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Abstract:



Characteristics of ZSM-5 synthesized from H2SO4-treated coal fly ash and fused coal fly ash extracts are compared in this study. In the synthesis process, fused coal fly ash extract (without an additional silica source) was used in the synthesis of ZSM-5. The effect of the structure-directing agent (tetrapropylammonium bromide, 1,6-hexanediamine or 1-propylamine) on the properties and methanol-to-olefins (MTO) effectiveness of the fly ash-based ZSM-5 was also investigated. A pure ZSM-5 synthesized from the fused coal fly ash extract led to a methanol conversion higher than 90% after 5 h on stream. The template 1,6-hexanediamine led to the synthesis of the most stable fly ash-based catalyst keeping a 44% methanol conversion after 24 h on stream.
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1. Introduction


The fly ash has been used as a starting material for the synthesis of zeolites because of its high content of amorphous aluminosilicate glass [1]. Several routes to prepare various zeolite types have been suggested based on the pre-treatment of the fly ash, alkalinity of the hydrothermal solution, molarity of alkaline agents, solution/solid ratio, templating agent, time, temperature and time of incubation [2,3,4,5,6,7,8,9]. ZSM-5 is synthesized from a hydrothermal solution containing Al and Si sources, a mineralizing agent (OH− or F−) and an organic structure-directing agent (OSDA) [10,11,12,13], with tetrapropylammonium cation (TPA+) being the most-used OSDA [9,14,15,16]. The OSDAs that give pure ZSM-5 increase as follows: alcohols < amines < tetrapropylammonium halide. The OSDA promotes the formation of the desired building blocks in the synthesis gel and acts as a hydrophobic pore filler to prevent dissolution and recrystallization of already formed crystals [11]. Some studies have reported the synthesis of ZSM-5 zeolite without any OSDA [14]. In addition to OSDAs, other parameters that influence the crystallization as well as the morphology of ZSM-5 zeolite include Al content, template/silica ratio, water content, nature of the cations present, alkalinity, degree of polymerization of the silica and the hydrothermal synthesis conditions [17,18,19,20]. It has been reported that ZSM-5 zeolite can be synthesized from fly ash. In most cases, a source of silica needs to be added [9,13,21,22], which does not promote the use of fly ash as feedstock in the synthesis of ZSM-5 at large scale. However, Xing and Hongyan reported the synthesis of ZSM-5 from an alkaline supernatant of a pulverized fuel ash without additional source of silicon or aluminum [23]. Moreover, the presence of other mineral phases in the final ZSM-5 product hinders its catalytic effectiveness [13].



ZSM-5 zeolite belongs to the ‘big five’ zeolites mainly used in catalysis and applied in several industrial processes [24]. ZSM-5 catalyst accounts for increasing the octane number of gasoline in a fluid catalytic cracking (FCC) unit and ZSM-5 has been adopted in a large number of commercial FCC units since the initial reports in 1983 [25]. ZSM-5 has also been used to convert alcohols into hydrocarbons [12,19,26]. In South Africa, the methanol conversion to hydrocarbons can be exploited at an industrial scale and adds more value to coal and coal fly ash, as methanol can be synthesized from coal [27], and ZSM-5 can be produced from coal fly ash [9,13]. It was reported that the post-synthesis treatment of ZSM-5 with oxalic acid solution improved its catalytic efficiency [13,28]. Several studies have been conducted using fusion of fly ash with sodium hydroxide as a pre-treatment step in order to dissolve Si and Al prior to the synthesis of high-purity zeolites [3,29]. Missengue and coworkers reported that concentrated sulfuric acid (95–99%) was used to extract aluminum from coal fly ash in order to increase the Si/Al ratio in the fly ash solid residue that was used as feedstock for the synthesis of ZSM-5 [13].



Scientific advances made in the extraction of silica and alumina from aluminosilicate-rich raw materials [30,31,32] can rationalize the synthesis of zeolites from fly ash without addition of extra silica or alumina sources, since the synthesis of high-purity ZSM-5 zeolite from fly ash without the addition of a source of silica or alumina is not well developed. Hence, that is one of the objectives of this study.




