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Abstract  

2,6-dimethyl naphthalene (2,6-DMN) is one of the key intermediates for the production of polyethylene 

naphthalate (PEN), which demonstrates superior properties compared with the Polyethylene terephthalate 

(PET). However, the complex synthesis procedure of 2,6-DMN increases the production cost and decrease the 

comorcelisation of PEN. In this study, selective synthesis of 2,6-triad DMN isomers (1,5-DMN, 1,6-DMN and 

2,6-DMN) have been investigated by the methylation of 2-methylnaphthalene (2-MN) over mesoporous 

Cu/MCM-41 and Zr/MCM-41 zeolite catalysts. On the contrary of other DMN isomers, 2.6- triad isomers can 

effectively be converted to be profitable 2,6-DMN with an additional isomerisation reaction, which is a new 

approach to reach higher 2,6-DMN yield. The methylation reactions of 2-MN were investigated in a fixed-bed 

reactor at 400 °C and weight hourly space velocity (WHSV) of 1-3 h-1. The results showed that the activity of 

MCM-41 on the methylation of 2-MN has been enhanced with the impregnation of Cu. The conversion 

increased from about 17 % to 35 wt. % with the impregnation of Cu. Similarly, the 2,6-triad DMN selectivity 

and 2,6-/2,7-DMN ratio reached the maximum level (48 wt. % and 1.95, respectively) over Cu impregnated 

MCM-41 zeolite catalyst. 
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1. Introduction 

2,6-dimethylnaphthalene (2,6-DMN)  is one of the most convenient chemicals using in the synthesis of 2,6-

naphthalene-dicarboxylic acid, which is the monomer being used to production of polyethylene naphthalate 

(PEN). Superior properties of PEN such as thermal, mechanical and chemical stability, high gas barrier, high 

tensile strength, heat resistance, high stability against UV and X-ray, enable to be a better polymer in industrial 

applications compare to PET [1-6]. However, the commercialisation of PEN has been limited due to the 

excessive production cost of 2,6-DMN. Therefore, the studies have been recently focused on an alternative 

method for the selective synthesis of 2,6-DMN by alkylation (methylation) of naphthalenes 

/methylnaphthalenes [7], disproportionation of methylnaphthalenes [8, 9] and isomerisation of 

dimethylnaphthalenes [10]. Thanks to these synthesis processes, ten different DMN isomers can be obtained, 

which consists of 2,6-triad (1,5-DMN; 1,6-DMN; 2,6-DMN), 2,7-triad (1,8-DMN; 1,7-DMN; 2,7-DMN), 2,3-

triad (1,4-DMN; 1,3-DMN; 2,3-DMN) and 1,2-DMN [5, 10-12].  

 

Studies on DMN synthesis mainly focus on heterogeneous shape-selective zeolites catalysts because of their 

controllable porous structures and surface acidic characteristics, strong thermal and water stability, large 

surface area and broad pore [13]. The methylation of naphthalene was investigated over HZSM-5, Hβ, HUSY 

and SAPO-11 zeolites modified by 0.1wt% PdO under atmospheric pressure. The stability of reaction, the 

highest 2,6-DMN selectivity, 2,6-DMN/2,7-DMN ratio and long catalyst lifetime were enhanced after modified 

by PdO2 [2]. NH4F and Pt modified HZSM-5 zeolites can be used for 2-MN methylation with methanol. The 

catalytic activity and products distribution depend strongly on zeolite acidity. The conversion of 2-MN and 

selectivity of 2,6-DMN change with the addition of Pt and the increase in the content of NH4F [5]. Güleç et al. 

[14]  also investigated Fe modified ZSM-5 zeolite on the methylation of 2-MN. The selectivity of 2,6-DMN in 

the methylation of 2-MN increased while the conversion decreased by the steam and TEOS modification of 

HZSM-5 zeolite [15]. Under high-pressure reaction conditions, compared with macro-sized MTW type zeolites, 

nano-sized MTW-type zeolites exhibited higher 2-MN conversion and dimethylnaphthalene (DMN) 

selectivity[16]. Niftaliyeva et al. [17] studied methylation of 2-MN over La and Cu modified Y zeolite. The 

results show that Cu modified catalysts show higher 2-MN conversion compared with parent Y zeolite. 

