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cted from rice husk and its
application in acetic acid steam reforming

Wenwen Guo,a Guoneng Li,a Youqu Zheng *ab and Ke Lia

Nano-silica extracted from rice husk and its application in acetic acid steam reforming was studied in the

paper. A simple and efficient heat treatment method was used to extract high specific surface area silica

from rice husk. It was found that the acid leaching process was beneficial for the removal of metal

impurities and the decomposition of organic substances. The carbon residue decreased and sample

purity increased with increasing temperature. At 600 �C, silica with the yield of 21.7% and the purity of

99.45% was obtained. The specific surface area was as high as 335 m2 g�1, and the corresponding

average pore diameter was 4.95 nm. Nano-silica extracted from rice husk was applied as a support in

the preparation of an acetic acid steam reforming catalyst (Ni/RH-SiO2). Ni/RH-SiO2 showed a better

performance than Ni/SiO2, which may be due to the higher interaction between Ni and SiO2 in Ni/RH-

SiO2. When the reforming temperature was 700 �C, carbon conversion of 95.3% and H2 yield of 2.38 mol

mol�1 were obtained. Carbon deposition was found after a 6 h test, mainly in the form of filamentous

carbon. The carbon deposition amount of spent-Ni/RH-SiO2 was lower than that of spent-Ni/SiO2.
1 Introduction

As agricultural waste, the annual output of rice husks is 120
million tons worldwide.1 Compared with other biomass, the
main content of rice husk ash is silicon dioxide (20 wt%).2 It can
be extracted and has a wide range of applications, for example,
being used as ller,3 catalyst support,4 and lithium-ion battery
material,5 etc.Hydrogen is recognized as a clean fuel. One of the
hydrogen production methods is bio-oil steam reforming.
Nano-silica can be extracted from rice husk and utilized as
a catalyst support in acetic acid steam reforming, which seems
attractive and worth studying.

Methods of extracting silicon dioxide from rice husk include
sol–gel method, lye method, precipitation method and heat
treatment method. The sol–gel method involves low-
temperature hydrolysis and polycondensation.6 SiO2 particles
prepared by this method have an uniform particle size distri-
bution. But the process has a long cycle of production, high
pollution and high cost, which is not suitable for industrial
production. The lye method is to mix alkaline solution and rice
husk ash to dissolve the rice husk ash in silicon dioxide, which
consumes a large amount of lye. Commonly used lyes include
NaOH solution and K2CO3 solution. Cui7 et al. produced porous
silica by NaOH extraction followed by sol–gel process.

The heat treatment method generally consumes less chem-
ical reagent, which is environment friendly, simple and
stem Engineering, Zhejiang University of
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effective. It involved the elimination of metal impurities in the rice
husk through a pretreatment process, and then calcination in an
oxygen-containing atmosphere to obtain a high-purity ultra-ne
silica product. Liou8 studied the effect of heating rates on the
properties of rice husk-based nano-SiO2 prepared by heat treat-
ment method. When the heating rate was 5 �Cmin�1, the specic
surface area of the nano-SiO2 reached 235m2 g�1, the average pore
diameter and particle size was 5.4 and 60 nm, and the purity of
SiO2 was 99.7%. Umeda9 et al. removedmetal impurities in the rice
husks by citric acid in the pretreatment, and then burned the rice
husk in an air atmosphere at 1073–1273 K to obtain SiO2 with
a purity of 99.5–99.8%.

The pyrolysis temperature may inuence the SiO2 structure and
purity. Gu10 et al. studied the effect of pyrolysis temperature and rice
husk particle size on the purity of SiO2 prepared by heat treatment. It
was found that the purity of SiO2 can reach 99.9% under optimal
conditions. Javed11 et al. performed thermogravimetric experiments
to compare the pyrolysis behavior of silicon-containing agricultural
wastes, including rice husks, wheat husks and bagasse. It was found
that SiO2 yield was closely related to the types of raw materials. Li12

et al. extracted nano-SiO2 from rice husk and applied it as supports
for the preparation of nano-Au catalyst. The rice husk was reuxed
with 5% HCl, and then calcined at 700 �C for 2 hours to obtain 60–
70 nm SiO2. Abadi13 used an infrared technology to characterize the
structure of SiO2 obtained at different heat treatment temperatures,
and found that the Si–O–Si bonds of the samples had different
infrared absorption characteristic peaks.