2. Results and Discussion


The aim of the treatment of fly ash (FA) with H2SO4 was to remove as much aluminum as possible and moderate the use of a silica source to increase the Si/Al as required for the synthesis of ZSM-5 zeolite [9,13,22]. However, Table 1 shows that the Si/Al ratio only changed from 1.8 in FA to 2.0 in the acid-treated fly ash solid residue (AL), this was because the aluminum extraction conditions used in this study were not as severe as those used in the literature to remove a large amount of aluminum from fly ash; however, those conditions required a huge energy consumption [33,34]. Thus, in the present study, there was need to add fumed silica in order to increase the Si/Al in the hydrothermal gel. Moreover, the use of different aluminum extraction conditions than that reported by Missengue and coworkers did not increase the Si/Al ratio of the solid residue [13], hence there was still a need to add a source of silica; however, the substitution of tetrapropylammonium bromide (TPABr) by other structure-directing agents such as 1,6-hexanediamine (HDA) and 1-propylamine (PA) may lead to a cheaper way of synthesizing ZSM-5 from fly ash solid residue.


Table 1. Elemental composition of materials used as MFI precursors, n = 3.





	Element
	FA (a) (%)
	AL (b) (%)
	FFAE (c) (%)
	FFAE1 (d) (%)





	Si
	54.5 ± 0.9
	59.1 ± 0.2
	22.6 ± 2.5
	78.7 ± 1.8



	Al
	29.3 ± 0.3
	29.2 ± 0.1
	2.2 ± 0.1
	1.9 ± 0.1



	Na
	0.0 ± 0.0
	0.0 ± 0.0
	68.3 ± 1.5
	12.5 ± 0.4



	Fe
	6.9 ± 0.1
	5.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0



	Ca
	5.7 ± 0.2
	3.4 ± 0.0
	6.5 ± 0.2
	6.6 ± 0.7



	Ti
	2.0 ± 0.1
	1.8 ± 0.1
	0.0 ± 0.0
	0.0 ± 0.0



	K
	0.2 ± 0.0
	1.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0



	Mg
	1.4 ± 0.1
	0.6 ± 0.0
	0.4 ± 0.0
	0.3 ± 0.0



	Si/Al
	1.8
	2.0
	10.4
	41.8



	Na/Si
	0.0
	0.0
	3.0
	0.2







(a) Fly ash, (b) Acid-treated fly ash solid residue, (c) Fly ash silica extract before oxalic acid treatment, (d) Fly ash silica extract after oxalic acid treatment.








No solid product was formed when the silica extract before oxalic acid treatment (FFAE) and TPABr were used during the synthesis of ZSM-5 (FFAE–TPABr) even if the precursor silica extract (FFAE) had a Si/Al ratio of 10.4 (Table 1), which was within the range for the synthesis of ZSM-5 zeolite. This could be due to the high Na/Si ratio (3.0) in FFAE (Table 1), with the excess of Na coming from the fusion step. Indeed, Hattori and Yashina investigated the effect of Na/Si ratio on the synthesis of ZSM-5 zeolite. They reported that below a Na/Si ratio of 0.016, the synthesized ZSM-5 zeolite was mixed with an amorphous phase; a pure phase of ZSM-5 zeolite was formed when the Na/Si ratio was between 0.016 and 0.4 and the increase in Na/Si ratio from 0.4 was accompanied by formation of ZSM-5 zeolite and α-SiO2 [35]. Similar observations were reported by Singh and Dutta in an organic-free ZSM-5 zeolite synthesis. Moreover, they stated that the instability of the ZSM-5 zeolite was attributed to excess sodium [36]. However, in the present study, the hydrothermal gel of FFAE–TPABr had a Na/Si ratio of 4.9, which was much higher than the ratios reported by Hattori and Yashina [35]. Therefore, it can be concluded that the high sodium content in FFAE hampered the crystallization of ZSM-5 zeolite. Hence, it was important to reduce the amount of sodium as well as aluminum through the treatment of FFAE with saturated oxalic acid solution prior to the hydrothermal synthesis. It was not excluded that OH− anion used as mineralizing agent could cause thermal-stability problems to TPABr and hinder the synthesis of ZSM-5, as the quaternary ammonium cations can suffer Hoffman degradation in the presence of OH− at high temperature [37]. This could be the reason why Xing and Hongyan (2014) had to use NH4F in the synthesis of ZSM-5 from an alkaline supernatant of a pulverized fuel ash without additional source of silicon or aluminum [23], as the use of fluoride anion (F−) was the breakthrough to prevent the degradation of organic structure-directing agents [10].