Recently, various medium and large-pore zeolite catalysts, mainly ZSM-5, ZSM-11, ZSM-12, MCM-22, 

Mordenite, beta, Y zeolite have been utilised as catalysts in the methylation of 2-MN and naphthalene [5, 17-

21].  

 

However, without a selective catalyst, in addition to 2,6-DMN, the other DMN isomers are also produced by 

methylation of naphthalenes. The similarity of the chemical and physical properties of DMN isomers 

complicates the separation of these substances [22]. Wang et al. [23] and Fang et al. [24] reported that the 

reactivity of the C-6 position is higher than the C-7 position since the electron density at C-6 is remarkably 

higher than that at C-7 on the methylation of 2-MN inside of catalyst channel. Therefore, 1,5-DMN and 1,6-

DMN in the 2,6-triad group are also considered as valuable products which can be easily isomerised to 2,6-

DMN [25-27]. It is reasonable to evaluate the overall selectivity for 2,6- triad DMN with the sum of 2,6-, 1,6- 

and 1,5-DMNs synthesised from the methylation of 2-MN as mentioned by Zhang et al. [2] and Güleç et al. 

[8]. 
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MCM-41 zeolite has attracted considerable catalytic performance for selective methylation due to its periodic 

framework of regular mesopores, large surface area (> 1000m2/g), high porosity (50-500 Å), highly uniform 

hexagonal structure of tuneable size, which helps the mass transfer of relatively large molecules of reactants to 

active sites in pores, excellent thermal stability (1173 K) [28-34]. The combination of large pores and mild 

acidity in Al-containing MCM-41 has enabled to use in a wide range of application such as alkylation, cracking 

and hydrocracking [29, 34-38]. Although pure MCM-41 has very weak acidity, it exhibits low acidity in the 

presence of Al in small quantities, in consequence of Al-atoms does not exist in the structure of MCM-41 

compared to other zeolites. The addition of Al-atoms into the MCM-41 structure can produce active sites with 

Bronsted acid sites for adsorption, ion exchange and catalysis. For instance, García-Sancho et al. [39], Ding et 

al. [40], Güleç et al. [41], Juarez et al. [42] have investigated Zr- and/or Cu- modified MCM-41 samples on 

different reactions. They found that the acidity of MCM-41 can be enhanced by adding metals such as Zr and 

Cu.  

 

However, the catalytic performance of Cu- and/or Zr- modified MCM-41 zeolite catalysts have not been 

investigated for the methylation of 2-MN, which is the novelty of the present work. Therefore, in this study, 

the methylation of 2-MN has been investigated in a fixed-bed reactor over MCM-41 and Cu-, Zr- impregnated 

MCM-41 zeolite catalysts. The conversion of 2-MN, the ratio of 2,6-DMN/2,7-DMN and the selectivity of 2,6-

triad DMN are investigated to demonstrate the catalytic performance of the MCM-41 type zeolite catalysts. 

 

2. Experimental 

2.1 Impregnation of Cu- and Zr- on mesoporous MCM-41 

Mesoporous MCM-41 (surface area 900 m2/g) zeolite was obtained from Zeolyst (USA) in the form of powder. 

Before the impregnation of Cu- and Zr- metals, MCM-41 were mechanically mixed with γ-Al2O3  with a ratio 

of 5:1 and then cylindrical pellets were prepared from the mixture of MCM-41/γ-Al2O3 (after this point, the 

MCM-41 represents a mixture of MCM-41/γ-Al2O3 having a ratio of 5:1). The pellets were then dried at 393 

K for 4 h and calcined 823 K for 6 h, respectively. The calcined pellets were used for the preparation of metal, 

Cu- and Zr- and bimetal, Cu/Zr, modified mesoporous MCM-41 zeolite catalysts. The wet impregnation 

method was carried out for the modification of mesoporous MCM-41 and the process was reported in our 

previous publications [8, 9, 14, 17, 41]. Briefly, for the preparation of Cu/MCM-41 (10 wt.% of Cu) and 

