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Abstract 

This study aims to produce diisopropyl ether (DIPE) via isopropanol dehydration using cobalt-phosphate-supported 

natural zeolite catalysts. The catalytic activities of the zeolite/CoO and zeolite/Co(H2PO4)2 were compared. The as-

prepared catalysts were assessed using X-ray diffraction (XRD), scanning electron microscopy (SEM) with energy-

dispersive X-ray spectroscopy (EDX), Fourier transform infrared (FTIR) spectroscopy, and N2 adsorption-desorption. 

Surface acidity was determined using the gravimetric method with pyridine as the probe. The results of this study 

showed that natural zeolite was favorably impregnated by CoO and Co(H2PO4)2 species. The impregnation process 

affected the textural and acidic features of the catalysts. The zeolite/Co(H2PO4)2 catalyst with a loading of 8 mEq.g-1 

exhibited the highest surface acidity of 1.827 mmol.g-1. This catalyst also promoted the highest catalytic activity 

towards isopropanol dehydration, with an isopropanol conversion of 66.19%, DIPE selectivity, and yield of 46.72% and 

34.99%, respectively. The cobalt phosphate species promoted higher catalytic activity for isopropanol dehydration than 

the CoO species. This study demonstrated the potential of cobalt phosphate-supported natural zeolite catalysts for 

DIPE production with adequate performance. 
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1. Introduction 

It is well known that the majority of 

automobiles in use presently are powered by fossil 

fuels. Air pollution from vehicles and industries 

has become one of the most critical issues in recent 

years, particularly in large cities. The use of 

alternative fuels is an effective strategy to replace 

fossil fuels and reduce air pollution. Various 

additives have been added to fuels to ensure 

* Corresponding Author. 

   Email: hasanudin@mipa.unsri.ac.id (H. Hasanudin) 

quality, local, and clean fuels for motor vehicles, 

while reducing vehicle emissions. Currently, ether 

compounds, such as methyl tertiary butyl ether 

(MTBE), are widely used as gasoline additives [1]. 

However, prolonged exposure to MTBE is known 

to cause eye irritation, health risks, and 

headaches owing to its carcinogenic properties. 

On the other hand, diisopropyl ether (DIPE) is 

used in various applications, including fuel 

additives, synthesis intermediates, and organic 

solvents. DIPE can replace MTBE as an additive 

fuel, increasing the octane number and improving 

https://journal.bcrec.id/index.php/bcrec
https://creativecommons.org/licenses/by-sa/4.0
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combustion conditions owing to its higher oxygen 

content and better compatibility [2].  

Currently, DIPE production has been 

extensively explored using various methods and 

operating conditions. In this regard, isopropanol 

can be employed as a raw material for 

synthesizing DIPE as an environmentally friendly 

precursor and a cost-effective procedure [3,4]. 

Armenta et al. [5] reported that an adequate acidic 

site on a solid catalyst would promote the 

dehydration product towards DIPE, whereas basic 

site of the catalyst leads to propylene formation. 

The development of catalysts is crucial for 

achieving an adequate conversion. Heterogeneous 

acid catalysts are widely used in converting 

alcohol into ether, as this catalyst exhibits low 

corrosiveness, is easier to obtain due to low prices, 

and is easy to separate. Some of the catalysts 

typically employed in this dehydration method are 

zeolites, heteropolyacids, bentonite, alumina, 

zirconia, and titania [6–8]. Zeolite is a promising 

catalyst because of its unique characteristics, such 

as thermal and chemical stability, Lewis and 

Brønsted acid sites [9], homogeneous pore size 

distribution, and shape selectivity [5].  

Numerous studies have been conducted to 

modulate the physicochemical properties of 

zeolites for various potential applications [10]. 