Catalysts for steam reforming of bio-oil for hydrogen
production mainly include Ni-based catalysts,14–17 Co based
catalysts,18–20 noble metal catalysts,21,22 etc. Among them, Ni-
RSC Adv., 2021, 11, 34915–34922 | 34915
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Table 2 Main components of rice husk ash

Component
Amount in ash
(wt%)

Amount in rice
husk (wt%)

SiO2 96.203 18.952
K2O 1.510 0.297
SO3 0.855 0.168
CaO 0.797 0.157
Fe2O3 0.422 0.083
Cr2O3 0.067 0.013
MnO 0.058 0.011
CuO 0.048 0.009
ZnO 0.020 0.004
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based catalyst has the ability to break C–C bond and promote
water gas shi reaction,23 which is an efficient catalyst for bio-
oil steam reforming. The active components are generally
loaded onto carriers to obtain a higher specic surface area and
to improve the catalytic efficiency. The steam reforming
temperature is high, and the carriers have to be able to with-
stand high temperatures. It includes Al2O3,24–26 CeO2,27,28

SiO2.29–31 Al2O3 posses large specic surface area and a certain
amount acid site which can promote the acetic acid dehydra-
tion. Many researchers have devoted to it. Zhang24 et al. studied
the performance of acetic acid reforming over Ni/Al2O3 catalyst
and found that the Ni loading amount would greatly affect the
performance of the catalyst. There was an interaction between
metal Ni and carrier Al2O3. In addition, the Ce–Zr–O carrier had
oxygen storage capacity and did good performance in steam
reforming. Guo28 et al. prepared Ni/Ce2–ZrO2 catalyst by co-
precipitation method for ethanol reforming. When GHSV ¼
345 h�1, S/C ¼ 9.2, T ¼ 825 �C, ethanol conversion reached
100%. SiO2 is acidic oxides and generally possess a high specic
surface area, which shows potential in bio-oil steam reforming.
Thyssen30 et al. applied Ni/La2O3–SiO2 catalyst in glycerol steam
reforming, and found that the addition of La2O3 in the Ni/SiO2

catalyst could inhibit the formation of carbon deposition. Wu31

et al. prepared nano-Ni/SiO2 catalyst for ethanol reforming.
When the Ni loading amount of 20% and the catalyst mass of
0.3 g were set, H2 yield reached 0.24 g h�1.

The article aims to prepare high specic silica from rice husk
by heat treatment method. The purity and particle size of silica
can be obtained by adjusting the calcination temperature. And
the prepared silica was utilized as catalyst support in the acetic
steam reforming for the rst time. The catalytic performance
was explored and compared with Ni/SiO2 (SiO2 was provided by
XFNANO technology Inc.).

2 Materials and methods
2.1 Materials

The chemical compositions of rice husk vary depending on the
regions, climates and rice husk growing areas. The rice husk
was bought from a rice processing plant in Jiangsu China. The
proximate analysis and elemental analysis are shown in Table 1,
the ash content of rice husk is 19.71% and the chemical
composition of the ash is determined by XRF. As list in Table 2,
it contains high amount of silica (96.203 wt%) and appears
a good silica source for silica extraction.

2.2 Experiment process

Pretreatment. In the experiment, a certain amount of rice
husk was weighed, soaked for 3 hours, and dried at 110 �C
able 1 Proximate analysis and elemental analysis of rice husk

aterial

Proximate analysis wt%
Elemental
analysis wt%

Mad Aad Vad FCad C H N

ice husk 6.81 19.71 59.8 13.68 40.71 4.97 0.49

34916 | RSC Adv., 2021, 11, 34915–34922
overnight. And then the rice husk was crushed to 60–80 mesh,
and immersed in hydrochloric acid for acid leaching (4 wt% and
8 wt%, 10 g ml�1, 80 �C, 4 h). And the sample was obtained aer
washing, ltering and drying treatment.

