
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 3
/8

/2
02

6 
8:

54
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Catalytic perform
aCollege of Engineering, Northeast Agricult

E-mail: qinliyuan2006@163.com
bKey Laboratory of Pig-breeding Facilities

Rural Affairs, Harbin 150030, China

† Electronic supplementary informa
https://doi.org/10.1039/d2ra07706j

Cite this: RSC Adv., 2023, 13, 7694

Received 3rd December 2022
Accepted 10th February 2023

DOI: 10.1039/d2ra07706j

rsc.li/rsc-advances

7694 | RSC Adv., 2023, 13, 7694–77
ance of Ni–Co/HZSM-5 catalysts
for aromatic compound promotion in simulated
bio-oil upgrading†

Liyuan Qin, *ab Jiani Li,a Shengming Zhang,ab Zhongyuan Liu,a Shuang Lia

and Lina Luoa

Bio-oil can be used as a substitute for fossil fuels after it is upgraded. Bimetal-modified HZSM-5 catalysts

with various Ni-to-Co ratios were prepared to address catalysis problems, including deactivation of the

catalysts and low hydrocarbon yields. The catalytic performance of Ni–Co/HZSM-5 in upgrading the

simulated bio-oil was investigated with a fixed-bed reactor, and the influence of the loaded duplex metal

ratio was also discussed. The new moderately strong/strong acid sites of Ni–Co/HZSM-5 changed

according to the Ni/Co loading ratios, which substantially affected the acidity, catalytic activity and

selectivity of the Ni–Co/HZSM-5. However, incorporating Co and Ni into the zeolite did not alter the

structure of the HZSM-5. The interactions of the loaded bimetallic oxides reached equilibrium in 6Ni–

4Co/HZSM-5, in which moderately strong acid sites and strong acid sites were formed after loading with

Co3O4 and NiO. With a suitable acid site ratio, 6Ni–4Co/HZSM-5 exhibited excellent performance, with

a lower coke deposition of 3.29 wt% and stable catalytic activity, and the conversion remained at 83–

73% during 360 min of uninterrupted catalysis. Periodic changes in the acid sites and interfacial protons

were the critical factors that improved the properties of the 6Ni–4Co/HZSM-5 and enhanced its

selectivity for aromatic compounds.
1. Introduction

Searches for alternative energy sources have been strongly
motivated by increasing environmental problems and the
consumption of fossil fuels.1–3 Biomass-derived fuel has been
widely explored due to its short CO2 cycles, high energy density
and abundance of natural feedstocks.4 Accordingly, many
economically viable processes have been developed to convert
biomass.5 Pyrolysis is a promising and simple thermochemical
process for directly converting biomass feedstock into bio-oil,
biochar and noncondensable gas at relatively low costs.6 Bio-
oil is a potential biofuel and source for producing biobased
chemicals.7 However, it is usually difficult to utilize bio-oil
directly because of its high oxygen content and low stability.
In addition, bio-oil contains some highly viscous organic
molecules; thesemolecules (heavy portion) lead to a low heating
value, high viscosity and corrosiveness.8–10 Thus, bio-oils must
be upgraded before application.
ural University, Harbin, 150030, China.
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An effective method of upgrading bio-oil is catalytic
cracking.11 Many types of catalysts have been prepared and
studied for this process; however, these catalysts are usually
deactivated due to coke deposition. Despite this problem,
HZSM-5 is still a common catalyst for upgrading tar, heavy bio-
oil and vapor due to its ideal pore size, high acidity and high
selectivity for aromatic hydrocarbons.12 Some studies claim that
HZSM-5 is deactivated because it exhibits smaller micropores,
cannot easily diffuse internally and easily forms coke deposition
on the Brønsted (B) acid site of HZSM-5, leading to channel
blockage and acid site poisoning.13 Therefore, adjusting the B
and Lewis (L) acidity, promoting the decomposition of macro-
molecules on the surface and increasing the pore size of HZSM-
5 should effectively compensate for the above inadequacy.

