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A B S T R A C T   

Bio-oil is a mixture of organics and its steam reforming for production of hydrogen has attracted extensive 
attention. During steam reforming, the reaction intermediates derived from the varied organics in bio-oil might 
interact with each other, impacting composition/properties of the products. In this study, steam reforming of 
single or mixture of acetic acid and ethanol, the representatives of carboxylic acid and alcohol, were conducted 
with Ni/KIT-6 as the catalyst, aiming to probe the potential interaction of the reaction intermediates on the 
reforming reaction. The results showed that the interactions of the derivatives from acetic acid and ethanol did 
exist, enhancing conversion of reactants, formation of gaseous by-products and affecting coke properties. The co- 
reforming of ethanol and acetic acid generates more reaction intermediates bearing hydroxyl group that are 
difficult to be gasified and also forms more coke, leading to more significant catalyst deactivation. The coke 
formed from the co-reforming is not only prone to oxidation, but also showed distinct morphologies. Carbon 
nanotubes with coarse surface and hillocks was the main form of coke from steam reforming of ethanol or acetic 
acid, while coke from the co-reforming was mainly in the form of carbon nanofiber decorated with the hangnail- 
like substance or rope-like structures with no cavity and micrometers of length.   

1. Introduction 

Hydrogen is clean fuel for fuel cells and its production has always 
been a hot research topic since decades ago [1,2]. Hydrogen can be 
produced from various carbonaceous feedstocks via the processes such 
as steam reforming [3,4], partial oxidation [5,6], oxidative reforming 
(gasification) [7,8], etc. The carbonaceous feedstock can be fossil fuels 
(coal, petroleum-based fuels, natural gas) [9,10], small organics like 
ethanol [11,12], acetic acid [13,14] and methanol [15,16], the organic 
mixture like bio-oil [17–19], etc. The availability of the feedstock de
termines feasibility and sustainability of the process. Fossil fuels are 
nonrenewable and attention for the production of hydrogen has shifted 
to the feedstock such as the small organics mentioned above [20–22]. 
However, the small organics like ethanol is an important raw feedstock 
for the synthesis of other fine chemicals and can also be directly used as 
the fuel for vehicles [23,24]. Other renewable while abundantly avail
able feedstock with the low production cost is highly demanded for 
hydrogen production. 

Bio-oil is composed by the condensable volatiles from pyrolysis of 
the renewable biomass [25,26], which can be abundantly produced and 
available in most of the regions with the growth of biomass. Therefore, 
bio-oil has been considered as an important feedstock for hydrogen 
production and steam reforming of bio-oil has been extensively inves
tigated [27–30]. However, inheriting from the complex nature of 
biomass, the organics in bio-oil are rather complicated in terms of 
structures, functionalities, molecular sizes, etc [31–33]. Most impor
tantly, the organics in bio-oil tend to polymerize or crack at the elevated 
temperature, resulting in formation of coke and rapid deactivation of 
catalysts [34–36]. The coke formation relates to the reaction behaviors 
of the individual organic compound in bio-oil [37,38]. Nevertheless, 
when a mixture of organics is formed simultaneously on the same 
catalyst, a natural question is raised. Do these molecules of different 
structures and properties interact with each other? If they do, do the 
interactions affect their coking tendency and the formation of the re
action intermediates. It is known under the typical reforming conditions, 
the radicals could form. The varied feedstock would generate the 
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radicals of different structures. In theory, these radicals could react with 
each other and hence the interaction of the reactants of different 
structures seems inevitable. However, this is still a knowledge gap to be 
filled to understand the complex reaction network during steam 
reforming of bio-oil that generally contains hundreds of organics 
[39–41]. 

As a proof of concept, in this study, acetic acid and ethanol, which 
could represent the carboxylic acids and alcohols in bio-oil, are selected 
as the model compounds to investigate their potential interactions. 
Particularly, the potential interactions of the reaction intermediates in 
the co-reforming of acetic acid and ethanol on the properties of the coke 
formed and the reaction intermediates produced were focused. Since 
catalyst development is not the aim of this study, a typical reforming 
catalyst, Ni/ KIT-6 was used for reforming of the organics. The results 
indicated that the interaction between the reaction intermediate pro
duced from steam reforming of acetic acid and ethanol did exist which 
significantly impacted the distribution of the products and the proper
ties/morphologies of the coke formed. 

