - s, - CH;0H — CH30CH; (DME) + H,0 + s, o=k,
(ks™)
dXpme _ my * Peyzon per H* 33 31 7-20 >=244
dt 1+ my * Peyzon + Ms * Przo
butene
chemisorption
my _
e
-1
(ks™) 3.7 2 |113322| >=221
per H*
NH3-TPD

Table 4-3. Kinetic parameters in DME formation.

Equilibrium constants and rate constant involved in formaldehyde production are listed in Table

4-4. Note that the rate equation for ODH products is shown on the left, which represents the rate

of formation for formaldehyde if none of it further reacts into secondary products. As shown in

row 3-4 in the table, the equilibrium constants for methanol adsorption mg(Ks) and water

adsorption mq(Kg) on the catalyst do not vary much from catalyst to catalyst. The rate constant
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for formaldehyde formation, calculated by k-, = % also does not exhibit a dramatic change.
8

However, the trend of rate constants here again tracked the change in oxidation TOF shown in
Figure 3-3, Chapter 3, suggesting that the change in oxidation TOF could also be due to change

in rate constant.

) o HPM-7/ | HPM-15/ | HPM-10/ [ HPM-20/
Mechanism and kinetic parameters
N-C-600 | N-C-600 c C
m, =k, x K
T 5.89 2.93 3.22 6.94
« (kPa~lks™1)
CHs0H + s, < CH30H - s,
e = Ks 0.27 0.49 0.21 0.15
Ke
H,0 + s, &> H,0 - 5, (kPa~1) ' ' ' '
CHL0H -5, + ~0, > HCHO + H,0 + mg = K,
-Sp+ 50, — s =
sUH S g 20Tk ljp N 0.46 113 0.7 0.95
dXopu _ my * Peyzon (kPa™")
dr 1+ mg * Peyzon + Mo * Przo =k,
e 22.2 6 15.3 46.3
(ks™)

Table 4-4. Kinetic parameters in HCHO formation.

Equilibrium constants and rate constants involved in DMM formation are shown in Table 4-5.
Notice that the equilibrium constants for water and methanol adsorption on Site a (acid site) was

addressed in the discussion of DME kinetics. The new parameters shown here are ms and mao,

—9K10

where m3 ( ) controls how fast the forward and reverse reaction can achieve equilibrium,

K1KgKy

whereas mio ( ) controls the amount of DMM that can be made at equilibrium. The trend

for ms is unclear. However, a trend for mio can be observed from row 5. The myo values for
HPM/N-C-600 catalysts are much smaller than the ones for HPM/C, especially smaller than the
one for HPM-20/C. One possible reason for this could be that HPM/N-C-600 catalysts have

smaller K1 values, so fewer methanol monomers are formed on the surface providing a lower myo

since myo= 1K8 o However lower Ksg, Kg or higher Kio values can all lead to this trend. The fact

10
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that myo is much lower for HPM/N-C-600 catalysts could be the main reason that these catalysts
are more selective to HCHO compared to the other catalysts shown in Chapter 3, because the

amount of DMM that can be made with HPM/N-C-600 catalysts is limited by the low m1o

(K1K8K9

K—) value in DMM formation. This trend for myo is very similar to the trend observed for ks
10

(rate constant of DME formation, see Table 4-3), which suggests that our assumption about

DME and DMM forming on the same site is reasonable.

. L HPM-7/ |HPM-15/|HPM-10/ | HPM-20/
Mechanism and Kinetic parameters

N-C-600 [ N-C-600| C C
CHy0H + 5, &= CH,0H - s my = K
3 a 3 a 0.073 | 0.036 [0.007-0.02| 0-0.005
K, (kPa™)
CH40H - s, + CH;0H < CH;0H - s, - CH;0H
K3 ms = K3
CH3;0H - s, + H,0 < CH30H - s, - H,0 (kPa-1) 0.32 0.33 0 0.39
a
k
CH30H - s, - CH;0H —> CH3;0CH; (DME) + H,0 + s, P
K, mz =—7r—
CH30H - s + HCHO <> HOCH,0CH; - 5, Ky 788 199.8 | 2622 79.3
(kPa~ks™1)

k.
HOCH,OCHj; - s, + CH;0H < CH30CH,O0CH5; - s, + H,0
k-9

K
CH30CH,0CH3;(DMM) + s, &= CH3;0CH,0CHs - s, Mo =
(kPa™t) | 0.0018 | 0.00175 | 0.0027 | 0.088

2
dXpym _ M3z * (M1 * Pucro * Peuzon” — Ppmm * Puzo) (Kg = —
dr Peyson * (14 My * Penzon + Ms * Puzo) -

Table 4-5. Kinetic parameters in DMM formation.

