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Study of deactivation 
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dehydrogenation of ethanol
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Mesocellular foam carbon (MCF‑C) is one the captivating materials for using in gas phase 
dehydrogenation of ethanol. Extraordinary, enlarge pore size, high surface area, high acidity, 
and spherical shape with interconnected pore for high diffusion. In contrary, the occurrence of the 
coke is a majority causes for inhibiting the active sites on catalyst surface. Thus, this study aims to 
investigate the occurrence of the coke to optimize the higher catalytic activity, and also to avoid the 
coke formation. The MCF‑C was synthesized and investigated using various techniques. MCF‑C was 
spent in gas‑phase dehydrogenation of ethanol under mild conditions. The deactivation of catalyst 
was investigated toward different conditions. Effects of reaction condition including different reaction 
temperatures of 300, 350, and 400 °C on the deactivation behaviors were determined. The results 
indicated that the operating temperature at 400 °C significantly retained the lowest change of ethanol 
conversion, which favored in the higher temperature. After running reaction, the physical properties 
as pore size, surface area, and pore volume of spent catalysts were decreased owing to the coke 
formation, which possibly blocked the pore that directly affected to the difficult diffusion of reactant 
and caused to be lower in catalytic activity. Furthermore, a slight decrease in either acidity or basicity 
was observed owing to consumption of reactant at surface of catalyst or chemical change on surface 
caused by coke formation. Therefore, it can remarkably choose the suitable operating temperature to 
avoid deactivation of catalyst, and then optimize the ethanol conversion or yield of acetaldehyde.

The renewable energy has high impact to the world in the last decade, especially in many countries, in order 
to use the renewable clean fuel with eco-friendly environment such as bioethanol. As known, one of the cru-
cial bioethanol production processes is the fermentation of sugars as the major sources from sugar cane and 
starch, which is uncomplicated process in the  production1–5. At present, ethanol is not only interesting in fields 
of alternative fuel or even blending of alcohols with gasoline or biodiesel  fuels6, but also as attentive feedstock 
to produce essential origination chemicals for chemical industries such as acetic acid, ethyl acetate, butanol, 
acetaldehyde, etc.7. In this research, we emphasized our consideration on the feasibility in direct production of 
acetaldehyde from ethanol via catalytic dehydrogenation, which is considered as cleaner foresight technology. 
Some researchers previously investigated the reaction of ethanol dehydrogenation to  acetaldehyde8,9, and this 
reaction undergoes using proper catalysts as follows (Eq. 1):

In fact, there are different types of carbon catalysts used in dehydrogenation process. Previously, Liu et al.10 
reported that ordered mesoporous carbon catalyst essentially catalyzed the dehydrogenation of propane to 
propylene with high activity. Later, Ob-eye et al.11 also reported that ethanol dehydrogenation to acetaldehyde 
apparently occurred using activated carbon-promoted with cobalt (Co) having very high selectivity to acetal-
dehyde. Furthermore, activated carbon from bacterial cellulose could be employed as the catalyst in ethanol 
dehydrogenation with the high catalytic  activity12. Thus, ethanol conversion over carbon materials is captivating. 
It is also recognized that the mesocellular foam carbon (MCF-C) is one of the robust carbon catalysts, which 
can be employed in ethanol dehydrogenation in order to produce acetaldehyde. This is owing to its appropriate 

(1)CH3CH2OH ↔ CH3CHO +H2
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physicochemical properties such as desired pore characteristics and acid–base properties as reported in our 
previous  study13. In addition, the structure of MCF-C is well defined as the interconnected pore and large pore 
size, which not only provided higher diffusion, but also accorded high activity as conversion or even selectivity. 
Besides, the deactivation of this catalysts is very important issue since it is related with stability of catalyst. Thus, 
it seems reasonable to investigate the deactivation behavior of MCF-C catalyst via ethanol dehydrogenation in 
order to better understand the nature of this  catalyst13. Nevertheless, the general cause to deactivate most cata-
lysts on ethanol dehydrogenation is derived from coke formation. For this aim, it must be discussed that there 
is the correlation between the decrease in the catalyst activity and the catalyst deactivation from the occurrence 
of the coke inside of the catalyst. In addition, this verity is a consequence of the heterogeneous nature of the 
coke in the catalyst, which is possibly composed of amorphous and filamentous fractions, with the cokes of 
amorphous structure that have a significant impact on catalyst deactivation owing to the encapsulation in the 
 catalyst14–16. Thus, several procedures expected at selecting and adapting catalysts have been considered in the 
literature to minimize the coke deposition in the catalyst. According to Montero et al.17, they investigated the 
deactivation of Ni/La2O3-α-Al2O3 catalyst in ethanol steam reforming (ESR) with different operating condition 
as either temperature between 500 and 650 °C or space time up to 0.35  gcatalysth/gEtOH. They reported that catalyst 
deactivation was merely motived by coke deposition, remarkably via encapsulating coke inside of the catalyst. 
In addition, Morales et al.18 also investigated the difference in deactivation of Au catalyst during transformation 
when supported on ZnO and  TiO2. The evidence suggested that the catalyst on ZnO demonstrated higher resist-
ance to deactivation caused by coke formation. Therefore, the selection of catalysts in each specific reaction is 
captivating to exhibit either high activity or resistance to deactivation caused by coke formation. It is known that 
the decline in deactivation of catalyst is regularly followed by an increase in the carbon content on the catalyst 
surface with different conditions. To the best of our knowledge, no work in the literature has been yet reported 
on the deactivation behaviors MCF-C catalyst used in gas-phase ethanol dehydrogenation to acetaldehyde.