Heat treatment.Weigh about 2 g of the treated rice husk and
place it onto a at-bottomed crucible in a controlled atmo-
sphere furnace. Raise the temperature to 500–700 �C at
a temperature rise rate of 10 �C min�1 in the atmosphere of air.
And it was maintained at this temperature for 3 hours to remove
organic matter in the rice husk and obtain the silica product.

Ni/SiO2 catalyst preparation. 10 wt% Ni/SiO2 catalyst was
prepared by impregnation method. First, a certain amount of
nickel nitrate was dissolved in water, and then rice husk-silica
was added to it. The suspension was stirred for 2 hours and
moved to a water bath to evaporate to dryness. Then, it was
placed in an oven overnight and calcined in a muffle furnace at
600 �C for 2 hours. The catalyst obtained was denoted as Ni/RH-
SiO2. Also, nano-silica bought from XFNANO corporation was
used as support in the preparation of Ni/SiO2 catalyst with the
same method. The catalyst was denoted as Ni/SiO2.

Steam reforming experiment: Ni/SiO2 was loaded in the
quartz tube. Before the test, the catalyst was reduced at 700 �C
for 2 h, and then cooled to the reaction temperature with N2

purging. In the experiment, N2 was used as the internal
Fig. 1 Experimental flow chart.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05255a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
0:

42
:5

9 
PM

. 
 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
standard gas. The experimental ow chart is shown in Fig. 1.
The liquid feed is sent to the vaporize by pump for vaporization.
Carrier gas enters the vaporize through themass owmeter, and
then it is fully mixed with the evaporated reactants and enters
the xed-bed reactor for reaction. Aer the reaction, the prod-
ucts are condensed in a gas–liquid separator. The gas products
are analyzed by online gas chromatography, and the liquid
products are collected and analyzed later.

Acetic acid conversion is dened as:

X ¼ acetic acid in the product

acetic acid in the feed
(1)

H2 yield is dened as:

H2 yield ¼ H2 mol produced

mol of acetic acid in the feed
(2)
Fig. 2 (a) TG curves and (b) weight loss rate curves of rice husk.
2.3 Sample characterization

The specic surface area and pore structure of the samples were
measured by ASAP2020 specic surface area and pore volume
analyzer (Micromeritics, USA). Before the test, the sample was
degassed at 150 �C for 4 hours. The element analysis of the
sample was performed on the X-ray uorescence spectrometer
(EDX-7000, XRF) measuring instrument. The morphology of the
sample was measured by S4800 cold eld emission scanning
electron microscope (SEM) produced in Japan. The thermog-
ravimetric experiments of rice husk and spent catalyst were
carried out on the SDT Q600 V20.9 Build 20 thermogravimetric
analyzer. A 5 mg sample was put into a ceramic crucible, and
heated from room temperature to 800 �C with a heating rate of
10 K min�1. The corresponding thermogravimetric (TG) curve
and thermogravimetric derivative (DTG) curve were obtained.
FTIR/FT-FIR spectrum analyzer (Thermo Fisher scientic) was
used to analyze the product infrared spectrum diagram. The test
conditions were set at resolution 4 cm�1 and wavelength range
400–4000 cm�1. H2 TPR was conducted on Autochem II 2920.
The catalyst was load in a U-shape tube, and then heated from
50 to 800 �C at a rate of 10 �C min�1 under 10% H2/Ar. The H2

consumption amount was detected by TCD.
3 Results and discussion
3.1 The effect of acid treatment on the rice husk pyrolysis
behavior

