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e The highest activity was obtained
with Ni loadings between 5-10%..
e The effect of H,O/AcOH ratio on
hydrogen selectivity was statisti-

cally irrelevant.

e The opposite trend between CO,
and CO selectivities was due to
RWGS.

e The affinity through decarboxyl-
ation reaction was limited.

e Carbon deposited through ketona-
zation and aldol-condensation
reactions.
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Highest 169 coke deposition despite
the adverse effect of H20/ACOH ratio
on methanation implied the presence of
 aldol-condensation
reactions as possible carbon sources.

ARTICLE INFO

ABSTRACT

Article history:

Received 16 March 2020
Received in revised form

13 May 2020

Accepted 15 May 2020
Available online 19 June 2020

Keywords:

Steam reforming
Acetic acid
Boudouard
Methanation
Ketonozation
Aldol-condensation

Steam reforming of acetic acid was investigated in the presence of Ni@SiO, microsphere
catalysts. The effects of Ni loading, H,O/AcOH ratio, and temperature on hydrogen selec-
tivity and acetic acid conversion were determined via statistical analysis. Results indicated
the dependence of parameters on hydrogen selectivity.

The stable activity observed for the reaction conducted at 2.5H,0/AcOH ratio and 750 °C
implied future utilization potential of the catalyst for time on stream experiments despite
the inevitable coke formation. Boudard reaction and methane decomposition, known as
possible carbon sources, was ruled out due to the opposite trends between CO, and CO
selectivities and mitigation of methanation reactions. The ambiguous pattern of conver-
sions observed for varying H,O/AcOH implied the presence of a different reaction path
leading to consecutive ketonozation of acetic acid and aldol-condensation of acetone as
the primary sources of carbon deposition.
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Introduction

Global energy demand is continually increasing due to the
conjugate increase in population and quality of life. Fossil
fuels, the primary source in meeting this energy demand, will
probably be inadequate to keep up due to reduced availability
associated with its nonhomogeneous distribution [1-3].

Hydrogen is among the best candidates as a replacement to
fossil fuels. Hydrogen can be produced from biomass-derived
products by an environmentally benign process, which results
in the formation of water [3].

Hydrogen production is achieved through two routes, which
include the utilization of syngas or bio-oil in reforming re-
actions. Bio-oil is a complex structure, and its use as a feedstock
accompanies several problems. Side product formation, coke
accumulation, rapid catalytic deactivation are common prob-
lems encountered in the case of bio-oil utilization. Acetic acid is
among the ingredients of bio-oil with the amounts of 5-10%,
which is a significant amount for one compound and a prom-
ising alternative for use in steam reforming reactions [4—6].

Substituting bio-oil with a single compound is the first step
in solving the problems encountered in reactions. In other
words, coke formation and resulting catalytic deactivation are
still two major obstacles for the commercialization of the
process. Steam reforming reactions are conducted in the
presence of catalysts with the use of different active metals:
Ni, Co, Mg, Pd, Rh, Fe, and supports: SiO,, Al,03, La,0; and
halloysides [7—12].

Ni-based catalysts are more efficient and preferable for use
in hydrogen production due to ease of modification and low
cost [13,14]. However, Ni-based catalysts are inadequate in
preventing coke formation despite their high C—C cleavage
activity, and some modifications need to be conducted in
order to increase their efficiencies. The addition of alkali or
alkaline-earth metals such as K, Mg, Ca, Ba, etc., rare earth
metals (La, Ce, etc.) and boron nitride as the second active
component were recently conducted and accomplished ap-
proaches. These metals can suppress coke formation because
of their excellent oxygen storage capacity [15—22].