Equilibrium constants and rate constants involved in MF formation are shown in Table 4-6. Note
that the equilibrium constants for water and methanol adsorption on Site b (oxidation site) were
considered when formaldehyde kinetics were discussed. The rate constant for MF formation
cannot be calculated because information of K11 could not be obtained from the model. However,
a correlation between k;, * K;, (row 4 in Table 4-6, a combination of the rate constant for MF

formation and equilibrium constant for step 11 in Scheme 4-5) and k7 (row 5 in Table 4-4, rate
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constant for HCHO formation) is found and plotted in Figure 4-11. This supports our assumption

about HCHO and MF that both products are possibly formed on the same oxidation site.

] o HPM-7/ |HPM-15/|HPM-10/| HPM-20/
Mechanism and kinetic parameters
N-C-600 | N-C-600 C C
mg = Ks
) 0.27 0.49 0.21 0.15
< _
CH,0H + s, < CH30H - s, (kPa™")
H,0 & H,0 mg = K
20 +s5p = Hz0 - 5p o e 0.46 1.13 0.77 0.95
1 Ky (kPa™)
CH30H *Sp +EOZ —— HCHO +H20 + Sp
Kll
CH;0H - s, + HCHO <= HOCH,0OCH; - s my, = kiy *Ke x K
3 b L. s 2 1_22 _51 el 1.32 16 4
HOCH,0CH3 - sy + 50, — HCOOCH; + H,0 - s,, (kPa™%ks™)
dXyr _ my * Pycro * Penzon m, K K
= _— *
dt 1+ mg* Peyzon + Mo * Pryo mg 20 TH 189 27 76 27
(ks™)
Table 4-6. Kinetic parameters in MF formation.
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Figure 4-11. ki2*K11 (kPaks™) plotted versus k7 (ks™)
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4.5  Conclusions

Detailed kinetics for methanol oxidation and dehydration have been proposed and discussed in
this chapter. Mechanism-based kinetic models are constructed for both primary and secondary
products for the first time in the literature, and have worked well for HPM/C and HPM/N-C-600

catalysts.

We have shown in this chapter that HCHO and MF may form on the same site (likely on the

bridging O in the vicinity of H). DME and DMM may form on the same site (H™). Both k,(rate

Kio

constant for DME formation, per POM or per H*) and m;, = follow the trend: HPM-

20/C >> HPM-10/C > HPM-15/N-C-600 ~ HPM-7/N-C-600. The fact that N-C-600
supported catalysts have lower m;, ( most probably because of lower Kz, the equilibrium
constant for CH3OH adsorption on H*), could be the reason why high HCHO selectivity can be

achieved with this group of catalysts.
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Chapter 5  Conclusions and Recommended Future Directions

51  Conclusions

The effects of using nitrogen-containing carbon materials as supports for POMs were studied in
this work. The presence of intact and dispersed POMs was confirmed by FTIR and XRD, to
show that the catalysts envisioned were actually made. HAADF-STEM images provided a view
of the catalyst surface - at low surface coverage levels (< 0.09 POM/nm?) POMs are mostly

dispersed at molecular level on all the catalysts studied in this work.

XRD results combined with support XPS spectra provided valuable information on the nature of
interactions between POMs and nitrogen-containing supports. We have shown that supports with
-NH: groups on the surface have the tendency to form ammonium POM salts at high POM
loadings. In the meantime, the loading threshold for mpgCsNa4 to form ammonium POM salts
was much higher than N-C-600, possibly because of its ordered structure or the very high
number of pyridinic nitrogen sites on the surface. Therefore, if one wants to choose a nitrogen-
containing carbon material to disperse as many POMs as possible, more pyridinic nitrogen and

fewer amino groups would appear to the key characteristics.

NH3-TPD and butene chemisorption were used to measure the number and strength of acid sites
on the catalysts. The H*/POM ratios from these two methods were generally consistent, in that
both methods gave a H*/POM ratio for HPM/C catalysts of about 1.2, and ratio for HPM/N-C-

600 of about 0.5. Thus, the general trend of decreasing H*/POM ratio when supports with higher
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nitrogen content are used can be confirmed by both methods. Butene chemisorption provided a
more complete data set, and showed that at similar POM surface coverage level, the interaction
between POMs and supports followed the trend: mpgCsN4 > N-C-600 > N-C-1000 ~ C. NHz-
TPD data was mainly used to analyze the trend of H*/POM ratio for HPM/C catalysts with
different loadings, where it demonstrated that for low-loading HPM/C catalyst (HPM-7/C and
HPM-10/C), the H*/POM ratio can be as low as 0.83, as opposed to 1.40 for HPM-30/C.
Combining these results, if one wants to choose a support for POMs to provide high stability,
then POM/N-C-600, POM/mpgCsN4 or low-loading POM/C are good choices. Among these,
POM/mpgCsN4 exhibited the strongest interactions, suggesting that the more pyridinic nitrogen,

the stronger the interaction.