2. Experiment 

2.1. Preparation of catalyst 

KIT-6 was prepared with triblock copolymer (P123) as template, 
tetraethyl silicate as silicon source and n-butanol as coexisting solute, 
according to that specified in literature [42]. In the preparation of 
Ni/KIT-6 catalyst, nickel was loaded on the carrier KIT-6 by an incipient 
impregnation method. Nickel nitrate was selected as nickel source. A 
certain amount of nickel nitrate was dissolved in deionized water to 
obtain nickel nitrate solution. After that, it was mixed with KIT-6, aged 

at room temperature for 24 h, and then in an oven of 60 ◦C for another 
24 h. After drying, the solid sample was calcined by heating in static air 
to 600 ◦C at the rate of 20 ◦C/min and holding for 2 h in a muffle furnace 
to obtain the calcined catalyst. 

2.2. Catalytic experiment 

The steam reforming of acetic acid, ethanol and their mixture was 
carried out in a fixed bed continuous flow reactor. The configuration of 
the reactor could refer to our previous work [43]. 0.5 g of calcined 
catalyst was loaded in a quartz reactor and was placed in the center of 
the furnace. Before the start of the reforming reaction, the calcined 
catalyst was reduced at 600 ◦C at the heating rate of 20 ◦C/min for 1 h in 
the mixed atmosphere of H2/N2 (H2 = 60 mL/min; N2 = 60 mL/min). 
The reforming experiment was then started when the reaction temper
ature was decreased to the preset value. The reactant(s) was pumped 
into the reaction tube at a flow rate (0.12 mL/min) through a peristaltic 
pump. In the co-reforming of acetic acid and ethanol, the steam to 
carbon ratio (S/C) was adjusted to the same as that in steam reforming of 
the single feedstock. In the mixture, the molar ratios between ethanol 
and acetic acid was 1 : 1. In the steam reforming, N2 with a flow rate of 
60 mL/min was used as a carrier gas. After holding at each reaction 
temperature for 30 min, the liquid products were collected by a 
gas-liquid separator, and the gas products were collected by a gas bag 
and were analyzed with Gas Chromatography (GC). After the experi
ment, the spent catalyst was cooled to room temperature under the 
protection of N2, and was then collected and further analyzed. The 
calculation formulas for the conversion of the organics and the yields of 
the gases were as follows.  

Fig. 1. The characterization of physical and chemical properties of calcined catalyst. (a): the XRD characterization of the calcined catalyst and the reduced catalyst; 
(b): the isothermal curves of BJH desorption hole over the calcined catalyst, the symbol of circle means adsorption isotherm curves and the square means desorption 
isotherm; (c): volume distribution diagram of BJH desorption hole; (d): the TPR characterization of the calcined catalyst. 
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YieldCO/CH4/CO2 =
Moles of CO/CH4/CO2produced
2 × Moles of acetic acid/ethanol

× 100%  

Yield H2 =
Moles ofH2produced

Theoretical ofH2from the acetic acid/ethanol fed in
× 100%  

2.3. Characterization and analytical methods 

Brunauer Emmet Teller (BET) surface areas of the catalysts were 
measured by using the Biaode SSA 6000 instrument, and the phase 
characteristics of catalysts were analyzed by Powder X ray diffraction 
(XRD) of Rigaku Ultima IV. The reduction behaviors of nickel oxide were 
measured (temperature-programmed reduction in hydrogen, H2-TPR) 
by using a chemisorption analyzer of Biaode PCA-1200. 

The amount of coke formed was measured by using thermogravi
metric analysis (TG) with HCT-1 (Henven) instrument. The functional
ities of coke were analyzed by Fourier transform infrared (FT-IR) with 
the Nicolet IS 50 instrument. The micromorphology of coke and the 
spent catalyst was obtained by the characterization of with a trans
mission electron microscope (TEM, JEOL2010plus). The details for the 
above characterizations were described in our previous studies [44]. 