Accordingly, this research is emphasized on the effects of operating conditions such as reaction temperature 
and weight hourly space velocity (WHSV) on the formation of coke under mild condition. According to the study, 
gas-phase ethanol dehydrogenation over MCF-C catalyst was carried out in a micro fixed-bed reactor, which is 
possibly reasonable for the scaling-up, capacitates thermal uniformity of the catalytic bed, and moderates the 
deactivation via coke deposition as well. The spent catalysts under specified condition were collected after each 
run and characterized by nitrogen-physisorption, X-ray diffraction (XRD), scanning electronic microscopy 
(SEM), thermogravimetric analysis (TGA), ammonia temperature-programmed desorption  (NH3-TPD), carbon 
dioxide temperature-programmed desorption  (CO2-TPD) and Fourier transform infrared spectroscopy (FT-IR) 
in order to observe the changes of catalysts after being used.

Experimental
Materials and method. Materials (Chemicals). Pluronic P123 (Sigma-Aldrich, Molar mass ∼ 5800) was 
used as the surfactant or template, and hydrochloric acid (HCl (98 wt%), Sigma-Aldrich) was used to catalyze 
in the synthesis of MCF-Si for forming the structure of materials. Furthermore, 1,3,5-trimethylbenzene (TMB, 
Sigma-Aldrich) was used as the swelling agent, which can expand the pore of material. The silica source was 
from tetraethyl orthosilicate (TEOS; 98% purity, Sigma- Aldrich). Sulfuric acid  (H2SO4 (98 wt%, Sigma Aldrich) 
was employed as the provider of the formation of carbon layer. The etching of silica was used as sodium hydrox-
ide (NaOH, SigmaAldrich).

Catalyst preparation. Mesocellular foam carbon (MCF-C) was synthesized using mesocellular foam silica 
(MCF-Si) as based  material13. First, 2 g of Pluronic P123 as triblock copolymer was dissolved in 10 ml of hydro-
chloric acid with 65 ml of deionized water by stirring until it became homogeneous solution (ca. 1 h) at ambient 
temperature. After that, 5 g of 1,3,5-trimethyl benzene (TMB) as the pore expander was added into the prior 
solution at 40 °C, and continuously stirred for 2 h to obtain milky solution. After approaching 2 h, tetraethyl 
orthosilicate (TEOS) used as the silica source was consecutively added into the previous solution, and then kept 
rapidly stirring at the same temperature for 5 min. Consequently, the milky solution was transferred into Teflon 
bottle, which was followed by aging at 40 °C for 20 h. After reaching 20 h, the temperature was increased to 
100 °C with the ramping rate of 10 °C/min. The white solution was filtered with 50 ml of ethanol and 100 ml of 
deionized water, and then dried overnight at room temperature. The white precipitate of MCF-Si was ready to 
be used as the based material for MCF-C synthesis. To obtain MCF-C, 1 g of MCF-Si was mixed with 0.16 ml 
of sulfuric acid, and also stirred it for 1 h. After that, it was dried in the oven at 100 °C for 12 h. Then, the tem-
perature was increased to 160 °C for 12 h. The black powder was calcined at 850 °C under nitrogen flowing for 
2 h with ramping rate of 1 °C/min. Next, the etching process was applied using 2 M of NaOH to eliminate the 
silica from the material at ambient temperature with stirring for 1 h. In addition, it was followed by washing with 
deionized water until the pH of filtrate was exactly unchanged, and dried overnight at room temperature. Finally, 
the MCF-C was ready to use.

Characterization of catalyst. Nitrogen-physisorption. Nitrogen-physisorption was used to measure the 
pore size, surface area, and pore volume of samples using Micromeritics ChemiSorb 2750 Pulse instrument. 
Measuring of Brunauer-Emmet-Teller (BET) isotherm equation was performed at − 196 °C, and the samples 
were degassed with heating in the vacuum at ambient temperature to 120  °C for 16  h. In addition, Barrett-
Joyner-Halenda (BJH) method based on the Kelvin equation was also employed to evaluate the pore structure 
of  samples19.



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11683  | https://doi.org/10.1038/s41598-021-91190-7

www.nature.com/scientificreports/

Scanning electron microscopy (SEM). The morphology of specimens was identified using the Hitachi S-3400N 
model. Link Isis Series 300 program EDX was applied to analyze the elemental distribution and composition 
over different catalysts.

X-ray diffraction (XRD). XRD was used to estimate the crystalline framework of samples using a Siemens D 
5000 X-ray diffractometer having  CuKα radiation with Ni filter in the range of 2θ between 1 and 60 with 0.04 
resolution. The scan rate was applied at 0.5 s/step.