Several species, such as phosphomolybdic acid 

[11], Cu and Fe [12], Ni [13–15], Fe/Al [16], Ni-Mo, 

Co, Co-Mo [17], and Co [18], have been extensively 

combined with zeolites for multifunctional 

purposes. The impregnation of transitional metal 

species into zeolites enlarges the pore structure 

and enhances their acidity, thus promoting 

effective catalytic activity [19]. Currently, metal 

phosphate-based materials have enhanced 

recognition and have also been utilized as 

heterogeneous acid catalysts for catalytic 

dehydration owing to the coexistence of 

moderately strong Lewis acid sites (metal species) 

and Brønsted acids (protonated phosphoric 

groups) [20]. Cobalt phosphate (CoP) is a 

promising metal phosphate for use in catalytic 

reactions. Cobalt phosphate-based compounds are 

inexpensive, abundantly available, more 

sustainable, environmentally friendly, and 

comparable to noble metal-based catalysts [21]. 

The potential of cobalt phosphates as an oxygen 

evolution-reduction catalyst has been extensively 

studied [22–27], revealing a remarkable catalytic 

performance. However, cobalt phosphate is rarely 

used in alcohol dehydration reactions. As 

mentioned earlier, a typical transition-metal-

supported catalyst is very intriguing for the 

catalysis process. In this context, the fabrication 

of cobalt phosphate-natural zeolite has a potential 

synergetic effect on isopropanol dehydration 

because both catalysts exhibit sufficient catalytic 

features. This modification could also promote the 

potential of low-cost natural zeolites as suitable 

support catalysts. 

To the best of our knowledge, the dehydration 

of isopropanol to DIPE using CoP/zeolite catalysts 

has not been sufficiently explored. This research 

investigates the effect of cobalt phosphate loading 

on the catalytic activity towards isopropanol 

conversion to DIPE compared with uncontained 

phosphor Co-zeolite. The physicochemical 

properties of the catalysts were evaluated using a 

series of characterizations such as XRD, SEM-

EDX, FTIR, and N2 gas sorption, as well as their 

total acidity features using the gravimetric 

method. 

 

2. Materials and Methods  

2.1 Zeolite Preparation 

Bulky natural zeolite (Lampung) was ground 

with a mortar grinder to obtain a homogeneous 

powder that passed through a 200-mesh sieve. 

The resulting zeolite powder was then dried at 120 

°C for 3 h. Subsequently, 200-mesh natural zeolite 

(100 g) was soaked in a 1% HF solution and stirred 

for 1 h and 6 N HCl solutions for 4 h. The resulting 

powder was filtered and washed with distilled 

water until the pH was neutral. 

 

2.2 Imprenagnation of Cobalt Phosphate to 

Dealuminated Natural Zeolite 

Briefly, the as-prepared natural zeolite (5 g) 

was dispersed in a 0.1 M CoCl2.6H2O solution 

(Merck) and subsequently stirred for 1 h at 

ambient temperature. Then, a 0.1 M NH4H2PO4 

solution (Merck) was gradually introduced (1 

mL.min-1) until it reached a concentration of 2, 4, 

6, 8, and 10 mEq.g-1 of cobalt phosphate loading 

and stirred at room temperature for 5 h. The 

temperature increased to 80 °C until a paste 

formed. The resulting paste was washed with 

distilled water, dried at 105 °C, and calcinated at 

350 °C for 4 h under an oxygen atmosphere. The 

as-prepared catalyst was denoted as 

zeolite/Co(H2PO4)2. Zeolite/CoO was prepared as a 

control. 

 

2.3 Characterization of Catalyst 

Zeolite/CoO and zeolite/Co(H2PO4)2 were 

analyzed using XRD (Rigaku Minu Flex 600) to 

determine the crystal structure of the catalyst 

using Cu-Kα radiation (λ = 1.54056 Å). X-ray 

tubes were operated at 40 kV and 30 mA. The 

surface and elemental composition of the catalyst 

were analyzed using SEM-EDX (JSM 6510). The 

Brunauer–Emmett–Teller (BET) method was 

employed to analyze the surface area over a gas 

sorption analyzer. The pore size and pore volume 

were calculated using the BJH method. The 

functional groups of both catalysts were analyzed 

using a Shimadzu FTIR 8201 instrument. 
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Measurements were carried out at wavenumbers 

ranging from 1400 to 1600 cm-1. The surface 

acidity of the catalysts was calculated using the 

gravimetric method with pyridine as a probe in a 

desiccator. Before the analysis, the desiccator was 

vacuumed for 1 h, and the catalyst (0.5 g) was 

dried in an oven at 100 ˚C. 