3. Result and discussion 

3.1. Characterization of catalyst 

3.1.1. XRD characterization 
The XRD patterns of the calcined catalyst and reduced Ni/KIT-6 

catalyst were shown in Fig. 1a. In Fig. 1a, the diffraction peaks with 
2θ of 37.4◦, 43.4◦, 56.4◦, 63.1◦ and 75.6◦ belonged to the characteristic 
diffraction peaks of NiO (JCPD number 65–5745), and the diffraction 
peaks with 2θ angles of 44.5◦, 51.9◦ and 76.5◦ belonged to the charac
teristic diffraction peaks of metallic nickel (JCPD number 65–2865). The 
carrier KIT-6 existed in the form of amorphous SiO2, and the charac
teristic diffraction peak was located at 22.7◦. According to Scherrer 
formula, the grain size of nickel oxide in the calcined catalyst was 12.9 
nm and that of nickel metal in the reduced catalyst was 10.3 nm. In 
theory, if no migration of metallic nickel took place, the particle size of 
nickel in the metallic form should be even smaller than that of NiO as the 
removal of oxygen would remarkably decrease the particle sizes. How
ever, the migration and aggregation of nickel species almost cannot be 
avoided, which relates to both the pore structure of the catalyst and the 
interaction between the carrier and nickel species. The pore structures of 
the catalyst were firstly analyzed. 

3.1.2. BET characterization 
The isothermal curve of calcined catalyst and the volume distribu

tion of BJH desorption pore were shown in Fig. 1b and c, respectively. 
The specific surface area for the calcined catalyst was 360.6 m2/g. The 
average mean radius of the particles was 32.7 Å, and the pore volume 
was 0.59 cm3/g. The results in Fig. 1a indicated that the adsorption 
branch measured with the increase of the equilibrium pressure and the 
desorption branch measured with the decrease of the pressure did not 
coincide in a certain relative pressure range, and the type of hysteresis 
loop belongs to H1 type. The formation of H1 type hysteresis loop was 
the behavior of cylindrical pores with uniform diameter distribution at 
both ends in the adsorption and desorption process, which could be 

Fig. 2. The yield of the main products in the steam reforming of different 
substrates with the 18 %Ni/KIT-6 as the catalysts. Reaction condition: Catalyst 
loading: 0.5 g; LHSV =6.9 h− 1; S/C = 5; P =1 atm. 

Conversion =

Amount of acetic acid/ethanol in feedstock − Amount of acetic acid/ethanol
in residual

Amount of acetic acid/ethanol in feedstock
× 100%   
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observed in mesoporous materials with uniform size distribution [45]. 
From the volume distribution diagram, it could be verified again that the 
pore size of the catalyst was mainly concentrated in the range of 30− 35 
Å, which belongs to mesoporous materials. Mesoporous materials with 
high specific surface area could enhance the interaction between the 
carrier and metal active materials and improved the dispersion of metal, 
which could maximize the utilization of active materials. In order to 
further study the interaction between carrier and the nickel species, the 
TPR characterization was carried out subsequently. 

3.1.3. TPR characterization 
The TPR characterization results of the calcined catalyst were shown 

in Fig. 1d. Three main reduction peaks could be seen at 237 ◦C, 408 ◦C 
and 590 ◦C, respectively. The reduction peak at 237 ◦C was not obvious 
and existed in the form of small shoulder peak. The reduction peak at 
408 ◦C had the largest area while the reduction peak at 590 ◦C was 
significant in terms of the peak area. The reduction temperature of the 
unsupported nickel oxide to nickel was generally around 400 ◦C [46]. 
The higher reduction temperature indicated stronger interaction be
tween NiO and carrier. In addition, the mass transfer of hydrogen to the 
inner pores of the catalyst also affects the reduction of NiO inside the 
pores. The reaction behaviors of ethanol, acetic acid and the mixture of 
ethanol/acetic acid over the Ni/KIT-6 catalyst was further investigated 
to explore the interaction of the reaction intermediates in the co-steam 
reforming reactions. 

