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Abstract

Ethylene glycol dry reforming (EGDR) was investigated for the first time on 10% Co/Al,0; and 3% Ce—10% Co/Al,O; cata-
lysts at stoichiometric feed composition under atmospheric pressure and 923-998 K for syngas production. Catalysts were
characterized using BET, H,-TPR, XRD and Raman spectroscopy measurements. The addition of Ce promoter eased the
reduction of Co;0, with lower reduction temperature and enhanced metal dispersion. Ce promotion also improved EGDR
performance by increasing reactant conversions, syngas yields and reducing undesirable methane formation. The conversion
of ethylene glycol and H, yield reached up to 71.7% and 69.3%, respectively.
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Introduction

The extensive use of fossil fuels for transportation and indus-
trial production has led to severe environmental pollution
related to CO, greenhouse gas emissions [1]. At the same
time, global oil reserves are depleting rapidly and hence,
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there is a dire need to find new alternative and sustainable
energy sources. Considerable attention has been dedicated to
search for renewable energies to partially replace petroleum-
based resources. The use of bio-renewable organic sources
including biomass-derived oxygenated compounds as feed-
stocks in catalytic reforming processes to yield syngas for
synthetic fuel production has emerged as a promising solu-
tion [2, 3]. Syngas is a mixture of H, and CO which acts
as building block for Fischer—Tropsch synthesis (FTS) to
produce long-chain hydrocarbons followed by refinery to
generate synthetic fuels and valuable petrochemicals [4, 5].

Amongst the oxygenated compounds, ethylene glycol
(EG) emerges as an alluring feedstock for syngas genera-
tion because it is the simplest polyol, major bio-oil con-
stituent and can be derived from cellulose and sugar [6-8].
At present, there are two existing EG reforming techniques
for syngas generation, namely, aqueous phase reforming
and steam reforming. The aqueous phase reforming is nor-
mally conducted at moderate temperature and high pres-
sure (explicitly, 7=498-723 K and P=2.9-25 MPa) [9],
whereas steam reforming of EG is conventionally operated
at atmospheric pressure. However, these current reforming
techniques consume significant quantity of water and release
excessive amounts of undesirable CO, to environment (cf.
Eq. 1):

C,Hy0, + 2H,0 — 5H, +2CO, (1)
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In this regard, ethylene glycol dry reforming, EGDR
[see Eq. (2)] appears as an attractive and green reform-
ing process, since it consumes CO, greenhouse gas and
biomass-derived EG to generate syngas with a low H,/
CO ratio suitable for FTS [4, 5]. Although aqueous phase
reforming and steam reforming processes of ethylene gly-
col were substantially inspected on diverse catalysts for
syngas production, EGDR process has not been investi-
gated before in literature. Thus, it is crucial to explore
this novel technique to produce ecofriendly and desirable
syngas from low-valued and unwanted reactants:
C,H(0, + CO, — 3CO + 2H, + H,0 )

Cobalt-based catalysts have been widely implemented
as catalyst for various reforming techniques (such as etha-
nol steam reforming [10], ethanol dry reforming [11],
methane dry reforming [12, 13] and EG steam reforming
[14, 15]) and exhibited outstanding performance. How-
ever, carbon deposition on catalyst surface is the common
setback observed for cobalt catalyst [16]. Ceria promoter
was recently reported to impede carbonaceous formation
in reforming processes, since its high reducibility, oxy-
gen mobility and oxygen storage capacity arising from
Ce*t <> Ce** redox cycle could gasify carbon deposits
from catalyst surface [11, 17, 18]. Therefore, the goal
of this work is to examine the feasibility of EGDR on
Ce-promoted Co/Al,O; catalysts at different reaction
temperatures.