The accessibility of acid sites and mesoporosity are impor-
tant parameters for the catalytic performance of HZSM-5. The
source of acidity in the HZSM-5 catalysts depends on the Si/Al
ratio, in which the Si–OH group represents weak acid sites
and the Si–OH–Al group represents strong acid sites.14,15

Previous studies have demonstrated that HZSM-5 catalysts with
lower Si/Al ratios exhibit higher concentrations of B acidity,
which are benecial for treatment of condensed aromatics;
thus, the ability of the catalyst to perform deoxygenation and
the selectivity for aromatic compounds are enhanced.16,17

However, coke deposition will obviously decrease over longer
catalytic lifetimes when the HZSM-5 catalysts have higher Si/Al
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ratios. Therefore, a suitable Si/Al ratio should be important for
the catalytic performance of HZSM-5. In addition, introducing
mesopores in HZSM-5 can reduce the formation of coke to
a certain degree.18

HZSM-5 can also be modied with metals, and it has been
demonstrated that this method can signicantly improve the
activity and lifetime of a parent catalyst and decrease the
formation of coke on the catalytic surface.19 In particular,
HZSM-5 catalysts modied with the transition metals Ni and Co
typically achieved higher yields of aromatic hydrocarbon
products.20–22 Moreover, compared with HZSM-5 catalysts
modied with single metals, bimetal-modied catalysts, such
as Cu–Ni/HZSM-5, Co–Zn/HZSM-5 and Ni–Mo/HZSM-5 cata-
lysts, displayed better performance due to the synergistic or
bifunctional effect of different modied metals.23–25 Of course,
the bimetallic Ni–Co/HZSM-5 catalyst has also been investi-
gated, and adding Co to Ni/HZSM-5 efficiently enhanced the
dispersion of Ni and stabilized the active Ni sites.26 However, no
further details have been provided regarding the effect of the Ni
and Co ratio and its metal oxide on catalytic activity and
selectivity during the catalytic upgrading process.

Therefore, in this work, the performance of Ni–Co/HZSM-5,
which exhibits a hierarchical microporous–mesoporosity
structure, a high Si/Al ratio (80) of the HZSM-5 and various
loading ratios for Ni and Co, was investigated in a simulated
upgrading process for bio-oil.
2. Experimental
2.1 Catalyst preparation

HZSM-5 (SiO2/Al2O3 = 80) was used as a support and was
purchased from Nankai University Catalyst Corp., China. An
impregnation method was used to prepare Ni–Co/HZSM-5 with
different Ni-to-Co loading ratios. The total mass loading content
of metals was maintained at 10 wt% based on an assumption of
100% impregnated metal loading, and the Ni-to-Co mass ratios
were 10 : 0, 8 : 2, 6 : 4, 5 : 5, 4 : 6, 2 : 8 and 0 : 10. HZSM-5 was rst
calcined for 4 h in air at 500 °C and then impregnated with
aqueous solutions containing different concentrations of the
corresponding metal nitrates Ni(NO3)2$6H2O and Co(NO3)2-
$6H2O at room temperature for 2 h. Then, the catalyst was dried
and calcined for 3 h at 550 °C. For example, 10 g of HZSM-5 was
added to a 150 ml aqueous solution containing 4.9550 g of
Ni(NO3)2$6H2O to prepare Ni/HZSM-5 with 10 wt% Ni loading,
and 2.9730 g of Ni(NO3)2$6H2O and 1.9755 g of Co(NO3)2$6H2O
were added to prepare Ni–Co/HZSM-5 with 6 wt% Ni loading
and 4 wt% Co loading, by parity of reasoning. The modied
HZSM-5 catalysts are denoted as 10Ni/HZSM-5, 8Ni–2Co/HZSM-
5, 6Ni–4Co/HZSM-5, 5Ni–5Co/HZSM-5, 4Ni–6Co/HZSM-5, 2Ni–
8Co/HZSM-5 and 10Co/HZSM-5, where 10Ni means 10 wt% Ni
loading, 8Ni–2Co means 8 wt% Ni, 2 wt% Co loading, etc.
2.2 Catalytic experiment

Toluene, cyclopentanone, acetic acid, furfural and guaiacol
were mixed with a volume ratio of 1 : 1 : 1 : 1 : 1 to represent
simulated bio-oil. All these reagents were analytically pure. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
catalytic tests were conducted on a xed bed reactor, as shown
in Fig. S1.† For each run, 5 g of catalyst was placed on the
insulating spacers of the catalyst reaction bed, and the reaction
temperature was 400 °C. Model bio-oil (10 mL) was gasied and
introduced into the 400 °C preheated reactor using a peristaltic
pump at a ow rate of 20 ml h−1 for 30 min with N2 as the
carrier. N2 ushing was maintained for another 20 min aer the
experiment was complete to ensure that all condensable gas was
cooled and collected. The liquid was dissolved in chloroform,
and the mass of the liquid aer removing chloroform was re-
ported asML. The yield of liquid aer upgrading was dened as
follows:

Liquid yield ¼ ML

M0

� 100% (1)

whereML is the mass of the upgraded liquid andM0 is the mass
of the total simulant component before the reaction.