3.2. Catalytic performance 

3.2.1. Catalysis experiment 
The gaseous products versus the reaction temperatures with Ni/KIT- 

6 as the catalyst in the steam reforming of single ethanol, acetic acid and 
their mixture were shown in Fig. 2. The higher temperature enhanced 
the catalytic activity of Ni/KIT-6, facilitating the conversion of acetic 
acid and ethanol as well as the formation of the gaseous products. 
Interestingly, acetic acid and ethanol showed the varied reaction be
haviors when they were reformed together. An apparent phenomenon 
was that the conversion of both acetic acid and ethanol (Fig. 2c) was 
higher than that in steam reforming of the single feedstock. The distri
bution of the gaseous products was also different in the co-reforming and 
in the reforming of the single feedstock. For example, the yields of CH4 
were higher with the increased reaction temperature in the co-reforming 
reactions than that in reforming of the single feedstock. Similar phe
nomenon was also observed for the production of CO. The production of 
CH4 and CO could be originated from the methanation reaction and the 
reverse water gas shift reaction [47,48], respectively. Nevertheless, they 
could also be produced from the decomposition of the reactants and the 
radical reactions between the reaction intermediates. The co-existence 
of ethanol and acetic acid in the reaction mixture should have induced 
the interactions of the reaction intermediates, which not only changed 
the conversion of acetic acid and ethanol, but also significantly impacted 
the formation of the gaseous products. The reaction intermediates 
formed in steam reforming of the single or the mixed feedstocks were 
further characterized with the in situ DRIFTS studies. 

3.2.2. In situ DRIFTS studies of steam reforming of different reaction 
substrate 

The results of in situ DRIFTS studies of steam reforming of three 
different reaction substrates were shown in Fig. 3. The infrared char
acteristic peaks at 2848 cm− 1 and 2932 cm− 1 were − CH2, [49], which 
were the decomposition products of small organic molecules. The 

Fig. 3. The In-situ DRIFTS characterization of steam reforming of different reaction substrates. (a): acetic acid; (b): ethanol; (c): mixture of acetic acid and ethanol.  
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infrared absorption peaks at 2307 cm− 1 and 2384 cm− 1 belonged to the 
vibration absorption of CO2. The stretching vibration of C––O at 1821 
cm− 1, C––H at 2876 cm− 1 and C––C at 1585 cm− 1 were all functional 
groups formed by the decomposition of organic compounds during the 
steam reforming. The absorption peak of Si-O-Si at 1000 cm− 1 was 
caused by the asymmetric stretching and bending vibration of Si-O-Si 
framework in zeolite. Meanwhile, the infrared peak of Si-O at 770 
cm− 1 belonged to KIT-6. According to the statistics of the peak height of 

each peak, Table 2 was obtained. With the increase of reaction tem
perature, the reaction speed was accelerating, and the peak value was 
also gradually increasing. For the reforming of acetic acid or ethanol, the 
vibration absorption of CO2 was not found at the low temperature 
(100− 200 ◦C), but began to appear at 400 ◦C. Different from the single 
substrate, the vibration peak of CO2 appeared in the steam reforming 
reaction of mixture at the temperature even as low as 300 ◦C, and the 
peak intensity was much higher than that of single substrate. The 
interaction between acetic acid and ethanol made the reforming reac
tion possible at relatively low temperature. The vibrational absorption 
of olefin ––C–H was more significant in the reforming reaction of acetic 
acid, but not appeared in the reforming reaction of ethanol, Meanwhile, 
the peak value was not significant in the mixture. This could be due to 
that the addition of ethanol could relatively inhibit the formation of 
olefins from the dissociation of acetic acid, resulting in a decrease in the 
peak strength of ––C–H in the steam reforming of the mixture when 
compared with that in steam reforming of acetic acid. In addition, in 
steam reforming of the mixed ethanol and acetic acid, the intensity for 
the hydroxyl group absorption became more significant. The absorption 
peak should be largely from the organic reactant as the catalyst and the 
proportion of water in the reactants remained the same. The higher 
abundance of the hydroxyl group indicated that the interaction between 
the reaction intermediates formed the organic species with the abundant 
hydroxyl group and they were more difficult to be gasified. They could 
be the precursor of coke. 