Thermogravimetric analysis (TGA). TGA was operated using TA instrument SDT Q600 analyzer (USA). The 
sample of 4–10 mg was used in the temperature operation range between 0 and 1000 °C with heating rate of 2 °C/
min using air as carrier gas.

Fourier transform infrared (FT-IR) spectroscopy. The functional groups of specimens were analyzed using the 
FTIR spectroscopy. The signal absorption spectra were obtained using Nicolet 6700 FTIR spectrometer in the 
wavenumber range of 400–4000  cm-1.

Ammonia temperature-programmed desorption  (NH3-TPD). The acidity and acid strength of catalysts were 
examined applying Micromeritics Chemisorb 2750 Pulse Chemisorption  System13. First, 0.1 g of catalyst was 
preheated with helium at 200 °C. Then, ammonia was adsorbed at 40 °C for 1 h. After that, the physisorbed 
ammonia was desorbed under helium gas flow until the baseline level was reached to be constant. The chem-
isorbed ammonia was removed from active sites by raising the temperature from 30 to 500 °C under a helium 
flowing at 40 ml/min, with a heating rate of 10 °C/min. The thermal conductivity detector (TCD) as a function 
of temperature was adapted to estimate the amount of ammonia in effluent.

Carbon dioxide temperature-programmed desorption  (CO2-TPD). CO2-TPD technique was used to analyze 
the basicity and its strength of samples catalyst by using Micromeritics Chemisorb 2750 automated system. The 
sample of 0.1 g was packed among the center of the quartz cell and preheated with temperature of 450 °C under 
helium with flow rate of 25 ml/min for 1 h to eliminate moisture and impurity. After that, the sample was directly 
saturated with CO2 and evacuated by helium with flow rate of 35 ml/min for 30 min at 40 °C. Then, TPD was 
operated from 40 to 500 °C with heating rate of 10 °C/min. Finally, thermal conductivity detector (TCD) was 
used to determine the amount of CO2 in effluent gas as a function of desorbed temperature.

Catalytic test. The deactivation behavior of catalyst was determined using the ethanol dehydrogenation test 
apparatus using a fixed-bed continuous flow glass tube microreactor. Starting with 1 g of catalyst sample (MCF-
C) and 0.05 g of quartz wool bed were packed inside of the central glass tube reactor, which was placed inside 
of the electric furnace. The pretreatment at 200 °C under nitrogen flowing for 1 h was conducted to remove the 
humidity on the surface of target catalyst. Then, the liquid ethanol was vaporized at 120 °C with nitrogen gas at 
60 ml/min using controlled injection with a single syringe pump with the volumetric flow rate of ethanol feeding 
at 0.397 ml/h. To obtain the spent samples (deactivation catalysts), the gas stream was fed into the reactor with 
weight hourly space velocity (WHSV) in the desired feeding of 3.11  gethanol /gcat.h. Furthermore, the considerable 
operating temperature range was at 300, 350, and 400 °C under atmospheric pressure. The gaseous products 
were analyzed by a Shimadzu (GC-14B) gas chromatograph with flame ionization detector (FID) using capillary 
column (DB-5) at 150 °C. While the reaction  test13 was operated, the results were repeatedly recorded at least 3 
times for each temperature. After running different operating temperatures of 300, 350, and 400 °C, the spent 
catalysts were denoted to MCF-C SP300, MCF-C SP350, and MCF-C SP400, respectively.

The values of ethanol conversion, selectivity of acetaldehyde, and yield of acetaldehyde were diagnose using 
these following Eqs. (2), (3), and (4), respectively.

Results and discussion
Catalytic behavior was tested via the influence of temperature during time on stream on catalytic behavior of 
ethanol dehydrogenation. The Effect of different temperature between 300 and 400 °C during time on stream 
of 12 h on the deactivation behavior of catalysts was investigated and the results are illustrated in Fig. 1. In first 
hour of the reaction test, the operating temperature at 400 °C exhibited the highest ethanol conversion of ca. 
13.5% followed by the ones at 350 °C (ca. 7.32%), and 300 °C (ca. 5.24%). The evidence suggested within first 
hour of operating system that the increased ethanol conversion from 300 to 400 °C was dependent on increased 
temperature since dehydrogenation is endothermic  reaction20–22, which was directly responded to the Eq. (1). 
In addition, yield of acetaldehyde also simultaneously increased from 5.15 to 12.68% with increasing of ethanol 

(2)Ethanol conversion: XEtOH (%) =
nEtOH (in)− nEtOH (out)

nEtOH (in)
× 100

(3)Selectivity of acetaldehyde: Si(%) =
ni

∑
ni

× 100

(4)Yield of acetaldehyde: Yi(%) =
XEtOH × Si

100



4

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11683  | https://doi.org/10.1038/s41598-021-91190-7

www.nature.com/scientificreports/

conversion from 300 to 400 °C. However, there was an effect of the high temperature with the lower selectivity 
of ethanol to acetaldehyde. During 12 h, the ethanol conversion with operating temperature of 400 °C slowly 
declined with time on stream from the first hour until 12 h. In addition, yield of acetaldehyde at this temperature 
was insignificantly changed during 12 h with percentage of ethanol change of 22.3%. This suggested that the 
ethanol dehydrogenation at 400 °C for 12 h was essentially stable up on the obtained values of ethanol conver-
sion or yield of acetaldehyde.