The conversion of each model component was calculated as
follows:

Conversion ¼ 1� Wa

Wb

� 100% (2)

where Wa and Wb are the mass of each model component aer
and before the reaction, respectively. For the regeneration
study, the spent catalysts were regenerated using a muffle
furnace by heating for 3 h at 550 °C, and then the catalytic
activity was tested. The parameters of the regeneration catalytic
activity experiments were the same as those of the catalytic tests
mentioned above.

2.3 Characterization

Scanning electron microscopy (SEM, S-3400, Hitachi, Japan)
was used to investigate the surface morphology of the fresh,
spent and regenerated catalysts, and the elements were detected
by energy dispersive X-ray spectroscopy (EDS, NC250). X-ray
diffraction (XRD, MiniFlex-600, Rigaku, Japan) was employed
to analyze the crystalline structure. The porous structure of the
catalysts was investigated by means of an adsorption–desorp-
tion instrument (3H-2000PS1, BeiShiDe Instrument, China).
The N2 adsorption–desorption instrument had a repeatability
error of less than 1.5%. The total pore volume (Vtotal), micropore
pore volume (Vmic) and specic surface area (SBET) were deter-
mined from the absorbed volume of nitrogen at a relative
pressure (P/P0) of 0.99, the t-plot method, and the multipoint
BET equation, respectively.

X-ray photoelectron spectroscopy (XPS, Thermo, Thermo
Electron Corporation, USA) was used to detect and analyze the
variations in metal loading of the modied HZSM-5 catalyst.
Temperature-programmed desorption of ammonia (NH3-TPD)
was conducted by means of a chemisorption analyzer
(AutoChem 2920, Micromeritics, USA). Pyridine adsorption
Fourier transform infrared spectrometry (Py-IR, VERTEX 70,
Bruker, Germany) was used to detect the B acid and L acid
centers of the catalysts. For each test, 0.1 g of catalyst was
heated to 300 °C for 2 h and then cooled to 50 °C.

Coke deposition was measured by thermogravimetric anal-
ysis (TGA, STA449C Jupiter, NETZSCH-Gerätebau GmbH,
RSC Adv., 2023, 13, 7694–7702 | 7695
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Germany) and analyzed by Fourier transform infrared spec-
troscopy (FT-IR, Nicolet 50, Thermo Fisher, USA). A gas chro-
matography–mass spectrometry (GC–MS) system (6890, Agilent,
USA) was used to analyze the liquid products using a DB-5MS
column with a lm thickness of 0.25 mm, column length of 30
meters, and diameter of 250 mm. The viscosity was measured at
40 °C using a viscometer (NDJ-5S, YUEPING, China). The higher
heating value (HHV) and pH were measured with an oxygen
bomb calorimeter (YX-ZR9302, LI-THERM, China) and a pH
meter (PHS-3CW, BANTE, China), respectively. Additional
parameter details were reported in our previous work.27–29

The products that formed on the surface of Ni–Co/HZSM-5
during the conversion of the model substrates were investi-
gated at 400 °C through in situ FTIR experiments (Frontier FT-IR
Spectrometer, PerkinElmer, USA). The catalyst was placed in
a ow-through IR cell reactor with CaF2 windows. The compo-
sition of the reagent was 1000 ppm, and the feed was held at
30 min. FTIR spectra were measured with an MCT detector,
which continuously recorded data during the reaction and
processed data every 5 min. The spectrum of the calcined
catalyst was subtracted from the monitored spectra that were
recorded under the in situ conditions of the catalytic reaction.
3. Results and discussion
3.1 Characterization of catalysts

The XRD results are shown in Fig. 1a. All modied catalyst plots
exhibited the characteristic peaks of the original HZSM-5, which
means that incorporating the metal species did not destroy the
Fig. 1 (a) XRD and (b) NH3-TPD results for fresh Ni–Co/HZSM-5 catalys

7696 | RSC Adv., 2023, 13, 7694–7702
structure of HZSM-5. Moreover, the loaded metals were present
in their oxide forms in both the mono- and bimetal-modied
catalysts. Only peaks corresponding to NiO appeared in the
10Ni and 8Ni–2Co/HZSM-5 catalysts when the amount of cobalt
species was too low for detection.30 For 6Ni–4Co/HZSM-5, Co3O4

peaks appeared and were accompanied by NiO peaks, and there
were no peaks for CoO species. Aer further increasing the
loading amount of Co and decreasing the Ni content, the NiO
peaks disappeared, and only Co3O4 peaks were detected in the
4Ni–6Co/HZSM-5 and 2Ni–8Co/HZSM-5 catalysts; the same
results were observed for 5Ni–5Co/HZSM-5. This means that the
incorporation of Co might enhance the interaction between Ni
and HZSM-5 and improve the Ni dispersion on HZSM-5.24

According to the XRD analysis, the crystallite sizes for the NiO
and Co3O4 in the modied catalysts were approximately 6.1 nm
and 9.3 nm, respectively.