The peak value of − CHx was the lowest in the steam reforming of the 
mixture, which may be due to the further conversion of − CHx to CH4, as 
the higher yield of CH4 was obtained in steam reforming of the mixture 
(Fig. 2). Similarly, compared with the steam reforming of single reac
tant, the peak value of vibration absorption peak of CO was higher and 
the yield of CO was the highest in the mixture reforming, suggesting that 
the interaction between acetic acid and ethanol probably promoted the 
formation of CO. The functional groups C–O–C, C––O and C––C all 
came from the decomposition and further combination of organic 
compounds. The increase of reaction temperature enhanced the abun
dance of these functional groups increased, as the steam reforming was 
accelerated. When the reaction temperature was 600 ◦C, it was found 
that the peak value of the three functional groups in ethanol was the 
highest, while the peak value in the mixture decreased. This further 
indicated the interaction between acetic acid and ethanol, and also the 
interaction between the reaction intermediates modified the reaction 
intermediates. In order to further explore the impacts of steam reform
ing of the mixed ethanol and acetic acid on the formation of coke, the 
steam reforming of the single and the mixed feedstock versus the pro
longed reaction time was carried out. 

3.2.3. Steam reforming versus the prolonged reaction time 
The conversion of the reactants and the yields of gas products versus 

the prolonged reaction time at the reaction temperature of 600 ◦C and 
the S/C of 2 were shown in Fig. 4. In the steam reforming of acetic acid, 
although the conversion of acetic acid was relatively stable with the 
extension of time-on-stream, the percentage for the decrease of H2 at the 
end of the experiment was 28.6 % (Fig. 4a). The deactivation of the 
catalyst probably led to the conversion of acetic acid to the organic by- 
products, diminishing the production of H2. In the steam reforming of 
ethanol, deactivation of the catalyst was also observed, as evidenced by 
the decrease the yield of H2 by 25 % (Fig. 4b). In the steam reforming of 
ethanol and acetic acid mixture (Fig. 4c), the catalyst deactivation was 
obvious, and the deactivation degree was far greater than that of single 
organic compounds. After 5 h of time-on-stream, the yield of H2 
decreased by 44 %. In addition, the production of CO and CH4 in the 
steam reforming of the mixture was higher than that in steam reforming 
of the single substrate. This once again verified the interaction between 
acetic acid and ethanol or their derived reaction intermediates in the 
reforming process affected the reaction network and the formation of 
gas products. Furthermore, the amount of coke formed in the reforming 

Fig. 4. The yield of the main products in the steam reforming of different 
substrates versus the prolonged reaction time. Reaction conditions: catalyst 
loading: 0.3 g; LHSV =6.9 h− 1; S/C: 2; reaction temperature: 600 ◦C; reaction 
time: 300 min. 
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of the single feedstock and the mixture should also be different, as the 
catalyst deactivated to the different extent in terms of the yields of 
hydrogen. This was further investigated via a series of characterization 
of the spent catalysts to explore the influence of the co-reforming on 
coke formation and the properties of coke. 

3.3. Characterization of the spent catalyst 

3.3.1. TG-air and TPO characterization 
The TG-air characterizations of the three spent catalysts in an air 

flow were shown in Fig. 5a. The mass of the three spent catalysts started 
to increase from ca. 300 ◦C, which was attributed to the oxidation of 
nickel in the reduced catalysts in the air stream. When the temperature 
reached ca. 500 ◦C, the oxidation of the coke deposit started, resulting in 

