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Chapter 1 

 
Importance of methanol and formaldehyde for chemical industry 

 

Methanol is one of the most important building blocks in chemical industries 

[1-6]. The annual production of methanol exceeds 40 million tons and continues to 

grow by about 4% per year. The applications of methanol throughout the world are 

summarized in Figure 1A [3]. Formaldehyde is the most important chemical prepared 

from methanol (~ 35 %) which in itself is an important building block. Methyl tert-

butyl ether (MTBE) (~ 14 %) is a fuel additive, while acetic acid (~ 10 %) is a base 

chemical. Other applications of methanol are as a solvent, fuel blend, antifreeze, 

agricultural chemical products, cardiac disease medicines and as fuel for direct 

methanol fuel cell (DMFC) [7-10].  

Formaldehyde is a common building block for the synthesis of more 

complex compounds and materials. Global production and consumption of 

formaldehyde in 2008 were almost 33 million metric tons. Figure 1B summarizes the 

application of formaldehyde by end use in 2008 [3].  

The production of formaldehyde resins accounts for more than half of the 

formaldehyde consumption. For example, formaldehyde reacts with urea, phenol and 

melamine with the formation of urea formaldehyde resin (~ 55 %), phenol 

formaldehyde resin (~ 9 %) and melamine formaldehyde resin (~ 5 %). These resins 

are used as adhesives for the bonding of plywood, particleboard, and other structured 

wood products, as well as in the production of foam insulation, and a wide variety of 

molded or extruded plastic items. Around 5 % of formaldehyde is converted to 

polyfunctional alcohols, such as pentaerythritol, for further application in for 

example paints, varnishes, lacquers, printing inks, floor coverings, adhesives and 

explosives [3, 11-13]. 

  

 

 

Figure 1. The world demand for (A) methanol and (B) formaldehyde in 2008 

[3].  

 8 

http://en.wikipedia.org/wiki/Alcohol
http://en.wikipedia.org/wiki/Pentaerythritol


General Introduction 

 

 9 



Chapter 1 

 

Current production routes for methanol and formaldehyde 

Oxygenates, such as methanol and formaldehyde, are currently most 

efficiently produced in a multi-step process starting with syn-gas production from 

hydrocarbons followed by conversion of syn-gas to the oxygenates. Natural gas, 

mainly methane, is often used as start material and is reacted with steam at moderate 

pressure (10-20 atm) and high temperature (1123 K) over a nickel catalyst to produce 

syn-gas (equation (1) (steam/methane reforming)). 

       CH4 (g) + H2O (g)                       CO (g) + 3H2 (g)          ΔHº =  206 kJ/mol      (1)  

 

 The carbon monoxide and hydrogen then react further on a second catalyst to 

produce methanol. Today, the most widely used catalyst is Cu/ZnO/Al2O3, which 

operates typically at 50–100 atm and 523 K (equation (2)). Possible side reactions, 

such as the watergas shift reaction, are not considered here [14-18]. 

 

        CO (g) + 2H2 (g)                              CH3OH (g)        ΔHº = -90.8 kJ/mol         (2)  

 

Although the overall process is highly efficient, it has to be performed at 

large scale (around 5000 tons/ day) due to the high capital costs of syn-gas 

production [17, 19]. 

Formaldehyde is industrially produced by the catalytic oxidation of methanol 

[20-24]. There are two major commercial processes for converting methanol to 

formaldehyde. One is based on unsupported metallic Ag catalysts, while the second, 

FORMOX, is based on Fe, Mo and V oxide catalysts. In the Ag-based process 

methanol vapor together with air and steam is passed over a thin bed of silver 

catalyst at about 923 K. The reactions occurring in the silver catalyzed process for 

formaldehyde production are oxydehydrogenation (equation (3)) and 

dehydrogenation (equation (4)). 
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CH3OH + ½ O2                                H2CO + H2O       ΔHº = -159 kJ/mol    (3)  

CH3OH                                   H2CO + H2                 ΔHº = 84 kJ/mol        (4)  

 

In practice equations (3) and (4) do not equally contribute to the overall 

reaction. Equation (3) is needed to provide heat for the reaction (4) and part of the 

oxygen is used for this purpose. In addition, another part of oxygen is used for 

keeping the silver catalyst in the active state.  

In the FORMOX process methanol and oxygen react at 523 K – 623 K in the 

presence of iron oxide combined with molybdenum and/or vanadium oxide to 

produce formaldehyde (equation (3)). This reaction is exothermic and generates heat 

to provide steam for turbines and process heating. 

Both catalytic processes are well-known. The FORMOX process, however, 

has a lower reaction temperature and the iron-oxide based catalyst is cheaper than the 

silver catalyst, but generally suffers from a rather high amount of unconverted 

methanol in the product steam. For many applications, methanol is an undesirable 

contaminant in the formaldehyde product and must be separated from the product 

stream. Such recovery often entails a substantial investment in distillation facilities 

and energy to carry out such separations [24]. Therefore, the dehydrogenation route 

is still the most prevalent.  

  

Direct oxidation of methane to oxygenates and related reactions   

 

  Oxygenates, such as methanol and formaldehyde, could also be generated by 

direct partial oxidation of methane. However, the current state-of-the-art technology 

for the direct conversion process is not competitive yet. Methane is the most stable 

hydrocarbon, thus high temperatures (> 673 K) are required to activate one of the C-

H bonds. At such high temperatures full oxidation will take place and lead to the 

formation of  carbon dioxide  and water  instead of  methanol or formaldehyde. Thus,  
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the partial methane oxidation to oxygenates still possesses one of the greatest  

challenges in catalysis [25-29]. Nevertheless, several advancements were already 

achieved and the most important ones will be discussed below. 

 

Methane oxidation using biocatalysts  

 

In nature a one step methane oxidation to methanol using air occurs using 

methane monooxygenase (MMO) enzymes, which contain ionic metal centers as the 

active site [30-34]. MMO exists in two forms, a soluble (or cytoplasmic) sMMO 

form and a particulate (or membrane bound) pMMO form [35, 36]. sMMO has been 

studied extensively by spectroscopic techniques. It was suggested that in sMMO C-H 

activation occurs at a dinuclear-iron center bridged by exogenous hydroxide and 

acetate ligands and further coordinated by four glutamate residues, two histidine 

residues and a water molecule (Figure 2) [30, 33, 37].  

 

 

 

Figure 2. Schematic representation of the dinuclear iron site of sMMO from 

Rosenzweig et al. [30], Glu is glutamate and His is histidine. 

 

While the structure, biochemistry and mode of operation of sMMO are well 

understood, the nature and location of the active-site in pMMO is a controversial 

topic  of more than 20 years  due to the  difficulties in  solubilizing and purifying  the 
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active protein [38, 39]. Originally, based on EPR data, the proposed active site in 

pMMO was a trinuclear copper cluster (Figure 3A) [38, 40, 41]. In contrast, 

Martihno et al. concluded based on Mössbauer data that the active site in pMMO is a 

di-iron cluster similar to that present in sMMO [42].  

 

A 

 

B 

 

 

Figure 3. (A) Model of Cu3 [38] and (B) Cu2 [44] active site of pMMO, Met is 

methionine , His is  histidine, Glu is glutamate and Asp is aspartate. 

 

Recently, Balasubramanian et al. [43] claimed that dinuclear copper is 

responsible for methane activation in pMMO. This is in line with X-ray absorption 

spectroscopic (XAS) studies (Figure 3B) [33, 44]. However, the relevance of 

binuclear Cu clusters was again challenged [45]. On the other hand, Himes et al. 

supported and provided additional proof for the relevance of dinuclear copper for 

methanol production by pMMO [46].  

 

 

 

 

 13 



Chapter 1 

 

Methane oxidation by homogeneous catalysts 

 

 Key factors in the development of a suitable homogeneous catalytic system 

are the selection of weakly coordinating solvents and the protection of methanol 

against reoxidation. Therefore, research efforts have focused on systems in which 

methane is firstly converted to methyl esters, e.g., methyl bisulfate in concentrated 

sulfuric acid (equations (5)-(7)) [47, 48].  

Periana et al. demonstrated the use of homogeneous solutions of Hg2
2+ ions 

for the oxidation of methane to methanol via the methane bisulfate route (equations 

(5)-(7)) [49, 50]. The reaction is remarkably efficient: the system reaches a methane 

conversion of 50% and a selectivity to methyl bisulfate of 85% (~ 43% methanol 

yield) [49]. 

 

         CH4 + H2SO4 + SO3                                  CH3OSO3H + H2O + SO2              (5)  

         CH3OSO3H + H2O                                   CH3OH + H2SO4                           (6)  

         SO2 + ½ O2                                      SO3                                                         (7)  

 

In 1998 Periana et al. reported a new superior system for methane oxidation 

also in sulfuric acid using dichloro(η-2-(2,2′-bipyrimidyl))platinum(II), [Pt(bpym)] 

(Figure 4A) [51]. The high activity (turn over numbers (TONs) are around 300) and 

selectivity to methanol > 75% identified this system as highly promising for methane 

oxidation [51]. 

Recently, Palkovits et al. demonstrated the development of a new platinum 

complex N-(2-methylpropyl)-4,5-diazacarbazolyl-dichloro-platinum (II), DACbz-Pt, 

(Figure 4B) for this reaction. The complex showed significantly improved activity 

(TONs are 570) for the direct methane oxidation to methanol, both [Pt(bpym)] and 

DACbz-Pt exhibited comparable methanol selectivities of > 75% [52]. As a 

derivative of bypiridine, the electron density on the platinum is higher than for the 

Periana system. Apparently, this has a positive effect on the catalytic activity of 

DACbz-Pt for methane oxidation.  
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A 

 

B 

 

 

Figure 4. (A) dichloro(η-2-(2,2′-bipyrimidyl))platinum(II) and (B) N-(2-

methylpropyl)-4,5-diazacarbazolyl-dichloro-platinum (II). 

 

 In addition, Palkovits et al. have showed that these homogeneous catalysts 

could be supported on polymeric materials (2,6-dicianopiridine monomer) which 

resulted in a lower activity, but an improved stability of the Pt based catalysts was 

observed [52, 53].  

 

Hydrocarbon oxidation over heterogeneous catalysts  

 

 Inspired by nature several studies were performed on metal ions, such as 

Fe2+/3+, Cu+/2+ and Mn2+, loaded on zeolites for the direct production of oxygenates 

from hydrocarbons. Suitable oxidants are N2O, O2 and O3.   

 

Fe-zeolites 

 

Panov et al. showed that methane or benzene could be oxidized over Fe-

ZSM-5 to methanol or phenol, respectively. ZSM-5 or MFI is an aluminosilicate with 

a high silica and low alumina content (chemical formula: NanAlnSi96–nO192·16H2O (0 

<n <27).). It is a microporous crystalline material with an intersecting two-

dimensional  channel  system  (straight  and sinusoidal)  formed by two  types of 10- 
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-membered ring channels (Figure 5) [53, 54].  

 

A 

B 

 

 

Figure 5. Structure of ZSM-5 (A) viewed long [010] and schematic representation of 

the channel structure together with the channel alignment (B).  

 

In the work of Panov et al. the use of N2O as an oxidant was essential. N2O 

decomposed at around 473 K with the formation of an oxygen species having special 

reactivity, called α-oxygen, which is associated with iron (equation (8)) [54-60].  

 

  N2O + (  )α                                            N + (O)α                                               (8)  
Fe-ZSM-5 

 

These oxygen species react both with methane and benzene even at room 

temperature   (equations ( 9) and ( 10 ) ) to  form  methanol  or  phenol,  respectively.  
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However, for methane oxidation this process is not continuous and an additional 

extraction step of the formed methanol with a solvent (mixture of acetonitrile with 

water) is required [61].  

 

                        CH4 + (O) α                                                                      CH3OH                                           (9)  

                        C6H6 + (O) α                                                                      C6H5OH                                      (10)  

 

Later it was shown that α-oxygen is an anion-radical species Oα
-. [62]. The 

high reactivity of this oxygen could be explained by its radical nature and it is typical 

for O-· radicals observed at the surfaces of various metal oxides (i.e., Mg, V, Mo or 

W) [63, 64]. However, O-· in the literature is usually considered as a species 

providing deep oxidation of hydrocarbons [65, 66], whereas Oα
-. is selective towards 

phenol or methanol. Thus, α-oxygen should be considered as a special species with 

unique oxidation chemistry.  

Dubkov et al. used in-situ Mössbauer spectroscopy to propose that the active 

sites in Fe-ZSM-5 (α-sites) contain a bis(µ-oxo)diiron core, similar to the active iron 

species in the enzyme sMMO [67, 68]. Sachtler et al. showed that activation of Fe-

ZSM-5 with molecular oxygen followed by exposure to methane did only result in 

full combustion products (CO2 and water) [69]. Thus, the use of N2O as an oxidant 

seems to be essential. 

   

Cu-zeolites  

 

In view of the limited availability of N2O it would be advantageous to use 

molecular oxygen or air as an oxidant for methane oxidation. Yamanaka et al. 

studied the gas-phase oxidation of benzene over Cu-containing zeolites using 

molecular oxygen as an oxidant [70]. They observed that phenol was only formed 

over fully exchanged Cu-ZSM-5 zeolites. Active species for this benzene oxidation 

reaction to phenol were suggested to be either Cu+ [70] or isolated (square-

pyramidal) Cu2+ ions [71]. 

 17 



Chapter 1 

 

Groothaert et al. showed that Cu-ZSM-5 materials can also selectively 

convert methane to methanol using O2 (or air) as an oxidant at relatively low 

temperature (423 K) [72, 73]. Although the mechanism of this reaction is still under 

debate it was proposed that oxo-dicopper species are involved in this reaction. 