Experimental
Catalyst synthesis

10% Co/Al,05 catalyst was prepared using an incipient
wetness impregnation (IWI) approach. The pretreatment
of y-Al,O5 support (Sasol, Puralox SCCa-150/200) was
done by calcination in flowing air at 1023 K for 5 h to
avoid structural alteration during catalytic tests. Then, the
calcined y-Al,O5 support was blended with an accurately
balanced amount of Co(NO;),.6H,0 (Sigma-Aldrich)
aqueous solution in a BUCHI Rotavapor R-200 rotary
evaporator for 2 h. The soaked solid was dried overnight
at 333 K in an oven and calcined in air for 5 h at 1023 K
(ramping rate 5 K min~!). The sequential IWI method
was implemented for preparing 3% Ce-10% Co/Al,O5. In
particular, 10% Co/Al,05 was further impregnated with
Ce(NO3);.6H,0 (Merck Millipore) as promoter precursor
using the aforesaid IWI conditions. Both catalysts were
crushed in mortar using pestle followed by sieving to
desired particle size (125-160 pm).
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Catalyst characterization

Brunauer—Emmett-Teller (BET) surface area, total pore
volume and pore diameter were determined in a Micromer-
itics TriStar II 3020 V1.04 instrument at 77 K. All sam-
ples were outgassed at 573 K for 1 h in N, flow prior to
measurements to eliminate traced moisture and foreign
adsorbed molecules. H, temperature-programmed reduc-
tion (H,-TPR) was achieved from a Micromeritics Auto-
Chem II-2920 chemisorption system. Catalyst (roughly
0.1 g) placed in a U-tube (quartz) by quartz wool was
pretreated at 373 K for 30 min in He gas (50 ml min™")
before being reduced in 10%H,/Ar (50 ml min~") from 373
to 1173 K with a linear heating rate (10 K min™'). Speci-
men was retained at final temperature for 30 min and then
quenched to ambient temperature.

The crystal structure of fresh calcined, reduced and
spent catalysts was examined in a Rigaku Miniflex II X-ray
powder diffraction (XRD) system employing Cu as the
radiation source. This unit was operated at 30 kW and
15 mA with wavelength, 4 of 1.5418 A; whereas diffrac-
tion patterns were verified from 260 =3° to 80° with small
scan speed and step size of I min~! and 0.02° in that order
to yield a high resolution. The JASCO NRS-3100 system
was employed for Raman analyses of spent catalysts. A
532-nm green laser with laser power less than 5 mW was
used during Raman measurements.

Temperature-programmed oxidation (TPO) was per-
formed on TGA Q500 thermogravimetric unit (TA Instru-
ments) for the precise quantification of deposited carbon
on used catalysts. After being treated with flowing N, gas
(100 ml min~") for 0.5 h at 373 K to remove moisture,
20% O,/N, oxidizing mixture was purged through spent
catalysts with temperature increment from 373 to 1023 K
(10 K min~") for the successful oxidation of carbonaceous
species. Afterward, the final temperature was kept constant
for 30 min in the same gaseous mixture.

Ethylene glycol dry reforming experiments

EGDR tests were done at atmospheric pressure, stoi-
chiometric feed ratio (Co;0, + H, = 3CoO + H,0) and
923-998 K in a standard stainless-steel fixed-bed continu-
ous flow reactor for 8 h with total flow rate of 70 ml min~".
Quartz wool was used to hold around 0.1 g of catalyst in
the middle of the reactor. Catalyst was activated in 50%
H,/N, (60 ml min™") at 1023 K for 2 h and then purged in
N, flow for 30 min prior to reaction. After being pumped
by a precise KellyMed KL-602 syringe pump through
a pre-heater, vaporised EG was fed to the top of reac-
tor where it was mixed with CO, reactant and N, diluent
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(regulated by Alicat mass flow controllers). Gas hourly
space velocity was kept at 42 1 g;alt h~! during each run.
The composition of gaseous outlet from reactor was deter-
mined in Agilent 6890 Series GC system using TCD detec-
tor. N, internal standard was continuously measured with
time on stream to assure the high accuracy of GC analysis
and experimental works. The error of nitrogen balance
was less than 3.76% for all runs, whilst the relative error
among repeated experiments at similar conditions was
smaller than 6.32%.