The characteristics of the acidic site in the catalysts were
determined, and the results are shown in Fig. 1b and Table 1.
For the parent HZSM-5, two broad peaks at approximately 135 °
C and 363 °C (Fig. 1b) corresponded to weak acid (<300 °C) and
moderately strong acid sites (300–450 °C), and no peaks that
corresponded to strong acid sites (>450 °C) were detected at
higher temperatures.31,32 Aer Ni and Co modications were
performed with the HZSM-5, the intensity of the peak at
approximately 135 °C decreased slightly, and the peak at 362 °C
changed according to the Ni-to-Co loading ratio; this was due to
the difference in electronegativity for Co and Ni, which affected
the acidity, catalytic activity and selectivity. The acidities of the
bimetal-modied HZSM-5 catalysts were related to the
ts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characteristics of the catalysts with different Ni-to-Co loading ratios

Catalysts

Pore properties Acidity (mmol g−1)

AreaB/areaL
SBET

a

(m2 g−1)
Vmic

b

(cm3 g−1)
Vtotal

c

(cm3 g−1)
Vmeso

d

(cm3 g−1) Total
Weak
acid sites

Moderately
strong acid sites

Strong
acid sites

HZSM-5 284.41 0.13 0.38 0.25 0.62 0.51 0.11 — 0.18
10Ni/HZSM-5 274.24 0.12 0.35 0.23 0.78 0.50 0.28 — 0.11
8Ni–2Co/HZSM-5 266.86 0.12 0.34 0.22 0.76 0.46 0.30 — 0.11
6Ni–4Co/HZSM-5 263.04 0.11 0.32 0.21 0.79 0.44 0.22 0.13 0.11
5Ni–5Co/HZSM-5 265.55 0.12 0.34 0.22 0.76 0.43 0.33 — 0.11
4Ni–6Co/HZSM-5 262.70 0.12 0.33 0.21 0.74 0.40 0.34 — 0.11
2Ni–8Co/HZSM-5 260.03 0.12 0.32 0.20 0.74 0.38 0.36 — 0.08
10Co/HZSM-5 265.22 0.13 0.33 0.20 0.66 0.33 0.33 — 0.10

a SBET is the specic surface area determined by the BETmethod. b Vmic is themicropore volume determined by the t-plot method. c Vtotal is the total
pore volume at P/P0 = 0.99. d Vmeso is mesopore volume calculated by Vtotal − Vm.

Fig. 2 SEM images of the fresh catalysts: (a) HZSM-5; (b) 10Ni/HZSM-
5; (c) 6Ni–4Co/HZSM-5; (d) 10Co/HZSM-5.
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differences in the Ni-to-Co loading ratios, affecting the inter-
action between metal ions and the interaction between metal
ions and HZSM-5, and strong acid sites formed more easily in
the Ni-modied HZSM-5 catalyst.33 Moreover, previous research
reported that metal loading exhibits a preference for new L acid
sites due to the formation of the corresponding oxides, i.e., NiO
and Co3O4 (XRD results in Fig. 1a), and exchange with the
partial protons responsible for the B acid sites in HZSM-5;
a reduction in B acidity and an increase in L acidity occurred
as a result.34 Thus, the B/L value of the modied HZSM-5 cata-
lysts decreased to 0.08–0.11 compared to 0.18 for HZSM-5 (in
Table 1). This indicates that the acidity was mainly due to L
acids in Ni–Co/HZSM-5. In addition, HZSM-5 was used in this
study with a Si/Al of 80 and led to a signicantly lower B acid
content (B/L = 0.18); thus, the effect of metal doping on
decreasing the acidity was less, and the modied HZSM-5
catalyst showed a greater total acidity than the parent HZSM-5
catalyst.