Coating metal particles in porous silica-based shell mate-
rials are the latest approach in preventing deactivation of the
catalyst via sintering and coke formation [23,24]. These core-
shell structures show excellent catalytic performance in the
reforming reactions [25,26] and also exhibits excellent stability
during long-term durability tests [27]. Porous silica shell pro-
vides an efficient and homogenous distribution of the metal in
the structure. Strong interaction between the metal and silica
core enables the formation of a physical barrier, and this
confinement effect provides excellent resistance to sintering at
high temperatures [28,29]. Ni and bimetallic Ni—Co based core-
shell microsphere catalysts (Ni@SiO,, NiCo@SiO,, Ni@SiO,,
Co@Si0,) were recently investigated in the dry reforming of
methane, in our previous studies [30—32]. These catalysts
indicated high activities. Coke suppression was the highlight of
these microsphere catalysts, which was achieved by SiC for-
mation. This SiC formation was introduced as a situation
unique to microsphere structure [30—32]. Suppression of coke
in the presence of a hydrocarbon could also be valid for the
steam reforming of acetic acid. Resistance to sintering at high

temperatures also increases the possibility of these catalysts’
utilization.

Acetic acid (AcOH) is a simple organic compound, but
steam reforming of AcOH involves a complex reaction
network [13,33]. The overall reaction is presented by Eq. (1).

CH;COOH+2,0 > 2c0p +4m,  AH*:131.4kJ/mol (298K) (1)

Hydrogen is produced from AcOH by thermal decomposi-
tion (Eqg. (2)) and water gas shift reactions (Eq. (3)).

CH3;COOH « 24, +2CO AH":213.4kJ/mol (298K) (2)

CO+H,0-H,+CO, AH®: — 41kJ/mol (298K)  (3)

Due to the complexity of the steam reforming of AcOH,
many side reactions affect the product distribution. Acetic
acid could degrade through decarboxylation reaction (Eq. (4))
and the formation of acetone (Eq. (5)) during the steam
reforming reaction. Coke formation during steam reforming
of AcOH leads to catalyst deactivation. Coke is mainly pro-
duced by Boudouard (Eq. (6)) and methane cracking (Eq. (7))
side reactions.

CH,COOH « CH, + CO, AH®: — 33.5kJ/mol (298K) (4)

2CH,COOH — (CHs),CO+CO, +H,0  AH’:38kJ/mol (298K)

()

2C0 < C +CO, AH®: — 172.4 kJ/mol (298 K)

()

CH; « C+2m AH:74.8kJ/mol (298K)  (7)

Based on the literature survey, metal-containing core-shell
catalysts in general and core-shell microspheres, in particular,
were determined as exceptional candidates for use in steam
reforming of acetic acid. In this context, the present study was
conducted to evaluate the performance of Ni-based micro-
sphere catalysts in variant acetic acid/H,O ratio, Ni loading
amount and reaction temperature values for the steam
reforming of acetic acid. Response surface methodology, a
versatile statistical approach, was adopted for experimental
design. This methodology was particularly useful in
decreasing the number of experimental runs, which was 18 in
our study, including five replicates. One-way variance anal-
ysis (ANOVA) was conducted to statistically determine the
effect of parameters on acetic acid conversion and hydrogen
selectivity values. The threshold of parameter significance
was selected as p < 0.05. X-ray diffraction (XRD), thermogra-
vimetric analysis (TGA), scanning electron microscopy (SEM),
and Raman spectroscopy were applied to the catalysts ob-
tained after the reaction with intent to clarify the effect of
coke formation on catalyst structure.

Experimental
Preparation of Ni core-shell micro-spheres

Ni core-shell microspheres are prepared by a modified sol-gel
microencapsulation method [30,31]. The theoretical loading
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amount of Ni inside the catalyst was selected as 1.25, 5 and
10% of total silicium weight. Initial steps in synthesis were
preparation of water and oil phases. Water phase consisted of
Ni(NOs3),6H,0 (Merck) and the hexadecyl-
trimethylammonium bromide (CTAB) which were dispersed
in 20 mL of deionized water by ultrasonication (15 min). Sub-
sequently, a mixture of 50 mL ethanol and 10 mL 25 wt %
ammonia solution (oil phase) was prepared, in which the
water phase was added, and the resulting solution was ho-
mogenized at 5000 rpm (5 min). 5 mL of TEOS (tetraethylor-
thosilicate) was added dropwise to this solution, and the
suspension was stirred at room temperature for 6 h. The
powder was obtained following a sequential washing (ethanol
and deionized water, 3 times) and drying (room temperature,
24 h) procedures, and the catalyst was calcined at 750 °C for
6 h. The catalyst was named as Ni@SiO, to maintain easy
follow-up.