Fig. 5. The various characterizations of the spent catalysts in the steam reforming of the different substrates versus the prolonged reaction time. (a): the TG-air 
curves; (b): the DTG-air curves; (c) TPO curves; (d): the FT-IR curves; (e): the TG-N2 curves; (f): the DTG curves in the N2 atmosphere; (g) the XRD characteriza
tions of the spent catalysts after the catalytic experiment (from Fig. 2); (h) the XRD characterizations of the spent catalysts after the 5 h of time on stream 
(from Fig. 4). 
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a sharp downward trend of the TG curves. According to the calculation, 
13.3 % of coke in steam reforming of ethanol, 23.1 % coke in steam 
reforming of acetic acid, and 24.9 % of coke in steam reforming of the 
mixture were deposited in the spent catalysts. Assuming that there was 
no interaction between acetic acid and ethanol in the reforming process, 
the total carbon deposition of steam reforming of the mixture of acetic 
acid and ethanol with the molar ratio of 1 : 1 should be half of that of 
acetic acid and ethanol, which was 18.2 %. However, the actual amount 
of coke formed in the spent catalyst obtained from the steam reforming 
of the mixture was 24.9 %, which was an 36.8 % increase the theoretical 
calculation value. It was confirmed herein again that, in the steam 
reforming of acetic acid and ethanol mixture, the interaction of the re
action intermediates led to the formation of significantly more coke 
deposit. The DTG curves in Fig. 5b indicated that the coke deposit 
formed in steam reforming of ethanol was more resistant to oxidation 
and followed by that in steam reforming of acetic acid. The coke formed 
in the co-reforming, however, was prone to oxidation. This again 
confirmed that the properties of the coke formed in steam reforming of 
the single feedstock were different from that formed in the co-reforming 
of the mixture. The oxidation behaviors of the catalyst were further 
investigated with the TPO characterizations, as shown in Fig. 5c. The 
oxidation peak formed at lower temperature might be attributed to the 
oxidation of amorphous coke. The oxidation peak formed at the higher 
temperature was more significant, which might be due to the oxidation 

of some carbon nanotubes with higher graphitization degree. Similarly, 
the main oxidation temperature of the coke formed from steam 
reforming of the mixed ethanol and acetic acid was lower. The thermal 
stability properties of coke generated from steam reforming of single 
feedstock and coke formed by steam reforming of mixture gas were 
different. 

3.3.2. TG-N2 characterization 
The results of thermogravimetric characterization of spent catalyst in 

nitrogen atmosphere were shown in Fig. 5e and f. With the increase of 
temperature, the weight loss of spent catalyst began to appear at 210 ◦C, 
indicating that some components of the spent catalyst began to 
decompose. When the temperature finally reached 800 ◦C, the order of 
weight loss of spent catalyst was acetic acid > ethanol > mixed acetic 
acid and ethanol. The weight loss rate was directly related to the sta
bility of carbon deposition. The higher the weight loss rate is, the lower 
the thermal stability of carbon deposition is. Therefore, it was consistent 
with the thermal stability of coke obtained by TPO (Fig. 5c). In the 
reforming of acetic acid, the proportion of vaporized coke to total coke 
was 35.3 % and 27.3 % in ethanol. The difference between them was 
relatively small. In the reforming of mixed acetic acid and ethanol, the 
proportion of vaporized coke was 57.0 %, which was obviously different 
from that of single material. This further proved that there was inter
action between acetic acid and ethanol in the mixture, which affected 
the specific gravity of vaporized coke and the structure of coke. 

3.3.3. XRD and FT-IR characterization 
The XRD patterns of the spent catalysts collected were shown in 

Fig. 5g and h, respectively. The diffraction peaks with 2θ of 44.5◦, 51.9◦

and 76.5◦ were the characteristic diffraction peaks of Ni (JCPD 
65–2865). The bulge at the 2θ of ca. 21◦ was amorphous SiO2. In 
addition, the bulge of carbon was observed at the position of grain size of 
nickel in the spent catalysts calculated with Scherrer formula was shown 
in Table 1. Comparing with the nickel particle size in the reduced 
catalyst, the nickel particle size in the spent catalyst increased to some 
extent, especially in steam reforming of single ethanol. However, in 
steam reforming of the mixture, the increase of the nickel particle size 

Table 1 
The nickel metallic particle size of the different catalysts.  

Catalysts After catalytic experimenta / 
nm 

After stability testb / 
nm 

Ni/KIT-6 12.9c/10.3d —— 
Acetic acid reforming 13.0 13.5 
Ethanol reforming 14.2 14.2 
The mixture 

reforming 
13.4 12.9  

a The conditions for the catalytic tests were specified in Fig. 2. 
b The conditions for the stability tests were specified in Fig. 4. 
c Means the particle size of nickel oxide in calcined catalyst. 
d Means the metallic nickel in reduced catalyst. 