The percent of aluminum and sodium was reduced from 2.2 ± 0.1% and 68.3 ± 1.5% in FFAE to 1.9 ± 0.1% and 12.5 ± 0.4%, respectively, after treatment with oxalic acid to produce a second silica extract called FFAE1. Oxalic acid has already been used in the post-synthesis treatment of zeolites to remove aluminum and sodium [13,38,39,40]. However, the use of oxalic acid in the removal of aluminum and sodium from fly ash extract, which was thereafter used as feedstock in the synthesis of ZSM-5 without the addition any silica or alumina source, has not yet been reported and this constitutes the original innovation of the current study.



The XRD patterns (Figure 1A) show that the amorphous FFAE1 was transformed into pure H–ZSM-5 phase (H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA) as confirmed by Treacy and Higgins [41]. The use of AL as feedstock led to the formation of H–ZSM-5 mixed with unreacted quartz and mullite from the parent fly ash (H–AL–TPABr, H–AL–HDA and H–AL–PA) (Figure 1B). It can be observed that the XRD patterns of H–AL–TPABr, H–AL–HDA and H–AL–PA were similar to that of the fly ash-based ZSM-5 reported by Missengue and coworkers [13], as there was only a slight difference in the pretreatment of coal fly ash prior to the synthesis of ZSM-5. Moreover, the presence of quartz and mullite phases in the H–AL–TPABr, H–AL–HDA and H–AL–PA affected their Si/Al ratio that was less than 6 (Table 3) and was an indication that not all Si and Al coming from fly ash were involved in the formation of ZSM-5; therefore, the Si/Al ratio (6) of the molar regime of the formation of ZSM-5 using AL (Table 3) could not be conclusive.


Figure 1. XRD patterns and SEM micrographs of H–ZSM-5 synthesized from FFAE1 (A) and AL (B) (M = mullite, Q = quartz, H = hematite).
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It is noteworthy that H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA were synthesized from the oxalic acid-treated coal fly ash extract (FFAE1) without an additional source of silica or alumina, which has not yet been reported in the literature. This could be achieved through treatment of the fly ash extract with a saturated oxalic acid solution prior to the hydrothermal synthesis and was inspired by the post-synthesis removal of sodium and aluminum zeolites using oxalic acid solution in order to improve their catalytic effectiveness [13,28,38,39]. The synthesis of ZSM-5 from fly ash normally requires the addition of a significant additional amount of silica to adjust the Si/Al ratio as shown in the case of H–AL–TPABr, H–AL–HDA and H–AL–PA. Kalyankar and coworkers synthesized ZSM-5 zeolite from Indian fly ash with a SiO2/Al2O3 ratio of 3. Silica sol was added to get a SiO2/Al2O3 ratio of 37 in the hydrothermal gel [21]. Reanvattana synthesized high-purity ZSM-5 zeolite from a mixture of fused fly ash filtrate and silica extracted from rice husk ash [22]. Chareonpanich and coworkers synthesized ZSM-5 zeolite from Thailand fly ash with a SiO2/Al2O3 ratio of 1.6. Silica extracted from rice husk ash was added to adjust the Si/Al molar ratio to 20, 40, 60, 80, 100 or 200 [9]. Missengue and coworkers synthesized ZSM-5 from South African coal fly ash after pretreatment with concentrated sulfuric acid (ratio 1:2), in a digestion vessel at 250 °C for 4 h, and they reported that the solid material synthesized from the acid-treated solid residue was made of ZSM-5 and unreacted quartz and mullite phases from fly ash [13]. Figure 1 and Table 3 show that the size and shape of the ZSM-5 crystals were modified based on the purity of the precursor used and the composition of the hydrothermal gel, which agreed with the variation of ZSM-5 crystal size and shape reported in the literature [11,17,18,42]. It can also be observed that the use of FFAE1 led to pure H–ZSM-5 crystals (H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA) while the H–ZSM-5 crystals of H–AL–TPABr, H–AL–HDA and H–AL–PA were mixed with some impurities.