Zr/MCM-41 (10 wt.% of Zr), 3.31 gm of Cu(NO3)2.3H2O and 2.23 gm of ZrO(NO3)2.xH2O (ACROS, 99.5 %) 

were dissolved in 20 ml of deionized water respectively. Then, 8 gm of MCM-41 was added into the aqueous 

solutions. Cu/Zr/MCM-41 (5 wt.% of Cu-Zr) catalyst was also prepared using 1.60 gm of Cu(NO3)2.3H2O and 

1.067 gm of ZrO(NO3)2.xH2O. The impregnation was held at room temperature for 24 h. The mixture was then 

dried at 393 K for 4 h and calcined at 823 K for 6 h. After the calcination, parent MCM-41, Cu/MCM-41, 

Zr/MCM-41, and Cu/Zr/MCM-41 catalysts were prepared. 

 

2.2. Characterization of the prepared catalysts  

The pore structure of the catalysts was measured by Nitrogen adsorption-desorption isotherms at liquid 

nitrogen temperature (77 K) using the Quantachrome NOVA 2200 series volumetric gas adsorption instrument. 

In order to examine the surface area of the prepared catalysts were measured according to the BET (Brunauer–
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Emmett–Teller) method using the nitrogen adsorption isotherm data and mesoporous size distributions of the 

samples were determined using the BJH (Barrett, Joyner and Halenda) method. The X-ray diffraction patterns 

of the catalysts were obtained using a Bruker D8 Advance with DaVinci X-ray diffractometer (XRD) with Cu-

Kα radiation at 40 kV. The scanning range was set from 5° to 90° (2θ). Additionally, the IR spectroscopy of 

adsorbed pyridine (Py-IR) was carried out on a Mattson 1000 Fourier transform infrared spectrometer (FTIR) 

to identify the Brønsted and Lewis acid sites present in each material. About 1g of the sample was weighed 

and treated with pyridine before prepared pellets. After a background spectrum was recorded, the pyridine 

absorbed samples were scanned. The scanning electron microscopy (SEM) images and Elemental analysis of 

the samples were performed using an energy dispersive X-ray spectrometer (EDX) analysis were performed 

using a ZEISS EVO 40 microscope with an accelerating voltage of 20 kV. The samples were carbon-coated 

prior to the SEM investigation. The quantitative chemical analysis of chemical elements of prepared catalysts 

based on the measurements of the wavelengths and intensities of their X-ray spectral lines emitted by secondary 

(emissions) excitation were identified using a Spectra XLAB-2000 PEDX-ray fluorescence (XRF). 

 

2.3. Catalytic activity of the prepared catalysts 

The methylation of 2-methylnaphthalene (as demonstrated in Figure 1) was investigated over the prepared 

zeolite catalysts, MCM-41, Cu/MCM-41, Zr/MCM-41, and Cu/Zr/MCM-41, using a fixed-bed experimental 

set-up, which has already presented in our previous publications [8, 9, 14, 17, 41]. As demonstrated in our 

previous studies, a fixed-bed reactor having a length of 30 cm and diameter of 1 cm is located in a tubular 

furnace where the temperature is controlled by both a thermocouple connected by the catalyst bed and a PID 

temperature controller connected by furnace itself. The volumetric flow rate of the methylation feed consisting 

of 2-MN, methanol and 1,3,5-trimethyl benzene (mesitylene) having a molar ratio of 1:5:5 is adjusted using 

ISCO Model 2350 HPLC Pump.  

 

Approximately 1.0 g of zeolite catalyst which was pelletised in the shape of a cylindrical was firstly placed in 

the middle zone of the reactor which was located in a high-temperature tubular furnace. Before the methylation 

tests, the catalysts were activated at 500 °C under a nitrogen flow of 5 mL/min for about 30 min to purify the 

pores from the water. After the catalyst activation, the temperature was then down to the reaction temperature. 