The acid concentration not only has an effect on the purity of
the product, but also may affect the thermal decomposition
behavior of rice husk. And the thermogravimetric analysis of the
original rice husk and acid-treated rice husk was performed to
analyze the effect of acid treatment on the pyrolysis of rice husk.
It can be seen from Fig. 2(a) that the pyrolysis process of the
original rice husk is roughly divided into three stages. The rst
stage is from room temperature to 100 �C, which is the dehy-
dration and drying process of the rice husk. The second stage is
200–380 �C. The decomposition of cellulose and hemicellulose
is mainly occurred at the stage. They are very active, and almost
© 2021 The Author(s). Published by the Royal Society of Chemistry
completely decomposed at 380 �C. The maximum weight loss
rate of rice husk is �0.75%/�C with the corresponding
temperature of 322 �C. The temperature higher than 380 �C
corresponds to the third pyrolysis stage, in which the pyrolysis
and carbonization of the residue and the pyrolysis of lignin
mainly occur.

For the rice husk pretreated with 4 wt% and 8 wt% acid, the
shapes of TG curves and DTG curves are similar (Fig. 2(b)). The
weight loss peak at stage I (from room temperature to 100 �C) is
the same as that of original rice husk, which is the dehydration
and drying process of the rice husk. Aer the acid leaching, the
weight loss peak at stage II moves to the high temperature area
and becomes sharper. The weight loss rate increases greatly
aer acid leaching. And the weight loss rate of 4 wt% acid
pretreated rice husk is slightly higher than that of 8 wt% acid
pretreated rice husk. Almost all the hemicellulose and part of
cellulose and lignin are dissolved in the acid leaching process.
The decomposition of hemicellulose destroys the integrity of
the rice husk structure, which makes the decomposition of
lignin become easier, and the decomposition temperature of
lignin decreases. On the other hand, the sample was relatively
more stable aer hemicellulose was removed, which resulted in
the pyrolysis temperature increase.32 The altitude of weight loss
RSC Adv., 2021, 11, 34915–34922 | 34917
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peak in the third stage is decreased, but the slow carbonization
process is prolonged, which is possibly due to the fact that acid
leaching process removes the alkali metals in the rice husk and
their catalytic activity on the pyrolysis of the rice husk is
weaken. Therefore, that acid leaching process is benecial for
the removal of metal impurities. The further decomposition of
organic substances which increases the volatilization release
rate. The maximum weight loss rate increases from 0.75 to
1.25%/�C.
Fig. 3 Silica yield and carbon residue content of rice husk (with 8 wt%
acid leaching pretreatment) pyrolysis changes with temperature.
3.2 Extraction of silica from rice husk by heat treatment

The acid-treated rice husk was placed in an atmosphere furnace
for pyrolysis experiment to prepare nano-silica, and the pyrol-
ysis temperature was set at 400–700 �C. The pyrolysis yield was
dened as: the sample mass aer pyrolysis/the sample mass
before pyrolysis � 100%. At 600 �C, the pyrolysis performance
of 4 wt% and 8 wt% acid pretreated rice husk were conducted
and compared. In the product, there may be some metal
impurities remaining. And XRF was used to analyze metal
impurities content in samples. The results are shown in Table 3.
The rice husk ash was prepared according to GBT28731-2012
(Proximate analysis of solid biofuels). First, weigh 1 g of rice
husk with particle size less than 80 meshes and spread it evenly
on a at-bottomed crucible, then put the at-bottomed crucible
into a vacuum furnace, and then raise the temperature to 250 �C
within 60 min and keep it at this temperature for 60 min. Next,
continue to increase the temperature to 550 �C and burn the
sample at the temperature for 2 h. Lastly, take the at-bottomed
crucible out the furnace, cool it to room temperature in
a desiccator and weigh the sample.

As listed in Table 3, with respect to 8 wt% acid pretreated rice
husk, CuO, Cr2O3, ZnO, and K2O in the rice husk are completely
removed, SiO2 content is as high as 99.538%. While for 4 wt%
acid pretreated rice husk, a small amount of K2O is still
remained in the pyrolysis products. As reported,33 K+ had
a catalytic effect on the silica dissolution. And the remaining K+

would dissolve SiO2 during the pyrolysis process. And in
consideration of complete removal of K+, 8 wt% acid pretreated
rice husk is adopted as pyrolysis material in the following study.