The active species are formed during calcination in O2 and are characterized 

by a UV-Vis absorption band at 22700 cm-1, which gradually disappeared when Cu-

ZSM-5 is contacted with a gas stream containing methane [72, 73] (Figure 6A). 

Several assignments have been reported for this absorption band. Some authors 

ascribed the 22700 cm-1 band to the presence of (Cu-O-Cu)2+ species [74-76], while 

other research groups assigned it to a bis(μ-oxo) dicopper species [72, 73, 77, 78].  

 

A 

 

B

 

 

Figure 6. UV-Vis DR spectra of Cu-ZSM-5 (A) during reaction with methane at 498 

K [72] and of Mn-ZSM-5 (B) after N2O treatment at 623 K (a) and after a subsequent 

NO treatment at 623 K (b) [80]. 

 

Recently, Woertink et al. presented additional information on the origin of 

copper species using a combination of resonance Raman (rR) spectroscopy and 

density  functional  theory (DFT)  [79]. It was  concluded  that  the  oxygen  activated 
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copper core, as represented by the 22700 cm-1 band, is defined as a bent mono-(μ-

oxo)dicopper cluster. 

Cu-FER and Cu-BEA are also able to oxidize methane to methanol, but at 

slightly higher temperatures than Cu-ZSM-5 (473 K). However, the formation of the 

UV-Vis DR band at 22700 cm-1 was not observed [73]. This indicates that another 

less active copper species might be present, which is also capable to perform the 

oxidation of methane at temperatures above 473 K [73]. 

 

Mn-loaded zeolites 

 

 Radu et al. showed that α-oxygen-like species could be formed upon 

interaction of Mn-ZSM-5 with N2O [80]. In that case the active species were 

characterized by a UV-Vis absorption band at 18500 cm-1. The reactivity of this 

active oxygen species was demonstrated for NO oxidation. Upon interaction with 

NO, the absorption band at 18500 cm-1 disappeared (Figure 6B), illustrating that 

these species are responsible for NO oxidation. Unfortunately, these α-oxygen-like 

species were not active for the selective oxidation of methane to methanol.  

 

Scope and outline of this PhD thesis 

 

As outlined above for Cu-ZSM-5 samples the species giving rise to the UV-

Vis absorption band at 22700 cm-1 is expected to be related to the active site for 

methane activation. However, a quantitative relation is lacking. In Chapter 2 we aim 

to establish the relationship between the intensity of this UV-Vis absorption band and 

the catalytic activity of Cu-ZSM-5. Samples were prepared by varying the nature of 

charge compensating cation, copper precursor, copper loading and pH in order to 

prepare samples with different amount of (potentially) active sites. The Cu-ZSM-5 

zeolite have been characterized by TEM, UV-Vis-NIR DR and FT-IR spectroscopy 

using sequential adsorption of bulky (pivalonitrile) and small (NO) molecules to 

establish  the  nature  and  location of  the  copper   species  present.  Based  on  these  
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experiments we will establish a quantitative relation between the 22700 cm-1 band 

and catalytic activity. In addition, we will show that these Cu species are a minority 

species, while the majority of copper is present in large catalytically inactive Cu-

oxidic clusters on the outside of the zeolite crystals. 

In Chapter 3 the possibility to convert methane to oxygenates over Co-

ZSM-5 samples will be discussed. The speciation of cobalt was varied by modifying 

the preparation method (wet ion exchange vs. incipient wetness impregnation). The 

nature of the Co species was determined by UV-Vis-NIR DRS, H2-TPR and TEM 

measurements. The relationship between the nature of the cobalt species and the 

catalytic activity and selectivity of Co-ZSM-5 samples for methane oxidation will be 

discussed. It will be shown that materials prepared by ion-exchange at elevated 

temperatures contain mainly highly dispersed Co2+ species on ion exchange 

positions, which are more selective towards formaldehyde. In contrast, materials that 

mainly contain cobalt oxidic species on the outer surface are more selective towards 

methanol formation. 

Chapter 4 focuses on the role of the accessibility of the pores of Co-ZSM5 

zeolites for the production of oxygenates from methane. Alkaline treatments were 

applied to create mesopores in ZSM-5 zeolites. Next, cobalt was introduced by 

incipient wetness impregnation. The role of these mesopores on the speciation of 

cobalt and the activity of these Co-containing samples for methanol production from 

methane was investigated. It will be shown that mesopores resulted in more Co-

oxidic species and hence a higher selectivity towards methanol. In addition, we will 

show that the nature of charge compensating cation is crucial for the cobalt species 

present in the samples and as a result determines activity and selectivity. Co-H-ZSM-

5 contains more cobalt species inside the zeolite channels and this material is more 

selective towards formaldehyde than Co-Na-ZSM-5.  

In Chapter 5 the main findings of this PhD thesis are summarized.  
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N.V. Beznis, B.M. Weckhuysen, J.H. Bitter, Catal. Lett., 138 (2010) 14. 

 27 



Chapter 2 

 

Abstract 

 

    A series of Cu-ZSM-5 zeolites was prepared by varying the charge 

compensating cation, copper precursor, copper loading and pH. The materials were 

tested for the oxidation of methane to methanol using oxygen for the activation. A 

linear relationship between the amount of methanol produced over Cu-ZSM-5 

zeolites from methane and oxygen and a UV-Vis-NIR DRS charge transfer band at 

22700 cm-1 is reported irrespective of the synthesis route used. The absolute intensity 

of the 22700 cm-1 band is always low, indicating a low number of active sites in the 

samples. In all studied Cu-ZSM-5 zeolites at least two copper species were present: 

a) Cu-O clusters dispersed on the outer surface of ZSM-5 and b) highly dispersed 

copper-oxo species inside the channels, a minority fraction in the sample. By relating 

catalytic activity to FT-IR data of adsorbed pivalonitrile, visualizing Cu-O particles 

on the outer surface of the zeolite, and subsequently adsorbed NO, indicative of the 

Cu-O species inside the zeolite channel, it was concluded that Cu-O species on the 

outer surface are not involved in the oxidation reaction, while copper inside the 

channels is responsible for the selective conversion of methane to methanol. 
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Introduction 

 

Direct partial oxidation of methane to methanol poses one of the greatest 

challenges in heterogeneous catalysis because the driving force to full combustion is 

high [1-5]. Methanol is currently produced via a multi-step process, i.e. methane → 

syn-gas → methanol [5, 6-8]. Although this process is highly efficient, it has to be 

performed at large scale due to the high capital costs of syn-gas production [9]. Thus, 

for small-scale applications at e.g. remote locations, a new method is needed and a 

one step methane oxidation to methanol would be advantageous.  

Metal-containing zeolites, in particular Fe-ZSM-5 and Cu-ZSM-5, hold great 

potential for the direct partial oxidation of methane to oxygenates. Fe-ZSM-5 was 

shown to be able to oxidize benzene to phenol and methane to methanol [10-15]. 

This indicates that these catalysts are able to activate hydrocarbons and form active 

oxygen species in such a way that complete oxidation of the reactants towards carbon 

dioxide and water is prevented. The use of N2O as an oxidant was essential and 

claimed to lead to a special type of reactive surface oxygen species, often called α-

oxygen [10-12]. In a similar manner, Cu-ZSM-5 zeolites are able to convert benzene 

to phenol [16, 17] and methane to methanol [18, 19] using molecular oxygen as an 

oxidant.  

  Although Cu-ZSM-5 zeolites are selective towards methanol formation, the 

mechanism of this reaction is still under debate. The active site in these Cu-ZSM-5 

zeolites is considered to be represented by a UV-Vis-NIR DRS absorption band at 

22700 cm-1. Several assignments have been reported for this band. Some authors 

ascribed the band to the presence of (Cu-O-Cu)2+ species [20-22], while other groups 

assigned it to a bis(μ-oxo) dicopper species [18, 19, 23, 24]. Recently, Woertink et 

al. presented additional information on the origin of copper species using a 

combination of resonance Raman (rR) spectroscopy and density functional theory 

(DFT) [25]. It was concluded that the oxygen activated copper core is defined as a 

bent  mono-(μ-oxo) dicopper  cluster.  When true  the  intensity  of  this UV-Vis-NIR  
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DRS band should be directly related to the methane oxidation activity of the Cu-

ZSM-5 sample which has not been, to the best of our knowledge, shown before. This 

will be investigated in this Chapter.  

 From the existing literature [18, 19] it is clear that the Cu to O charge transfer 

(CT) band has an unusual low intensity in comparison with the d-d transition band of 

the same sample. In general, a CT band is at least two orders of magnitude more 

intense [26], whereas for most Cu-ZSM-5 zeolites the CT band and the d-d transition 

have similar intensities. This lead us to hypothesize that the species related to the CT 

band are only a minority species in the sample and other species must be present. 

Therefore, we report in this Chapter on a characterization study of Cu-ZSM-5 

zeolites with the aim of identifying the different copper species present and 

establishing a quantitative structure-performance relation. For this purpose, we have 

investigated a series of Cu-ZSM-5 zeolites varying in their copper loading and nature 

of copper-precursor, pH and nature of the charge compensating cation to vary the 

intensity of the 22700 cm-1 band and evaluated their activity for methanol production 

from methane. 

 

 

Experimental  

Sample preparation  

 

NH4-ZSM-5 (ZEOLYST, Si/Al = 17.5) was converted to Na-ZSM-5 via 

three times ion-exchange using 0.1 M sodium nitrate (98%, Acros Organics) at 

ambient temperature for 24 h. After ion-exchange the sample was washed and dried 

overnight at 333 K. Copper was introduced by ion-exchange using aqueous solutions 

(300 ml solution, 3 g zeolite) of copper acetate (98%, Acros Organics) of different 

concentrations (Table 1) at room temperature for 24 h (the pH of the ion exchange 

solution was ~ 6). Next the samples were washed and dried at 393 K. The samples 

are denoted as Cu-A-L, where L is the copper loading in wt%. Similar procedures 

were  used to  introduce  copper by  ion -exchange  using copper  nitrate (98%, Acros  
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Organics) and copper chloride (98%, Acros Organics) solutions (the pH of both 

solutions were ~ 4.5). All samples were washed and dried at 393 K. The samples are 

denoted as Cu-N-L and Cu-C-L, respectively, where L is the copper loading in wt %. 

In addition, samples with varying nature of the charge compensating cations 

were prepared. First, X-ZSM-5 zeolites (X = Na+, K+, Rb+, Ba2+, Ca2+, Mg2+ and Sr2+) 

were prepared starting from NH4-ZSM-5 (ZEOLYST, Si/Al = 17.5) via three times 

ion-exchange at room temperature for 24 h using the corresponding metal nitrates 

(for Na, K, Sr, Ba and Rb) or acetates (for Ca and Ba). Copper was introduced by 

ion-exchange using a 0.02 M copper acetate solution. These samples are denoted as 

Cu-A-X-L, where X is the charge compensating cation and L the copper loading in 

wt %. 

Cu-ZSM-5 zeolites were also prepared using copper acetate solutions of pH 

3.5-5. Acetic acid was used to adjust the pH of starting 0.02 M copper acetate 

solution. After that Na-ZSM-5 was introduced into the solution and the ion-exchange 

procedure was performed. The samples are denoted as Cu-A-L-P, where L is the 

copper loading in wt % and P is the pH of the solution used for ion-exchange. 

 

Catalyst characterization and testing 

 

    Copper loadings were determined by Atomic Absorption Spectroscopy 

(AAS) using a VARIAN Spectra AA-20 instrument. 10 mg of the Cu-ZSM-5 zeolite 

was dissolved in 0.1 M HF to prepare the solutions for AAS measurements. Surface 

areas and pore volumes were determined by N2-physisorption using a Micromeritics 

ASAP 2400 instrument. Surface areas were calculated by using the BET model with 

micro- and macropores described by the Horvath-Kawazoe and BJH models, 

respectively. X-Ray Diffraction (XRD) patterns of the Cu-ZSM-5 zeolites were 

recorded using a Nonius PDS 120 powder diffraction apparatus with Co Kα radiation 

(λ = 1.78897 Å). 

Catalytic activity, in batch mode, and UV-Vis-NIR diffuse reflectance 

spectroscopy  ( DRS)  experiments  were  simultaneously  performed  in  a  specially  
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designed quartz reactor equipped with a UV-Vis-NIR transparent window [27]. 

Before the reaction the samples (1.0 g, grain size 0.2-0.5 mm) were mild calcined in 

air (1000 ml/min) at 823 K (heating ramp of 0.5 K/min) [28]. After the calcination 

the samples were cooled to RT and flushed with He. Subsequently, the samples were 

heated to 423 K (heating ramp of 10 K/min) in methane (8% in He; 25 ml/min) and 

kept at that temperature for 25 min.  

After the reaction with methane methanol was collected by extraction. 0.2 g 

of the sample was stirred in 0.5 ml solvent for 1 h. Different solvents were explored:  

acetonitrile dried over MgSO4 (99.9%, Acros Organics), an acetonitrile (99.9%, 

Merck)/water mixture (50%:50%), ethanol (99.9%, Merck) and hexane (99.9%, 

Merck), of which ethanol was the most efficient. The product composition was 

determined by a Shimadzu 2010 gas chromatograph (GC) equipped with a CP-WAX 

52 CB column (50 m and 0.32 mm ID) and a liquid sampler AOC–20i.  

    The in-situ UV-Vis-NIR DRS measurements were carried out using a Varian 

Cary 500 spectrometer in the range 5000-50000 cm-1 (200-2200 nm). In order to 

eliminate the contributions of the zeolite material, a DR UV-Vis-NIR spectrum of a 

dehydrated ZSM-5 zeolite sample was subtracted from the spectra of all Cu-ZSM-5 

zeolites. DR UV-Vis-NIR data are reported in Kubelka-Munk (K-M) units [29]. 