Results from methanol test reactions demonstrated that as supports with higher nitrogen content
were used, dehydration rates dropped significantly. Combining dehydration rates for HPM/C and
HPM/N-C-600 with the results from NHs-TPD and applying the thermodynamic proton activity
theory developed for cation-exchange POM catalysts, we found that the dehydration rates per
thermodynamic proton activity were almost constant for every loading of HPM/C and HPM/N-
C-600 catalysts. This suggests that using support to control acid sites probably follows the same
rule as when using cation exchange to control acid sites, where in both cases H*/POM ratio is the
factor that matters because it determines the acid site strength (thermodynamic activity for

protons).

However, the oxidation rates showed different trends as the H*/POM ratio was decreased via

support interaction or by cation exchange. While cation exchange results in identical trends for
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both dehydration and oxidation rates and thus constant oxidation selectivity, in the case of using
nitrogen-containing carbon supports, the selectivity for oxidation products was improved when a
small but finite number of acid sites existed on the catalyst surface. Too many acid sites, as in the
case of high loading HPM/C catalysts, result in high DME selectivity, whereas too few acid sites,
as on HPM/mpgCsN4, would sacrifice too much oxidation activity, plus a basic surface could
possibly lead to more COx formation. For supports used in this work, N-C-600 appears to
provide an optimal number of acid sites and thus results in the highest selectivity for the sum of
all oxidation products (COx excluded), as well as the highest selectivity for HCHO. This

indicates that little of the product HCHO reacts further to form DMM or MF.

When looking at the trend of methanol oxidation and dehydration from a Kinetics perspective,
the decrease in both DME TOF and Oxidation TOF results from a decrease in the rate constant
for the respective rate determining steps. This decrease in rate constant reflects either an increase
in energy of the transition state or decrease in energy for the adsorbed species preceding the rate
determining step. Current data could not differentiate between these two. A detailed DFT study

and methanol calorimetry study would be helpful for answering this question.

5.2 Recommended Future Directions

521 DFT

Density Functional Theory (DFT) has been used by Iglesia and co-workers to study methanol
dehydration and oxidation with SiO2-supported POM catalysts[24, 86]. They have proposed to
use separate assessments of ionic and covalent DPE as a descriptor for DME reactivity as well as
HAE as a descriptor for oxidative dehydrogenation reaction of methanol. Although DFT

calculation of N-C-600 and N-C-1000 supported POM catalyst is hard to do because the specific
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structures of the supports are unknown, it is easier to perform DFT calculations for carbon and
carbon nitride supported POM systems based on their more ordered structures[79, 88, 89].
Performing DFT for these two materials can provide a limiting-case analysis for the support
effect when using nitrogen-containing carbon materials as support for POMs. Information like
the adsorption energy of methanol on acid sites and oxidation sites, as well as calculated DPE
and HAE value for C and mpgCsN4 supported POM catalysts would shed light on how support
effects lead to the change in rate constants for dehydration and oxidation of methanol observed

in our Kinetics study.

5.2.2 Calorimetry

Calorimetry experiments for methanol adsorption would be useful to carry out for POM
supported on C, N-C-1000, N-C-600 and mpgCsN4 to measure the differential heat of adsorption
for methanol on these catalysts[90, 91]. Experimental results from calorimetry studies can be
compared with the calculated adsorption energies for methanol adsorption on both acid sites and
oxidation sites using DFT (discussed in Section 5.2.1). This comparison could help provide a
clearer image of how the energy of methanol adsorbed on the catalyst changes on both acid and

oxidation sites due to support effects.

5.2.3 Liquid-phase reactions

A strong interaction between POMs and supports is desirable to prevent POMs from leaching
into solvent in liquid-phase reactions[92, 93]. Maksimov and co-workers[94] have shown that
when using carbon supported Co-substituted POM catalyst in a-pinene/isobutyraldehyde co-
oxidation, both epoxide selectivity and the alkene conversion were superior to those achieved
using corresponding homogeneous catalysts, and that during the reaction carbon-supported POM

catalysts are heterogeneous in nature even when highly polar products such as carboxylic acids

102



are formed in the reaction. However, it has been shown in the literature, as well as in our water
washing experiment results, that carbon can only bind POMs strongly under a loading limit of
about 10-15 wt%[8], while that limit for N-C-600 and mpgCsN4 is much higher. Therefore, using
N-C-600 or mpgCsN4 supported POM catalysts could permit lower total amounts of catalysts to
be used while retaining POMs from leaching into the solvent. Possible reactions to consider are
oxidation of olefins, oxidation of phenols as well as oxidation of alcohols and aldehydes in the
liquid-phase. A balance of sacrificing acid sites and less leaching may need to be considered

when acid sites are involved in the reaction.
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