FTIR spectra (Figure 2A) show that the FFAE1 bands were characteristic of the amorphous silica [43]. The appearance of the double five-ring lattice vibration at 553 cm−1 [16] in H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA spectra is further confirmation of the transformation of the amorphous FFAE1 into ZSM-5. Moreover, the bands at 946 and 1060 cm−1 in the FFAE1 spectrum characterize the degree of condensation of SiO− species and correspond to the monomeric or dimeric SiO− species and rings formed by condensation of SiO− species, while the band that appears at 1123 cm−1 in H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA spectra correspond to the polymers of SiO− species [44]. The disappearance the monomeric or dimeric SiO− species and appearance of polymerized SiO− species in H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA is another indication of the zeolitization of FFAE1. Furthermore, the degree of crystallinity of H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA was estimated via their optical density ratio, determined using the Si–O–Si bend and double ring vibration bands at 445 and 553 cm−1, respectively [11,45]. The optical density ratios of H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA were 0.96, 0.89 and 0.94 respectively, which led to the conclusion that the degree of crystallinity decreased as follows: H–FFAE1–TPABr > H–FFAE1–PA > H–FFAE1–HDA. These values were close to that of a pure ZSM-5 (0.8), reported in the literature [16]. The trend in crystallinity of H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA remains similar to their XRD patterns that show pure ZSM-5 phases (Figure 1A). However, van der Gaag and coworkers investigated the effect of several templates (1,6-hexanediol, 1,6-hexanediamine, 1-propanol, 1-propanamine, pentaerythritol and tetrapropylammonium bromide) on the synthesis of ZSM-5 using pure chemicals and reported that only 1,6-hexanediamine and tetrapropylammonium bromide led to high crystallinity [46]. Figure 2B shows several bands in AL spectrum, which can result from the deconvolution of the original FA bands [47]. H–AL–TPABr, H–AL–HDA and H–AL–PA have similar bands to H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA. However, the optical density ratio of H–AL–TPABr, H–AL–HDA and H–AL–PA may not be conclusive in determining their degree of crystallinity as the Al–O stretch (AlO6) vibrational band of the starting material (AL) and double five-ring lattice vibration of the final products (H–AL–TPABr, H–AL–HDA and H–AL–PA) may overlap between 546 cm−1 and 579 cm−1, and as the XRD patterns of H–AL–TPABr, H–AL–HDA and H–AL–PA still had an unreacted mullite phase from the AL precursor (Figure 1B).


Figure 2. FTIR spectra of ZSM-5 synthesized from FFAE1 (A) and AL (B).
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In aluminum nuclear magnetic resonance (27Al-NMR) spectra (Figure 3), the signal that corresponds to the extra framework-coordinated aluminum in FFAE1 and AL spectra (at about 0 ppm) is converted into a signal that corresponds to the framework-coordinated aluminum in H–AL–TPABr, H–AL–HDA, H–AL–PA, H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA (at about 55 ppm), as confirmed by Triantafyllidis and coworkers [48], and Sazama and coworkers [40]. The broad signal located at 0 ppm in FFAE1 may be due to the distortions of the octahedral symmetry of the AlO6 units as it was stated by Byrappa and Yoshimura [49] and Sazama and coworkers [40].


Figure 3. 27Al-NMR spectra of coal fly ash-based ZSM-5 synthesized from FFAE1 (A) and AL (B).
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Table 2 shows that the ZSM-5 properties such as crystal size and shape, Brunauer–Emmett–Teller (BET) surface area and Brønsted acid density varied with the composition of the feedstock as well as elemental composition of the products. The different characteristics of ZSM-5 synthesized from AL or FFAE1 could be due to the purity and composition of their silicon and aluminum precursors as shown in Figure 1 and Table 1. The BET surface area of H–AL–TPABr (327 m2/g), H–AL–HDA (353 m2/g) and H–AL–PA (39 m2/g) decreases with an increase in the size of their crystals (Table 2). H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA had high BET surface areas (between 353 m2/g and 459 m2/g) compared to those of H–AL–TPABr, H–AL–HDA and H–AL–PA (Table 2). This could be due to the presence of unreacted fly ash in H–AL–TPABr, H–AL–HDA and H–AL–PA that affected their properties. Petrik and coworkers, Petrik, Bleken and coworkers, and Wang and coworkers, all reported that parameters such as the degree of polymerization of the silica, nature of the cations present, type of template and water content could influence the crystallization and morphology of ZSM-5 zeolite [17,18,19,20]. Sang and coworkers also reported that the Si/Al ratio and BET surface area of ZSM-5 could be modified by changing the type of structure-directing agent [42].