Transmission Electron Microscopy (TEM) was performed on a Tecnai 20 

(FEI) equipped with a field emission gun and operated at 200 kV. A small amount of 

the sample was positioned on a carbon microgrid supported on nickel. Elemental 

composition was obtained by Energy Dispersive analysis of X-rays (EDX) performed 

through a LINK EDX system.    

   FT-IR spectra of adsorbed probe molecules were recorded on a Perkin Elmer 

2000 FT-IR instrument. Samples were pressed in self-supporting wafers (around 20 

mg) and activated by outgassing in vacuum at 623 K. Next the sample was exposed 

to pivalonitrile vapor (Acros Organics, 98%) at 323 K and 7 mbar for 20 min. 

Subsequently, adsorption of NO (10% in He; 9 mbar) was performed at 323 K for 20 

min. The obtained data were baseline-corrected and the intensity of a spectrum was 

normalized at the zeolite overtones (1950-2050 cm-1).  
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Results and Discussion 

 

    Table 1 summarizes some details on the synthesis procedure and 

characteristics of the Cu-ZSM-5 zeolites under investigation. Cu loadings were the 

highest (> 2 wt %) when copper acetate was used as precursor most likely as the 

result of the higher pH of the acetate solution (around 6) as compared to that of the 

copper chloride or copper nitrate solutions (for both 4.5). This was confirmed by the 

fact that the samples prepared at lower pH contained a lower amount of copper. 

For the Cu-X-L zeolites elemental analysis revealed that zeolites exchanged 

with divalent charge compensating cations contain always less copper (about 1.5 wt 

% Cu) than the zeolite samples having monovalent cations (about 2 wt % Cu), 

though the intended weight loading was the same. 

    All copper-loaded zeolites had a BET surface area of around 320 m2/g with a 

micropore volume of about 0.12 ml/g, which is only slightly lower in comparison 

with the parent zeolite (360 m2/g and 0.13 ml/g, respectively).  

 The XRD patterns of all copper loaded ZSM-5 zeolites after calcination were 

identical to and well represented by that of parent Na-ZSM-5, indicating no 

detectable damage of the ZSM-5 structure during the preparation. No additional 

peaks due to the presence of copper oxide phases were found within the experimental 

sensitivity of XRD.    

 

 

 

 

 

 

 

 

Table 1. Overview of the Cu-ZSM-5 zeolites under investigation and their 

preparation method and methanol yield. 
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Copper 
precursor 

Sample name Conc. of 
precursor, 

M 

pH Cu 
loading, 
wt %* 

CT 
intensity,  

K-M units 

Methanol 
production, 

mmol/mol Cu 

Cu-A-2.2 

Cu-A-2.4 

Cu-A-2.6 

Cu-A-2.5 

Cu-A-1.4 

Cu-A-0.9 

0.01 

0.02 

0.05 

0.1 

0.005 

0.002 

5.5 2.2 

2.4 

2.6 

2.5 

1.4 

0.9 

0.9 

1.0 

1.4 

1.2 

0 

0 

4.7 

5.2 

6.4 

4.9 

0 

0 

Cu-A-1.7-5.0 

Cu-A-1.6-4.5 

Cu-A-1.6-4.0 

Cu-A-1.5-3.5 

0.02 5.0 

4.5 

4.0 

3.5 

1.7 

1.6 

1.6 

1.5 

0.5 

0.2 

0.15 

0.1 

3.0 

2.0 

1.6 

1.3 

Copper 
acetate 

Cu-A-H-2.0 

Cu-A-NH4-1.9 

Cu-A-Na-2.4 

Cu-A-K-1.8 

Cu-A-Rb-2.0 

Cu-A-Mg-1.7 

Cu-A-Sr-1.4 

Cu-A-Ba-1.6 

0.02 5.5 2.0 

1.9 

2.4 

1.8 

2.0 

1.7 

1.4 

1.6 

0.6 

0.6 

1.0 

0.6 

0.6 

0.4 

0.2 

0.2 

3.5 

4.0 

5.2 

4.3 

3.8 

3.4 

1.8 

2.0 
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Copper 
precursor 

Sample 
name 

Conc. of 
precursor, 

M 

pH Cu 
loading, 
wt %* 

CT 
intensity, 
K-M units 

Methanol 
production, 

mmol/mol Cu 
Copper 
nitrate 

Cu-N-1.6 

Cu-N-1.8 

Cu-N-1.9 

Cu-N-2.0 

0.01 

0.02 

0.05 

0.1 

4.5 1.6 

1.8 

1.9 

2.0 

0.2 

0.3 

0.4 

0.4 

2.7 

1.7 

2.0 

2.2 

Copper 
chloride 

Cu-C-1.7 

Cu-C-1.7 

Cu-C-2.0 

Cu-C-1.9 

0.01 

0.02 

0.05 

0.1 

4.5 1.7 

1.7 

2.0 

1.9 

0.3 

0.3 

0.4 

0.4 

2.3 

2.6 

2.9 

2.7 

* at 2 wt % Cu loading and a Si/Al ratio of 17 results in a Cu/Al ratio of 0.4. 
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 Figure 1 shows the UV-Vis-NIR DRS spectra for Cu-A-L zeolites having 

different copper loadings. Absorption bands were found at 14000 cm-1 and 22700  

cm-1. The band at 14000 cm-1 has been assigned to the d-d transition of Cu2+ in 

(pseudo-) octahedral environment [20, 30, 31]. As mentioned above for the band at 

22700 cm-1 several assignments have been reported. It is ascribed to the charge 

transfer band from Cu to O either in bis-(μ-oxo)dicopper [18,19] or in mono-(μ-

oxo)dicopper species [20-22, 25]. However, as already discussed the intensity of the 

band at 22700 cm-1 is exceptionally weak for a CT band; usually a CT band is at least 

two orders of magnitude higher in intensity compared to a d-d transition band [26]. 

This indicates that only a minority of copper is present as the species giving rise to 

the CT band at 22700 cm-1. 

 

Figure 1. UV-Vis-NIR DR spectra of Cu-A-2.2 (A); Cu-A-2.4 (B); Cu-A-2.5 (C) and 

Cu-A-2.6 (D) after calcination in air at 823 K. 

 

   Earlier studies of Groothaert et al. [18, 19, 25] showed that the CT band at 

22700 cm-1 disappeared after exposing Cu-ZSM-5 to methane, after which methanol 

could be extracted. Based on that result it was proposed that this CT band was 

associated  to  the active  site for  methane  oxidation  to  methanol over  Cu-ZSM-5  
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zeolites. However, a quantitative relation between the intensity of the CT band and 

the amount of methanol produced has, to the best of our knowledge, not been 

reported before. When the CT band is indeed related to the active site, the intensity 

of the band should be linearly related to the catalytic activity. 

 

Figure 2. CT intensity at 22700 cm-1 as a function of Cu loading for the Cu-ZSM-5 

samples under investigation:   - Cu-A-L;    - Cu-N-L;    - Cu-C-L;    - Cu-A-X-L and     

   - Cu-A-L-P. 

 

   In Figure 2 the intensity of the CT band at 22700 cm-1 as a function of Cu 

loading for all different Cu-ZSM-5 (Cu-A-L, Cu-N-L, Cu-C-L, Cu-A-X-L and Cu-A-

L-P) zeolites is plotted. Clearly, two regions can be distinguished. In region one no 

intensity of the CT was seen though Cu was present. In region two (above 1.4 wt% 

Cu) a linear increase of the CT band with Cu loading was observed. Smeets et al. 

showed earlier that for samples with low Cu loading the distance between copper 

atoms is too large and thus the formation of (μ-oxo) dicopper species is impossible 

i.e. no CT band should be observed [23], which is confirmed here as well. For Cu-

ZSM-5 zeolites with higher copper loadings (> 1.4 wt%) the intensity of the CT band 

increased linearly with increasing Cu loading, suggesting higher  amount of potential 
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active sites for the methane to methanol reaction for samples with a higher copper 

loading. 

Since all samples follow the same trend irrespective of the used copper 

precursor, pH and the nature of the charge compensating cation, it was concluded 

that the nature of the copper species in all samples is the same. Only their amount 

varied among the samples. This observation also suggests that the nature of co-cation 

does not alter the electronic properties of active copper species. Since the CT band at 

22700 cm-1 becomes visible only at higher copper loadings copper must be present in 

a different form for lower copper loadings.  

    To establish whether a relationship between the CT band intensity and 

catalytic activity exists, methanol was extracted from the samples after exposing the 

activated samples to methane. It is necessary to mention here that this methane to 

methanol process is not continuous (yet) and the operation of this catalyst cycle 

consists of three steps: 1) activation (calcination in oxygen or air) to deposit active 

oxygen, 2) reaction with methane, and 3) extraction of the formed products with a 

solvent. 

         The role of the extraction solvent on the methanol yield was investigated 

first. The extraction was performed immediately after the reaction using different 

solvents. As an example, the amount of methanol extracted from Cu-A-2.4 using 

different solvents is shown in Figure 3.  
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Figure 3. Influence of the extraction solvent on the amount of methanol produced for 

Cu-A-2.4. 

 

Clearly, more polar and protic solvents (ethanol and acetonitrile/water) 

yielded higher amounts of methanol produced. We propose that the role of the 

solvent is not only to dissolve the product, but also to provide protons to the reaction 

intermediate, most likely a methoxy species [32] formed on the catalyst surface to 

form methanol. Since ethanol was the most efficient solvent for the extraction, it was 

used for the further experiments. It should be mentioned here that exposing an 

activated Cu-ZSM-5 sample to ethanol resulted in traces of diethoxyethane most 

likely by a reaction of ethanol with traces of acetaldehyde which are present as an 

impuritiy in ethano). No other products were found. 

 Figure 4 displays the amount of methanol produced (ethanol was used as 

extraction solvent) as a function of the CT band. Clearly, the amount of methanol 

produced increased linearly with increasing CT band intensity. Thus, we observed a 

quantitative relationship between the CT  band and the amount of methanol produced  

for Cu-ZSM-5 zeolites, indicating that the CT band at 22700 cm-1 indeed represents 

the active site. 
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Figure 4. The amount of methanol produced as a function of CT band intensity for 

Cu-ZSM-5 materials under investigation:   -Cu-A-L;   -Cu-N-L;   -Cu-C-L;    -Cu-A-

X-L and    -Cu-A-L-P. 

 

   As mentioned above at least two types of copper species were present in the 

different Cu-ZSM-5 zeolites. Combining the catalytic results and UV-Vis-NIR DRS 

data we suggest that only a minority species are present in the active form. In order 

to get more insight into the copper speciation we used transmission electron 

microscopy (TEM) to directly visualize copper particles. Figure 5A shows a typical 

TEM image of Cu-A-2.2. The black spots indicate the presence of nanosized copper 

oxide particles (2-5 nm). The size of the particles leads us to speculate that they are 

on the outer surface of the ZSM-5 zeolite. Figure 5B shows the presence of areas in 

the same sample without visible copper particles. Nevertheless in those areas EDX 

analysis did indicate the presence  of copper.  Therefore, this copper  must be highly 

dispersed. It is tempting to assume that this highly dispersed copper is related to the 

22700 cm-1 band in the UV-Vis-NIR DRS data.  
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Figure 5. TEM images of Cu-A-2.4: A- CuO clusters are present and B – highly 

dispersed copper inside the channels. 

 

It is necessary here to mention that the time of exposure of the sample to the 

electron beam had a significant influence on the appearance of copper particles in 

TEM. Figure 6 shows TEM images of Cu-A-2.2 directly after exposure to the 

electron beam (A) and the same part of the sample after several minutes of exposure 

(B). It is clear that prolonged exposure to the electron beam appears to cause 

migration and sintering of copper to 2-5 nm particles [33]. This is an additional prove 

that part of the copper is highly dispersed within the channels of ZSM-5, which 

apparently migrated to the surface after long time exposure.  

 

 

Figure 6. TEM images of Cu-A-2.2 directly after exposure to the electron beam (A) 

and after few minutes exposure (B). 

 

 41 



Chapter 2 

 

   Summarizing, from TEM results it can be concluded that at least two types of 

copper species are present; i.e., nanosized copper oxide particles on the outer surface 

of the ZSM-5 zeolite and highly dispersed copper most probably inside the ZSM-5 

channels. 

To obtain additional information about the copper speciation and to correlate 

the amount of these species to catalytic activity, FT-IR measurements of adsorbed 

pivalonitrile and NO were performed. Pivalonitrile does not fit the pores of ZSM-5. 

To confirm that pivalonitrile does not fit the pores of ZSM-5 the FT-IR spectra of 

Cu-A-2.4 both after outgassing and after adsorption of pivalonitrile are shown in 

Figure 7. Two intense bands at 3605 cm-1 and 3740 cm-1 are visible after outgassing 

the Cu-A-2.4 zeolite. They have been ascribed to Brønsted acid groups inside the 

channels and to terminal silanol groups mainly on the outer surface, respectively 

[34]. A small signal at 3660 cm-1 is also observed and has been attributed to hydroxyl 

groups of extra-framework aluminum species  [34]. After exposure of the sample to 

pivalonitrile vapor the band at 3740 cm-1 completely disappeared. However, the 

bands at 3605 cm-1 and 3665 cm-1 remained. Thus indicating that pivalonitrile only 

adsorbs on the outer surface of the zeolite (i.e. silanol groups).  