Then, 8 wt% acid pretreated rice husk was adopted as the
material to study the impacts of temperature on pyrolysis
Table 3 XRF analysis of samples

Composition
Rice husk
ash/%

500 �C
sample/% (8%)

SiO2 96.203 99.546
SO3 0.855 0.440
Fe2O3 0.422 0.008
MnO 0.058 0.006
CuO 0.048 —
Cr2O3 0.067 —
ZnO 0.020 —
K2O 1.510 —
CaO 0.797 —
SiO2 purity% — 99.357

34918 | RSC Adv., 2021, 11, 34915–34922
performance. It can be seen from Fig. 3 that the yield decreases
with the increase of temperature. The possible reason is that the
pyrolysis of carbon-containing compounds in rice husks is
incomplete at the lower temperature, and a large part of it is
remained in the sample aer pyrolysis. The yield of rice husk at
400 �C was 24.6%. When the temperature increased to 600 �C,
the yield decreased to 21.5%. When the temperature continued
to rise to 700 �C, the yield decreased slightly to 21.3%.

As seen from the Fig. 3, it is obvious that the pyrolysis of
organic matter is incomplete at low temperatures. An element
analyzer was used to analyze the carbon residue in the product.
Fig. 3 displays the change of rice husk pyrolysis residual carbon
content with temperature. As the temperature increases, the
residual carbon content decreases. When the temperature
increases from 400 �C to 500 �C, the residual carbon content
decreases sharply from 9.13% to 0.19%. When the temperature
continues to rise, and the residual carbon reduction rate slows
down. It indicates that the pyrolysis is insufficient at the
temperature lower than 500 �C, leading to a large amount of
remaining organic matter in the sample which appears black at
400 �C. When the pyrolysis temperature is 500 �C, the sample
appears light yellow with a small amount of remaining organic
matter. When the temperature rises to 600 �C, the residual
600 �C
sample/% (8%)

700 �C
sample/% (8%)

600 �C
sample/% (4%)

99.538 99.542 99.431
0.446 0.445 0.491
0.010 0.007 0.008
0.007 0.006 0.006
— — —
— — —
— — —
— — 0.050
— — 0.013
99.448 99.532 99.331

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The morphology of samples pyrolyzed at (a and b) 500 �C and (c and d) 700 �C.
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carbon content reduces to 0.09% with the sample purity
increase. The 600 �C sample appears white, indicating that the
pyrolysis is sufficient at the temperature. When the pyrolysis
temperature is continuously increased, the residual carbon
content is further reduced to 0.01%.

The purity of silica ¼ (1 � residual carbon content) � SiO2

content. The residual carbon content is 9.13% at 400 �C, and the
purity of silicon dioxide is lower than 90.87%. When the
temperature increases to 500 �C, the residual carbon content
decreases rapidly. As the temperature continues to increase, the
purity of silicon does not change much. Compared with the
original rice husk ash content, residual carbon is the main
factor which affects the silica purity. Taken together, 600 �C is
used as the calcination temperature for the rice husk heat
treatment to prepare SiO2. The yield of SiO2 obtained at this
temperature is 21.5% and the purity is 99.45%.

3.3 Sample structure and morphology analysis

The morphology of samples pyrolyzed at 500 and 700 �C is
shown in Fig. 4. At a pyrolysis temperature of 500 �C, the sample
has spherical shape and uniform particle size (�100 nm). At
a pyrolysis temperature of 700 �C, the product tends to
agglomerate and the shape is occulent. It can be seen from the
EDS surface scan results that the sample contains a certain
© 2021 The Author(s). Published by the Royal Society of Chemistry
amount of organic carbon at a low pyrolysis temperature of
500 �C. When the temperature rises to 700 �C, the content of
organic carbon is greatly reduced, which is consistent with the
results of elemental analysis.