The methylation experiments were carried out at 400 °C and three different weight hourly space velocities, 

WHSV: 1 h-1, 2 h-1, 3 h-1. The reaction products were condensed at -10 °C and separated from gases using a 

phase separator. The products were then analysed by gas chromatography (GC; Thermo Finnigan DSQ250) 

equipped with mass spectroscopy (MS; Zebra brand capillary column having a length of 60 m internal diameter 

of 0.25 mm and the film thickness of 0.25 μm working -60 to 370 °C). The conversion of 2-MN, the selectivity 

of 2,6-triad dimethylnaphthalene and the ratio of 2,6-DMN/2,7-DMN were determined using the following 

equations; 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 2 − 𝑀𝑁 = [𝑊2−𝑀𝑁,0−𝑊2−𝑀𝑁,𝑡𝑊2−𝑀𝑁,0 ] ∗ 100      (1) 2,6 − 𝑡𝑟𝑖𝑎𝑑 𝐷𝑀𝑁 𝑠𝑒𝑐𝑒𝑙𝑡𝑖𝑣𝑖𝑡𝑦 = [𝑊2,6−𝑡𝑟𝑖𝑎𝑑 𝐷𝑀𝑁𝑊𝐷𝑀𝑁𝑠 ] ∗ 100      (2) 2,6 − 2,7 − 𝐷𝑀𝑁⁄  𝑟𝑎𝑡𝑖𝑜 = [𝑊2,6−𝐷𝑀𝑁𝑊2,7−𝐷𝑀𝑁]       (3) 

 

http://nacatsoc.org/18nam/Orals/034-Synthesis%20of%202,6-Dimethylnaphthalene%20from%20Pentenes.pdf
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W2-MN,0, and W2-MN,t are the weight of 2-MN in the feed and product mixtures, respectively. The 2,6-triad DMN 

selectivity is the mass percentage of 2,6-DMN, 1,6-DMN and 1,5-DMN in total DMN isomers. WDMNs, W2,6-

DMN and W2,7-DMN are pointing the weight percentage of total DMN isomers, 2,6-DMN, 2,7-DMN, respectively.  

 

 

Figure 1. Possible reaction pathways for the methylation of 2-MN. 

 

3. Results and Discussion  

3.1. Characterization of prepared catalysts 

The N2 adsorption-desorption isotherms and mesopore size distributions of the prepared catalysts are 

demonstrated in Figure 2 and Table 1. Figure 2 shows that the isotherms of the prepared MCM-41 samples 

demonstrate adsorption of monolayer-multilayer and capillary condensation trends on the outer particle 

surfaces, which named hysteresis with a sharp inflexion value of P/P0 is higher than 0.4. Apparently, MCM-41 

samples show capillary condensation step, is indicating a uniformity of the mesopore size distribution having 

a diameter of 2–50 nm with type IV isotherm according to International Union of Pure and Applied Chemistry 

(IUPAC) classification [34, 40, 42]. The capillary condensation step of metal impregnated MCM-41 samples 

start earlier than parent MCM-41 due to a contraction in pore diameter (as seen in Table 1) [43].  

 

Table 1. BET surface area, BJH Pore volume and pore diameter of the prepared catalysts. 

Catalyst* 
Surface area, (BET) Pore volume, (BJH) Pore diameter, (BJH) 

(m²/g) (cm3/g) (Å) 
MCM-41  833.1 0.717 37.21 
Cu/MCM-41  742.2 0.808 31.03 
Zr/MCM-41  773.9 0.683 30.94 
Cu/Zr/MCM-41  631.0 0.678 30.98 

* MCM-41 represents the mixture of MCM-41/γ-Al2O3 having a ratio of 5:1. 

 

Table 1 demonstrates that the BET surface area decreased from 833 m²/g to about 742, 773, and 631 m²/g with 

the impregnation of Cu, Zr, and Cu/Zr, respectively. Similarly, the BJH pore diameter has also demonstrated 

a decrease with the impregnation of metal and bimetal into MCM-41 zeolite pores. However, pore volume 

demonstrates an increase from about 0.72 cm3/g to 0.81 cm3/g with the impregnation of Cu, although it has 

insignificantly affected by the impregnation of Zr and Cu/Zr. The decrease in the surface area by the 

impregnation of metals maybe therefore attributed to pore blocking by the impregnation. As the micropores in 

2,6-triad

2,7-triad

2,3-triad

Isomerisation

Methylation

Methylation
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the zeolite frames tend to block by the impregnation of metals, which makes disable these surfaces in the 

micropores [8, 44-46]. 