 

Figure 7. FT-IR spectra of Cu-A-2.4 after outgassing at 623 K for 1 h (a) and after 

exposure to the pivalonitrile vapor (7 mbar) at 323 K (b). 
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However, pivalonitrile does adsorb on copper oxide [35, 36], therefore, its 

adsorption will be indicative for copper oxide on the outer surface of the zeolite. 

Next, NO is adsorbed to visualize copper inside the channels, if present. NO is a 

sensitive molecular probe for both Cu+ and Cu2+, so it can be used to explore the 

valence and amount of copper in copper-exchanged zeolites [36]. Figure 8A shows 

FT-IR spectra of Cu-A-2.4 both after outgassing and after subsequent contact with 

pivalonitrile vapor. Bands at 2239 cm-1, 2245 cm-1, 2280 cm-1 and 2296 cm-1 in the 

CN-stretching region were formed after pivalonitrile adsorption. The former two 

bands have been assigned to the perturbation of the CN vibration by interaction of 

pivalonitrile with the terminal silanol groups and were also observed for the 

adsorption of pivalonitrile on a parent Na-ZSM-5. The band at 2296 cm-1 has been 

associated to interaction of pivalonitrile with Lewis Al3+ site [35, 36], while the band 

at 2280 cm-1 has been assigned to Lewis acid-base complex of pivalonitrile with Cu2+ 

[35, 36].  

 

 

Figure 8A. FT-IR spectra of Cu-A-2.4        Figure 8B. FT-IR spectra of Cu-ZSM-5  

after outgassing at 623 K for 1 h (A) and     after adsorption of PN: (A) Cu-A-2.4;     

(B) after  adsorption of PN (7 mbar).           (B) Cu-A-2.5; (C) Cu-N-1.8; (D) Cu-N-                          

                                                                      1.8; (E) Cu-A-0.9         
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Figure 8B shows the FT-IR spectra of adsorbed pivalonitrile on Cu-ZSM-5 

zeolites with varying metal loadings. In order to estimate the intensity of the 

absorption band at 2280 cm-1 and to establish a relationship between the amount of 

copper on the zeolite outer surface and catalytic activity, all FT-IR spectra in the CN-

stretching region were deconvoluted (an example of such a deconvolution is shown 

in Figure 9).  

 

Figure 9. The deconvolution of the FT-IR spectrum of Cu-C-2.0 after adsorption of 

pivalonitrile (7 mbar). 

 

To investigate whether this FT-IR band relates to the active site the methanol 

yield was plotted as a function of the intensity of 2280 cm-1 band. The result is shown 

in Figure 10. There is no linear relationship between the 2280 cm-1 IR band and the 

amount of methanol produced. It is concluded that the copper species on the outer 

surface that are probed by pivalonitrile are not involved in the methane to methanol 

reaction. 
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Figure 10. FT-IR intensity of the absorption band at 2280 cm-1 after pivalonitrile 

adsorption as a function of the produced amount of methanol over Cu-ZSM-5 

samples under investigation 

 

Subsequent to pivalonitrile, NO was adsorbed on the samples. Figure 11A 

shows a FT-IR spectrum of Cu-A-2.4 after adsorption of NO. Two intense bands 

developed at 1813 cm-1 and 1907 cm-1, which have been assigned to NO adsorbed on 

Cu+ and Cu2+, respectively [40-49]. Figure 11B shows the FT-IR spectra of NO 

adsorbed on Cu-ZSM-5 zeolites with different metal loadings. Apparently, the 

intensity of these bands increases with copper loading. The spectra were 

deconvoluted to determine the intensities of these two absorption bands. 
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Figure 11A. FT-IR spectrum of NO           Figure 11B. FT-IR spectra of NO adsorp- 

adsorption (10 mbar 1% NO in He) on       tion: (A) Cu-A-0.9; (B) Cu-N-1.8; (C) Cu- 

Cu-A-2.2 at 323 K.                                    N-2.0; (D) Cu-A-2.2; and (E) Cu-A-2.6      

 

 

Figure 12. Time-resolved FT-IR spectra of Cu-A-24 during 15 min of NO adsorption 

(8 mbar) at 323 K. 
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The adsorption of NO was performed for 20 min and Figure 12 shows a set 

of time-resolved FT-IR spectra of NO adsorption on Cu-A-2.4. It can be concluded 

from Figure 12 that the absorption band, located at 1813 cm-1 (assigned to the 

adsorption of NO on Cu+ [40-49]) decreased in intensity with prolonged exposure of 

the sample to NO. Meanwhile, the band at 1907 cm-1 is increased in intensity with 

exposure, indicating that Cu+ is oxidized to Cu2+ during this adsorption experiment. 

To estimate the amount of Cu+ and Cu2+ in the Cu-ZSM-5 samples, all spectra were 

deconvoluted and the combined intensities of both bands were used to represent the 

amount of copper inside the zeolite ZSM-5 channels. 

 

 

Figure 13. The amount of methanol produced as a function of IR band at 1813 cm-1 

and 1907 cm-1 over Cu-ZSM-5 zeolites under investigation. 

 

When the amount of methanol produced is plotted as a function of the total 

intensity of both NO IR-absorption bands, a linear relationship is observed (Figure 

13), indicating that NO (after pivalonitrile adsorption) is representative for the active 

sites, involved in methane oxidation.  
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Summarizing, also the FT-IR data indicate that there are at least two copper 

species present in Cu-ZSM-5 zeolites under investigation: i.e copper on the outer 

surface, which is not active for methane oxidation; and highly dispersed copper 

inside the channels of ZSM-5, which is involved in methane oxidation. 

 

Conclusions 

For activated Cu-ZSM-5 zeolites the CT band at 22700 cm-1 is linearly 

related to the metal loading and to the activity of the samples for the production of 

methanol from methane and oxygen. Thus, a quantitative structure-performance 

relationship between the CT band intensity and the amount of methanol produced has 

been established. This relationship is valid irrespective of the used copper precursor, 

pH and the nature of charge compensating cation. The presence of at least two 

copper species was observed and confirmed by UV-Vis-NIR DRS, TEM and FT-IR 

measurements. Part of the copper is present as Cu-O nanoclusters on the outer 

surface. Based on catalytic experiments and FT-IR measurements of adsorbed 

pivalonitrile we showed that Cu-O species on the outer surface are inactive for 

methanol production. A minor part of copper is present inside the microporous 

channels as visualized by FT-IR of adsorbed NO after pivalonitrile adsorption, which 

most likely gives rise to the CT band at 22700 cm-1. These copper species inside the 

zeolite channels are involved in the oxidation of methane to methanol. 
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Route 
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Abstract 

 

For the first time the possibility to partially oxidize methane to methanol and 

formaldehyde at low temperature over Co-ZSM-5 is reported. The influence of the 

preparation method on the nature of the cobalt species was investigated. In addition, the 

catalytic activity and selectivity for methane oxidation as a function of the cobalt 

speciation was discussed. Based on UV-Vis-NIR DR and FT-IR spectroscopy, H2-TPR, 

TEM and kinetic measurements it is concluded that cobalt in ion-exchange positions 

resulted mainly in the formation of formaldehyde, while larger Co-oxide particles 

prepared by impregnation resulted in the formation of methanol. 
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Introduction 

 

The direct conversion of methane to methanol and formaldehyde holds one 

of the greatest challenges in heterogeneous catalysis [1-4]. Methane is an important 

fossil feedstock and its direct partial oxidation to oxygenates is challenging for 

thermodynamic reasons. Currently, oxygenates (e.g. methanol) are prepared from 

methane via a multi-step process. First syn-gas (CO and H2) is generated followed by 

the oxygenate formation in a second step [5-7]. Though these processes are highly 

efficient, methanol synthesis following this route is only economically viable when 

performed on a large scale, which is the result of high capital costs for syn-gas 

production [8]. Obviously, a more convenient way for small-scale methanol 

production would be the direct synthesis of methanol from methane making use of 

air or oxygen.  

Fe-ZSM-5 is known to be active for this conversion although N2O was 

indispensable as oxidant [9, 10]. Due to the limited availability of N2O the use of 

molecular oxygen or air as an oxidant is more attractive. Recently, it was reported 

that Cu-ZSM-5 was able to perform the methane to methanol reaction [11]. However, 

a preliminary calcination step in oxygen is required. It is also necessary to mention 

here that this process is not continuous yet and an extraction procedure is needed [11, 

12].  

An initial screening study in our laboratory showed that especially Co-ZSM-

5 displays intriguing catalytic behavior in the partial oxidation of methane to 

oxygenates. We will show in this Chapter that Co-ZSM-5, preliminary activated by 

calcination in air, can convert methane to methanol and/or formaldehyde. 

Co-ZSM-5 can be prepared by different methods: wet ion-exchange [13-15], 

solid-state ion-exchange [16, 17], incipient wetness impregnation [14, 17] and 

sublimation [17]. The preparation method determines the cobalt species present in 

materials. Cobalt-loaded ZSM-5 samples may contain at least two cobalt species: 

Co2+ in ion-exchange position and cobalt oxidic species. These cobalt species exhibit 

different catalytic [18-20] and magnetic [14, 21] properties. 
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 In this work we have chosen to prepare Co-ZSM-5 materials by wet ion-

exchange and incipient wetness impregnation. UV-Vis-NIR Diffuse Reflectance 

(DR) spectroscopy, Fourier Transform Infrared Spectroscopy (FT-IR), Temperature 

Programmed Reduction (H2-TPR) and Transmission Electron Microscopy (TEM) 

were used to identify the nature of the Co-species present in these samples. The 

characterization results were related to the catalytic behavior of the samples in order 

to establish a structure-performance relation for the production of oxygenates over 

Co-ZSM-5 using methane and air.  

 

 

Experimental  

 

NH4-ZSM-5 (ZEOLYST, Si/Al = 17.5) was converted to Na-ZSM-5 via ion-

exchange using 0.1 M NaNO3 (98%, Acros Organics) at ambient temperature (RT) 

for 24 h; the procedure was repeated three times. Ion-exchanged Co-ZSM-5 catalysts 

were prepared using an aqueous solution of 0.02 M cobalt acetate (98%, Acros 

Organics) or cobalt nitrate (98%, Acros Organics) for 24 h. This procedure was 

performed both at RT and at 353 K. After loading the samples were washed with 

demineralised water and dried at 393 K in static air for 12 h. In addition, Co-ZSM-5 

samples were also prepared by incipient wetness impregnation using either a 1.5 M 

cobalt nitrate or acetate solution. Samples were dried at 333 K in a flow of N2.  

Cobalt loadings were determined by Atomic Absorption Spectroscopy 

(AAS) using a VARIAN Spectra AA-20 instrument. 10 mg of the Co-ZSM-5 zeolite 

was dissolved in 0.1 M HF to prepare the solutions for AAS measurements. 

For activation the samples were calcined at 823 K for 3 h in flow of N2 (800 

ml/min) and O2 (200 ml/min) with a ramp of 0.5 K /min [22, 23]. After the 

calcination the reaction with methane was performed (at 423 K for 25 min in 8% 

CH4 in He with a total flow of 25 ml/min) in a batch mode. The activation and the 

reaction were performed in a quartz flow cell equipped with a UV-Vis-NIR 

transparent window. Details on the cell can be found elsewhere [24]. 
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The analysis of the gas leaving the reactor was carried out using an 

Interscience Compact GC system, equipped with two different columns a Molsieve 

5A and a Porabond Q, each having a TCD detector. 

Since the oxidation process is not continuous yet, after the reaction with 

methane an extraction procedure was performed by stirring 0.2 g of the sample in 0.5 

ml ethanol for 1 h. A Shimadzu GC 2010 with CP-WAX 52 CB column and liquid 

sampler AOC – 20i was used to quantify the product concentrations in the samples. 

Both after the calcination and after exposing to methane UV-Vis-NIR 

Diffuse Reflectance (DR) spectra of the samples were recorded on a Varian Cary 500 

spectrometer in the range 5000-50000 cm-1 (200-2200 nm). In order to eliminate the 

contributions of the zeolite material, a DR UV-Vis-NIR spectrum of dehydrated 

ZSM-5 zeolite sample was subtracted of the spectra of all Co-ZSM-5 samples.  

  The nature of surface species on the catalyst after exposing to methane was 

also investigated using Fourier Transform Infrared Spectroscopy (FT-IR). Samples, 

pressed into self-supporting wafers, were heated in He with a temperature ramp of 2 

K/min to 473 K. FT-IR spectra were recorded in a He flow at 473 K on a Perkin Elmer 

FT-IR 2000 spectrometer using a DTGS detector. 25 scans were averaged and data 

were baseline corrected and the intensity of each spectrum was normalized at the 

zeolite overtones (1850 – 1950 cm –1). 

X-Ray Diffraction (XRD) patterns of the Co-ZSM-5 materials were recorded 

on a Nonius PDS 120 powder diffraction apparatus with Co Kα radiation (λ=1.78897 

Å). 

For Transmission Electron Microscopy (TEM) measurements a small 

amount of the sample was positioned on a carbon microgrid supported on copper. 

The microscope Tecnai 20 (FEI) equipped with a field emission gun was operated at 

200 kV. Elemental composition was obtained by Energy Dispersive analysis of X-

rays (EDX) performed through a LINK EDX system.  