 

2.4 Isopropanol Dehydration 

Initially, 50 mL of isopropanol (Merck) was 

added to a round flask, followed by the addition of 

5 g of the catalyst. The reaction was conducted 

using a reflux system equipped with an oil bath 

and thermometer. The round flask was placed in 

a container filled with oil and refluxed for 3.5 h at 

150 °C. The product and catalyst were filtered at 

room temperature, and the product was measured 

using GC-MS (Thermo Fisher Scientific). 

Regarding the quantification of the organic 

molecule, we utilized TG-5-MS columns for GC-

MS analysis. The starting oven programmed 

temperature was 32 ˚C for 2.5 mins and escalated 

at 3 C˚ min-1 to a final temperature of 45 ˚C for 2 

mins, with He as the carrier gas (1 mL.min-1). The 

injection temperature was 200 ˚C. MS transfer 

line temperature was 230 ˚C, whereas the ion 

source temperature was 210 ˚C. 

The activities of the catalysts were 

determined using Eqs. (1)– (3) as follows: 

 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙

=
𝐼𝑛𝑖𝑡. 𝑚𝑜𝑙𝑒𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙 − 𝐹𝑖𝑛𝑎𝑙 𝑚𝑜𝑙𝑒𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙

𝐼𝑛𝑖𝑡.  𝑚𝑜𝑙𝑒𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙
𝑥100% 

      (1) 
𝑌𝑖𝑒𝑙𝑑𝐷𝑖𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑦𝑙 𝑒𝑡ℎ𝑒𝑟

=
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝐷𝑖𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑦𝑙 𝑒𝑡ℎ𝑒𝑟 × 2

𝐼𝑛𝑖𝑡.  𝑚𝑜𝑙𝑒𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙 − 𝐹𝑖𝑛𝑎𝑙 𝑚𝑜𝑙𝑒𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙
𝑥100% 

      (2) 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐷𝑖𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑦𝑙 𝑒𝑡ℎ𝑒𝑟

=
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝐷𝑖𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑦𝑙 𝑒𝑡ℎ𝑒𝑟 × 2

𝐼𝑛𝑖𝑡.  𝑚𝑜𝑙𝑒𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙
𝑥100% 

      (3) 

 

3. Results and Discussion 

3.1 Catalyst Characterizations 

The XRD diffractograms of the natural 

zeolite, zeolite/CoO, and zeolite/Co(H2PO4)2 are 

shown in Figure 1. It can be seen that the natural 

zeolite revealed 2θ peaks at 11.21, 13.45, and 

23.15○ were assigned as mordenite phase (JCPDS 

No. 47-1870), whereas 2θ peaks at 22.21, 25.60, 

and 27.56○ corresponded to the clinoptilolite 

phases (JCPDS No. 06-0239) [28]. These phases 

were also observed in the diffractogram of 

zeolite/CoO (Figure 1b) at 2θ = 13.45, 22.26, 25.60, 

and 27.5°, as well as on zeolite/Co(H2PO4)2 at 2θ of 

13.36, 22.22, 25.69, and 27.85°, which indicated 

that the main zeolite phase was still maintained 

after loading with CoO and Co(H2PO4)2, 

respectively. The relative shift on 2θ occurred due 

to the impregnation method's effect, resulting in 

stress owing to the difference in ionic size on the 

Co, CoP, and the parent zeolite [29]. Furthermore, 

the Co and CoP phases are relatively 

indistinguishable, presumably due to the particle 

being evenly dispersed on the zeolite with a low 

concentration [30,31]. 

Micrographs of the surface morphologies of 

the catalysts are shown in Figure 2. The SEM 

micrographs of natural zeolite (Figure 2a-b) 

revealed a uniform surface and smoothness, 

consistent with previous reports [32]. Mehdi et al. 