For the HZSM-5 catalysts that were modied by mono-
metallic 10 wt% Ni and 10 wt% Co, peaks attributed to
moderately strong acid sites were observed at 430 °C and 395 °C,
respectively. The desorption peaks of the bimetal-modied
HSZM-5 catalysts occurred at approximately 135 °C for the
weak acid and moderately strong/strong acid sites, at approxi-
mately 350–400 °C for the Co dominant modications, and at
430–460 °C for the Ni dominant modications, which consisted
of both B acid sites and L acid sites.17 The two loaded metals
competed for the proton positions in the HZSM-5.24 In addition,
the interactions between Co and Ni species in the bimetal-
modied HSZM-5 shied the desorption peaks at 350–400 °C
to lower temperatures, and the peaks at 430–460 °C were shied
to higher temperatures compared to those of the monometallic
HZSM-5 catalysts. However, only the 6Ni–4Co/HZSM-5 gave rise
to a peak at 458 °C (>450 °C), which suggested formation of
a minority of strong L acid sites.31 This region of strong acid
sites was considered to be the main catalytic center and to act as
the dominant acid sites during the acid-catalyzed and deoxy-
genation reactions.12 In conclusion, the mono- and bimetal-
modied HZSM-5 catalysts in this study all displayed a charac-
teristic combination of weak and strong acid sites with lower B/
© 2023 The Author(s). Published by the Royal Society of Chemistry
L values, which is expected to lead to a reduction in the chance
of coke formation.35

Fig. S2† and Table 1 show the porosity characteristics of the
catalysts, and the pore sizes were mainly concentrated at 2.3 nm
and 8.5 nm. All catalysts showed a textural hierarchical micro-
pore–mesopore structure. Because the total metal loading
amounts for all the bimetal-modied HZSM-5 catalysts in this
study were the same, the pore parameters of SBET, Vmic, Vmeso

and Vtotal of the Ni–Co/HZSM-5 catalysts were similar, and all
decreased compared to that of the parent HZSM-5 because
some pores were blocked by the accumulation of metal species
(Ni and Co) on the surface and within the channels of the
HZSM-5.24,36 However, the pore change results were not the
same as those for monometallic HZSM-5 because of the inter-
actions between the different metal ions. This did not gradually
increase or decrease with changes in one of the metal loading
amounts. Moreover, the micropores were less affected, Vmic

decreased by only 0.01, and the loadedmetal oxides were mainly
on the surface and in the mesopores. Thus, macromolecule
decomposition occurred mostly on the surface during the
catalytic process. The surface morphologies of the modied
catalysts were similar, as shown in Fig. 2. The metal oxide
aggregated on the catalyst surface, and nanoparticle voids were
RSC Adv., 2023, 13, 7694–7702 | 7697
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observed. The Co and Ni contents of eachmodied catalyst were
measured, and the results are shown in Fig. S3.† The metal
contents of the modied catalysts deviated slightly from the
calculated values, as Ni and Co were not equally distributed on
the HZSM-5 support.
3.2 Catalytic performance of the Ni–Co/HZSM-5 catalysts

Fig. 3 shows the catalytic properties of the catalysts in upgrad-
ing model compounds. For the Ni and Co modied catalysts,
the conversions of the model compounds were much higher,
especially for toluene and acetic acid. The corresponding liquid
product yields decreased because the Ni and Co modied
HZSM-5 catalysts not only promoted the cracking of large-
molecule organic components but also accelerated the
cracking of small-molecule components, which produced more
gases.37 For the 6Ni–4Co/HZSM-5 catalyst, the conversion of
each component was much higher than that of the other cata-
lysts; the conversions of toluene, acetic acid and cyclo-
pentenone were all higher than 50%. Notably, the conversion of
cyclopentenone remained basically unchanged for the co
dominant catalysts from 5Ni–5Co/HZSM-5 to 10Co/HZSM-5.
This demonstrated that the moderately strong/strong acid
sites from NiO loaded on HZSM-5 had higher selectivity for the
cyclopentenone conversion. Moreover, the coke deposition of
Ni–Co/HZSM-5 was improved, as a very low value (3.68–4.19%)
was obtained (Fig. 3b).
Fig. 4 SEM images of spent catalysts: (a) HZSM-5, (b) 10Ni/HZSM-5, an

Fig. 3 (a) Conversion of the model compound and (b) the yields of liqu

7698 | RSC Adv., 2023, 13, 7694–7702
A lower Si/Al ratio in the HZSM-5 led to more B acidity, which
enhanced the conversion of oxygenates and promoted the
production of aromatic compounds during the catalytic
upgrading process.16 In addition, the acid yield of the upgraded
product was increased when the Si/Al ratio of the HZSM-5 was
enhanced.17 Thus, HZSM-5 samples with Si/Al ratios of 25 and
30 were usually chosen, but the opposite and disappointing
result was obtained for coke deposition. However, as mentioned
above, the 6Ni–4Co/HZSM-5 catalyst showed an ideal catalytic
performance and a lower coke yield when the Si/Al ratio was 80,
the acidity was appropriate and the structure exhibited hierar-
chical microporous–mesoporosity, as the HZSM-5 catalyst
produces a lower B acidity.