EGDR reaction metrics including reactant conversion (X;
i: C,H4O, or CO,) and gaseous product yield, Y are given
in Egs. (3)—(6). The conversion of EG into gaseous prod-
ucts was estimated based on atomic H balance as shown in
Eq. (3); whereas F in and FOU refer to inlet and outlet molar
flow rates of the corresponding components:

2F AR
X ,0,(%) = ——— x 100% 3)
6FC2H602
Fin __ pout
Xeo, (%) = —2—22 % 100% )
CO,
2F0ut
H,
YHz(%) = m X 100% &)
24162
Fout
Yi(%) = ————— x100%; j: CH,orCO  (6)
J in in
2FCZH(,OZ + FCO2

Results and discussion
Textural properties of catalysts

The physical features of fresh 10% Co/Al,0; and 3%
Ce-10% Co/Al,0; are summarized in Table 1. A minor
drop in BET surface area with Ce addition from 142.9 to
134.7 m? g_l (about 5.7%) was observed; whereas the total

pore volume of both catalysts seemed to be equivalent.
These results could be indicative of uniform dispersion of
Ce promoter on catalyst surface.

H, temperature-programmed reduction

Figure 1 shows the reduction behavior of both catalysts dur-
ing H,-TPR. Three deconvoluted H, consumption peaks are
observed and labeled as P1, P2 and P3. The H,-reduction
of Co;0, phase was broadly regarded as a two-step proce-
dure in which Co;0, was firstly reduced to CoO phase [cf.
Eq. (7)] followed by reduction to metallic Co? [cf. Eq. (8)]
[11, 20]. As a result, low-temperature peaks P1 and P2 rang-
ing from 650 to 900 K were ascribed to the reduction of
Co050, to CoO and CoO to Co, respectively.

Co;0, + H, —» 3Co0O + H,0 @)
CoO +H, - Co+H,0 8)
P3
Pl -

o (b) —_— )

g Deconvoluted peak P1

= ||- - ~Deconvoluted peak P2

g — - —- Deconvoluted peak P3 P1

20

a

Q

=

T N T T T N T
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Fig. 1 H,-TPR profiles of a 10% Co/Al,O0; and b 3% Ce-10% Co/
Al 0,

Table 1 Textural attributes of

. p” o Sample BET surface area Total pore volume Average pore Co50, aver-
10% Co/AlL O, and 3% Ce-10% (m?g™h (cm? g1y diameter (nm)°® age crystallite
Co/Al,O4 size(nm)®
10% Co/Al,O; 142.9 0.39 8.0 214
3% Ce—10% Co/Al,O4 134.7 0.37 8.4 9.2

aTotal pore volume was obtained at p/p®=0.99

®Barrett-Joyner—Halenda (BJH) desorption method was used for achieving average pore diameter

“Average Co;0, crystallite size was estimated by Scherrer equation [19] for the most intense Co;0, peak at

20=312°
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Remarkably, as seen in Fig. 1, both peaks P1 and P2 of
Ce-doped catalyst shifted towards lower temperature region
in comparison with 10% Co/Al,0;. The addition of CeO,
promoter facilitated Co;0, reduction plausibly because of
extra electron density on Co;0O, donated by CeO,, thereby
relieving reduction procedure [11]. The formation of the
third peak, P3 at temperature above 900 K for both sam-
ples corresponds to the reduction of spinel CoAl,O, [see
Eq. (9)], normally formed due to diffusion of Co ions into
the vacancies in lattice sites of Al,O5 during calcination at
high temperature [21]. Since the trivalent Co®* and AI’*
ions have similar ionic radii of 0.063 and 0.054 nm, respec-
tively, Co®* ions in Co;0, could be substituted by AI**
ions to yield CoAl,O, phase having strong metal-support
interaction, thereby inducing high reduction temperature
[22]. Notably, the reduction temperature for peak P3 of 3%
Ce-10% Co/Al,O5 was superior to that of 10% Co/Al,O5 as
seen in Fig. 1. It could be caused by double calcination dur-
ing sequential IWI and hence a greater amount of CoAl,O,
could be yielded with a stronger degree of metal-support
interaction:

CoAl,O0, + H, — Co + Al,0; + H,0 )

X-ray diffraction measurements

Figure 2 presents the XRD patterns of fresh calcined and
reduced catalysts. The X-ray diffractograms of calcined
v-Al,O5 support is provided to ease the peak assignments.
All XRD patterns were examined with the employment
of database library from Joint Committee on Powder Dif-
fraction Standards (JCPDS) [23]. All catalysts show five
characteristic peaks belonging to y-alumina at 260 =18.9°,
32.5°, 37.0°, 45.6° and 67.1° (JCPDS No. 04-0858) [11,