In order to get a deep understanding of the impact of
pyrolysis temperature on product structure, FT-IR analysis at
difference temperature was conducted and the results are dis-
played in Fig. 5. It can be seen from the gure that the infrared
spectrum of the sample contains some specic absorption
peaks, among which 467 cm�1, 796 cm�1 and 1093 cm�1

correspond to the stretching vibration of the Si–O bond in
SiO4,34 which indicates the existence of silica in the sample.

The weak absorption peak at 1637 cm�1 corresponds to the
H–O–H bending vibration peak of water, which is derived from
a small amount of water adsorbed on the powder surface. The
broad peak at 3100–3600 cm�1 corresponds to the stretching
vibration peak of the –OH bond in the structure water.35 When
the heat treatment temperature increases, the O–H peak
intensity at 3453 cm�1 gradually weakens. Intermolecular
dehydration makes Si–OH bonds gradually condense to form
Si–O–Si bonds, and Si–O–Si bonds further condense to form
spherical polymers.

The peak at 1200–1500 cm�1 corresponds to the vibration
peaks of –CH2 and –CH3. As the temperature increases, the
RSC Adv., 2021, 11, 34915–34922 | 34919
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Fig. 5 The infrared spectra of rice husks pyrolysis products at different
temperatures.

Fig. 7 H2-TPR profiles of prepared catalysts.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
0:

42
:5

9 
PM

. 
 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
organic matter further decomposes and the peak intensity
weakens. In the infrared spectrum of the sample obtained at
500 �C, a non-conjugated C]O bond appears at 1700 cm�1. The
increase of the heat treatment temperature to 600 �C is
accompanied by the gradual disappearance of the C]O bond at
1700 cm�1 for the cellulose complete decomposition.

According to the above analysis, the pretreatment acid
concentration of 8 wt% and pyrolysis temperature of 600 �C are
adopted for silica extraction process. The structure of silica
samples prepared is analyzed. The specic surface area of silica
is as high as 335 m2 g�1. The pore volume of the sample is 0.410
cm3 g�1, almost all of which are mesoporous. The average pore
diameter is 4.95 nm. It can be seen from Fig. 6 that the
adsorption curve is of type II and H2(b) type hysteresis ring,
indicating that the pore structure includes at seaming, crack
and wedge structure. The hysteresis loop is obvious in the
middle and high pressure area, and the adsorption capacity
Fig. 6 Silica pore size distribution (pretreatment acid concentration:
8 wt%, pyrolysis temperature: 600 �C).

34920 | RSC Adv., 2021, 11, 34915–34922
increases signicantly indicating that the sample contains
mesopores. And the curve tends to go up in the high pressure
area which indicates that the sample contains a few large pores.
It can be seen from the pore size distribution curve that the pore
size is mainly concentrated around 4.95 nm, and the pore size
distribution is relatively concentrated.

3.4 Acetic acid steam reforming

Ni/RH-SiO2 and Ni/SiO2 catalysts were prepared for acetic acid
steam reforming. TPR curves of the prepared catalysts are
shown in Fig. 7. For Ni/SiO2 catalyst, there is a reduction peak
located at 308 �C, which is mainly attributed to the reduction of
NiO. For Ni/RH-SiO2, it shows a peak at 322 �C and a shoulder at
higher temperature (450 �C). As reported in the literatures,36

higher interaction between Ni2+ and SiO2, associated to reduc-
tion peaks at higher temperature. It indicated there is more
strong metal–support interaction in Ni/RH-SiO2.