Temperature Programmed Reduction (H2-TPR) was performedon an 

Autochem 2920 instrument from Micrometrics. 0.8 g catalyst was heated with a rate  
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of 5 K/min in 5 % H2 in Ar (50 ml/min). Before the experiment the samples were 

dried in Ar at 393 K for 1 h. 

 

 

Results and Discussion 

 

Co-ZSM-5 samples were prepared by aqueous ion-exchange at RT or 353 K, 

using either cobalt acetate or cobalt nitrate, or by incipient wetness impregnation also 

using an aqueous solution of cobalt nitrate or cobalt acetate (Table 1).  

 

Table 1. Overview of the samples under investigation, the sample loadings and their 

preparation method. 

Sample name Preparation method Cobalt 
precursor 

Co, 
wt %* 

Co_IE_RT_A_0.9 Ion-exchange at RT Cobalt 
acetate 

0.9 

Co_IE_RT_N_0.6 Ion-exchange at RT Cobalt nitrate 0.6 

Co_IE_80_A_2.7 Ion-exchange at 353 K Cobalt 
acetate 

2.7 

Co_IE_80_N_1.7 Ion-exchange at 353 K Cobalt nitrate 1.7 

Co_IMP_N_2.5 Impregnation Cobalt nitrate 2.5 

Co_IMP_A_2.5 Impregnation Cobalt 
acetate  

2.5 

* Determined by Atomic Absorption Spectroscopy (AAS).  

 

After drying the samples were in-situ activated in air by a mild calcination 

procedure [22, 23] i.e. in a high gas-flow rate (1000 ml/min) with a low temperature 

ramp (0.5 ºC /min). In that way the highest possible amount of moisture was 

removed at a relatively low temperature, while preventing metal ion clustering. The 

XRD patterns of all cobalt loaded ZSM-5 samples after calcination appeared to be 

identical  (Figure 1), indicating  no detectable  damage of  the  ZSM-5 structure.  No  
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additional peaks due to the presence of cobalt oxide phases were found within the 

experimental sensitivity of XRD. 

  

Figure 1. XRD patterns of the parent Na-ZSM-5 (A); Co_IE_RT_A_0.9 (B); 

Co_IE_80_A_2.7 (C) and Co_IMP _2.5_N_60N (D). 

 

The nature of the cobalt species present can be visualized by means of UV-

Vis-NIR DR spectroscopy after calcination and after reaction with methane. A UV-

Vis-NIR DR spectrum of calcined Co-IE_RT_A_0.9 is shown in Figure 2A. Two 

triplet bands are visible. The first triplet is in the near infrared (NIR) region (5000 

cm-1, 6500 cm-1 and 8000 cm-1). This triplet could be assigned to the 4A2(F) → 4T1(F) 

transition [25]. However, in the NIR region, the cobalt spectra might be overlapped 

by the overtone bands of OH groups (7200-7400 cm-1) and water molecules (5200 

cm-1). Therefore, the NIR region is usually used to check the dehydration of zeolites, 

while the Vis region is used to monitor the nature of the cobalt species [26]. The 

second triplet (marked with asterisk) is observed in the Vis region (15000 cm-1, 

17000 cm-1 and  21500 cm-1) and  is  ascribed  to the 4A2(F) → 4T1(P)  transition [24]. 

Wichterlová et al. assigned the bands in the visible range to Co2+ located at three 

different sites in the ZSM-5, i.e. α -, β- and γ- sites, respectively [13, 26-28]. 
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Figure 2. UV-Vis-NIR DR spectra of Co_IE_RT_A_0.9 (A); Co_IE_80_A_2.7 

(B) and Co_IMP_N_2.5 _60N (C) after calcination at 823 K (* - isolated 

Co2+:4A2(F)→ 4T1(P) transition; ○ – Co3O4: 
1A1g → 1T2g and 1A1g → 1T1g 

transitions ; ∆ - CoO: 1T1g(F) → 1T2g(F) and 1T1g(F) → 1T1g(P) transitions). 

 

A UV-Vis-NIR DR spectrum of Co_IMP_N_2.5 is displayed in Figure 2C. 

The broad band between 18000 and 26000 cm-1 and the band around 13500 cm-1 

(marked with circles) are indicative for Co3O4 clusters and they are ascribed to 

octahedral Co3+ (1A1g → 1T2g and 1A1g → 1T1g transitions) [29-31]. The band at 8000 

cm-1 and the band at around 19600 cm-1 (marked  with triangles) are ascribed to the  
1T1g(F) → 1T2g(F) and 1T1g(F) → 1T1g(P) transition, respectively, and indicate the 

presence of CoO [32]. Therefore, it is concluded that samples prepared by aqueous 

impregnation contain mainly cobalt oxide species, both CoO and Co3O4. Similar 

observations were made by impregnation, using cobalt acetate as a precursor. 

The samples prepared by ion-exchange at 353 K have higher metal loadings 

(2.7 wt% and 1.7wt%, using cobalt acetate and cobalt nitrate, respectively) (Table 1). 

Figure 2B shows a UV-Vis-NIR DR spectrum of Ci_IE_80_A_2.7. Three absorption 
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bands at 15000, 17000 and 21500 cm-1 indicate the presence of Co2+ in ion-exchange 

position as discussed above. In addition, the broad band between 18000 and 26000 cm-

1 indicate the presence of Co3O4. Co_IE_80_N_1.7 also showed the formation of 

both species. 

To give a quantification of the different Co-species present in the samples 

H2-TPR measurements were performed. Based on the literature, three regions of 

reduction can be expected, i.e: below 673 K representing the reduction of 

extraframework bulk-like Co3O4 particles; between 673 and 973 K representing the 

reduction of intraframework  (CoOx)n oligomers containing Co2+; and peaks between 

973 and 1173 K representing the reduction of extraframework cobalt (II) 

phyllosilicate (Table 2). Isolated Co2+ can only be reduced above 1173 K. Their 

quantity was, in general, calculated by the difference between the total amount of 

cobalt and the amount of cobalt quantified based on the thermograms [33-35]. 

 Table 2 presents the quantification of cobalt species using H2-TPR analysis. 

For the Co_IE_RT_A_0.9 sample isolated Co2+ ions are the main cobalt species (80 

%), which is in a good agreement with the UV-Vis-NIR DRS data. For 

Co_IMP_N_2.5 we observed mainly cobalt oxide species (85 %). Co_IE_80_A_2.7 

is an intermediate case and showed 25% of Co-oxide species, 50 % isolated Co2+ and 

25% cobalt phyllosilicate. The H2-TPR data confirmed UV-Vis-NIR DRS results and 

also give the quantification of cobalt species present in Co-ZSM-5 materials. 
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Table 2. H2-TPR results of Co-ZSM-5 samples prepared by different methods. 

Sample T1max 

(K) 
T2max 

(K) 
T3max 

(K) 
% Cox+  

in Co3O4 

(T1)  

% Co2+ 

 in CoO 
(T2) 

% 
CoSiO4 

(T3) 

% 
Isolated 

Co2+ 

Co_IE_RT_A_0.9 635 965 - 10 10 - 80 

Co_IE_80_A_2.7 625 945 1075 10 15 25 50 

Co_IMP_N_2.5 600 975 - 35 50 - 15 

 

These findings are also supported by TEM, as indicated in Figure 3. For 

Co_IE_RT_A_0.9 (Figure 3A) no cobalt-containing particles on the outer surface of 

the zeolite could be found. An EDX analysis confirmed the presence of cobalt 

throughout the sample suggesting that most cobalt was distributed inside the ZSM-5 

channels. Please note that prolonged exposure (few minutes) of the samples resulted 

in large cobalt-containing particles (2-5 nm) most likely as the result of Co migration 

and sintering from the pores to the external surface. 

 

 

Figure 3. TEM micrographs of Co_IE_RT_A_0.9 (A), Co_IE_80_A_2.7 (B) 

and Co_IMP_N_2.5 (C) (cobalt oxide particles are encircled). 

 

Figures 3B-C show TEM images of Co_IE_80_A_2.7 and Co_IMP_N_2.5, 

respectively. Large cobalt oxide particles (10-50 nm) were observed for both 

samples.  Areas,  where  no   particles  were  visible, were  also  present.  In  case  of  
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Co_IE_80_A_2.7 cobalt species in needle-like structures were observed. This gives 

an additional confirmation of the presence of cobalt silicate in that sample [34, 36]. 

To check the catalytic activity after calcination the activated samples were 

exposed to methane (8% CH4 in He at 423 K for 25 min). The gas phase was 

analyzed during the experiments and indicated that no gaseous products were 

formed. It is necessary to mention that the UV-Vis-NIR DR spectra of all prepared 

Co-ZSM-5 materials after exposure to methane did not show significant differences 

as compared to the activated samples. 

  Since the products of the reaction strongly adsorb on the surface of the 

catalyst an extraction procedure is needed to evaluate the catalytic activity of the 

samples. The extraction was performed with ethanol. GC analyses were performed to 

check the amount of formed products. We speculate that the strongly adsorbed 

species are methoxy species. It is known that the formation of a methoxy species (-

OCH3) is generally considered as one of the first steps in the chemisorption of 

methane on an oxidic surface [37, 38].  

 

 

Figure 4. FT-IR spectra of Co_IE_80_A_2.7 in a He flow at 473 K before 

reaction with methane (A) and after exposure to methane (B). 
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The formation of methoxy species was indeed confirmed by FT-IR 

measurements (Figure 4). Vibrations at around 2950 and 2980 cm-1 are related to 

asymmetric CH stretching modes. Symmetric CH stretching vibration were found 

around 2850 cm-1 [37, 38], and the band at 2980 cm-1 is related to a center rotational 

band. The positions of the bands were similar for all Co-ZSM-5 samples. 

Figure 5 summarizes the amount of produced oxygenates and selectivity of 

the different Co-ZSM-5 samples under investigation. The Co_IE_RT_N_0.6 sample 

was not active for methane oxidation for unknown reasons. However, 

Co_IE_RT_A_0.9 with 80% isolated Co2+ shows the formation of two products: 

methanol and formaldehyde, with 75% selectivity towards formaldehyde. Samples 

prepared by impregnation, using either cobalt acetate or cobalt nitrate as metal 

precursor, i.e. possessing 85% of the cobalt as oxidic species, were 100% selective 

towards methanol. 

Cobalt samples prepared by ion-exchange at 80 ºC (Co_IE_80_A_2.7 and 

Co_IE_80_N_1.7), having both oxidic Co-species and isolated Co2+ species, show 

the formation of both products: methanol and formaldehyde. Co_IE_80_N_1.7 was 

40% selective towards methanol and 60% selective towards formaldehyde, which is 

similar to that of Co_IE_80_A_2.7 (45% methanol and 55% formaldehyde). 
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Figure 5. Selectivity towards methanol and formaldehyde and the total amount of 

produced oxygenates of Co-ZSM-5 zeolites for methane activation with O2 at 423 K 

Co_IE_RT_A_0.9(A); Co_IE_RT_N_0.6 (B); Co_IE_80_A_2.7 (C); 

Co_IE_80_N_1.7 (D); Co_IMP_N_2.5 (E) and Co_IMP_A_2.5 (F). 

 

It is possible to regenerate the catalyst material. After the extraction step in 

ethanol the Co-ZSM-5 materials were dried and calcined in air as described above. 

Subsequent exposure to methane shows the same catalytic results for these materials 

as before regeneration. 

Thus, by relating the catalytic results with UV-Vis-NIR DRS, H2-TPR and 

TEM data we can summarize that the sample, which only contained monoatomic 

Co2+ in ion-exchanged positions (Co_IE_RT_A_0.9), is the most selective towards 

formaldehyde formation. By increasing the amount of oxidic cobalt species, i.e., 

samples prepared either by ion-exchange at 353 K or by impregnation, the selectivity 

towards methanol increased thus indicating that the presence of oxidic cobalt species 

results in the formation of methanol. 
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Conclusions 

 

Co-ZSM-5 is able to partially oxidize methane to oxygenates at low 

temperature. Using different preparation methods it is possible to tune the catalytic 

activity and selectivity of the system. In the samples prepared by ion-exchange at RT 

most cobalt was found to be in ion-exchange positions. These samples were most 

selective towards formaldehyde. In contrast, impregnated samples, containing mainly 

oxidic cobalt species (CoO and Co3O4), are more selective towards methanol.  
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Oxidation of Methane to Methanol and Formaldehyde 

over Co-ZSM-5: Tuning the Reactivity and Selectivity 

by Alkaline and Acid Treatments 
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Abstract 

 

Alkaline treatment of templated Na-ZSM-5 zeolites with NaOH solutions 

resulted in the creation of intercrystalline mesopores within the zeolite agglomerates, 

while preserving the micropore volume and crystallinity. It was found that the zeolite 

external surface area increased with increasing NaOH concentration and pretreatment 

time. These alkaline treated samples were loaded with cobalt and a linear relationship 

between the number of cobalt oxidic species and the external surface area of the 

zeolite could be established. This in turn leads to a linear relationship between the 

ZSM-5 surface area and the amount of methanol produced over Co-ZSM-5 from 

methane at 423 K. Attempts to remove extra framework alumina species by an acid 

treatment were successful. However, this acid treatment increased, after Co-

deposition, the amount of highly dispersed Co2+ inside the ZSM-5 channels, which 

resulted in a higher selectivity towards formaldehyde. The nature of the charge 

compensating cation also determined the cobalt speciation. Co-H-ZSM-5 samples 

contained more cobalt inside the channels and were more selective towards 

formaldehyde formation than Co-Na-ZSM-5 samples. 
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Introduction 

 

Cobalt-containing zeolites can potentially be applied in a wide variety of 

applications, such as the reduction of NO by hydrocarbons [1-8] and alkane 

ammoxidation [9-11]. As shown in Chapter 3 we have recently discovered that Co-

ZSM-5 zeolites are able to oxidize methane to oxygenates [12]. Zeolites often consist 

of small crystals agglomerated to larger entities of typically > 2 μm [13, 14]. This 

might hamper the accessibility of the active sites in the zeolite/zeolite aggregates and 

merits a more detailed investigation. Therefore, we have investigated in this Chapter 

the role of pore accessibility on the catalytic performance of Co-ZSM-5 zeolites for 

the production of oxygenates from methane and oxygen.  