However, with lower operating at temperatures of 350 °C and 300 °C for 12 h, ethanol conversion decreased 
with values of ca. 7.33–2.93% and 5.24–1.92%, respectively. From these results, it revealed that MCF-C catalyst 
tended to rapidly deactivate at lower temperature i.e. 300–350 °C, especially the period operating time between 
1 and 3 h. In addition, this evidence suggested that the decreasing of catalytic activity with long period operation 
was likely occurred by deactivation of catalyst owing to the possibility of the coke formation, which affected to 
the active sites as acid or basic sites on the surface of catalysts, particularly the reaction temperature at 300 °C 
with the highest changing of percentage of ethanol conversion with value ca. 63.2%. This phenomenon suggested 
that the ethanol dehydrogenation reaction might not favor the low temperature due to the high coke forma-
tion, which might block the pathway inside of the catalyst. In addition, the active sites on catalyst surface also 
become inactive sites owing to the cover of the coke on its sites, which inhibit the catalytic activity from ethanol 
dehydrogenation. In addition, the change of the selectivity of acetaldehyde is illustrated in Table S1. The result 
showed that at operating temperature of 300 °C, it could significantly maintain the change of the selectivity of 
acetaldehyde within the lowest value of 1.57%. This suggested that existence of the coke formation might be from 
other by-products such as ethylene or ethyl  acetate23, which did not insignificantly affect the active site for ethanol 
dehydrogenation to acetaldehyde. On the contrary, the selectivity of acetaldehyde decreased with increasing of 
the operating temperature, indicating that the higher amount of the by-products was found or decomposition 
of acetaldehyde occurred. However, there was an insignificant change in the selectivity of acetaldehyde in each 
temperature. Thus, it is quite surprising and more characterization techniques are crucial for investigation the 
coke formation on the spent catalyst, which notably causes to the lower catalytic activity.

The Characterization on the textural properties of catalysts was investigated in the differences on the textural 
properties between the fresh and spent MCF-C catalyst were elucidated using  N2 physisorption and SEM/EDX 
measurement. In fact, all characterization techniques were conducted for the fresh MCF-C catalyst and spent 
catalysts after being used for 12 h in the reaction tests under three operating temperatures including 300, 350 and 
400 °C. Thus, there were four catalyst samples in each technique to consider. First, the adsorption/desorption 
isotherms obtained from the  N2 physisorption of fresh and other three spent catalysts are illustrated in Fig. 2. As 
seen, all catalysts exhibited the type IV (IUPAC classification) of mesoporous structure with hysteresis  loop24. 
This indicated that under these specified dehydrogenation conditions; all spent MCF-C catalysts apparently 
retained the traditional textural structure from MCF-C as fresh  catalyst24. In addition, MCF-C SP300, MCF-C 
SP350, and MCF-C SP400 demonstrated the hysteresis loop of H4 type with the narrow slit-like pore  shape24.

This result probably suggested that coke formation likely occurred and deposited inside the pore, especially 
at low operating temperature such as MCF-C SP300 due to its conformation of almost nonexistence of the hys-
teresis loop. On the other words, MCF-C SP300 exhibited the highest coke formation, which was not reasonable 
to operate the ethanol dehydrogenation at this temperature. Furthermore, the pore size, surface area, and pore 
volume of all spent catalysts also decreased from the fresh catalyst after the test for 12 h as seen in Table 1, which 
confirmed that coke was probably deposited in the pore of the catalyst, especially temperature of 300 °C with 

Figure 1.  Ethanol Conversion and yield of acetaldehyde of all catalysts with regarding to ethanol 
dehydrogenation.
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the highest decreasing of physical properties. In addition, this evidence indicated that the coke formation at low 
temperature of 300 °C likely blocked the pathway of diffusion of reactant to the surface catalyst, which directly 
affected to catalytic ability of MCF-C on ethanol dehydrogenation as seen in Scheme 1. Thus, one of the crucial 
factors causing lower catalytic activity was the coke formation owing to the effect from pore blocking.

In order to verify the coke formation, SEM is one of the most powerful techniques to explore the textural 
property of fresh and spent catalysts as seen in Fig. 3. From SEM images of spent catalysts, it revealed that the 
particle size of these catalysts did not significantly change from fresh catalyst having value of ca. 1.26–1.32 µm 
(n = 100). This indicated that the different operating temperatures and coke formation had no effect on the par-
ticle size of these spent catalysts. However, it can be observed the emergence of the coke particles, which possibly 
adhered and encapsulated in all spent catalysts. Moreover, the apparent quantity of coke dispersed on MCF-C 
SP300 was high compared with other operating temperatures (MCF-C SP350 and MCF-C SP400, respectively). 
It was found that the high aggregation of the coke contents at the external surface of spent catalysts was observed 
at low temperature of 300 °C, which was corresponding to the low catalytic activity of ethanol dehydrogenation 
at this low temperature. Accordingly, the reasonable operating temperature on ethanol dehydrogenation to 
acetaldehyde would be 400 °C due to the lowest deactivation of the catalyst.