[33] reported that natural zeolites usually had 

curvy and coarse surfaces. The zeolite/CoO 

(Figure 2c) had a non-uniform layered surface 

shape, which suggests that the Co species were 

successfully impregnated into the zeolite [34]. No 

appreciable surface morphological changes were 

observed in zeolite/Co(H2PO4)2 compared to the 

zeolite/CoO catalyst (Figure 2d). However, the 

morphology of the surface appeared uneven, 

presumably because of the effect of the 

Co(H2PO4)2 species. There were no sizeable cobalt 

or cobalt phosphate species on the surface of the 

catalyst, which suggested that these species were 

effective in being employed with a supported 

catalyst [35]. 

The EDX spectra of all catalysts are 

presented in Figure 3. The catalysts consisted of 

Si, Al, Co, P, and other impurities. According to 

the semiquantitative analysis, there was an 

appreciable increase in the Co content after zeolite 

modification from 0 to 2.23% and 1.61% for 

zeolite/CoO and zeolite/Co(H2PO4), respectively, 

which indicated that the impregnation of Co 

species into the zeolite was successfully achieved. 

Moreover, the phosphorus content of 9.23% in the 

zeolite/Co(H2PO4) catalyst suggested that the 

Figure 1. X-ray diffractogram of (a) Natural 

zeolite, (b) Zeolite/CoO and (c) 

Zeolite/Co(H2PO4)2. 
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cobalt phosphate species had been favorably 

introduced into the zeolite framework. 

The FTIR spectra of the catalysts are shown 

in Figure 4. It can be seen that the bands at 950–

1250 cm–1 were identified as stretching vibrations 

of the Si(Al)–O bonds of zeolite [36]. The 

absorption peaks at ca. 745-700 cm–1 were 

attributed to the symmetric SiO4 stretching 

vibration [37]. The bands at ca. 457.13 and 582.50 

cm–1 was observed for all the catalysts, indicating 

the presence of Si–O–Si bonds. Cobalt species 

appeared in bands ranging from 600-400 cm–1 [39-

38]. However, the P–O and Co–O functional 

groups were relatively unobserved, presumably 

because of the overlap between the alumina-

silicate framework and cobalt species. 

The acidity of the catalyst is a crucial aspect 

of the catalytic reaction. Because pyridine is an 

aromatic Lewis base that can serve as a proton 

acceptor from the alumina-silicate surface, it is a 

more stringent diagnostic tool for solid surface 

acidity [40]. After pyridine adsorption in the gas 

phase, the acid sites on the catalyst surface 

(Brønsted or Lewis acid) were qualitatively 

evaluated by FTIR. The type of acid site is 

governed by the surface protons that lead to 

Brønsted sites or cationic centers, such as Lewis 

sites, through coordination bond interactions [41]. 

Figure 4c appeared the band at 1637.56-1641.42 

cm–1 indicating the Brønsted sites [42], whereas 

the characteristic of Lewis sites related to bands 

ranging from 1440.83-1436.97 cm-1 as shown in 

Figure 4c [18]. 

The surface acidities of zeolite, zeolite/CoO, 

and zeolite/Co(H2PO4)2 obtained using the 

gravimetric method are presented in Table 1. The 

parent zeolite had a low acidity value, which 

increased after being loaded with the Co species. 

Moreover, it can be seen that the addition of 

phosphate species to the cobalt dramatically 

increased the catalyst's surface acidity. This 

increase corresponded to an increase in the 

number of Brønsted acid sites derived from the 

phosphate groups [20,43]. The cobalt phosphate 

species generated highly acidic sites, which 

increased the surface acidity of the catalyst. 