Accessibility of zeolites can be improved by introducing mesoporosity either 

during the synthesis or by post-synthesis treatments. During synthesis combustible 

hard templates can be used, such as carbon aerogel [15, 16] or resorcinol-

formaldehyde aerogels (RFAs) [17]. After zeolite synthesis these templates are 

removed with the concomitant formation of mesopores. For post-synthesis treatments 

often steaming and acid leaching are applied, which is expected to lead to 

dealumination [18-21]. Unfortunately, dealumination of highly siliceous zeolites, 

such as ZSM-5, generally induces rather limited mesoporosity [22-24]. For those 

materials new post-synthesis treatment using alkaline solutions to introduce 

mesopores by framework Si extraction was developed [25-29]. It was shown that 

desilication usually results in controlled mesoporosity and does not affect micropore 

size nor acidic properties [30]. Groen et al. showed that desilicated ZSM-5 zeolites, 

followed by Fe deposition, were more active for N2O decomposition as compared to 

the non-leached zeolites. This was ascribed to a higher amount of highly active Fe2+-

species present in the desilicated samples [31, 32]. 

In the current Chapter we have investigated the role of alkaline (NaOH) 

treatment on ZSM-5 agglomerates, still containing their template, on mesopore 

formation. The role of these mesopores on the speciation of cobalt and the activity of 

these Co-containing samples for methanol production from methane is the main goal 
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of the study. Different alkaline treatments were applied to vary the mesoporosity of 

ZSM-5 zeolites. The influence of mesoporosity on cobalt speciation was investigated 

by UV-Vis-NIR diffuse reflectance (DR) spectroscopy and Temperature 

Programmed Reduction (TPR) making use of hydrogen. The activity and selectivity 

towards methane activation was established in batch mode.  

 

 

Experimental  

 

Materials and treatments 

 

Na-ZSM-5 from ExxonMobil (with a Si/Al ratio of 17) with the template 

present in the pores was used as the starting material and will be referred to as ZSM-

5-p (all sample names and treatments are compiled in Table 1). This material was 

alkaline-treated by stirring 2 g of zeolite in 90 ml of an aqueous solution of NaOH 

(Acros Organics, extra pure) with varying concentration (0.1 M and 1 M) at 343 K 

for different times (10-30 min). The sample was subsequently washed, dried and 

calcined to remove the template. The samples were denoted as ZSM-5-at-A-B, where 

at denotes “alkaline treated”, A is the concentration of NaOH hydroxide and B the 

reaction time. In addition, ZSM-5–p was calcined in air at 823 K for 12 h to remove 

the template. Next, this sample was given an alkaline treatment by contacting 2 g of 

the calcined material in 90 ml of 0.1 M NaOH solution at 343 K for 30 min. This 

sample is named ZSM-5-nt-at-0.1-30 with nt denoting “no template” and the other 

suffixes are as described above. 

ZSM-5-p and ZSM-5-at-1-20 samples were additionally acid-treated by 

using 0.1 M HNO3 (Merck, 65%, for analysis grade) at RT for 20 h. After acid 

treatment the samples were washed, dried and calcined at 823 K to remove the 

template. The samples were named ZSM-5-acid and ZSM-5-at-1-20-acid, 

respectively.  
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In addition, to prepare the proton-exchanged ZSM-5-p and ZSM-5-at-1-20 

these samples were 3 times ion-exchanged with NH4NO3 (Acros Organics, 99+ %) at 

343 K for 12 h. After washing and drying the samples were calcined at 823 K. They 

are named H-ZSM-5-p and H-ZSM-5-at-1-20, respectively.  

 

Characterization 

 

Textural properties of the materials were studied by N2 physisorption 

measurements at 77 K using a Micromeritics Tristar 3000. Prior to the adsorption 

measurements the samples were dried at 573 K for 12 h. The BET method was 

applied to calculate the total surface area. The t-plot method was applied to obtain 

the micropore volume and external surface area. The BJH model was used to 

determine the size of the mesopores. 

Powder X-ray diffraction (XRD) patterns of the samples were measured 

using a Bruker-AXS D8 advance powder diffraction apparatus equipped with an 

automatic divergence slit (filtered Co-Kα radiation λ = 0.179 nm). Morphology and 

crystal sizes were determined by Scanning Electron Microscopy (SEM). SEM 

micrographs were obtained using a Philips XL30FEG electron microscope.  

 

Co-loading and characterization 

 

Co-ZSM-5 zeolites were prepared by incipient wetness impregnation using a 

1.5 M cobalt nitrate solution (2 g zeolite, 0.5 ml solution, Co(NO3)2·6H2O, Acros 

Organics, 98%). After metal loading the samples were dried in air at 333 K. All 

sample names were similar as described above for the bare zeolites however now 

with the prefix “Co” (Table 1).  

Cobalt loadings were determined by Atomic Absorption Spectroscopy (AAS) 

using a VARIAN Spectra AA-20 instrument. 10 mg of the Co-ZSM-5 zeolite was 

dissolved in 0.1 M HF to prepare the solutions for AAS measurements.  
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Temperature Programmed Reduction (H2-TPR) was performed on an Autochem 

2920 instrument from Micrometrics. 0.8 g catalyst was loaded in reaction and dried 

in Ar at 393 K for 1 h. After lowering the temperature to room temperature the Ar 

was replaced by 5% H2 in Ar (50 ml/min) and the TPR was performed by heating the 

sample to 1173 K with a ramp of 5 K/min. To quantify the TPR data the recorded 

traces were deconvoluted using Gaussian peak shapes. 

 

Combined activity and UV-VIS-NIR DRS measurements 

 

Methane activation measurements, in batch mode, and UV-Vis-NIR diffuse 

reflectance spectroscopy (DRS) experiments were simultaneously performed in a 

specially designed quartz reactor equipped with a UV-Vis-NIR transparent window 

[33]. Before the reaction the samples (1.0 g, grain size 0.2-0.5 mm) were mildly 

calcined [34, 35] in air (1000 ml/min) at 823 K (heating ramp of 0.5 K/min). After 

the calcination the samples were cooled to RT and flushed with helium. 

Subsequently, the samples were heated to 423 K (heating ramp of 10 K/min) in 

methane (8% in He; 25 ml/min) and kept at that temperature for 25 min.  

After the reaction with methane the formed methanol and formaldehyde were 

collected by extraction, since this oxidation process is not continuous yet. 0.2 g of the 

sample was stirred in 0.5 ml ethanol for 1 h. The product composition was 

determined by a Shimadzu 2010 gas chromatograph (GC) equipped with a CP-WAX 

52 CB column (50 m and 0.32 mm ID) and a liquid sampler AOC–20i.  

In-situ UV-Vis-NIR DRS measurements were carried out using a Varian 

Cary 500 spectrometer in the range 5000-50000 cm-1 (200-2200 nm). In order to 

eliminate the contributions of the zeolite material, a UV-Vis-NIR DRS spectrum of a 

dehydrated ZSM-5 zeolite sample was subtracted from the spectra of all Co-ZSM-5 

zeolite materials under investigation. 
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Results and Discussion 

 

A representative SEM image of ZSM-5-p is given in Figure 1 and shows that 

the sample exists of agglomerated ZSM-5 crystals with an agglomerate size of 1-2 

µm and a crystallite size of 20-100 nm. This starting material was alkaline treated in 

different ways, as indicated in Table 1.   

 

Table 1. Overview of the Co-ZSM-5 samples under investigation, including their 

cobalt loadings, sample codes and treatment procedures. 

 

Entry Bare zeolite sample1 Treatment Co loading, 
wt%2 

1 ZSM-5-p No treatment 2.1 

2 ZSM-5-at-0.1-30 0.1 M NaOH, 30 min, 343 K 2.0 

3 ZSM-5-at-1-10 1 M NaOH, 10 min, 343 K 2.1 

4 ZSM-5-at-1-20 1 M NaOH, 20 min, 343 K 2.2 

5 ZSM-5-nt-at-0.1-30 ZSM-5 without template,  
0.1M NaOH, 30 min, 343 K 

2.2 

6 ZSM-5-acid 0.1 M HNO3, 24 h, RT 2.2 

7 ZSM-5-at-1-20-acid 1)  1 M NaOH, 20 min, 343 K 
2)  0.1 M HNO3, 24 h, RT 

2.1 

8 H-ZSM-5-p Ion-exchange with NH4NO3, followed by 
calcination 

2.0 

    9 H-ZSM-5-at-1-20 1)  1 M NaOH, 20 min, 343 K 
2)  Ion-exchange with NH4NO3, followed 
by calcination 

2.2 

 

1 a prefix “Co” is used for the samples after Co-loading i.e. ZSM-5-p will be named 

than Co-ZSM-5-p; 2 after Co loading using the incipient wetness impregnation 

method. 
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Figure 1. SEM image of the starting material ZSM-5-p with a Si/Al ratio of 17. 

 

Figure 2 displays N2 adsorption-desorption isotherms of the ZSM-5-p and 

ZSM-5-at-1-20 samples after calcination. The isotherms of the parent material were 

characteristic of microporous materials with a plateau at high relative pressures (type 

I, IUPAC). They also contained some minor mesoporosity and macroporosity effects. 

A sodium hydroxide gave sharp increase in mesoporosity at high P/P0 values, 

indicating the formation of large pores. 

 

Figure 2. N2 adsorption (solid symbols) and desorption (open) for ZSM-5 samples: ■ 

–ZSM-5-p;▲- ZSM-5-at-1-20 and ● – ZSM-5-nt-at-0.1-30. 
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N2-physisorption isotherms of ZSM-5-nt-at-0.1-30 are also included. The 

hysteresis loop became rather wide in compared to the ZSM-5-p and ZSM-5-at-1-20 

zeolites. It leads us to speculate that this sample might possess ”ink bottle” shape 

pores, suggesting that the structure of ZSM-5 was partially destroyed during the 

treatment. Some of the textural properties of the alkaline treated and parent samples 

are compiled in Table 2. Table 2 indicates that alkaline treatment increased the 

external surface area and mesopore volume of the ZSM-5 zeolite.  

When comparing entry 4 and 5 of Table 2 it becomes clear that by increasing the 

duration of the alkaline treatment the pore volume and external surface area of the 

zeolite can be increased. When entries 3 and 5 are compared it can be seen that the 

mesopore volume and external surface area were significantly lower for the sample 

treated in 0.1 M NaOH as compared to that treated in 1 M NaOH even though the 

former sample was treated for a longer time.  

 

Table 2. Textural properties of the parent and alkaline-treated Na-ZSM-5 samples. 

Entry Sample Vtotal 

(STP) 

(cm3/g) 

Vmicro
a
;(STP) 

(cm3/g) 

Vmeso
b(STP) 

(cm3/g) 

Aext
a(STP) 

(m2/g) 

1 ZSM-5-p 0.22 0.13 0.05 94 

     2    ZSM-5-nt-at-0.1-30 0.36 0.11 0.20 149 

3 ZSM-5-at-0.1-30 0.24 0.12 0.08 102 

4 ZSM-5-at-1-10 0.25 0.12 0.10 109 

5 ZSM-5-at-1-20 0.33 0.12 0.15 127 
 

 a t-plot method; b BJH-method. 

 

Thus, the mesoporosity and external surface areas of the  zeolites increased 

with increasing NaOH concentration or reaction time. When the template was 

removed first, before the alkaline treatment (Table 2, entries 2 and 3) with a low 

concentration of  NaOH, it  can be  seen that  the increase in  both  pore  volume  and  
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external surface area was more extensive. This indicates that the presence of the 

template moderates the reactivity of the zeolite towards the base. 

From the BJH method results an average pore diameter of 30 nm was found 

for the alkaline-treated samples. The zeolite crystallite sizes range between 20-100 

nm (Figure 1) and thus the mesopore size is too large to be intracrystalline. 

Therefore, the mesoporosity must originate from intercrystalline pores; i.e., pores 

between the individual crystallites in the complex agglomerate.  

In Figure 3 the XRD patterns of the zeolites under investigation are shown. Except 

for ZSM-5-nt-at-0.1-30 (Table 1, entry 5 and Table 2, entry 2) all patterns are similar 

to ZSM5-p. In other words, no detectable damage occurred during alkaline treatment. 

For ZSM-5-nt-at-0.1-30 a broad background signal (indicated by the dashed line in 

Figure 2E) was observed, which indicates that part of that sample became amorphous 

upon contact with the NaOH solution. 

  

 

Figure 3. XRD patterns of the alkaline-treated ZSM-5 samples after calcination: (A) 

ZSM-5-p; (B) ZSM-5-at-0.1-30; (C) ZSM-5-at-1-10; (D) ZSM-5-at-1-20 and (E) 

ZSM-5-nt-at-0.1-30.  
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In all zeolite samples under study some extra framework aluminum species 

might be present. To investigate its relevance for the synthesis of Co-ZSM-5 zeolites 

and the production of methanol ZSM-5-p and ZSM-5-at-1-20 zeolites were treated in 

0.1 M HNO3 at RT for 20 h to remove these aluminum species. 

All ZSM-5 samples - parent, alkaline-treated and acid-treated - were loaded 

with about 2 wt% of Co by the incipient wetness impregnation method. To determine 

the cobalt speciation UV-Vis-NIR DRS and H2-TPR measurements were extensively 

applied. Earlier studies indicated that UV-Vis-NIR DRS is sensitive for Co-

speciation in molecular sieves. UV-Vis-NIR DRS spectra of cobalt-loaded parent and 

alkaline-treated zeolites (i.e. Co-at-1-10 and Co-at-1-20) samples are given in Figure 

4.  