Table 2 
The intensity value of absorption peaks in in-situ DRIFTS spectrum.a  

Reforming reaction T/◦C CO2/ 10− 2 b ––C–H/ 10− 2c CH2/ 10− 2 d C–O–C/ 10− 2 e CO/ 10− 2 f C––O/ 10− 2 g C––C/ 10− 2 h O–H / 10− 2 i 

Acetic acid 

100 —— 0.1 3.9 0.85 0.8 0.07 13.0 20.4 
200 —— 6.8 5.2 4.0 1.1 1.2 13.6 21.8 
300 —— 6.9 5.6 9.3 1.7 2.6 14.5 22.7 
400 1.3 7.0 6.0 11.6 2.1 4.0 14.9 25.22 
500 1.4 7.4 6.4 18.7 2.6 4.9 15.0 27.6 
600 1.7 9.0 6.7 25.5 2.9 5.7 15.2 30.9 

Ethanol 

100 —— —— 1.0 3.9 0.3 0.7 19.9 13.5 
200 —— —— 1.4 7.1 1.0 1.8 23.7 22.9 
300 —— —— 1.6 13.7 1.3 3.2 24.4 28.9 
400 0.3 —— 1.9 14.8 1.4 4.0 24.6 30.0 
500 2.4 —— 3.0 24.4 1.4 5.0 25.1 31.6 
600 3.0 —— 4.5 37.1 1.5 6.1 26.4 33.4 

Mixture 

100 —— 1.5 1.3 4.6 1.1 0.43 3.3 11.5 
200 —— 1.7 1.6 4.7 1.4 1.4 12.1 13.9 
300 1.6 1.8 1.9 6.7 1.7 2.2 17.2 16.9 
400 4.1 2.1 2.1 11.4 3.1 3.3 18.3 20.0 
500 5.0 2.6 2.3 15.7 4.5 4.7 18.0 22.2 
600 5.1 3.7 2.3 25.1 4.9 5.7 19.8 24.4  

a The data was derived from the results in Fig. 3. 
b The absorption peak of CO2 was calculated at ca. 2384 cm− 1. 
c The absorption peak of ––C–H was calculated at ca. 2876 cm− 1. 
d The absorption peak of CH2 was calculated at ca. 2932 cm− 1. 
e The absorption peak of C–O–C was calculated at ca. 1267 cm− 1. 
f The absorption peak of CO was calculated at ca. 1921 cm− 1. 
g The absorption peak of C––O was calculated at ca. 1821 cm− 1. 
h The absorption peak of C––C was calculated at ca. 1585 cm− 1. 
i The absorption peak of O–H was calculated at ca. 3739 cm− 1. 
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Fig. 6. The TEM characterization of the spent catalysts in the steam reforming of the acetic acid versus the prolonged reaction time.  

Fig. 7. The TEM characterization of the spent catalysts in the steam reforming of the ethanol versus the prolonged reaction time.  
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was smaller. This might also due to the coverage of nickel phase with the 
coke deposit by the different extent, which was further investigated. 

The information of the functional groups of the three different spent 
catalysts and fresh catalysts was shown in Fig. 5d. The characteristic 
peak at about 3450 cm− 1 corresponded to the vibration absorption of 
OH of the coke species and/or the adsorbed water. The absorption peaks 
of C–H and C–O–C were observed at 2919 cm− 1 and 1381 cm− 1, 
respectively, indicating that the catalyst contained some aliphatic car
bon structures. In addition, the C––C absorption was observed at 1618 
cm− 1, which probably belonged to the aromatic ring structure. The 
infrared peak at 1085 cm− 1 was caused by the asymmetric stretching 
and bending vibration of the framework of silica tetrahedron, while the 
infrared peak at 805 cm− 1 corresponded to the symmetric stretching 
vibration of silica oxygen bond. In addition to the crystal structures and 
the functionalities of the spent catalysts, the morphologies of the coke 
formed were further analyzed with the TEM characterizations. 