 

 

Figure 2. N2 adsorption–desorption isotherms of a) parent MCM-41, b) Cu/MCM-41, c) Zr/MCM-41, and d) 

Cu/Zr/MCM-41. 

 

 

Figure 3. Low- and wide-angle XRD patterns of parent MCM-41, Cu/MCM-41, Zr/MCM-41, and 

Cu/Zr/MCM-41. 

 

The low- and wide-angle XRD patterns (Figure 3) show the reflection peaks of the MCM-41 zeolite at 2θ=1.8°, 

3.2°, and 5° before and after modification, corresponding to (100), (110), and (200) characteristic peaks of the 

amorphous mesoporous silica which suggesting that metal impregnation has insignificant effect on the structure 

of MCM-41 zeolite integrity [44, 46-50]. The wide-angle diffraction peaks at 2θ=35.5°, 38.6°, 48.8°, 53.3°, 

58.1°, 61.5°, 65.6°, and 67.7° were attributed to Cu2+ form on Cu/MCM-41 and Cu/Zr/MCM-41 catalysts [34, 

46, 51]. However, no specific peak representing Zr2+ (or any other forms of Zr) was observed over Zr/MCM-

41, which may be attributed to the impregnation of Zr on the internal surface of MCM-41 zeolite.  

 

0 0.2 0.4 0.6 0.8 1

ads.

des.

Adsorption

Desorption

P/P0

a)

b)

c)

d)

1 3 5

2 theta (°)

In
te

ns
ity

 (a
.u

.) MCM-41
Zr/MCM-41
Cu/MCM-41
Cu/Zr/MCM-41

10 30 50 7020 40 60



 

7 
 

The FT-IR spectra of the prepared catalysts, parent MCM-41, Cu/MCM-41, Zr/MCM-41 and Cu/Zr/MCM-41, 

are presented in the range of 400-4000 cm-1 in Figure 4. The results indicate that six bending vibration bands 

are observed for the zeolite catalysts prepared. There are hydroxyl groups on the surface as indicated with the 

broadband around 3440 cm-1 and the band around 1610 cm-1 are defined as the Si-OH deformational vibrations 

of adsorbed molecules [33, 34]. The internal and external asymmetric stretching of Si–O–Si groups are 

observed at around 805 cm-1 and 1090 cm-1 with a corresponding shoulder at 1239 cm-1 and the band at 465 

cm-1 attributed to symmetric stretching modes of tetrahedral Si–O–Si and M–O–Si (M; metal) bending modes 

[31, 34, 35, 43, 49, 50]. As the adding metals on the zeolite, the absorption bands became stronger at 450-960 

cm−1, indicating the metals in the MCM-41 framework. Although parent MCM-41 material also exhibits these 

bands at the same range, the bands for parent MCM-41 are weak and the intensity of this band increases with 

metal incorporation in the framework [30, 37]. 

 

 

Figure 4. Py-IR spectrums of a) parent MCM-41, b) Zr/MCM-41, c) Cu/MCM-41, and d) Cu/Zr/MCM-41. 

 

After the pyridine was impregnated on the catalyst, the acid sites of the catalysts presented between 1450-1550 

cm-1 bands. The peak at around 1540 cm-1was assigned to pyridine adsorbed on Bronsted (B) acid site. The 

interaction of pyridine molecule with Lewis (L) acid site give rise to a bending vibration at 1450 cm-1 and the 

band at 1500 cm-1 was attributed to both Brønsted and Lewis acid sites [37, 44]. Generally, Lewis acid sites 

define as weak acid sites [37]. The Lewis acid and Brønsted acid sites were not detected on the pure MCM-41. 