Fig. 4 shows the coke deposits on the surfaces of the spent
catalysts, and the result is consistent with the trend seen in
Fig. 3b. The amount of coke deposited on the spent Ni–Co/
HZSM-5 catalyst was much less than that on the HZSM-5 and
Ni/HZSM-5 catalysts. One reason is that the loaded metallic
oxides decreased the B acidity of the HZSM-5 catalysts. Previous
studies have shown that the coke mass is directly proportional
to the concentration of B acid sites.38 Moreover, compared to
other transition metals, loading with Co can reduce coke
deposition to a larger degree.39

Fig. 5 shows the components of the mixed model were
upgraded over the 6Ni–4Co/HZSM-5 and included esters, alco-
hols, ketones, phenols, aliphatic hydrocarbons, furans, and
d (c) 6Ni–4Co/HZSM-5.

id and coke for the fresh Ni–Co/HZSM-5 catalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Composition of the liquid product catalyzed by 6Ni–4Co/
HZSM-5.
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aromatic hydrocarbons. Aromatic hydrocarbons, aliphatic
hydrocarbons and alcohols are the main components of the
upgraded oil, and when the contents of these species increase,
the HHV of the product is enhanced.40 According to the product
distribution, it is speculated that the reaction during the cata-
lytic process involves cyclization, aromatization and C]O
addition reactions to form alcohols because the loaded metal
oxides act as L acid sites to promote hydrogen transfer and
hydrogenation functions.32

Fig. 6 shows the FT-IR results for the coke on the spent
catalysts. For these spent catalysts, the FT-IR peaks of the
chemical groups were almost identical. The peak at 1878 cm−1

was attributed to the ramication of benzene. The peaks at
1590 cm−1, 1503 cm−1, 1107 cm−1 and 808 cm−1 are related to
aromatic stretching vibrations and correlate with the coke
formed by the aromatization of long-chain alkanes. The
infrared band at 800–500 cm−1 was attributed to the presence of
aromatic compounds. These results illustrate that the coke
formed on the catalyst mainly contains aromatic compounds.
The 6Ni–4Co/HZSM-5 catalyst retained good selectivity for
aromatic compounds.
Fig. 6 FT-IR patterns of coke on the spent catalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.3 Lifetimes and regeneration of the bimetallic-modied
HZSM-5 catalysts

Catalytic experiments were conducted using fresh and regen-
erated 6Ni–4Co/HZSM-5 catalysts to test the lifetime and activity
of the catalyst in comparison with those of 10Ni/HZSM-5, and
the results are shown in Fig. 7 and S4.† Toluene was selected as
the reactant because it induces signicant conversion (in
Fig. 3a), and the catalytic tests were conducted without inter-
ruption for 360 min. As shown in Fig. 7, fresh 6Ni–4Co/HZSM-5
displayed little deactivation during the 360 min long-term cycle
and maintained a toluene conversion of 83–73%, which
remained over 80% for 180 min. Notably, the conversion during
the reaction time sometimes showed a trend of decreasing and
then increasing. The decline in conversion was mainly attrib-
uted to the deposition of coke that occurred during the reaction,
which is a common problem. The subsequent increase in
conversion occurred because a portion of the deposited coke
precursors on the catalyst surface was consumed as the reaction
time increased, which exposed some active sites; as a result, the
activity was restored, and the lifetime of the catalysts was
prolonged.

Aer 360 min of uninterrupted catalysis, 6Ni–4Co/HZSM-5
was regenerated, and the lifetime test was conducted once
more. The conversion of the regenerated catalyst for toluene
was 80–60%, which is a slight decrease compared with that of
the fresh catalyst. A decrease in activity should have occurred
because the metal centers and acid sites in the catalysts were
lost during regeneration, which has also been reported in
previous studies.35 Overall, the 6Ni–4Co/HZSM-5 catalyst
exhibited better catalytic activity and lifetime during contin-
uous catalysis.