0v-ALO, O Co’ ACeO,
= Co,0, ® CoALO,
]
n " .D
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T
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Fig.2 XRD patterns of a calcined y-Al,O5 support, b calcined 10%

Co/Al, O3, ¢ calcined 3% Ce-10% Co/Al,O;, d reduced 10% Cof
Al,0; and e reduced 3% Ce-10%Co/Al,O;
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24]. Cubic spinel Co;0, phase (26 located at 31.2°, 37.0°,
45.0° and 55.7°) and CoAl,O, form (20=59.4° and 65.3°)
were found on both calcined promoted and unpromoted sam-
ples (Fig. 2b, c) based on JCPDS No. 74-2120 and JCPDS
No. 82-2246, respectively [23]. The presence of Co;0,
and CoAl,O, phases is consistent with peak assignment
in H,-TPR measurement (see Fig. 1). For the calcined pro-
moted catalyst, CeO, phase was detected at 20=28.8° (see
Fig. 2c) according to JCPDS No. 34-0394 [18]. The CeO,
form was most likely produced from the oxidation of Ce,0;
previously yielded by Ce(NO3); thermal decomposition. For
the reduced catalysts (Fig. 2d, e), the absence of CoAl,O,
phase further reinforces the complete H, reduction of
CoAl, O, form [see Eq. (9)] in agreement with H,-TPR (cf.
Fig. 1). The Co® metallic phase appearing in the XRD pat-
terns of both reduced catalysts at 20 diffractive peak about
51.5° (JCPDS No. 15-0806) was assigned to Co;0,— Co
reduction in H, activation [23]. Based on H,-TPR results
(Fig. 1), Co;0, was reduced thoroughly to final Co° form
at below 1000 K. Thus, the co-presence of Co;0, phase on
reduced catalysts was because of inevitable Co re-oxidation
in air during ex situ XRD measurements.

The average crystallite size of Co;0, phase for both cata-
lysts was estimated using the Scherrer equation for the high-
est peak (20=31.2°) [19]. As listed in Table 1, Ce promo-
tion reduced substantially Co;0, crystallite size from 21.4
to 9.2 nm. The tiny crystallite size of Ce-promoted cata-
lyst less than 10 nm could indicate the fine distribution of
Co;0, on support surface. The enhancing metal dispersion
for promoted catalyst was possibly attributed to the dilution
effect in which CeO, promoter could dilute Co;0, particles,
thereby preventing them from agglomeration.

Ethylene glycol dry reforming evaluation

Figure 3 shows the influence of temperature varied from 923
to 998 K on C,H(O, and CO, conversions at stoichiometric
feedstock. Regardless of specimens, reactant conversions
substantially increased with rising reaction temperature.
This could be attributed to the endothermic nature of EGDR
reaction. In particular, EG conversion grew from 59.0 to
71.7% with rising temperature from 923 to 998 K on 3%
Ce-10% Co/Al,O5; whereas CO, conversion enhanced from
38.3 to 48.7%. As seen in Fig. 3, irrespective of catalysts,
EG conversion was greater than CO, conversion for all tem-
peratures. This observation could indicate the presence of
concomitant EG steam reforming side reaction [cf. Eq. (1)]
during EGDR. This side reaction consumes EG but yields
undesirable CO, by-product and, hence, lessening CO,
conversion.

Notably, the overall catalytic activity was improved with
Ce modification for all temperatures in terms of CO, and EG
conversions as shown in Fig. 3. The enhancement of reactant
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Fig. 3 Effect of temperature on EG and CO, conversions at stoichio-
metric feed ratio (Fco, = Fe 0,

conversions could be assigned to the basic property of CeO,
promoter which could increase CO, adsorption on catalyst
surface. The high oxygen storage and release capacity of
CeO, also improve catalytic activity, since it could induce
carbonaceous species gasification during EGDR, thereby
maintaining the virgin catalyst surface [11, 25]. In addition,
the smaller Co;0, crystallite size of 3% Ce—10% Co/Al,O4
(see Table 1) due to high active metal dispersion could
greatly contribute to the increasing reactant conversions.