The amount of Brønsted and Lewis acid sites were obviously increased by the metals loading.  After the Cu 

metal is impregnated, Lewis acidity peaks increase (as seen in Figure 4 (c)) and give the Cu/MCM-41 catalyst 

a weak acidity property. Zr impregnated MCM-41 shows strong Bronsted+ Lewis peak due to strong Bronsted 

acidity.   

 
Table 2 shows the XRF measurements of the prepared zeolite catalysts. The Al in the framework of MCM-41 

was replaced by impregnated metals, which increased the Si/Al molar ratio. This increase may be attributed to 

the dealumination, which occurs simultaneously with desilication, so Cu and Zr have mostly substituted Al. 

The mass ratio of impregnated metals was found about 10 % for Cu and Zr and 5-5% for Cu/Zr impregnation. 

Figure 5 illustrates the EDX mapping of MCM-41, Cu/MCM-41, Zr/MCM-41, and Cu/Zr/MCM-41 where 
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both Cu and Zr were successfully and homogenously impregnated over MCM-41 zeolite. Additionally, the 

impregnation of metal and bimetals have an insignificant effect on the morphology of MCM-41. 

 

Table 2. XRF results of parent and metal impregnated MCM-41 zeolites. 

Catalyst* Al (wt%) Si (wt%) Cu (wt%) Zr (wt%) Si/Al 

MCM-41  5.01 40.27 - - 5.9 

Cu/MCM-41  1.50 32.46 9.8 - 20.7 

Zr/MCM-41  1.65 32.57 - 9.0 18.9 

Cu/Zr/MCM-41  1.64 35.64 4.9 4.6 20.8 

* MCM-41 represents the mixture of MCM-41/γ-Al2O3 having a ratio of 5:1. 

 

Figure 5. EDX mapping of a) MCM-41, b) Cu/MCM-41, c) Zr/MCM-41, and d) Cu/Zr/MCM-41. 

 

3.2. Methylation of 2-methylnaphthalene 

The methylation activity of mesoporous MCM-41 was enhanced by the impregnation of Cu, Zr, and Cu/Zr at 

lower WHSV conditions as shown in Figure 6. When WHSV was kept at 1 h-1, the conversion of 2-MN 

increased from about 17 wt.% to approximately 35 wt.%, 30 wt.%  and 22 wt.% with the impregnation of Cu, 

Zr, and Cu/Zr, respectively.  

 

However, the conversion of 2-MN decreased with an increase in the WHSV as the residence time of reactants 

in the catalyst bed decreased with increasing WHSV. Additionally, at the highest WHSV (3 h-1), the conversion 

decreased with the impregnation of Zr and Cu/Zr, which may be attributed to the narrowing of pore size, where 

the reactants can not reach the active sites efficiently.   On the other hand, the pore dimension has demonstrated 

an expansion after the Cu impregnation which may explain the better conversion on the Cu/MCM-41 

mesoporous. Consequently, the improvement in the catalytic performance on methylation reaction of 2-MN 

was mainly attributed to both the weakening of acid strength and the expansion of pore dimension that occurred 

after Cu incorporation into mesopore framework instead of Al. Similarly, Jin et al. [52] proved that the increase 

in conversion is convenient with the weakening of acid strength. Additionally, Güleç et al [8, 53] presented that 

the impregnation of Cu and Zr over MCM-41 zeolite was considerably enhanced the conversion in the 
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disproportionation of 2-MN. Furthermore, Morin et al. [54] suggested that the particular selectivity of MCM41 

samples was most likely due to the presence of regular non-interconnected long channels, where the molecules 

undergo successive reactions of disproportionation and transalkylation before desorption.   

 

 

Figure 6. Conversion of 2-MN over MCM-41, Cu/MCM-41, Zr/MCM-41, Cu/Zr/MCM-41 at 400 °C for 

different WHSVs. 

 

 

Figure 7. Selectivity of 2,6-triad DMN over MCM-41, Cu/MCM-41, Zr/MCM-41, Cu/Zr/MCM-41 at 400 °C 

for different WHSVs. 