surfactant

Catalytic activity tests of Ni@SiO, catalysts

Catalytic activity tests were performed in a fixed bed tubular
flow reactor (6 mm inner diameter of the quartz reactor tube)
with 0.1 g of catalyst loading in the center. The catalyst was
stabilized with quartz wool placed in both ends of the reactor.
The catalyst was reduced at 750 °C in a flow of H, (3 h) to
obtain Ni containing particles. The duration of reaction and
reduction was kept 3 h at all times. The temperature was
altered as 550, 650, 750 °C, and the reaction was conducted
under atmospheric pressure. Water and acetic acid were
continuously fed with molar ratios of AcOH/H,0 = 1/2.5,1/5,1/
7.5. Reactants were transferred to the reactor with a total
vapor phase flow rate of 82.5 mL/min. Gas products were
analyzed with a gas chromatograph (GC) (Agilent Model
6890N) equipped with a Porapak-S column. Liquid products
were also quantified by the same GC in 1-h intervals. A
condenser was placed between the reactor and GC to remove
water and possible unreacted acetic acid. Analyses of liquid
products indicated negligible amounts of acetic acid along
with water.

The conversion of acetic acid (Xacon) (EQ. (8)), the selectivity
of products (Sp) (Eqg. (9)) and H, (Su») (Eq. (10)) were calculated
according to the equations below [34,35];

inlet molar flow rate of AcOH — outlet molar flow rate of AcOH

ACOH = inlet molar flow rate of AcOH

moles of product

Se= (2(1’nlet molar flow rate of AcOH — outlet molar flow rate of AcOH

_( moles H2 produced
Stz = (4(moles AcOH reacted)) 100

Statistical analyses

Reaction parameters investigated in experiments and exper-
imental design were given in Supplementary File (Tables 1 and
2). Parameters were coded as —1, 0, and 1, with —1 being the
lowest and 1 being the highest value. Statistical analysis was
conducted on Xacon and Sy, values. Multiple regression
analysis was applied to produce second-order interaction co-
efficients. Model coefficients and analyses of variance were
evaluated to determine the fit of the proposed model accord-
ing to the equation below:

k k ko k
Y and Y, =B, Z By Xi + Z BiX? + Z Z BBy XiX;
i-1 [ iisj
Y is designated for the responses (Y. for Xacon and Yy for
Suo, respectively), and i and j were given for linear and
quadratic coefficient. B and k were assigned to the regression
coefficient and the number of factors, respectively.

Coke formation and characterization of spent Ni@SiO,
catalysts

Characterization of fresh Ni@SiO, catalysts was recently
conducted with Nitrogen adsorption-desorption, X-ray
diffraction (XRD), Scanning electron microscopy (SEM) and
inductively coupled plasma-mass spectroscopy (ICP-MS)
techniques. Results were elaborated in our previous studies
[30].

Characterization analyses were performed on selected
catalysts recovered after 3 h of reaction. X-ray diffraction
(XRD) analysis with a Panalytical Empyrean instrument at
200 kV and 50 mA with 26 values ranging between 5 and 80°
and with a speed of 10°/min. Scanning electron microscopy
(SEM) was carried out with a Quanta 400F Field Emission SEM
device to visualize carbon formation and to determine
possible changes in surface morphologies. PerkinElmer Pyris1
instrument was utilized for thermogravimetric analysis (TGA).
Analyses were performed in the presence of airflow, in a
temperature range of 25—900 °C and at a heating rate of 10 °C/
min. Raman spectroscopy was employed to detect carbon
formation. Analyses were performed in a Bruker FRA 106/S
device equipped with a 532 nm laser.

)> 100 )

(moles AcOH reacted = 5

(moles of CH4 + CO2 + CO in the product stream)) (10)
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Table 1 — Results obtained from reaction experiments.