Besides, SEM–EDX from Table 2 demonstrated the atomic percent compositions of fresh and spent catalysts. 
The data displayed that there was the decreasing of the carbon contents from the fresh MCF-C catalyst from 
93.26 wt% to the spent catalyst at 300 °C with the lowest carbon contents of 65.61 wt%. The decrease of carbon 
content on surface was due to the replacement with oxygen element, which occurred during ethanol dehy-
drogenation reaction. On the other hand, oxygen contents in spent catalysts increased in the order of MCF-C 
SP400 < MCF-C SP350 < MCF-C SP300. This phenomenon was probably due to the formation of products or 
by-products, which cannot migrate from the inside of the catalyst because of the pore blockage from the carbon 
encapsulation leading to inhibition of internal mass  diffusion12. In addition, the low oxygen content of MCF-C 
SP400 was probably due to two main reasons: (a) the low coking accumulation amounts; (b) some oxygen com-
plexes could desorb from the surface at such a high temperature.

X-ray diffraction (XRD) patterns of all samples are shown in Fig. 4 in order to examine the difference of 
phase change of the crystal structures. All catalyst samples exhibited identical XRD peak located at 1.06° as the 
major crystalline phase using low-angle XRD, which is similar to previous  study13. Nevertheless, the peak of 
MCF-C SP300 at the top was slightly broader than other catalysts indicating that the coke formation might softly 
affected the crystal structure.

Figure 2.  Nitrogen adsorption/desorption isotherms of all stability testing conditions (MCF-C, MCF-C SP300, 
MCF-C SP350, and MCF-C SP400).

Table 1.  Physical properties of the fresh and spent catalyst with different reaction temperatures.

Materials Surface area  (m2/g) Average pore size (nm) Average pore volume  (cm3/g)

MCF-C 920.51 4.96 1.03

MCF-C SP300 312.86 2.96 0.17

MCF-C SP350 439.36 4.19 0.36

MCF-C SP400 602.16 4.27 0.48
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To identify the changes in chemical functional groups, FT-IR technique was employed on MCF-C, MCF-C 
SP300, MCF-C SP350, and MCF-C SP 400 as seen in Fig. 5. The IR spectrum of fresh MCF-C catalyst was well 
accorded with that reported in the  literature13, having eight IR active elementary bands encountered at 759  cm-1 
(C–H vibrations), 1020  cm-1 (C–H vibrations), 1239  cm-1 (O–H blending), 1550  cm-1 (C=C stretching vibra-
tions), 1755  cm-1 (C=O stretching vibrations), 2040  cm-1 (C=C stretching vibrations), 2150  cm-1 (C≡C stretching 
vibrations), and 2970  cm-1 (aliphatic C–H)11,25–27. For all spent catalysts, the region at 750–800  cm-1 was observed 
an increase of the peak of (C–H vibrations) suggesting coke formation, especially in MCF-C SP300 catalyst. In 
addition, it was also found the peak at the regions of 1000–1100  cm-1 (C–H vibrations) indicating the C–H band 
that increased with decreasing the operating temperatures. This also suggested that the presence of the coke was 
likely initiated when the operation temperature was low i.e. 300 °C.

Scheme 1.  Coke formation on the surface catalysts.

Figure 3.  Low magnification SEM image of MCF-C, MCF-C SP300, MCF-C SP350, MCF-C SP400.
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One of the major factors that affects the catalytic properties is acidity and acid  strength13,28,29. Thus, ammonia 
temperature-programmed desorption  (NH3-TPD) was applied to evaluate the acidity. There are two types of the 
acidic classification as weak acidic sites with desorption peaks under temperature of ca. 200 °C, and medium to 
strong acid sites with desorption peak between 200 and 500 °C30,31. The  NH3-TPD profiles for all catalysts are 
presented in Fig. 6.

The results indicated that  NH3-TPD profiles of all spent catalysts were similar with the one obtained from 
the fresh catalyst at the weak acid site regime. However, the change in medium and strong acid sites regime was 

Table 2.  Amount of each element adjacent the surface of catalyst granule obtained from EDX.

Materials

Amount of weight on 
surface (wt%)

C O Si

MCF-C 93.26 6.33 0.41

MCF-C SP300 65.61 33.56 0.83

MCF-C SP350 76.45 22.63 0.92

MCF-C SP400 87.39 11.75 0.86

Figure 4.  XRD pattern of the fresh and spent catalysts.

Figure 5.  FT-IR spectra of the fresh and spent catalysts.
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observed. As seen, the MCF-CSP300 exhibited the lowest amounts of medium and strong acid sites among other 
catalysts. In fact, the decrease in acidity can be proved by calculation of the amount of acid sites (µmole/g) as 
listed in Table 3. It was found that MCF-C SP300 exhibited the lowest acidity with the value of ca. 467.32 µmole 
 NH3/g cat, whereas that from the MCF-C as fresh catalyst was 675.61 µmole  NH3/g cat. This indicated that the 
presence of coke formation resulted in decreased acidity via obscuring on the coverage of active sites, which was 
probably changed to be inactive  sites32–34 as illustrated in Scheme 1, it directly affected to either the lower ethanol 
conversion or yield of acetaldehyde. Therefore, the avoiding from the coke formation should be operated at high 
temperature of 400 °C for MCF-C catalysts on ethanol dehydrogenation. Additionally, basicity and its strength 
were also investigated the effect of catalyst deactivation on the active sites as basic sites.