Comparison of acetic acid steam reforming over rice husk-
based Ni/RH-SiO2 with Ni/SiO2 catalyst is shown in Fig. 8. It can
be seen from the gure that the performance of Ni/RH-SiO2 is
better than that of Ni/SiO2. For Ni/SiO2, when the reforming
temperature rises from 500 to 700 �C, the hydrogen yield increases
Fig. 8 Acetic acid steam reforming over Ni/RH-SiO2 and Ni/SiO2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Gas composition of acetic acid steam reforming over Ni/SiO2.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
0:

42
:5

9 
PM

. 
 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
from 1.99 to 2.38 mol mol�1, and the carbon conversion increases
from 81.7 to 95.3%. The results showed that high temperature was
benecial for acetic acid reforming, and Ni/RH-SiO2 catalyst had
high activity in acetic acid steam reforming. Nano-silica was
applied as support in the preparation of acetic acid steam
reforming catalyst (Ni/RH-SiO2) successfully.

Fig. 9 displays the gas product distribution of acetic acid
reforming. The gas by-products mainly include CH4, CO and
CO2. The liquid products were collected and analyzed by Agilent
Fig. 10 SEM images of spent catalysts.

Fig. 11 (a) TG and (b) DTG curves of spent catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
7890A. The content of acetone in the liquid product is very low,
less than 0.1%, which is ignored in the study. When the
temperature ranges from 500 to 600 �C, CH4 content decreases
(from 3.41% to 0.91%), while CO and H2 content increases,
which may be due to the occurrence of methanation reaction
(CH4 + H2O / CO + 3H2). When the temperature continues to
rise, the content of CO increases while the content of H2 and
CO2 decreases. This may be because that the reaction between
CO and H2O is exothermic (CO + H2O 4 CO2+H2). As the
temperature rises, the reaction goes in the opposite direction,
resulting in the increase of CO. In order to reduce the content of
CO2 in gas products, some metal additives can be added in our
subsequent studies.

SEM images of spent catalysts are exhibited in Fig. 10. The
catalysts aer reaction were denoted as spent-Ni/RH-SiO2 and
spent-Ni/SiO2. Aer 6 h reaction, the surface of the spent cata-
lyst is covered with carbon ber, indicating that the type of
carbon deposition is mainly lamentous carbon. The diameter
of lamentous carbon is about in the range of 15–75 nm. It is
important to notice that SEM images with a large amount of
coke are selected to show the morphology of carbon deposition
more clearly. And the small spots on the carbon ber are the
golden sprayed during the sample preparation.

The thermogravimetric analysis (TGA) was conducted to
examine the amount and type of carbon deposition formed aer
6 h reaction. As shown in Fig. 11, the carbon deposition amount
RSC Adv., 2021, 11, 34915–34922 | 34921
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of spent-Ni/RH-SiO2 is lower than that of spent-Ni/SiO2. And the
mass loss mainly occurs at 560 and 590 �C for spent-Ni/RH-SiO2

and spent-Ni/SiO2 respectively. The weight loss peak observed at
temperature lower than 550 �C in DTG curves is ascribe to
amorphous carbon, while the weight loss peak at temperature
higher than 550 �C is mainly ascribe to lamentous carbon at
different carbonization degrees.37 It indicates that the carbon
deposition in spent-Ni/RH-SiO2 is amorphous carbon and la-
mentous carbon, while the carbon deposition type in spent-Ni/
SiO2 is lamentous carbon.

4 In conclusion

The pyrolysis temperature mainly affected the carbon content of
the pyrolysis product. The pyrolysis was insufficient at the
temperature lower than 500 �C. At 600 �C, nano-silica with the
yield of 21.7% and the purity of 99.45% was obtained. The
specic surface area was as high as 335 m2 g�1, and the corre-
sponding average pore diameter was 4.95 nm. Nano-silica was
applied as support in the preparation of acetic acid steam
reforming catalyst (Ni/RH-SiO2) successfully. Ni/RH-SiO2 did
better performance than Ni/SiO2. When the reforming temper-
ature was 700 �C, carbon conversion of 95.3% and H2 yield of
2.38 mol mol�1 were obtained. Carbon deposition was found
aer 6 h test, mainly in the form of lamentous carbon. The
carbon deposition amount of spent-Ni/RH-SiO2 was lower than
that of spent-Ni/SiO2.
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