% Ni loading Experimental Xacou  Suo
amount conditions® (%) (%)
1.25 550/2.5 23 58.0
1.25 550/7.5 40 61.5
1.25 650/5.0 81 57.7
1.25° 750/2.5 83.0 52.5
1.25 750/7.5 55.0 446
5 550/5.0 27.0 61.5
5 650/2.5 28.0 57.3
5 650/5.0 97.0 59.1
5 650/5.0 95.0 58.9
5 650/5.0 95.0 58.8
5 650/5.0 95.0 58.6
5 650/7.5 51.0 55.8
5P 750/5.0 59.0 53.4
10 550/2.5 45.0 60.6
10 550/7.5 41.0 64.3
10 650/5.0 45.0 60.3
10° 750/2.5 100 57.3
10 750/7.5 94.0 61.5

Experimental conditions: Temperature (°C)/H,O/AcOH ratio,
respectively. All experiments were conducted for 3 h in the
presence of a 0.1 g catalyst.

These catalysts were recovered from the reactor and further used
in characterization analyses (See section Coke formation and
characterization of spent Ni@SiO2 catalysts).

o

Results and discussions

Catalytic activity tests of Ni@SiO, catalysts/statistical
analyses

Ni crystals are prone to form carbon filaments, which resultin
the breakdown of the particle from the support structure.
Hence encapsulation of Ni inside the microsphere structure

was the first and one of the most crucial steps in increasing
catalyst lifetime in reactions [36]. Characterization analyses of
fresh catalysts in the present study revealed the formation of
mesoporous microspheres with narrow pore size distributions
and Ni particles situated mainly on the near-surface layer [30].
Coating Ni with SiO, was the first step in decreasing carbon
formation during the steam reforming of acetic acid.

Our research group has previously conducted an experi-
ment without catalyst loading at 750 °C with an H,O/AcOH
ratio of 2.5. Results indicated only CO, and CH, formation,
which suggested that decarboxylation of AcOH was the only
reaction taking place in the absence of catalyst [35,37]. Results
obtained in the presence of Ni@SiO, catalysts were summa-
rized in Table 1. Results indicated the effect of temperature on
both conversion and selectivity values. An increase in Xacon
was observed with increasing temperature, as expected.

On the other hand, the impact of the H,O/AcOH ratio on
conversion was variant. This variant effect could be seen as a
consecutive increase and decrease between H,0/AcOH ratios
of 2.5-5 and 5 to 7.5 ratios. This trend was only valid for 550
and 650 °C; at 750 °C, a gradual decrease of Xacon With
increasing H,O/AcOH ratios was observed, and this decrease
was independent of Ni loading amount.

Statistical analyses revealed inconclusive results in the
case of Xacou as the response, as expected, considering the
ambiguous dependency of response (Xacon) on H,O/AcOH
ratio and Ni loading amount. On the other hand, meaningful
results for Sy, responses were obtained and illustrated in
Table 2.

Variance analysis for Sy, as the response resulted in the
equation given below:

Response Sy, =53.6 + 0.036%A + 5.12*C — 3.39*B — 5.4E

— 05*A*A — 0.229%C*C + 0.0284*B*B — 0.00543*A*C
+0.00467*A*B 4 0.1425*C*B (11)

Table 2 — Analysis of variance for Sy, response.

Model Summary

S R-sq (%) R-sq (adj,%) PRESS R-sq (pred,%) MSE* RMSE? MAE*®
1.88316 91.34 81.59 495.926 0.00% 0.0025 0.0498 1.078494
Source DF Seq SS Adj ss Adj MS F P Cont. (%)
Model 9 299.158 299.158 33.24 9.37 <0.0001 91.34
Linear 3 221.022 218.139 72.713 20.5 <0.0001 67.48

A 1 133.225 128.866 128.866 36.34 <0.0001 40.68

B 1 87.405 88.685 88.685 25.01 <0.0001 26.69

C 1 0.392 0.588 0.588 0.17 0.695 0.12
Square 3 10.339 10.339 3.446 0.97 0.452 3.16