 

Figure 4. UV-Vis-NIR DR spectra of different Co-ZSM-5 samples after calcination: 

(A) Co-ZSM-5-p; (B) Co-ZSM-5-at-1-10; (C) Co-ZSM-5-at-1-20 and (D) Co-ZSM-

5-nt-at-0.1-30. *: bands at 15000, 17500 and 21500 cm-1 (isolated Co2+); • bands at 

around 7000 cm-1,13500 cm-1 and between 18000 and 26000 cm-1 (Co3O4); ▪ bands at 

8000 cm-1 and at 19600 cm-1 (CoO). 
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The UV-Vis-NIR spectrum of Co-ZSM-5-p (Figure 3A; Table 1, entry 1) 

shows three absorption bands at 15000, 17500 and 21500 cm-1 (marked with 

asterisks), which indicate the presence of isolated Co2+ [36-39]. The absorption bands 

at around 7000 cm-1 in the NIR region and at 13500 cm-1 in the visible region 

(marked with circles) suggest the presence of Co3O4 species [40-42]. The UV-Vis-

NIR DR spectra of alkaline-treated samples show intense absorption bands at 13500 

cm-1 and between 18000 and 26000 cm-1, which are representative for Co3O4 [40-42]. 

Since the intensity of these bands is higher for Co-ZSM-5-at-1-20 and Co-ZSM-5-nt-

at-0.1-30 as compared to those of  Co-ZSM-5-p and Co-ZSM-5-at-1-10 it is 

concluded  that the former  samples contain more Co3O4. In addition, the absorption 

bands at 8000 cm-1 and at 19600 cm-1 (marked with squares) are present for all 

samples, which indicate the presence of CoO [43]. Also the amount of this species 

was higher for ZSM-5-at-1-20 and Co-ZSM-5-nt-at-0.1-30 as compared to Co-ZSM-

5-p and Co-ZSM-5-at-1-10. It indicates that increasingthe severity of the alkaline 

treatment or removing the template first increases the amount of CoO and Co3O4 

species after Co-deposition and calcination, most likely accommodated on the outer 

surface of ZSM-5.   

H2-TPR results can provide additional quantitative information about the 

cobalt species [12, 43-45], which will be demonstrated here for Co-ZSM-5-p (Figure 

5A; Table 1, entry 1). The TPR profile of that sample shows two peaks in the lower 

temperature region (with T1max at 633 K and T2max at 710 K) representing the two-step 

reduction of Co3O4: Co3O4 → CoO ( at around 633 K) and CoO → Co0 ( peak at 710  

K). A peak at around 1000 K (T3max) was observed, which was assigned to the 

reduction of CoO oligomers containing Co2+ [44-46]. Isolated Co2+ can only be 

reduced above 1200 K. However, the latter temperatures could not be reached with 

our TPR equipment, therefore the amount of  isolated Co2+ ions was calculated as the 

difference between the total amount of cobalt (based on Atomic Absorption 

Spectroscopy (AAS)) and the amount of reducible cobalt as deduced from the H2-

TPR results [44-46] up to a temperature of 1173 K.  
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Figure 5. H2-TPR profiles of different Co-ZSM-5 samples after calcination: (A) Co-

ZSM-5-p; (B) Co-ZSM-5-at-1-10; (C) Co-ZSM-5-at-1-20 and (D) Co-ZSM-5-nt-at-

0.1-30. 

 

 

Table 3. H2-TPR results of Co-ZSM-5 samples under investigation. 

Sample T1max, 

K 
T2max, 

K 
T3max, 

K 
T4max, 

K 
%Cox+  

in Co3O4 

(T1,T2) 

%Cox+ 

 in CoO 
(T3) 

% 
Isolated 

Co2+ 
CoZSM-5-p 633 708 1003 - 25 45 30 

CoZSM-5-at-0.1-30 633 715 1003 - 25 50 25 

CoZSM-5-at-1-10 633 770 1008 - 30 55 15 

Co-ZSM-5-at-1-20 638 723 1013 - 35 55 10 

Co-ZSM-5-nt-at-0.1-30 610 

633 

723 1008 1073 59 16 N/a 
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Table 3 summarizes the results of the quantification as obtained from the H2-

TPR measurements. Apparently, the amount of isolated Co2+ species decreases with 

increasing severity of the alkaline treatment (either by increasing the alkaline 

concentration or the treatment time), while the amount of cobalt oxidic species 

increases in the same order. The TPR data are in line with the UV-Vis-NIR DRS 

results discussed above. 

The H2-TPR profile of Co-ZSM-5-nt-at-0.1-30 (Table 1, entry 5) is given in 

Figure 5D. It shows three peaks in the lower temperature region with maxima at 610, 

633 and 723 K, suggesting that most probably Co3O4 species with the different 

particles sizes are present. Large Co3O4 particles are reduced at lower temperature 

(610 K) since they are more reactive towards oxygen, i.e. easier to reduce as 

compared to smaller particles. The reduction of the smaller particle might explain the  

reduction signal at 633 K. The peak at 1000 K is ascribed to the reduction of CoO 

oligomers containing Co2+ (as for all other samples). In addition, this specific sample 

shows an additional peak at 1073 K, which was ascribed to the reduction of extra-

framework cobalt (II) phyllosilicate [8, 45] or cobalt (II) aluminate [47].  

The amounts of the different Co species present in the studied zeolite 

samples, based on the H2-TPR measurements (Figure 4) are compiled in Table 3. The 

observations are in line with those of the UV-Vis-NIR DRS measurements; i.e., more 

severe the alkaline treatment or the absence of a template resulted in more Co3O4 

present in the sample. 

To summarize the UV-Vis-NIR DRS and H2-TPR results, all Co-ZSM-5 

zeolites contained three cobalt species: highly dispersed cobalt inside the ZSM-5 

channels, oligomeric Co-oxide species and larger cobalt oxidic (Co3O4) species on 

the outer zeolite surface. An increase in NaOH concentration or reaction time during 

alkaline treatment resulted in an increase of the external surface area and as a result 

the amount of cobalt oxidic species was higher in comparison with the parent sample. 

For the alkaline treatment on the sample without the template a partial destruction of 

the zeolite structure was observed, which resulted in high amounts of Co3O4 and 

CoO and the formation of some cobalt silicate or cobalt aluminate. 
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Figure 6. The selectivity towards methanol and formaldehyde and the total amount of 

produced oxygenates of Co-ZSM-5 zeolites for methane activation with O2 at 423 K: 

(A) Co-ZSM-5-p; (B) Co-ZSM-5-nt-at-0.1-30; (C) Co-ZSM-5-at-0.1-30; (D) Co-

ZSM-5-at-1-10 and (E) Co-ZSM-5-at-1-20. 

 

To evaluate the ability of the samples to produce oxygenates the activated 

samples were exposed to methane followed by an extraction procedure with ethanol. 

Figure 6 summarizes the total amount of produced oxygenates and selectivity 

towards oxygenates of the parent and alkaline-treated Co-ZSM-5 zeolites under 

investigation. 

Surprisingly, the Co-ZSM-5-nt-at-0.1-30 sample was not active for methane 

oxidation, but no explanation can be simply provided for this lack of reactivity as this 

sample contained Co3O4 as main species [12]. It is tempting to speculate that partial 

destruction of the zeolite structure occurred which in turn decreased the activity. All 

other cobalt-loaded zeolites were active and the total amount of produced oxygenates 

was the same (around 1.1 µmol/g of catalyst). Two products were formed, methanol 

and formaldehyde, with different selectivity, depending on the sample. Co-ZSM-5-p  
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and Co-ZSM-5-at-0.1-30 samples showed similar selectivity towards both products. 

However, Co-ZSM-5-at-1-10 and Co-ZSM-5-at-1-20 zeolites were more selective 

towards methanol; i.e., 60 and 75 %, respectively.  

As shown before for non alkaline-treated samples, in general, the selectivity 

towards methanol increased, for Co-loaded ZSM-5 zeolites, with increasing amount 

of cobalt oxidic species (both CoO and Co3O4) species [12]. This is confirmed here 

for the alkaline-treated Co-ZSM-5 samples; i.e., a higher amount of cobalt oxidic 

species (Co-ZSM-5-at-1-10 and Co-ZSM-5-at-1-20) resulted in an increased 

selectivity towards methanol.  

Figure 7 displays the relationship between the external surface area of the 

zeolite and the amount of methanol produced. Clearly, a linear relationship is 

observed between both properties. Since also the amount of methanol produced 

increased with the amount of Co-oxide species present in the samples we conclude 

that an increase of surface area by alkaline treatment facilitates the accommodation 

of higher amount of cobalt oxidic species on the outer surface, which in turn 

increased the selectivity towards methanol.  

 

Figure 7. The amount of methanol produced as a function of the external surface of 

the Co-ZSM-5 zeolites under investigation. 

 86 



Oxidation of Methane over Co-ZSM-5: Selectivity Tuning by Alkaline and Acid Treatments 

 

In addition, it was observed (Table 3) that the amount of isolated Co2+ ions 

was lower for the alkaline-treated, i.e. mesoporous, zeolites as compared to the 

parent sample. This can indicate that extra-framework aluminum species formed 

upon alkaline treatment could partially block the pores, resulting in a lower amount 

of cobalt inside the zeolite channels. Therefore an acid treatment was applied to 

remove the potentially present extra-framework aluminum species in a sample after 

alkaline treatment and, for comparison, in the parent sample.  

 

Figure 8. UV-Vis-NIR DR spectra of different Co-ZSM-5 zeolites after calcination: 

(A) Co-ZSM-5-acid; (B) Co-ZSM-5-at-1-20-acid; (C) Co-ZSM-5-p and (D) Co-

ZSM-5-at-1-20. *: bands at 15000, 17500 and 21500 cm-1 (isolated Co2+); • bands at 

around 7000 cm-1,13500 cm-1 and between 18000 and 26000 cm-1 (Co3O4); ▪ bands at 

8000 cm-1 and at 19600 cm-1 (CoO). 

 

Figure 8 shows the UV-Vis-NIR DR spectra of these samples after Co 

loading and mild activation in air. The UV-Vis-NIR DR spectra of the parent sample 

(Co-ZSM-5-p) and alkaline-treated (Co-ZSM-5-at-1-20) zeolites are included for 

comparison. The spectrum of Co-ZSM-5-acid (Table 1 entry 6) shows, in the visible 

range, a triplet structure representative for highly dispersed cobalt inside the channels  
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of molecular sieves [36-39]. The UV-Vis-NIR DR spectra of Co-ZSM-5-at-1-20-

acid (Table 1, entry 7) and Co-ZSM-5-at-1-20 zeolites were similar and show an 

absorption band at around 13000 cm-1 and broad absorption bands between 18000 

and 26000 cm-1, representing Co3O4 species [40-42]. In addition, an absorption band 

at 8000 cm-1 and an absorption band at around 19600 cm-1 are present, which can be 

assigned to CoO species [43].  

To quantify the amount of the different Co-species in these samples H2-TPR 

measurements were performed and the results are summarized in Table 4. It can be 

concluded that the amount of isolated Co2+ increased when Co was impregnated on 

acid-treated zeolites. This indicates that the pores of the acid-treated zeolite materials 

have a better accessibility for the Co-precursor probably as a result of the removal of 

extra-framework aluminum species by the acid treatment.  

 

Table 4. Influence of acid treatment on Co speciation in Co-ZSM-5 as inferred from 

H2-TPR. 

Cobalt speciation  

Samples %Cox+in 

Co3O4 

%Cox+in 

CoO 

% Isolated 

Co2+ 

Co-ZSM-5-p 25 45 30 

Co-ZSM-5-acid 15 30 55 

Co-ZSM-5-at-1-20 35 55 10 

Co-ZSM-5-at-1-20-acid 40 45 25 

 

In Figure 9 the activity and selectivity for the acid-treated samples is 

compared to that of their non acid-treated counterparts. Both acid-treated samples; 

i.e., Co-ZSM-5-acid and Co-ZSM-5-at-1-20-acid zeolites, were more active in 

comparison with Co-ZSM-5-p and Co-ZSM-5-at-1-20.  

The amount of produced methanol over Co-ZSM-5-p and Co-ZSM-5-acid 

was the same (0.6 µmol/ g cat), but the amount of formaldehyde was higher for Co-

ZSM-5-acid since  this sample  contained more Co2+ species. Thus, the total  amount  
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of produced products was higher for acid-treated sample. The same tendency was 

observed for the Co-ZSM-5-at-1-20 and Co-ZSM-5-at-1-20-acid sampless. The 

higher selectivity of acid samples towards formaldehyde was expected on the basis of 

the UV-Vis-NIR DRS and H2-TPR data since those indicated a higher amount of 

isolated Co2+ ions in the acid-treated samples. These isolated Co2+ species are 

expected to be more selective towards formaldehyde [12]. 

 

 

Figure 9. Selectivity towards methanol and formaldehyde and the total amount of 

produced oxygenates of Co-ZSM-5 zeolites for methane activation with O2 at 423 K: 

(A) Co-ZSM-5-p; (B) Co-ZSM-5-at-1-20; (C) Co-ZSM-5-at-1-20-acid and (D) Co-

ZSM-5-acid. 