Consequently, carbon dioxide temperature-programmed desorption  (CO2-TPD) was utilized to determine 
the basicity of spent catalysts.

Two species of basicity were differentiated from desorption peak with below temperature of ca. 200 °C for 
weak basic sites and 200–500 °C for medium to strong basic  sites11. The characteristics of  CO2-TPD profile of 
each spent catalysts are exhibits in Fig. 7. This evidence suggested that all weak basic sites regime of spent catalysts 
slightly changed from the fresh catalyst, which was indicated that the occurrence of the coke had delicately effect 
to weak basic sites. Meanwhile, the medium to strong basic sites regime of spent catalysts also softly changed 
from fresh catalysts, especially MCF-C SP400. It could be indicated that the high temperature as 400 °C might 
provide appropriate condition for ethanol dehydrogenation with long period operation due to well maintain 
the basicity. Practically, the basicity was determined the amounts of basic sites (µmole/g) as represented in 
Table 4. The results indicated that the lowest loss in total basic sites was found at MCF-C SP400 with value of ca. 
823.75 µmole  CO2/g.cat from fresh catalyst as 903.52 µmole  CO2/g.cat. This could be implied that the decrease 
of the basicity was involved with the appearance of the coke, which covered on the active sites as basic sites, and 
then it became the inactive sites, especially for MCF-C SP300 at the low temperature.

In order to understand the relationship between the activity and chemical properties, especially up on the 
basicity and acidity, the comparative results are lists on Table 5. It was found that the ethanol conversion slowly 
changed at high operating temperature for MCF-C SP400 owing to the low coke deposition, which was cor-
responding to the low percentage change in the amount of basic and acid sites. Thus, the reason of the higher 
catalytic activity at higher temperature was less coke deposition. In addition, at the high operating temperature, 
some cokes such as aliphatic coke type can be  volatized35.

Figure 6.  TPD-NH3 profile of the fresh and spent catalysts.

Table 3.  Acidity and acid strength of the fresh and spent catalysts obtained from  NH3-TPD. *Amounts of acid 
sites of catalyst were calculated by  NH3-TPD (employ of Fityk program evaluation).

Catalysts

Amount of acid site (µmole  NH3/g cat.)*

Weak acid sites Medium-strong acid sites Total acid sites

MCF-C 43.48 632.13 675.61

MCF-C SP300 27.68 439.64 467.32

MCF-C SP350 31.22 464.95 496.17

MCF-C SP400 35.96 579.56 615.52
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The quantitative analysis of the coke formation was examined with thermal gravimetric analysis (TGA) was 
used to investigate the coke formation by observing the weight loss, which was operated under air atmosphere as 
shown in Fig. 8. TG curves of the fresh MCF-C catalyst exhibited the weight loss at 450 °C with value of 95.7%, 
indicating the characteristic of the mesocelluar foam carbon as reported in previous  study13. After the reaction 
test for 12 h, all spent catalysts including MCF-C SP300, MCF-C SP350, and MCF-C SP had sharply declined 
weight loss at temperature of ca. 370 °C, which differed from the fresh MCF-C catalyst. Based on TGA, all spent 
catalysts mostly contained the aliphatic and aromatic coke from agglomeration of  ethylene36, and the other parts 
of coke formation might be from the other by-products such as ethyl acetate with oxygen-containing functional 
group as supported by IR result. Furthermore, the highest percentage of weight loss of TGA curves was found on 
MCF-C SP300 with value of ca. 77.3% followed by MCF-C SP350 and MCF-C SP400, respectively. This indicates 
that MCF-C SP300 exhibited the largest amount of coke formation resulting in decreased pore volume. In addi-
tion, this result can be confirmed with differential scanning calorimetry (DSC) technique showing increased area 
below curve, which is related higher coke content as shown in Fig. 9. This could be point that the coke formation 
favored at low temperature as MCF-C SP300 for ethanol dehydrogenation.

Conclusion
In this research, the deactivation of mesocellular form carbon (MCF-C) catalyst during ethanol dehydrogenation 
to acetaldehyde was investigated under different operating temperatures. The lowest catalytic activity with MCF-C 
was found at low temperature of 300 °C due to the highest coke formation, which directly affected deactivation 
of catalyst. The presence of the coke in MCF-C not only decreased the pore volume and surface area, but also 

Figure 7.  TPD-CO2 profile of the fresh and spent catalysts.

Table 4.  Basicity and basic strength of all samples obtained from  CO2-TPD. *Amounts of basic sites of catalyst 
were calculated by  CO2-TPD (employ of Fityk program evaluation).

Catalysts

Amount of basic site (µmole  CO2/g cat.)*

Weak basic sites Medium-strong basic sites Total basic sites

MCF-C 61.39 842.13 903.52

MCF-C SP300 51.78 709.53 761.31

MCF-C SP350 53.02 729.11 782.13

MCF-C SP400 51.97 771.78 823.75

Table 5.  The relationship between the catalytic activity and chemical properties as basicity and acidity base on 
operating time for 12 h.