AA 1 4.776 0.798 0.798 0.22 0.648 1.46

BB 1 0.763 0.763 0.763 0.22 0.655 0.23

ciCc 1 4.801 5.561 5.561 1.57 0.246 1.47

2 way interaction

A®C 1 14.742 14.742 14.742 4.16 0.076 4.50

A°B 1 33.542 33.542 33.542 9.46 0.015 10.24
C°B 1 19.512 19.512 19.512 5.50 0.047 5.96
Error 8 28.370 28.370 3.546 8.66
Lack-of-fit 5 28.236 28.236 5.647 125.77 0.001 8.62
Pure error 3 0.135 0.135 0.045

Total 17 327.538 100

& MSE, RMSE, and MAE corresponded to Mean squared error, root means squared error and mean absolute error, respectively.
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The letters A, B, and C corresponded to temperature (°C), Ni
loading amount (%), and H,0/AcOH ratio, respectively.
Response (Sp,) was shown with letter D (Fig. 1).

Suz depended on temperature and Ni loading amount, as
seen from Table 1. The effect of H,O/AcOH ratio on Sy, could
only be observed in the case of two-way interaction with
temperature, and it should be noted that this effect was in the
threshold with a p-value equal to 0.05 and results were eval-
uated as negligible for the effect of H,O/AcOH on response.
The impact of parameters was also illustrated as contour and
three-dimensional response surface plots (Fig. 1 a and b). Re-
sults revealed selectivity values between 45 and 60% with two
distinct zones of highest selectivity. Sy, was highest in the
case of low temperatures and independent of Ni loading

amount. At high temperatures, the highest Sy, values were
obtained in the case of Ni loading amounts greater than 5%
(Fig. 1 a and b).

Temperature values lower than 650 °C, indicated low Xacon
values (Table 1). Evaluation of reaction experiments and sta-
tistical analyses showed that the highest Xscon and Sy, values
could have been reached only at temperatures higher than
650 °C and preferably at Ni loading amounts between 5 and
10%. The change of reaction pattern with temperature was
closely related to coke formation and hence elaborated in
Coke formation and characterization of spent Ni@SiO2
catalysts Considering that the H,O/AcOH ratio was ineffec-
tive on both conversion and selectivity, a H,O/AcOH ratio of
2.5 would suffice in reaction experiments. Based on the

45 - 50

50 - 55
Wss - 60
||

Fig. 1 — a) Contour and b) Response surface plots indicating the effect of parameters on Sys,.
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results, catalysts involved in reactions at 750 °C with 1.25, 2.5,
and 10% Niloading were recovered and further investigated in
characterization analyses.

Coke formation and characterization of spent Ni@SiO,
catalysts

Reaction experiments were conducted for 3 h, and conversion
values obtained at the end of 3 h were illustrated in Table 1.
However, it would be best to give some examples of experi-
mental results as a figure merely to indicate the effect of coke
formation on catalytic activity (Fig. 2). The catalysts utilized in
the experiments suffered from coke formation except for
Ni@SiO, catalyst (10% Ni loading) used at 750 °C and with an
H,0/AcOH ratio of 2.5 (Fig. 2). The catalysts either used with a

08

e

0 50 100 150 200
Time (min)

AcOH conversion

—750/7.5; 10% —+—750/2.5;10% —e—650/5;1.25%
—8—550/7.5; 1.25% —a—750/5; 5%

Fig. 2 — Selected AcOH conversions obtained from reaction
experiments (See Table 1 for all results).

higher H,0/AcOH ratio or temperatures below 750 °C indi-
cated a severe loss of activity. Coke formation will eventually
be observed regardless of the employed Ni amount, and it
should be noted that the consistent activity trend observed
with 10% Ni loading was simply due to reaction time. Never-
theless, this was one of the highlights of the study as given the
right conditions (750/2.5; 10% loading), the catalytic activity
could be preserved for at least 3 h of reaction.

Coke formation could visually be detected from SEM im-
ages, as seen in Fig. 3. Fibrous and graphite were the most
frequently determined coke formation. Fibrous coke was re-
ported to have a less pronounced effect compared to graphite.
Catalyst deactivation in the presence of graphite occurred as a
result of active site blockage [13]. Graphite formation was
validated by Raman spectroscopy with peaks obtained at 1337
and 1584 cm ™. These peak values indicated the formation of
D and G band of graphite, respectively (Fig. 4).