Figure 2. Representative SEM micrographs of (a) natural zeolite (b) Zeolite/CoO, (c) 

Zeolite/Co(H2PO4)2 
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Moreover, prolonged cobalt phosphate loading up 

to 8 mEq.g-1 increased the surface acidity of 

zeolite/Co(H2PO4)2 to 1.827 mmol pyridine.g-1. A 

similar trend was also consistently reported in 

another study [44]. Meanwhile, high cobalt 

loading (10 mEq.g-1) decreased the surface acidity 

of the catalyst. The decrease in surface acidity 

could be due to the agglomeration of the catalyst; 

thus, pyridine adsorption did not take place 

effectively [45]. 

The N2 adsorption-desorption isotherms and 

the pore size distribution of the catalysts are 

presented in Figure 5. All the catalysts exhibited 

type IV behavior, indicating that the catalysts 

were mesoporous. A hysteresis curve was 

observed for all catalysts, denoted as type H4, 

which suggested that the catalysts had slit-

shaped pores [46]. According to Li et al. [47], this 

textural feature is related to the presence of 

cylindrical pores. The large pores could promote 

Figure 3. EDX spectra for (a) Natural zeolite (b) Zeolite/Co, and (c) Zeolite/Co(H2PO4)2 

Figure 4.  FTIR spectra for (a) Zeolite/CoO (b) 

Zeolite/Co(H2PO4)2, and (c) Zeolite/Co(H2PO4)2-

pyridine absorbed 

Figure 5. N2 physisorptions and pore size 

distribution of natural zeolite, zeolite/Co, and 

zeolite//Co(H2PO4)2 

Wavelength (cm-1) 
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Sample 
Total acidity 

(mmol.g-1) 

Zeolite 0.102 

Zeolite/CoO 0.183 

Zeolite/Co(H2PO4)2 2 mEq/g  0.767 

Zeolite/Co(H2PO4)2 4 mEq/g 0.802 

Zeolite/Co(H2PO4)2 6 mEq/g 1.334 

Zeolite/Co(H2PO4)2 8 mEq/g 1.827 

Zeolite/Co(H2PO4)2 10 mEq/g 1.378 

Catalyst 

Surface 

area  

(m2.g-1) 

Pore 

size 

(nm) 

Pore 

volume 

(cm3.g-1) 

Natural zeolite 135.1 17.01 0.11 

Zeolite/CoO 47.9 16.06 0.05 

Zeolite/Co(H2PO4)2 30.1 14.17 0.04 

Catalysts 
Isopropanol 

conversion (%) 

DIPE Selectivity 

(%) 

DIPE Yield 

(%) 

Zeolite 10.23 13.23 0.21 

Zeolit/CoO 46.10 23.63 1.78 

Zeolite/Co(H2PO4)2 2 mEq/g 16.38 31.36 23.50 

Zeolite/Co(H2PO4)2 4 mEq/g 57.80 41.51 30.83 

Zeolite/Co(H2PO4)2 6 mEq/g 54.98 43.66 32.90 

Zeolite/Co(H2PO4)2 8 mEq/g 66.19 46.72 34.99 

Zeolite/Co(H2PO4)2 10 mEq/g 50.45 45.99 36.20 

the rapid diffusion of reactants as well as 

products. 

The BET surface areas and porosities of the 

catalysts are presented in Table 2. It was revealed 

that impregnation of the zeolite with CoO species 

decreased the surface area from 135.1 to 47.9  

m2.g-1. Meanwhile, the pore size and volume 

decreased as well to 16.06 nm and 0.05 cm3.g-1, 

respectively. These results indicate that the pores 

of the zeolite are blocked by the CoO species, 

resulting in a decrease in the surface area [48]. 

Higher decreases in surface area (30.1 m2.g-1) and 

porosity with a pore size of 14.17 nm and pore 

volume of 0.04 cm3.g-1, were observed in the 

zeolite-Co(H2PO4)2 catalyst. The decrease in the 

surface area of zeolite-Co(H2PO4)2 was higher 

than that of the zeolite/CoO counterparts.  