Table 2. Properties of the fly ash-based ZSM-5, their methanol conversion and selectivity towards hydrocarbons.





	
Catalyst

	
Properties

	
Methanol Conversion and Selectivity (e)




	
Si/Al (a)

	
SBET (m2/g) (b)

	
Crystal Size (µm) (c)

	
Brønsted Acid Site Density (d) (mmol H+/g of Catalyst)

	
Conversion [%]

	
Selectivity C2= [%]

	
Selectivity C3= [%]

	
Selectivity C4= [%]




	
Length

	
Width






	
H–AL–TPABr

	
4

	
327

	
6.2 ± 1.1

	
5.6 ± 1.2

	
0.71

	
70

	
13

	
35

	
17




	
H–AL–HDA

	
5

	
353

	
1.0 ± 0.1

	
0.6 ± 0.1

	
0.46

	
73

	
9

	
34

	
15




	
H–AL–PA

	
5

	
39

	
18.9 ± 2.0

	
6.8 ± 0.9

	
0.42

	
48

	
18

	
32

	
12




	
H–FFAE–TPABr

	
36

	
459

	
6.5 ± 0.2

	
2.6 ± 0.5

	
0.62

	
99

	
12

	
29

	
11




	
H–FFAE–HDA

	
55

	
388

	
3.3 ± 0.7

	
1.1 ± 0.2

	
0.56

	
98

	
8

	
37

	
14




	
H–FFAE–PA

	
42

	
353

	
3.1 ± 0.4

	
1.0 ± 0.2

	
0.53

	
97

	
6

	
38

	
16




	
H–ZSM-5 (f)

	
25

	
480

	
/

	
/

	
0.86

	
100

	
12

	
19

	
13








(a) Elemental composition determined by inductively coupled plasma–optical emission spectrometry (ICP–OES); (b) Brunauer–Emmett–Teller (BET) surface area; (c) determined using Image J software; (d) measured via H/D-exchange technique; (e) reaction conditions: MeOH, 450 °C, weight hour space velocity (WHSV) = 1.12 g(MeOH)·g−1(Catalyst)·h−1, time on stream (TOS) = 1 h; (f) commercial H–ZSM-5 with the same properties as those reported by Missengue and coworkers [13].








Figure 4 shows that the N2 adsorption–desorption isotherms of all fly ash-based H–ZSM-5 zeolites are that of type IV with the presence of a small hysteresis loop, which is characteristic of mesoporous materials [50].


Figure 4. Adsorption–desorption isotherms of N2 at 77.41 K for H–ZSM-5 synthesized from AL (A–C) and FFAE1 (D–F).
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The presence of unreacted quartz and mullite from fly ash in H–AL–TPABr, H–AL–HDA and H–AL–PA also affected their Methanol-to-Olefins (MTO) efficiency (Table 2 and Figure 5). The methanol conversion over H–AL–TPBAr, H–AL–HDA and H–AL–PA was 70%, 73% and 48%, respectively, after 1 h on stream.