TGA analyses indicated two regions of weight loss. Initial
weight loss ended approximately at 200 °C, emanated from
the loss of water. The second region between 550 and 900 °C
showed the removal of coke deposited on the catalyst surface.
The highest coke amount was determined as 16% for the
catalyst containing 10% Ni (Fig. 5). Ni presence in its metallic
state was validated via XRD analysis of spent catalysts. The
peak obtained at 26° belonged to graphite carbon and was
visible for 10% Ni loading. Characterization results were in
accordance, pointing out the formation of graphite, which
appeared to be the main component responsible for activity
decrease (Fig. 6). Crystal sizes calculated from Scherrer
equation were 1.1, 2.2, and 4 nm for 1.25, 5, and 10% Ni load-
ings, respectively. Crystal growth below 5 nm indicated
resistance of the catalyst to sintering [38].

Fig. 3 — SEM images obtained from recovered catalysts utilized at 750 °C. Ni loading amounts: a) 1.25 b) 2.5 and c) 10%,

respectively.
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Fig. 4 — Raman spectroscopy analysis of spent catalysts
recovered after reaction.
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Fig. 5 — TGA analyses of spent catalysts recovered after the
reaction.

Acetic acid conversions were previously presented as an
example to indicate the effect of coke on activity (Fig. 2).
Product distributions obtained from these reaction experi-
ments were also given to elaborate the sequence of reactions
effective on catalyst activity and coke formation (Fig. 7). Steam
reforming of acetic acid consisted of a complex network of
reactions decreasing hydrogen selectivity. This decreasing
effect became dominant, especially at high temperatures.
Reaction experiments revealed the formation of CH,, CO, CO,,
and H,, along with a trace amount of acetone at high
temperatures.

Particular emphasis on CO production should be given to
understand the change of reaction pattern with temperature.
An increase in the amount of CO produced with increasing
temperature implied incomplete steam reforming due to a
lack of active metal sites. This result also implied the neces-
sity of increasing Ni loading in the catalyst structure. The
opposite trend between CO, and CO selectivities with tem-
perature increase could be explained by reverse water gas
shift reaction (RWGS, CO, + H, < H,0 + CO), increasing the
amount of CO in the product stream. Boudouard reaction (2CO
< C + CO,), leading to coke deposition, was also known to be
effective at low temperatures [3,39]. Thus, the Boudouard re-
action was unlikely to be among the sources of coke during
the reaction at high temperatures. However, methane
cracking (CHy < C + 2H,) becomes favorable at high
temperatures.

------- 125%

5%

10%

Intensity (a.u)

20

Fig. 6 — XRD patterns of spent catalysts recovered after the
reaction. Graphite carbon was shown by “x,” metallic
nickel state was illustrated by “*” on the figure.

=
5]

ESH2 mSCO

SCO2 nSCH4

MW s L o
S o o o S

Product distributions (%)

o

o

550/7.5; 1.25% 650/5; 1.25% 750/7.5; 10% 750/2.5;10%  750/5; 5%
Experiment

Fig. 7 — Product distributions obtained from selected
experiments.

As previously mentioned, hydrogen selectivities decreased
with increasing temperature regardless of Ni loading amount
(Fig. 1). This result implied the low possibility of methanation,
which was known to be mitigated at temperatures higher than
625 °C [32]. Hence, decarboxylation of acetic acid was the only
possible source of methane to lead coke formation. On the
other hand, methane selectivities were obtained below 5% for
all experiments, which implied a limited affinity of catalyst
through decarboxylation reaction. Consequently, methane
decomposition reaction could not be entirely responsible for
coke deposition on catalyst structure.

The effect of the H,O/AcOH ratio was statistically shown
to be negligible on H, selectivities, and an ambiguous trend
was obtained for AcOH conversions. In our opinion, the
major effect of the H,O/AcOH ratio was mitigating metha-
nation reactions [36], which could be true considering a less
pronounced decrease of activity at 750 °C compared to ex-
periments conducted at 550 and 650 °C. Nevertheless, coke
amounts reached to 16% (Fig. 5) indicated the presence of a
coke source other than methane decomposition. As previ-
ously stated, a gradual decrease was observed for Xacon at
750 °C with an increasing H,O/AcOH ratio. This decrease
suggested the presence of ketonozation reaction [4]. Acetone
was not present in product stream in any reaction, which
implied the existence of a consecutive ketonozation and
aldol-condensation reactions during the steam reforming of
acetic acid. It was logical to assume the contribution of
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acetone as a coke precursor considering high coke amounts
obtained even at higher H,O/AcOH ratios [3,4,14,36,40,41].