The interaction between the loaded Ni and Co in bimetal-
modied catalysts can benet the catalytic activity, stability
and regeneration of the catalysts, and these factors need to be
further explored. The catalytic mechanism and synergy of
different kinds of acid sites in the 6Ni–4Co/HZSM-5 catalyst will
be discussed in the following section.
Fig. 7 Activity of fresh and regenerated catalysts for toluene
conversion.
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3.4 Analysis of the synergistic effect of loaded bimetallic
oxides on catalyst activity

Fig. 8 shows the Ni 2p and Co 2p XPS spectra of 6Ni–4Co/HZSM-5
during the catalytic upgrading process. As seen in Fig. 8a, the
fresh catalyst generated peaks at 856.6 eV and 874.4 eV that
corresponded to Ni2+, and these peaks were accompanied by two
satellite peaks at 862.7 eV and 881.2 eV.41 During the 30 min
reaction, the peaks observed for the catalysts were the same as
those for the fresh catalyst, and only peaks attributed to NiO were
obtained; the details are shown in Table S1.† As seen in Fig. 8b,
the Co 2p spectra showed two main peaks at 782.1 eV and
797.4 eV, and spin–orbit splitting was correlated with the Co 2p3/2
and Co 2p1/2 states. Moreover, previous studies have reported that
the spin–orbital splitting values of Co3+ and Co2+ compounds are
15.0 eV and 16.0 eV, respectively; the mixed valence Co3O4 spin–
orbital values were 15.3–15.4 eV.42,43 According to the data in
Table S1,† the spin–orbital values of Co 2p in fresh 6Ni–4Co/
HZSM-5 were all within this range. Therefore, the Co species of
the fresh catalyst consisted of Co3O4. However, aer 10 min of
reaction, the Co 2p spectra for spent 6Ni–4Co/HZSM-5 catalysts
showed peaks at a binding energy of 776.5 eV, which corre-
sponded to Co0. This Co0 originated from the reduction of Co3O4

in the catalysts (Co3O4 / CoO/ Co0), which is benecial to the
hydrogen transfer reaction.33 Moreover, similar Co0 peaks at
776.5 eV occurred for the catalyst aer 30 min of reaction.

The acetic acid catalysis with 6Ni–4Co/HZSM-5 was studied by
means of in situ FTIR, and the results in 30 min are shown in
Fig. 8 XPS diagram of 6Ni–4Co/HZSM-5 during the catalytic process:
(a) Ni 2p and (b) Co 2p.

7700 | RSC Adv., 2023, 13, 7694–7702
Fig. 9. The broad peak at 3458 cm−1 was attributed to –OH in
moisture, and the peaks at 2346 cm−1 were assigned to CO2

adsorption.44 The bands at 1714 cm−1 correspond to the
stretching vibration of C]O in carbonyl, those at 1206 cm−1

correspond to the C–O stretching vibration, and those at
1365 cm−1 correspond to the –CH3 deformation vibration, which
are assigned to adsorbed acetone.45–47 These results indicated that
acetone should form from the condensation of acetic acid to
produce H2O and CO2 according to previous studies.46,48 More-
over, these signal peaks decreased and disappeared aer 10 min
of reaction as acetic acid was consumed, and the bands at
2871 cm−1 and 1788 cm−1 originating from acetic acid decreased
as well. The bands at 1089 cm−1, 1123 cm−1, 1321 cm−1 and
1392 cm−1 were associated with the stretching and deformation
vibrations of C–O, out-of-plane C–H vibrations and –CH3 vibra-
tions in the dissociative adsorption of isopropanol.49 In addition,
a weak, out-of-plane C–H vibration band at 934 cm−1 and a C]C
stretching vibration at 1650 cm−1 from propylene were
observed.45 This supported that propylene was converted from
acetone by isopropanol as an intermediate in previous studies.49,50

The intensity of the signal attributed to acetone, isopropanol and
propylene decreased with the reaction time, indicating that the
compounds were converted to other products. The –CH3 and C–H
groups were attributed to the conversion of these compounds to
CO.47 The band at 1592 cm−1 corresponds to the C]C skeletal
vibration of the benzene ring, and the band at 910–665 cm−1

corresponds to the out-of-plane deformation of aromatic groups
(C–H).51 Based on these results and previous studies, it is sug-
gested that the alkene undergoes polymerization and cyclization
to form an aromatic hydrocarbon.18,52 The peak signal of aromatic
compounds increased with the reaction time, as this signal is
related to the formation of more aromatic products.