Figure 5. Methanol conversion of the fly ash-based ZSM-5, TOS = time on stream.
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On the other hand, the use of a saturated oxalic acid solution in the treatment of fused fly ash extract prior to the hydrothermal synthesis led to the formation of a pure phase of ZSM-5, which led to a high methanol conversion (Table 2). The methanol conversions of H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA were 99%, 98% and 97% after 1 h on stream, respectively. A commercial H–ZSM-5, the same as that reported by Missengue and coworkers [13], was used as reference (Table 2). Moreover, all the synthesized fly ash-based ZSM-5 had good selectivity towards propylene. However, despite the presence of mesopores in their structure (Figure 4), they quickly became deactivated after 5 h on stream (Figure 5). Even though it is well known that zeolite acidity plays an important role in their catalytic applications [51,52,53], the MTO efficiency of H–AL–TPBAr, H–AL–HDA and H–AL–PA was mainly affected by the presence of unreacted fly ash, while that of H–FFAE1–TPABr, H–FFAE1–HDA and H–FFAE1–PA was affected by the size of their crystals. Hence, diffusional constraints were more likely to be the cause of the catalyst deactivation. Indeed, it was reported in the literature that the ZSM-5 crystal size affected its catalytic efficiency [54]. Takamitsu and coworkers reported that large ZSM-5 crystals resulted in a quick deactivation of the catalyst [55]. Therefore, there is still a need to improve the chemical and physical properties of the synthesized fly ash-based ZSM-5 products in order for them to compete with a commercial ZSM-5. However, this study showed that the use of 1,6-hexanediamine as structure-directing agent led to the synthesis of a catalyst (H–FFAE1–HDA) with better MTO performance than that synthesized with the most commonly used ZSM-5 template (TPABr) [9,12,13,16,21,26,56]. The difference in MTO performance of the synthesized fly ash-based ZSM-5 products was caused by the difference in their chemical and physical properties that were induced by the molecular structure of their template. Indeed, Wilson stated that templates are cationic species added to synthesis media to direct the polymerization of anionic building blocks that form the framework, and the charge distribution, size and geometric shape of the template influenced structure direction [57]. Therefore, tetrapropylammonium bromide (TPABr), 1,6-hexanediamine (HDA) and 1-propylamine (PA) would direct differently the polymerization of anionic building blocks that form ZSM-5 because they have different molecular structures and positive charge distributions in solution. Bonilla and coworkers also reported that the properties of ZSM-5 could be varied by using polymers of tetrapropylammonium hydroxide with different size, morphology and charge distribution [15].




3. Materials and Methods


3.1. Materials


The coal fly ash (FA) used in this study was collected from a coal-fired power plant in the province of Mpumalanga (South Africa). Sulfuric acid (95–99%) and 1-propylamine (99%) were purchased from Merck (Sandton, Gauteng, South Africa). Tetrapropylammonium bromide (98%), methanol (99.8%), chloroform-d (99 atom % D), chloroform (≥99.9%), trifluoroacetic anhydride (≥99%), ammonium nitrate (≥98%) and oxalic acid (≥99%) were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France; and Aston Manor, Gauteng, South Africa). Sodium hydroxide (97%) and 1,6-hexanediamine (99.5%) were purchased from Kimix Chemical and Laboratory Supplies (Cape Town, Western Cape, South Africa).




3.2. Methods


3.2.1. Synthesis of ZSM-5 from the Acid-Treated Fly Ash (AL)


The acid-treated fly ash solid residue (AL) that was used as starting material in the synthesis of ZSM-5 zeolite was obtained by heating the mixture of coal fly ash (FA) and concentrated H2SO4 (95–99%) at 200 °C for 2 h. AL sample was mixed with fumed silica, sodium hydroxide and deionized water. Thereafter, tetrapropylammonium bromide (TPABr), 1,6-hexanediamine (HDA) or 1-propylamine (PA) was added. The molar regime used in the synthesis of fly ash based-ZSM-5 (AL–TPABr, AL–HDA and AL–PA) is presented in Table 3. After aging for 2 h, the final mixture underwent hydrothermal synthesis at 160 °C for 72 h. The obtained products were ion-exchanged 4 times with 0.5 M ammonium nitrate with a solid/liquid ratio of 1:10 at 80 °C and calcined in air at 550 °C for 3 h to prepare H–ZSM-5 samples. The prepared H–ZSM-5 samples were treated with an aqueous saturated solution of oxalic acid with a solid/liquid ratio of 1:10 at 80 °C for 6 h.


Table 3. Molar regime of the formulation of fly ash-based ZSM-5.





	Code Name
	Molar Regime





	AL–TPABr
	Si(6), Al(1), Na(2), H2O(339), TPABr(1)



	AL–HDA
	Si(6), Al(1), Na(2), H2O(339), HDA(3)



	AL–PA
	Si(6), Al(1), Na(2), H2O(339), PA(5)



	FFAE–TPABr
	Si(10), Al(1), Na(49), H2O(3412), TPABr(4)



	FFAE1–TPABr
	Si(42), Al(1), Na(31), H2O(6313), TPABr(7)



	FFAAE1–HDA
	Si(42), Al(1), Na(31), H2O(6313), HDA(20)



	FFAE1–PA
	Si(42), Al(1), Na(31), H2O(6313), PA(38)