The impact of Ce-dopant and temperature towards H, and
CO yields of 10% Co/Al,0; is displayed in Fig. 4. The rela-
tionship between temperature and yield of H, and CO also
follows the similar trend of temperature vs. reactant conver-
sions (see Fig. 3). In general, H, and CO yields increased
with increasing temperature from 923 to 998 K and reached
up to 69.3% and 70.8% in this order. The rising syngas yield
further confirms the enhancement of EGDR reaction with
temperature.

Interestingly, CH, by-product was also observed during
EGDR (see Fig. 5). It could be formed from incomplete EG
decomposition as given in Eq. (10). However, the amount
of CH, yield seemed to be negligible (<2.5%) for both
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Fig.4 Effect of temperature on H, and CO yields at stoichiometric
feed ratio (Feo, = Fe,p,0,)

samples and lessened with rising temperature from 923 to
998 K. The decreasing trend in the yield of CH, intermediate
product with temperature could be due to the occurrence of
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secondary reactions such as dry reforming of methane [cf.
Eq. (11)] and steam reforming of methane [cf. Eq. (12)].
The significantly low CH, yield is indicative of successful
reforming of EG to final valuable syngas:

CH, + CO, - 2H, +2CO an
CH, + H,0 - 3H, + CO (12)

Figure 6 illustrates the influence of temperature on H,/CO
ratio for both catalysts. Generally, regardless of catalysts, H,/
CO ratio decreases with increasing temperature as a result
of thermodynamically preferred reverse water—gas shift
(RWGS) and reverse Boudouard reactions [see Egs. (13) and
(14), respectively] concomitantly occurring during EGDR.
However, the H,/CO ratios are still higher compared to the
stoichiometric H,/CO value of 0.67 for EGDR [cf. Eq. (2)].
This phenomenon could be a result of EG steam reforming
reaction [see Eq. (1)] between H,O (formed from EGDR)
and EG to yield extra H, product:

H, + CO, —» CO + H,0 (13)

C+CO, — 2CO (14)

Figure 7 displays the conversion envelopes of EG and
CO, reactants with time on stream. Irrespective of time on
stream, EG and CO, conversions on Ce-doped catalyst are
greater than those of unpromoted counterpart. For unpro-
moted catalyst, EG and CO, conversions declined sub-
stantially during 8 h with deactivation degree of 13.38%
and 25.78%, respectively (see Table 2); whereas, a slight

1.4
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1.2
2
g
@] LR
S .
1.0 1 C—
(]
0.8 T T T T
923 948 973 998
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Fig.6 Effect of temperature on H,/CO ratio at stoichiometric feed
ratio (FCOZ = FCszOz)
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Fig.7 Transient profiles of EG and CO, conversions at stoichiometric
feed (Fco, = Fe,p,0,) and T=998 K

decrease in catalytic activity was observed for 3% Ce—10%
Co/Al,0O5. In fact, the smaller degree of deactivation of
4.45% and 7.13% was evidenced for the corresponding
EG and CO, conversions on 3% Ce-10% Co/Al,O5. The
enhanced catalytic stability with Ce addition was owing to
the high oxygen mobility and redox property of CeO, pro-
moter easing carbon removal during EGDR [11, 25].

Characterization of spent catalysts

The crystalline structure of spent catalysts after EGDR at
stoichiometric feed composition and 7T=998 K was exam-
ined by XRD measurements and shown in Fig. 8. Both cata-
lysts possessed broad peaks with high intensity at 260=26.4°
corresponding to graphitic carbon (JCPDS No. 75-0444)
[26, 27]. The presence of graphite on catalyst surface was
inevitable, since EGDR was conducted at high reaction tem-
perature (>923 K) and deposited carbon was formed from
EG decomposition. Co;0, phase was also detected for both
spent samples as a result of metallic Co® oxidation when
spent catalysts were exposed to air during catalyst discharge.
However, the characteristic peak for CeO, was not identified

Table2 Degree of catalyst deactivation with time on stream on
10% Co/Al,O; and 3% Ce-10% Co/Al,O; at stoichiometric feed
(Fco, = Feny0,) and T=998 K

Catalyst Deactivation degree, D (%)*

Ethylene glycol Carbon dioxide
10% Co/Al,O4 13.38 25.78
3% Ce—10% Co/Al,04 445 7.13

*Degree of catalyst deactivation (%)= (1 — final reactant conversion/
initial reactant conversion) X 100%
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Fig.9 Raman spectra of spent a 10% Co/Al,O; and b 3% Ce-10%
Co/Al,0; after EGDR at stoichiometric feed ratio (Feo, = F,p.0,)
and T=998 K i

for spent 3% Ce—-10% Co/Al,O; (see Fig. 8b) as it was most
likely overlapped by the broad carbon peak.