 

The selectivity of 2,6-triad DMN over MCM-41, Cu/MCM-41, Zr/MCM-41, Cu/Zr/MCM-41, are presented 

in Figure 7. The selectivity was found approximately 40 wt.% for MCM-41, Zr/MCM-41, and Cu/Zr/MCM-

41. It was slightly enhanced to about 48 wt.% over Cu/MCM-41, which was attributed to the weakening of 

acid strength and enlargement of pore dimensions, similarly [4, 52]. As the weak acid density may lead to slow 

deactivation of the catalyst, increased mesoporosity which is susceptible to methylation reaction. The 
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enlargement of the pore size may result in a reduction of unit cell dimensions, which can lead to the contraction 

of pore dimensions. The increase in mesopore volume was found to be parallel to the increase in selectivity to 

2.6-triad DMN by decreasing the volume of unit cells [3, 4]. More reactants can therefore easily diffuse in and 

out of pore channels, which may help to increase 2,6-triad DMN selectivity [3]. 

 

 

Figure 8. Ratio of 2,6-/2,7-DMN over MCM-41, Cu/MCM-41, Zr/MCM-41, Cu/Zr/MCM-41 at 400 °C for 

different WHSVs. 

 

As it is known that the higher ratio of 2,6-/2,7-DMN can enable an easy subsequent separation because a 

eutectic mixture would be formed at a ratio of 0.7 [11]. However, the dimension of 2,6-DMN is somewhat 

larger than that of 2,7-DMN, with their molecular dimensions in length, thickness and cylindrical diameter 

being 10.06 Å, 2.76 Å, 6.44 Å for 2,6-DMN and 9.73 Å, 2.76 Å, 6.03 Å for 2,7-DMN [52]. Therefore 2,7-

DMN has less diffusion problem than 2,6-DMN once the products diffusing out from the pore channel of 

catalyst. The suitable pore structure is, therefore, highly important for higher 2,6-DMN/2,7-DMN ratio. Figure 

8 shows that the 2,6-/2,7-DMN ratio was higher than 1.7 for all the catalysts tested in this study.  The highest 

ratio was found as 1.95 for Cu/MCM-41, and Zr/MCM-41 and Cu/Zr/MCM-41 follows as 1.86 and 1.83, 

respectively. Jin et al. [52] mentioned that after the impregnation of Zr on ZSM-5, the unit cell volume has an 

expansion of 33.39 Å, which can reduce the negative ‘‘product selectivity’’ between 2,6-DMN and 2,7-DMN. 

Similarly, in this study, after Cu impregnation on MCM-41, the pore diameter of the catalyst decrease from 

37.21 Å to about 31.03 Å while the pore volume increase from 0.71 to 0.80 cm3/g. Therefore the increase in 

the 2,6-/2,7-DMN ratio may directly be attributed to the pore structure of MCM-41 after Cu impregnation. 

 

3.3. Product distributions 

Naphthalene based product distributions obtained from the methylation of 2-MN over parent MCM-41, 

Cu/MCM-41, Zr/MCM-41 and Cu/Zr/MCM-41, are presented in Table 3. The DMN distribution was found as 

14.4 wt.% as the highest value once the methylation of 2-MN carried out over Cu/MCM-41, whereas it is only 

MCM-41 Cu/MCM-41 Zr/MCM-41 Cu/Zr/MCM-41

WHSV1 1.69 1.95 1.68 1.83

WHSV2 1.74 1.8 1.86 1.81

WHSV3 1.76 1.92 1.73 1.63
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about 3 wt.% for MCM-41, 7.7 wt.% for Zr/MCM-41 and 1.5% for Cu/Zr/MCM-41. Furthermore, nearly half 

of the DMN isomers are consisting of 2,6-triad DMN (2.6-DMN, 1,5-DMN and 1,6-DMN) for Cu/MCM-41.  