Catalysts Ethanol conversion change (%) Amounts of basic sites change (%) Amounts of acid sites change (%)

MCF-C SP300 63.17 15.74 30.83

MCF-C SP350 60.16 13.43 26.56

MCF-C SP400 22.23 8.82 8.89
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decreased the acidity of catalyst. In addition, the pore blockage also retarded the mass transfer of reactant and 
product inside the pores. In contrary, the reaction temperature of 400 °C was softly deactivated the catalyst due 
to less coke formation, which preserved the catalytic activity without a significant change in ethanol conversion. 
Thereby, the increasing of reaction temperature in ethanol dehydrogenation to acetaldehyde using MCF-C as 
catalyst significantly provided either lower deactivation of catalysts or higher catalytic activity.

Data availability
The authors declare that all relevant data are within the paper.

Received: 27 January 2021; Accepted: 24 May 2021

References
 1. Khattab, S.M.R. and T. Watanabe, Bioethanol from sugarcane bagasse: Status and perspectives, in Bioethanol Production from Food 

Crops. 2019. p. 187–212.
 2. Meyers, R. A. Encyclopedia of Sustainability Science and Technology (Springer, 2012).
 3. Becerra, J., Figueredo, M. & Cobo, M. Thermodynamic and economic assessment of the production of light olefins from bioethanol. 

J. Environ. Chem. Eng. 5(2), 1554–1564 (2017).

Figure 8.  Thermogravimetric analysis (TGA) of material corresponding to each stability testing conditions of 
MCF-C under air atmosphere.

Figure 9.  Differential thermal analysis of the fresh and spent catalysts.



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11683  | https://doi.org/10.1038/s41598-021-91190-7

www.nature.com/scientificreports/

 4. Deshavath, N. N. et al. Chemical composition analysis of various genetically modified sorghum traits: Pretreatment process 
optimization and bioethanol production from hemicellulosic hydrolyzates without detoxification. J. Environ. Chem. Eng. 6(4), 
5625–5634 (2018).

 5. Vohra, M. et al. Bioethanol production: Feedstock and current technologies. J. Environ. Chem. Eng. 2(1), 573–584 (2014).
 6. Jiao, J., Li, J. & Bai, Y. Ethanol as a vehicle fuel in China: A review from the perspectives of raw material resource, vehicle, and 

infrastructure. J. Clean. Prod. 180, 832–845 (2018).
 7. Ott, J. et al. Ullmann’s Encyclopedia of Industrial Chemistry (Wiley-VCH, 2012).
 8. Peloso, A., Moresi, M., Mustachi, C. & Soracco, B. Kinetics of the dehydrogenation of ethanol to acetaldehyde on unsupported 

catalysts. Can. J. Chem. Eng. 57, 159–164 (1979).
 9. Franckaerts, J. & Froment, G. F. Kinetic study of the dehydrogenation of ethanol. Chem. Eng. Sci. 19, 807–818 (1964).
 10. Liu, L. et al. Ordered mesoporous carbon catalyst for dehydrogenation of propane to propylene. Chem. Commun. (Camb.) 47(29), 

8334–8336 (2011).
 11. Ob-eye, J., P. Praserthdam, and B. Jongsomjit, Dehydrogenation of ethanol to acetaldehyde over different metals supported on carbon 

catalysts. Catalysts, 2019. 9(1).
 12. Khamkeaw, A. et al. Activated carbon derived from bacterial cellulose and its use as catalyst support for ethanol conversion to 

ethylene. Catal. Commun. 129, 105750 (2019).
 13. Klinthongchai, Y. et al. Synthesis, characteristics and application of mesocellular foam carbon (MCF-C) as catalyst for dehydro-

genation of ethanol to acetaldehyde. J. Environ. Chem. Eng. 8(3), 103752 (2020).
 14. Vicente, J. et al. Reaction pathway for ethanol steam reforming on a Ni/SiO2 catalyst including coke formation. Int. J. Hydrogen 

Energy 39(33), 18820–18834 (2014).
 15. Bedia, J. et al. Ethanol dehydration to ethylene on acid carbon catalysts. Appl. Catal. B Environ. 103(3–4), 302–310 (2011).
 16. Wu, X. & Radovic, L. R. Inhibition of catalytic oxidation of carbon/carbon composites by phosphorus. Carbon 44(1), 141–151 

(2006).
 17. Montero, C. et al. Origin and nature of coke in ethanol steam reforming and its role in deactivation of Ni/La2O3−αAl2O3 catalyst. 

Ind. Eng. Chem. Res. 58, 14736–14751 (2019).
 18. Morales, M. V. et al. Difference in the deactivation of Au catalysts during ethanol transformation when supported on ZnO and on 

 TiO2. RSC Adv. 8(14), 7473–7485 (2018).
 19. Barrett, E. P., Joyner, L. G. & Halenda, P. P. The determination of pore volume and area distributions in porous substances. I. 