Raman spectra of spent 10% Co/Al,0; and 3% Ce-10%
Co/Al,05 in Fig. 9 show two distinctive peaks at around
1340.8 and 1580.1 cm~!. These peaks were attributed to
D-band (1340.8 cm™!) representing the disordered struc-
tural form of amorphous or filamentous carbons, and G
band (1580.1 cm™!) conforming to ordered graphite [28,
29]. The extent of carbon crystallinity can be justified
using the relative integrated area of D—G bands (I/I).
A small I)/I; value demonstrates high crystallinity

because of dominant amounts of graphitized carbon [30].
The 10% Co/Al,O5 showed a lower graphitization extent
(Ip/l5=2.20) than 3% Ce-10% Co/Al,0; (Ip/I5=1.63).
However, as seen in Fig. 9, the peak intensity of unpro-
moted catalyst was superior to Ce-doped catalyst for both
D- and G bands. The low Raman signal intensity for 3%
Ce-10% Co/Al,0; proved the catalyst tolerance towards
coking compared to 10% Co/Al,05. This observation
could be ascribed to the CeO, redox properties resulting
in simultaneous reduction of carbonaceous species from
catalyst surface during EGDR [25].

Figure 10 displays the TPO profiles with respect to
temperature for spent 10% Co/Al,0; and 3% Ce-10%
Co/Al,05 after EGDR at stoichiometric feed ratio
(Fco, = Fe,n,0,) and T=998 K. For both catalysts, the
obvious weight drop was detected within the temperature
range of 748-823 K. The spent 10% Co/Al,0; possessed
a higher carbon content of 96.6% than that of 3% Ce—-10%
Co/Al,05 (89.9%). The reduction in carbonaceous deposits
was induced by the high basic property and great oxygen
mobility of Ce promoter [11, 25]. Siang et al. also pro-
posed mechanistic steps [see Egs. (15) and (16)] for the
removal of carbonaceous deposits (C,H,) from catalyst
surface based on the redox cycling of CeO, dopant [31].
The drop in carbon deposits on 3% Ce-10% Co/Al,O,
could clarify its superior catalytic stability with time on
stream in comparison with 10% Co/Al,O; (see Fig. 7):

2xCe0, + C,H, - xCe,05 + xCO + 0.5yH, 15)
Ce,0; + CO, — 2Ce0, + CO (16)
100 ———
80
Bs  soe%
e 60
=
R
(]
= 40
20+
10%Co/ALO, N R
- - - 3%Ce-10%Co/ALO,
0 T T T T T T T T T T T
673 723 773 823 873 923 973

Temperature (K)

Fig. 10 Temperature-programmed oxidation profiles of used cata-
lysts after EGDR at stoichiometric feed ratio (Fco, = Fc,p,0,) and
T=998 K i ’
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Conclusions

It is the first time that EGDR reaction was successfully con-
ducted to yield syngas using 10% Co/Al,O; and 3% Ce-10%
Co/Al,O; catalysts. The addition of Ce promoter reduced the
crystallite size of Co;0,, facilitated Co;0, reduction in H,
and improved the catalytic performance of 10% Co/Al,O;.
Increasing reaction temperature from 923 to 998 K enhanced
catalytic activity and achieved the highest EG conversion of
71.7% and H, yield of 69.3% at 998 K on 3% Ce-10% Co/
Al,O;. The H,/CO ratio varied from 0.98 to 1.25 suitable
for high-molecular weight hydrocarbon synthesis via FTS
in downstream processes. The yield of CH, intermediate
product was trivial since it was subsequently converted into
final H, and CO gases by methane dry and steam reforming
reactions.
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