 

Since the alkaline-treated samples are in their Na+ form, the subsequent acid 

treatment did not only remove potentially present extra framework aluminum 

species, but also changes part of the cation from Na+ to H+. To investigate the role of 

the cation in more detail Co-H-ZSM-5-p and Co-H-ZSM-5-at-1-20 (Table 1, entry 8-

9,  respectively)  samples  were  prepared. The  UV-Vis-NIR  DR  spectra  of  these  
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samples after mild calcination in air are given in Figure 10. The UV-Vis-NIR DR 

spectrum of Co-H-ZSM-5-p (Figure 10B) shows three absorption bands at 15000, 

17500 and 21500 cm-1 in the visible region (marked with asterisk), which  indicates 

the presence of mainly isolated Co2+ [36-39]. However, the spectrum of Co-H-ZSM-

5-at-1-20 (Figure 10C) shows in addition a broad absorption band between 18000 

and 26000 cm-1 and an absorption band around 13500 cm-1
 (marked with circles), 

which are indicative for Co3O4 clusters [40-42]. Moreover, the absorption band at 

8000 cm-1 is observed (marked with square), suggesting the presence of CoO [43].   

 

 

Figure 10. UV-Vis-NIR DR spectra of Co-ZSM-5 samples under investigation: (A) 

Co-ZSM-5-p and (B) Co-H-ZSM-5-p, (C) Co-ZSM-5- at-1-20 and (D) Co-H-ZSM-

5-at-1-20. *: bands at 15000, 17500 and 21500 cm-1 (isolated Co2+); • bands at 

around 7000 cm-1,13500 cm-1 and between 18000 and 26000 cm-1 (Co3O4); ▪ bands at 

8000 cm-1 and at 19600 cm-1 (CoO). 
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Figure 11 displays the selectivity and the total amount of the produced 

oxygenates of the parent Co-ZSM-5-p sample and one alkaline-treated Co-ZSM-5 

(Co-ZSM-5-at-1-20) sample, which are both in the Na+-form as compared to their 

proton-exchanged counterparts. Clearly, Co-H-ZSM-5-p and Co-H-ZSM-5-at-1-20 

were more active and more selective towards formaldehyde as the samples in their 

Na-form.  

 

 

Figure 11. Selectivity towards methanol and formaldehyde and the total amount of 

produced oxygenates of Co-ZSM-5 zeolites for methane activation with O2 at 423 K: 

(A) Co-ZSM-5-p, (B) Co-ZSM-5-at-1-20, (C) Co-H-ZSM-5 and (D) Co-H-ZSM-5-

at-1-20. 

 

Both the UV-Vis-NIR DRS measurements and the methane activation results 

indicate that samples with H+ as a charge-compensating cation contained more Co2+ 

ions inside the zeolite channels. This is in good agreement with the earlier published 

results  for  Cu-ZSM-5  zeolites  prepared by  impregnation [48]. Indeed,  Sueto et al.  
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showed that Cu-Na-ZSM-5 zeolites contain more CuxOy species on the outer surface 

than Cu-H-ZSM-5, which mainly contain copper inside the zeolite channels [48].  

 

Conclusions  

 

The selective activation of methane towards methanol and formaldehyde 

over Co-ZSM-5 can be influenced by altering the mesoporosity of the zeolite 

material. Alkaline treatment applied to ZSM-5 zeolite materials with an organic 

template inside the micropore structure resulted in the formation intercrystalline 

mesopores inside the zeolite agglomerates and an increase of the external surface 

area. An increasing concentration of alkaline solution and contact time furthermore 

has lead to an increase of the external surface area. A higher external surface area 

accommodated a higher number of Co3O4 and CoO species, which resulted in a 

higher overall selectivity to methanol. The amount of methanol in fact increased 

linearly with increasing external surface area of the zeolite. Part of the pores in 

alkaline-treated ZSM-5 samples is, however, blocked by extra-framework aluminum 

species, which hampered the formation of isolated Co2+ species inside the pores. As a 

result, an enhanced selectivity towards methanol has been observed since isolated 

Co2+ species are selective towards formaldehyde. The nature of the cation is crucial 

for the selectivity as well. ZSM-5 in its Na+ form contains more cobalt on the 

external surface as compared to ZSM-5 in its H+ form. Therefore, Co-Na-ZSM-5 is 

more selective towards methanol than Co-H-ZSM-5.  
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Chapter 5A 

 

The direct partial oxidation of methane to oxygenates still remains one of the 

greatest challenges in catalysis. Metal-containing zeolites hold great potential for the 

direct partial oxidation of methane to oxygenates. The nature of the active sites in 

these materials is, however, still a matter of debate and has been addressed in this 

PhD thesis for Cu-ZSM-5 and Co-ZSM-5 zeolites.  

In Chapter 2 it was shown that for Cu-ZSM-5 zeolite the intensity of the 

UV-Vis-NIR DRS charge transfer band at 22700 cm-1 linearly relates with the 

amount of methanol produced. For the first time a quantitative relation between this 

absorption band and the amount of produced methanol was shown, indicating that 

this charge transfer band is indeed related to the active site. However, the intensity of 

the charge transfer band is low, suggesting that it is due to a minority species. 

Transmission electron microscopy (TEM) and Infrared (IR) spectroscopy with the 

adsorption of both bulky (pivalonitrile) and small (NO) molecules showed that the 

majority of Cu was present as Cu-oxide cluster of a few nanometers in size on the 

outer surface of the zeolite. Only a minor fraction of highly dispersed Cu2+ species 

within the zeolite channels seems to contribute to the catalytic activity.  

Fe-ZSM-5 and Cu-ZSM-5 zeolites were known for methane oxidation to 

methanol, using N2O and O2 as an oxidant, respectively. In Chapter 3 we showed for 

the first time the possibility to use Co-ZSM-5 and molecular oxygen for methane 

oxidation to oxygenates. By varying the synthesis routes, i.e., aqueous ion-exchange 

at different temperatures and incipient wetness impregnation, the cobalt speciation 

in/on zeolites could be modified. For samples prepared by ion-exchange at RT most 

cobalt was found to be in ion-exchange positions. The samples prepared by incipient 

wetness impregnation mainly contained cobalt oxide species (both CoO and Co3O4) 

on the outer surface. Ion-exchange at high temperatures resulted in a mixture of Co 

in ion-exchanged positions and Co-oxide on the outer surface. It was found that the 

samples that mainly contain highly dispersed cobalt were selective towards 

formaldehyde formation, while the samples with predominantly CoxOy species were 

more selective towards methanol.  
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Conclusions 

 

Often zeolites consist of small crystals agglomerated to larger entities of 

typically > 2 μm. This might hamper the accessibility of the active sites in the 

zeolite/zeolite aggregates and merits a more detailed investigation. Therefore, in 

Chapter 4 we have investigated the role of pore accessibility on the catalytic 

performance of Co-ZSM-5 zeolites for the production of oxygenates from methane 

and oxygen. Alkaline (NaOH) treatment on ZSM-5 agglomerates, still containing 

their template, was used to create mesoporosity and to improve the zeolite 

accessibility. This treatment resulted in the formation of intercrystalline mesopores 

inside the zeolite agglomerates and an increase of the external surface area.  

With increasing severity of the alkaline treatment the mesopore volume and 

thus the external surface area increased. After Co deposition this resulted in a higher 

amount of Co3O4 and CoO species on the outer surface. As a result these samples 

were more selective towards methanol formation in comparison with the parent 

sample. A linear relation between the external surface area and activity, after Co-

deposition, was found. Removal of extra framework alumina, by an acid treatment, 

resulted in a better accessibility of the microporosity of the zeolite, which in turn 

resulted in a higher amount of Co species in ion exchanged positions after Co-

deposition. Thus, an enhanced selectivity towards methanol was observed for these 

samples since isolated Co2+ species were selective towards formaldehyde. 

We also investigated the influence of charge compensating cations on the 

cobalt speciation of Co-ZSM-5. It was observed that the nature of the charge 

compensating cation is crucial for cobalt speciation. Co-H-ZSM-5 samples contained 

more highly dispersed cobalt inside the channels than Co-Na-ZSM-5. The former 

samples were more active for methane oxidation and in addition were more selective 

towards formaldehyde formation. 
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Chapter 5B 

 

Eén van de grootste uitdagingen in de katalyse is de directe partiële oxidatie 

van methaan naar zuurstofhoudende verbindingen. Metaalionhoudende zeolieten 

hebben een groot potentieel voor dit soort oxidatiereacties. Tot op heden is er echter 

discussie over de vorm en locatie van de actieve centra in deze katalysatoren. Dit 

proefschrift beschrijft het onderzoek naar de coördinatieomgeving en locatie van 

deze actieve centra in Cu-ZSM-5 en Co-ZSM-5 zeolieten. 

Hoofdstuk 2 laat zien dat er voor Cu-ZSM-5 een lineair verband is tussen de 

hoeveelheid geproduceerd methanol uit methaan en zuurstof en de intensiteit van de 

UV-Vis NIR DRS “charge transfer” band bij 22700 cm-1. Dit is de eerste keer dat er 

een kwantitatieve relatie tussen deze absorptie band en de hoeveelheid geproduceerd 

methanol is aangetoond. Hieruit blijkt dat deze “charge transfer” band gerelateerd is 

aan het actieve centrum in Cu-ZSM-5. Echter, de intensiteit van deze “charge 

transfer” band is laag en doet vermoeden dat slechts een zeer kleine fractie van al het 

koper geactiveerd is.  

Met behulp van transmissie elektronenmicroscopie (TEM) en infrarood 

spectroscopie (IR) en de adsorptie van grote (pivalonitrile) en kleine (NO) moleculen 

kon worden aangetoond dat het overgrote deel van koper (Cu) zich aan de 

randen/buitenkant van het zeoliet bevindt als een Cu-oxide cluster van enkele 

nanometers groot. Slechts een klein deel van het koper is hoog dispers aanwezig in 

de zeolietkanalen en lijkt bij te dragen aan de katalytische activiteit. 

Tot nu toe was het bekend dat Fe-ZSM-5 en Cu-ZSM-5 zeolieten methaan 

kunnen omzetten naar methanol, waarbij N2O (voor Fe-ZSM-5) en O2 (voor Cu-

ZSM-5) als oxidator gebruikt worden. In Hoofdstuk 3 wordt beschreven dat ook Co-

ZSM-5 gebruikt kan worden voor deze omzetting. Door de syntheseroute waarmee 

Co afgezet wordt op/in het zeoliet te variëren (zoals bijvoorbeeld met 

ionenuitwisseling bij verschillende temperaturen of impregnatie) kon de vorm waarin 

Co aanwezig was worden bepaald. 

Synthese door middel van ionenuitwisseling bij kamertemperatuur liet 

duidelijk de aanwezigheid van kobalt zien op de ’ion-exchange’ posities. Impregnatie 

leidt voornamelijk tot  kobalt oxide  deeltjes (CoO en  Co3O4) aan de  buitenkant van  
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het zeoliet. Ionenuitwisseling bij een hoge temperatuur resulteert in een mengsel van  

kobalt in de ‘ion-exchange’ posities, en kobalt oxide aan de buitenkant van het 

materiaal. Er kon worden aangetoond dat het kobalt in de ion-exchange’ posities 

selectief was voor formaldehyde vorming. Materialen die voornamelijk uit CoxOy 

deeltjes bestonden waren selectiever voor de vorming van methanol. 

Zeolieten bestaan voornamelijk uit agglomeraten van kristallieten van 

typisch 2 µm groot. Door agglomeraatvorming kan het actieve centra geblokkeerd 

worden waardoor het niet meer toegankelijk is. In Hoofdstuk 4 wordt de rol van de 

toegankelijkheid van zeoliet agglomeraten op de katalytische activiteit en selectiviteit 

van Co-ZSM-5 voor de omzetting van methaan met zuurstof beschreven.   

De ZSM-5 agglomeraten werden met een sterke base behandeld (NaOH) om 

ze mesoporositeit te maken. Zo werd een beter toegankelijk zeoliet verkregen, 

waarbij de structuur van het materiaal intact bleef. Deze basische behandeling zorgt 

voor de vorming van interkristallijne mesoporiën binnen in de zeolietagglomeraten 

en voor een verhoogd extern oppervlak. Na het afzetten van Co op het oppervlak 

bevond zich een grotere hoeveelheid van Co3O4 en CoO deeltjes aan de buitenkant 

van het materiaal. Hierdoor werden deze materialen selectiever voor 

methanolomzetting dan het uitgangsmateriaal. Er werd een lineaire relatie gevonden 

tussen het externe oppervlak en de activiteit na Co decompositie.  

Verwijdering van ‘extra framework aluminium’ uit de zeolietkristallen door 

middel van een zuurbehandeling gaf een verdere verbetering van de toegankelijkheid 

van de microporositeit van het zeoliet. Dit, op zijn beurt, resulteerde weer in een 

hogere bezettingsgraad van Co deeltjes in de ion-exchange positie na de Co afzetting. 

Hierdoor waren deze materialen selectiever voor de vorming van formaldehyde. 

De vorm waarin het kobalt aanwezig is blijkt verder af te hangen van het 

‘charge compensating cation’. Co-H-ZSM-5 materialen bezitten een fijner verdeeld 

kobalt in de kanalen dan Co-Na-ZSM-5, waardoor de eerste selectiever is voor de 

vorming van formaldehyde dan de laatste. 
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