 

3.2 Isopropanol Dehydration Conversion 

The conversion of isopropanol to DIPE was 

conducted under reflux at 150 ˚C for 3.5 hours 

using 5 g of the catalyst and 50 mL of 

isopropropanol. The catalytic activities of 

zeolite/CoO and zeolite/Co(H2PO4) with various 

cobalt phosphate loadings towards the DIPE 

product as well as the conversion are presented in 

Table 3. The parent zeolite catalyst exhibited low 

catalytic activity towards isopropanol dehydration 

owing to its low acidity. Meanwhile, zeolite/CoO 

promoted 46.10% conversion towards isopropanol, 

with a DIPE selectivity of 23.63% and a yield of 

1.78% with no side products. zeolite/Co(H2PO4) 

with 2 mEq.g-1 loadings promoted high DIPE 

selectivity and yield of up to 31.36% and 23.50%, 

respectively. This indicated that the phosphorous 

species enhanced the catalytic activity of the 

zeolite to a high DIPE product. Furthermore, the 

higher loading of cobalt phosphate gradually 

increased the DIPE yield and selectivity, which 

suggested that the acidity of the catalyst likely 

affected the catalyst performance during the 

dehydration process [5]. Meanwhile, the surface 

acidity of the catalyst was not correlated with the 

isopropanol conversion. The textural features of 

the catalyst might affect its catalytic activity, 

suggesting that a small pore size and volume 

might positively enhance the selectivity and yield 

of the DIPE product [49]. No appreciable catalytic 

activity was observed for zeolite/Co(H2PO4) under 

high cobalt phosphate loading. Higher catalyst 

loading could result in the formation of aggregates 

or lumps, which causes dehydration to be 

inadequate [50]. Turek et al. [51] reported that γ-

Al2O3 exhibited 12.1% of DIPE selectivity at a 

temperature of 500 K, whereas H3PMo12O40 

showed higher DIPE selectivity (31.5%). [52] 

showed that combined silica-zirconia (20-30 mol 

%) provided 5-13% DIPE selectivity and 10-50% of 

isopropanol conversion at a temperature of 180-

210 ˚C. Compared with other zeolite-based 

catalysts, zeolite/NiP (8 mEq.g-1) exhibited high 

isopropanol conversion (66.73%), with DIPE 

selectivity and yield of 47.8% and 35.81%, 

respectively [53]. Compared with previous 

Table 1. Total acidity results of catalysts using 

the gravimetric method. 
Table 2.  SBET and porosity analysis of catalysts 

Table 3. Isopropanol conversion, selectivity, and yield of DIPE catalyzed by various catalysts at T = 150 

˚C, t = 3.5 h, catalyst = 5 g, isopropropanol = 50 mL 
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reports, this study indicated that the zeolite/CoP 

catalyst has sufficient catalytic activity towards 

the DIPE product, which might possibly be scaled 

up for industrial use. To fully comprehend the 

catalytic process, however, more studies 

regarding the impact of experimental variables, 

such as temperature, catalyst weight, and time 

reaction, must be undertaken. In addition, further 

study regarding the reusability of the catalysts 

should be evaluated to determine their DIPE 

production stability throughout consecutive runs. 

 

4. Conclusions 

In summary, natural zeolite catalysts were 

impregnated using CoO and cobalt phosphate at 

various loading of 2-10 mEq.g-1. The catalytic 

activities of these catalysts were explored for the 

dehydration of isopropanol to DIPE. Based on the 

results of catalyst characterization, it was shown 

that the impregnation process had been 

successfully achieved. The natural zeolite 

properties were successfully enhanced by the Co 

and Co(H2PO4)2 species, leading to the increase in 

the catalytic activity towards isopropanol 

dehydration to DIPE. The catalytic study revealed 

that zeolite-Co(H2PO4)2 with 8 mEq.g-1 loading 

had the highest selectivity and yield of DIPE, as 

well as isopropanol conversion, accompanied by 

high surface acidity compared with zeolite/CoO. 

This study demonstrates the potential application 

of a cobalt phosphate-based catalyst supported 

with natural zeolite as a low-cost supported 

catalyst for isopropanol dehydration, which might 

possibly be scaled up for industrial use. 
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