 

Another critical issue is the isomerisation of 2-MN over the catalysts. However, the isomerisation level was 

kept minimal thanks to the large pores in the catalyst where the 2-MN molecules diffuse in the pore structure 

and give a methylation reaction over the active surface and both DMN isomers and unreacted 2-MN can easily 

be diffuse outside without further isomerisation of 2-MN to 1-MN. Therefore, the formation of 1-MN was kept 

minimal over MCM-41 type zeolite catalysts. Similarly, due to the pore structure, DMN isomers diffuse outside 

without further methylation reaction to TMN isomers. Thus, the formation of TMN isomers was also kept 

minimal. 

 

Table 3. Product distributions of methylation of 2-MN over parent and metal impregnated MCM-41 zeolite 

catalysts for WHSV1. 

Catalysts* MCM-41 Cu/MCM-41 Zr/MCM-41 Cu/Zr/MCM-41 

Naphthalene 5.1 ± 1.5 16.4 ± 0.9 11.2 ± 0.3 1.6 ± 0.1 
Methylnaphthalenes 85.6 ± 2.3 55.6 ± 1.5 73.0 ± 0.7 90.5 ± 0.6 

1-MN 1.9 ± 0.1 2.8 ± 0.1 2.2 ± 0.1 1.9 ± 0.1 
2-MN 98.1 ± 0.1 97.2 ± 0.1 97.8 ± 0.1 98.1 ± 0.1 

Dimethylnaphthalenes 3.0± 0.9 14.4 ± 0.5 7.7 ± 0.1 1.5 ± 0.5 
2.6-DMN 15.7 ± 0.2 18.6 ± 0.3 16.9 ± 0.7 16.3 ± 0.2 
2.7-DMN 8.5 ± 0.8 9.6 ± 0.9 10.5 ± 0.5 8.7 ± 0.6 
1.3+1.7-DMN 40.2 ± 0.6 35.4 ± 0.7 38.4 ± 0.4 41.6 ± 1.5 
1.4-DMN 8.5 ± 0.1 8.1 ± 0.1 9.1 ± 0.1 7.7 ± 0.2 
1.6-DMN 21.6 ± 0.9 15.6 ± 0.3 19.7 ± 0.3 16.1 ± 0.3 
1.5-DMN 3.3 ± 1.0 10.6 ± 1.2 3.4 ± 0.2 4.7 ± 0.4 
1.2-DMN 1.0 ± 0.3 0.5 ± 0.0 0.9 ± 0.3 2.1 ± 0.8 
2.3-DMN 0.2 ± 0.1 0.9 ±0.2 0.4 ± 0.1 0.4 ± 0.1 
1.8-DMN 0.1 ± 0.1 0.4 ±0.0 0.5 ± 0.2 0.3 ± 0.1 

Tri-methylnaphthalene 0.4 ± 0.1 0.4 ± 0.3 1.1 ± 0.1 1.9 ± 0.1 

* MCM-41 represents the mixture of MCM-41/γ-Al2O3 having a ratio of 5:1. 

4. Conclusions 

The selective synthesis of 2,6-triad DMN from methylation of 2-MN was investigated over pure MCM-41, 

Cu/MCM-41, Zr/MCM-41, Zu/Zr/MCM-41, which has attracted considerable attention among M41S members 

due to its regular mesopores, large surface area, low acidity and good thermal stability. The conversion of 2-

MN increased with the impregnation of Cu, Zr, Cu/Zr over MCM-41. The highest conversion of 2-MN was 

found as 35 wt.% over Cu/MCM-41 at WHSV1. Similarly, the highest 2,6-triad DMN selectivity (48 wt.%) 

and the highest 2,6-/2,7-DMN ratio (1.95) were also found over Cu/MCM-41. Furthermore, nearly half of the 

DMN isomers are consisting of 2,6-triad DMN (2.6-DMN, 1,5-DMN and 1,6-DMN) for Cu/MCM-41. The 

characterisation results demonstrated that the Cu is well connected on the MCM-41 framework to the enhanced 

pore structure of MCM-41 for selective synthesis of 2,6-triad DMN isomers. It is proposed as future work that 

the synthesis of Cu/MCM-41/Al2O3 by co-precipitation method would increase the catalyst performance in the 

methylation reaction. In order to reach higher conversion and selectivity values, optimum Cu ratio over MCM-

41 zeolite catalyst would be tested.  
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