Suppressing carbon formation and maintaining high cat-
alytic activity as combined tasks should be achieved for in-
dustrial applications. Hence catalytic activity and resistance
to coke formation were adopted as two major goals in catalyst
synthesis. Modifications in synthesis procedures that involve
the joint addition of a second metal and a promoter were
recently investigated to reach these goals [42—44]. Davidson
et al. Investigated the effect of Co containing catalysts syn-
thesized separately with the addition of MgAl,04, ZnO, and
CeO, used as promoters. Catalytic activity in steam reforming
of acetic acid reached as high as 100 and 98% in terms of acetic
acid conversion and H, selectivity. However, coke formation
over 50% at the end of 4 h of reaction implied a decrease of
activity in long-term utilization [42]. On the other hand, as
stated in the work of Wang et al., a highest 9.6% coke depo-
sition was detected for Ni—Fe/Palygosrkite catalysts modified
with cerium [43], and coke deposition values for Rh supported
on La,05/Ce0,—Zr0, was only 2.95% in the work of Lemonidou
et al. [44]. These catalysts indicated excellent results in terms
of activity and stability. However, catalytic activity and sta-
bility could only be maintained by a combination of metals
and promoters, increasing the synthesis costs.

Catalysts synthesized with only Ni utilization would
beyond doubt decrease the start-up cost in industrial appli-
cation. The catalysts utilized in the present study were
compared with other Ni containing catalysts with two litera-
ture examples. These were given merely to provide an insight
into the performance. Ni containing Y-Al,O3 catalysts with
loading amounts greater than 15% reached 30% H, yield with
9% coke deposition in the work of An et al. [45]. The activity
performance of Ni containing ZrO, catalysts was detected as
100 and >80% in terms of acetic acid conversion and H,
selectivity in the work of Li. Et.al [39]. Coke deposition on the
catalysts reached as high as 30% for the highest Ni loading
[39]. Ni@SiO, microsphere catalysts in the present study were
comparable with literature in terms of activity and coke
deposition values. The catalytic activity of the catalyst with
10% Ni loading remained stable for 3 h even in the presence of
16% coke deposition. This result, considering the possibility of
future works on modification of synthesis conditions and the
components utilized in synthesis, implied the development of
a catalyst compatible with industrial application.

Conclusions

Steam reforming of acetic acid in the presence of Ni@SiO,
microsphere catalysts with varying Ni loading amounts was
investigated with the present study. Effects of Ni loading
amount, H,O/AcOH ratio, and temperature on hydrogen
selectivity and acetic acid conversions were determined via
statistical analysis. Hydrogen selectivities were highest below
750 °C, which was the threshold for selectivity decrease.
Product distributions obtained from a group of selected ex-
periments revealed the impact of RWGS on the process and
ruled out the possibility of Boudouard reaction as a coke
source.

A statistical decrease of hydrogen selectivity with
increasing temperature was attributed to the absence of
methanation during the process. Methane decomposition was
concluded to be inadequate in explaining coke formation
during the steam reforming of acetic acid.

Based on reaction results and characterization studies, a
noticeable decrease in activity due to graphite formation was
observed. On the other hand, a stable activity for at least 3 h
was validated with reaction experiments conducted at 750 °C
(750/2.5; 1.25% Ni loading). This result was concluded to be
among the highlights of the study, considering 16% coke for-
mation during the reaction. Coke deposition, despite the
adverse effect of H,O/AcOH on methanation, implied the
presence of a coke source other than methane. The gradual
decrease in conversion values at 750 °C was interpreted as an
indicator of ketonozation and aldol-condensation reactions,
which consecutively occurred during the steam reforming of
acetone.
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