3.2.2. Synthesis of ZSM-5 from the Fused Fly Ash Extracts (FFAEs)


Coal fly ash (FA) was fused with sodium hydroxide as suggested by Musyoka and coworkers [3]. Thereafter, silica was precipitated from a supernatant of the fused fly ash as suggested by Baldyga and coworkers [32]. The silica extract (FFAE) was treated with a saturated oxalic acid solution at 80 °C for 6 h to obtain FFAE1. FFAE or FFAE1 was mixed with NaOH and deionized water. Thereafter, tetrapropylammonium bromide (TPABr) or 1,6-hexanediamine (HDA) or 1-propylamine (PA) was added to get the molar regime presented in Table 3. After aging for 30 min, the obtained gel underwent hydrothermal crystallization at 160 °C for 72 h [58]. The synthesized products were ion-exchanged with 0.5 M of ammonium nitrate to prepare the H-form of the zeolite. The Brønsted acid site titration of the fly ash-based samples was performed using H/D-exchange isotope techniques, developed by Louis and coworkers [59].




3.2.3. Methanol-to-Olefins (MTO) Catalytic Reaction over the Fly Ash-Based ZSM-5 Samples


The fly ash-based H-form ZSM-5 (60 mg) was placed in a fixed-bed quartz reactor (Institute of Chemistry, UMR 7177, University of Strasbourg, Strasbourg, France) heated at 450 °C (heating ramp 15 °C/min). After desorption of physisorbed water for 1 h, methanol was fed to the reactor by a N2 flow (20 mL/min), resulting in a weight hourly space velocity (WHSV) of 1.12 g(MeOH)·g−1(Catalyst)·h−1. Gas product samples (1 mL) were collected regularly during 24 h and analyzed using a Hewlett Packard 5890 gas chromatograph (GC) equipped with a PONA column and a FID (Institute of Chemistry, UMR 7177, University of Strasbourg, Strasbourg, France). The percentages of methanol conversion and the selectivity towards propylene/ethylene were determined as suggested by Losch and coworkers [26].




3.2.4. Characterization Techniques


PANalytical X-Ray diffractometer with PW3830 generator was used for X-ray diffraction (XRD) (iThemba LABS, Cape Town, South Africa). The morphology of as-synthesized fly ash-based ZSM-5 products and precursors was investigated using Hitachi X-650 scanning electron micro-analyzer (SEM) with a CDU-lead detector (University of the Western Cape, Cape Town, South Africa). Fourier transform infrared (FTIR) spectroscopy was performed for structural analysis using Perkin Elmer spectrum 100 spectrometer (University of the Western Cape, Cape Town, South Africa). The chemical composition of all the solid products was determined by inductively coupled plasma (ICP) using Varian 710-ES inductively coupled plasma–optical emission spectrometry (ICP–OES) instrument (University of the Western Cape, Cape Town, South Africa), after their total acid digestion using the method suggested by Missengue and coworkers [60]. 27Al solid-state nuclear magnetic resonance (27Al NMR) was performed to distinguish the aluminum coordination of the synthesized fly ash-based ZSM-5 using Bruker Ascend TM 500 (University of the Western Cape, Cape Town, South Africa). Bruker UltraShield 300 MHz/54 mm spectrometer (Institute of Chemistry, UMR 7177, University of Strasbourg, Strasbourg, France) was used for 1H NMR in determining the number of Brønsted acid sites. The MTO products were determined using Hewlett Packard 5890 gas chromatograph (HP 5890 GC) (Institute of Chemistry, UMR 7177, University of Strasbourg, Strasbourg, France). The BET surface area of the samples was determined using Autosorb IQ automated gas sorption analyzer (University of the Western Cape, Cape Town, South Africa).






4. Conclusions


The results presented in this study showed an innovative route for synthesizing ZSM-5 zeolites from coal fly ash without extra silica source. The treatment of fused coal fly ash extract with oxalic acid prior to the hydrothermal synthesis process led to a pure ZSM-5 phase, while the zeolite synthesized from H2SO4-treated coal fly ash contained unreacted fly ash despite the addition of a large amount of fumed silica in the hydrothermal gel. Moreover, the presence of unreacted quartz and mullite from coal fly ash in some final products affected their properties and catalytic efficiency compared to the properties and catalytic efficiency of the final products without impurities from unreacted coal fly ash. The use of 1,6-hexanediamine as structure-directing agent led to the synthesis of an MTO catalyst that was more stable than that synthesized using tetrapropylammonium bromide, which is the most commonly used ZSM-5 template.
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