3.3.4. TEM characterization 
The results for morphologies of the coke in the spent catalysts were 

shown in Figs. 6–8, respectively. In the steam reforming of acetic acid, 
many carbon nanotube structures can be found. Nickel particles located 
on top of the nanotubes. Some of the nanotubes have a big opening, 
which was probably due to the fall off of the nickels during the prepa
ration of the samples for the characterization. Depending on the particle 
sizes of metallic nickel, the diameters of the carbon nanotubes varied 
remarkably. In addition, the outer surface of the carbon nanotubes was 
not smooth with many hillocks. Some coke deposits did not grow to form 
carbon nanotubes, which might be the non-catalytic coke deposited on 
the surface of the nanotubes. In the spent catalyst in steam reforming of 
ethanol, similar carbon nanotubes were formed, and nickel particles 
were also formed on the top of the nanotubes. The formation mechanism 
of the nanotubes should be similar. In addition, some amorphous coke 

that covered the surface of the catalyst was always observed. Basically, 
carbon nanotubes were the main form of coke in the spent catalysts in 
steam reforming of single acetic acid and single ethanol, which explains 
the high resistivity of the coke towards oxidation. However, as for the 
coke formed in the co-reforming of the mixture of acetic acid and 
ethanol, the coke deposits of the varied morphologies were observed. As 
shown in Fig. 8, the carbon nanofiber-like structure was observed. It 
seems the structure was composed by the pile of the hangnail-like sub
stance. The length could be a few micrometers (Fig. 8a) with the di
ameters of from 20 to 40 nm. In addition, some rope-like structures with 
very smooth surface was also observed (Fig. 8c and d). The length could 
also be several micrometers. The structures were not the carbon nano
tubes observed in steam reforming of acetic acid or ethanol. The for
mation mechanism of these structures was obviously different from that 
carbon nanotube. The results herein clearly demonstrated that the co- 
reforming of acetic acid and ethanol produced the distinct reaction in
termediates, which led to the formation of the carbon deposits of the 
varied morphologies. 

4. Conclusion 

In summary, the reaction behaviors of co-reforming of acetic acid 
and ethanol were compared with that of reforming of single acetic acid 
or ethanol. The results showed that, in the steam reforming of the mixed 
ethanol and acetic acid, the interaction of the reaction intermediates 
produced from the varied feedstock not only changed the conversion of 
acetic acid and ethanol, but also significantly impacted the formation of 
the gaseous products. The in-situ DRIFTS studies showed that the 
interaction between the reaction intermediates formed the organic 
species with the abundant hydroxyl group that were difficult to be 
gasified. The carbonyl and the C–O–C functionalities of the reaction 
intermediates were also distinct from that in steam reforming of the 

Fig. 8. The TEM characterization of the spent catalysts in the steam reforming of the mixed ethanol and acetic acid versus the prolonged reaction time.  

Z. Gao et al.                                                                                                                                                                                                                                     



Molecular Catalysis 504 (2021) 111461

10

single feedstock. The catalyst also deactivated to the highest extent in 
steam reforming of the mixed ethanol and acetic acid. The coke for
mation was 36.8 % higher than the theoretical and averaged value in 
steam reforming of the single feedstock. In addition, the coke formed 
from the steam reforming of the mixture was less resistant to oxidation 
and had a lower thermal stability than that in the steam reforming of the 
single feedstock. The interaction of the reaction intermediates derived 
from acetic acid and ethanol also changed morphologies of the coke 
formed. The coke formed from steam reforming of ethanol or acetic acid 
was mainly in the form of the carbon nanotubes but the surface was not 
smooth and coated with hillocks. In comparison, the coke formed in 
steam reforming of mixed ethanol and acetic acid was in the form of 
carbon nanofiber-like structure piled with the hangnail-like substance. 
Some rope-like structures with no cavity in the middle but with very 
smooth surface and the length of several micrometers was also observed. 
The formation mechanism of these structures was distinct from those 
carbon nanotubes from the steam reforming of the single feedstock, due 
to the interaction of the reaction intermediates derived from the con
version of acetic acid and ethanol under the steam reforming conditions. 
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