Based on the analysis and discussion of the in situ FTIR and
XPS results, a possible pathway of acetic acid conversion on the
6Ni–4Co/HZSM-5 catalyst is provided in Fig. 10. From the XRD
and NH3-TPD results (Fig. 1), it can be seen that a proper ratio
for the Ni and Co loading generated strong acid sites,
Fig. 9 The in situ FTIR spectra for the conversion of acetic acid on the
6Ni–4Co/HZSM-5 catalyst at 400 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Possible pathway for acetic acid conversion on 6Ni–4Co/
HZSM-5.
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moderately strong acid sites and weak acid sites simultaneously
aer metal oxide loading, which were coexisted in the 6Ni–4Co/
HZSM-5. Moreover, the loaded metal oxides act as L acid sites to
promote hydrogen transfer and hydrogenation, which removes
the B acid site in HZSM-5 (in Table 1). The incorporation of Co
obviously enhanced the ability of HZSM-5-loaded Ni to perform
hydrogenation.52 In addition, the Si/Al ratio of 80 for the parent
HZSM-5 catalysts led to lower B acidity. These factors all
resulted in the 6Ni–4Co/HZSM-5 catalyst having a dominant L
acid site combined with an appropriate strong acidity.

When the 6Ni–4Co/HZSM-5 catalyst exhibited strong acid
sites, it performed oxidation–reduction reactions to convert acetic
acid to acetone and produce H2O and CO2.46 Simultaneously,
some of the Co3O4 on HZSM-5 was reduced to Co0 metal by the
reducing gas generated during the process. As previously re-
ported,26 the Co3O4 reduction to Co0 in the modied HZSM-5
catalysts underwent two steps, that is, Co3O4 / CoO and CoO
/Co0. Two successive reduction reactions occurred at 563 K (290
°C) and 653 K (380 °C) in Co/HZSM-5, and the reduction
temperatures shied to 583 K (310 °C) and 713 K (440 °C) in Ni–
Co/HZSM-5; Si/Al = 25 in HZSM-5. The higher reduction
temperatures for Ni–Co/HZSM-5 than for Co/HZSM-5 indicate
greater stability of O for the Ni-containing sample and stronger
interaction between the smaller particle components (particle
size of NiO < Co3O4) and the HZSM-5 support.26 Thus, when no
extra reducing gas was added, only Co0 derived from the Co3O4

was observed in the catalyst during the reaction process (Fig. 8).
Moreover, Co0 provided more protons on the acid sites of the
modiedHZSM-5 and generated the Co/CoOx or Co/NiO interface
in 6Ni–4Co/HZSM-5, which may be responsible for the higher
selectivity for alcohol synthesis, as stated in previous reports.53–56

In addition, the synergistic effects of the strong L acid sites
and B acid sites of the 6Ni–4Co/HZSM-5 catalyst supplied
abundant sites for acetone adsorption and hydrogenation;
therefore, a reaction to generate isopropanol occurred instead
of a condensation reaction.49 Thus, acetone was converted to
© 2023 The Author(s). Published by the Royal Society of Chemistry
isopropanol and consequently dehydrated to produce propene.
The small chain hydrocarbons showed a higher tendency to
undergo aromatization due to the strong L acid sites in the
modied HZSM-5 catalyst.57 However, the corresponding Co0

returned to an oxidized state at this stage. Then, the acid site
distribution on 6Ni–4Co/HZSM-5 changed accordingly. In this
process, the periodic changes in acid sites and the interface of
Co/CoOx or Co/NiO were the critical factors that improved the
catalytic properties of 6Ni–4Co/HZSM-5, and these improve-
ments reduced coke deposition, prolonged the lifetime of the
catalyst and enhanced the selectivity of aromatic compounds.
4. Conclusion

In this work, bimetal-modied Ni–Co/HZSM-5 catalysts were
prepared to improve catalytic activity and coke deposition
during the process of upgrading model bio-oil. The metal
modication and high Si/Al ratio of the HZSM-5 support
resulted in suitable acidity for Ni–Co/HZSM-5. Various Ni-to-Co
loading ratios were compared to illustrate the competition and
synergy between the loaded metals and the protons of the acid
sites, which affected the activity and selectivity of the catalysts.
NiO modication favored the conversion of toluene, acetic acid
and cyclopentanone. The moderately strong acid sites and
strong acid sites reached equilibrium in 6Ni–4Co/HZSM-5 aer
metal loading. Co incorporation facilitated periodic changes in
the acid sites and provided more protons in 6Ni–4Co/HZSM-5,
which resulted in excellent performance. Specically, a lower
amount of coke deposition (3.29 wt%) and a higher conversion
rate (83–73%) were achieved in 360 min of uninterrupted
catalysis with simulated bio-oil; in addition, the selectivity of
alcohols and aromatics was enhanced. Although many bimetal-
modied HZSM-5 catalysts have been prepared and their cata-
lytic performance has been studied, it is expected that 6Ni–4Co/
HZSM-5 will be used to upgrade true pyrolysis bio-oil rich in
acids to obtain a high yield of aromatic hydrocarbons.
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