Computations from nitrogen isotherms. J. Am. Chem. Soc. 73(1), 373–380 (1951).
 20. Aquilanti, V., Coutinho, N. D. & Carvalho-Silva, V. H. Kinetics of low-temperature transitions and a reaction rate theory from 

non-equilibrium distributions. Philos. Trans. A Math. Phys. Eng. Sci. 375(2092), 20160201 (2017).
 21. Nabgan, W. et al. Development of a kinetic model for hydrogen production from phenol over Ni-Co/ZrO2 catalyst. J. Environ. 

Chem. Eng. 4(4), 4444–4452 (2016).
 22. Koyuncu, H. & Kul, A. R. An investigation of Cu(II) adsorption by native and activated bentonite: Kinetic, equilibrium and ther-

modynamic study. J. Environ. Chem. Eng. 2(3), 1722–1730 (2014).
 23. Klinthongchai, Y. et al. Effect of TMB/P123 ratios on physicochemical properties of mesocellular foam carbon (MCF-C) as catalyst 

for ethanol dehydrogenation. Mater. Today Chem. 20, 100466 (2021).
 24. Sotomayor, F. J., Cychosz, K. A. & Thommes, M. Characterization of micro/mesoporous materials by physisorption: Concepts and 

case studies. Acc. Mater. Surf. Res. 3, 34–50 (2018).
 25. Ob-eye, J. & Jongsomjit, B. Dehydrogenation of ethanol to acetaldehyde over Co/C catalysts. Eng. J. 23(3), 1–13 (2019).
 26. Valle-Vigón, P., Sevilla, M. & Fuertes, A. B. Sulfonated mesoporous silica–carbon composites and their use as solid acid catalysts. 

Appl. Surf. Sci. 261, 574–583 (2012).
 27. Yakout, S. M. & Sharaf El-Deen, G. Characterization of activated carbon prepared by phosphoric acid activation of olive stones. 

Arab. J. Chem. 9, S1155–S1162 (2016).
 28. Nabgan, W. et al. Acetic acid-phenol steam reforming for hydrogen production: Effect of different composition of  La2O3-Al2O3 

support for bimetallic Ni–Co catalyst. J. Environ. Chem. Eng. 4(3), 2765–2773 (2016).
 29. Nata, I. F. et al. Catalytic performance of sulfonated carbon-based solid acid catalyst on esterification of waste cooking oil for 

biodiesel production. J. Environ. Chem. Eng. 5(3), 2171–2175 (2017).
 30. Ibnu Abdulwahab, M. et al. Bacterial cellulose supported alumina catalyst for ethanol dehydration. Catal. Lett. 147(9), 2462–2472 

(2017).
 31. Autthanit, C., Praserthdam, P. & Jongsomjit, B. Oxidative and non-oxidative dehydrogenation of ethanol to acetaldehyde over 

different VOx/SBA-15 catalysts. J. Environ. Chem. Eng. 6(5), 6516–6529 (2018).
 32. Barbier, J., Churin, E., Marecot, P. & Menezo, J. C. Deactivation by coking of platinum/alumina catalysts effects of operating 

temperature and pressure. Appl. Catal. 36, 277–285 (1987).
 33. Reymond, J.P., C. Delattre, and M. Forissier, Effect of coke deposition on catalyst texture during catalytic cracking reaction. In Char-

acterization of Porous Solids VI, Proceedings of the 6th International Symposium on the Characterization of Porous Solids (COPS-VI). 
2002. p. 451–458.

 34. Argyle, M. & Bartholomew, C. Heterogeneous catalyst deactivation and regeneration: A review. Catalysts 5(1), 145–269 (2015).
 35. Guisnet, M. & Magnoux, P. Organic chemistry of coke formation. Appl. Catal. A Gen. 212, 83–96 (2001).
 36. Wang, H.-Z. et al. Coke formation on Pt–Sn/Al2O3 catalyst for propane dehydrogenation. Ind. Eng. Chem. Res. 57(26), 8647–8654 

(2018).

Acknowledgements
This research is funded by Chulalongkorn University and Cat-Reac industrial project.

Author contributions
Y.K. conceived the experiments, B.J. conducted the experiments. Data analyses were done by Y.K. with consulta-
tion with B.J. The paper was written by Y.K. and B.J., and all authors contributed to the subsequent drafts and 
revision. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 91190-7.

Correspondence and requests for materials should be addressed to B.J.

https://doi.org/10.1038/s41598-021-91190-7
https://doi.org/10.1038/s41598-021-91190-7


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11683  | https://doi.org/10.1038/s41598-021-91190-7

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study of deactivation in mesocellular foam carbon (MCF-C) catalyst used in gas-phase dehydrogenation of ethanol
	Experimental
	Materials and method. 
	Materials (Chemicals). 
	Catalyst preparation. 
	Characterization of catalyst. 
	Nitrogen-physisorption. 
	Scanning electron microscopy (SEM). 
	X-ray diffraction (XRD). 
	Thermogravimetric analysis (TGA). 
	Fourier transform infrared (FT-IR) spectroscopy. 
	Ammonia temperature-programmed desorption (NH3-TPD). 
	Carbon dioxide temperature-programmed desorption (CO2-TPD). 

	Catalytic test. 


	Results and discussion
	Conclusion
	References
	Acknowledgements


