UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

A Kinetic Model of Furfural Hydrogenation to 2-
Methylfuran on Nanoparticles of Nickel Supported
on Sulfuric Acid-Modified Biochar Catalyst

Mudi, Ismaila; Hart, Abarasi; Ingram, Andy; Wood, Joe

DOI:
10.3390/catal14010054

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Mudi, I, Hart, A, Ingram, A & Wood, J 2024, 'A Kinetic Model of Furfural Hydrogenation to 2-Methylfuran on
Nanopatrticles of Nickel Supported on Sulfuric Acid-Modified Biochar Catalyst', Catalysts, vol. 14, no. 1, 54.
https://doi.org/10.3390/catal14010054

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy o ) o o ) ) ]
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 27. Jan. 2024


https://doi.org/10.3390/catal14010054
https://doi.org/10.3390/catal14010054
https://birmingham.elsevierpure.com/en/publications/3bb7a24d-2cbc-477c-bff6-142ba556c70a

PP catalysts

Article

A Kinetic Model of Furfural Hydrogenation to 2-Methylfuran on
Nanoparticles of Nickel Supported on Sulfuric Acid-Modified
Biochar Catalyst

Ismaila Mudi 100, Abarasi Hart 209, Andrew Ingram ! and Joseph Wood *

check for
updates

Citation: Mudji, I.; Hart, A.; Ingram,
A.; Wood, J. A Kinetic Model of
Furfural Hydrogenation to
2-Methylfuran on Nanoparticles of
Nickel Supported on Sulfuric
Acid-Modified Biochar Catalyst.
Catalysts 2024, 14, 54. https://
doi.org/10.3390/ catal14010054

Academic Editor: Xiaofeng Wang

Received: 12 December 2023
Revised: 8 January 2024
Accepted: 9 January 2024
Published: 11 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK;
ixm928@student.bham.ac.uk (LM.); a.ingram@bham.ac.uk (A.L)

Energy and Bioproducts Research Institute, Aston University, Birmingham B4 7ET, UK; a.hartl@aston.ac.uk
*  Correspondence: j.wood@bham.ac.uk

Abstract: Lignocellulosic biomass can uptake CO, during growth, which can then be pyrolysed into
three major products, biochar (BC), syngas, and bio-oil. Due to the presence of oxygenated organic
compounds, the produced bio-oil is not suitable for direct use as a fuel and requires upgrading
via hydrodeoxygenation (HDO) and hydrogenation. This is typically carried out over a supported
metal catalyst. Regarding circular economy and sustainability, the BC from the pyrolysis step can
potentially be activated and used as a novel catalyst support, as reported here. A 15 wt% Ni/BC
catalyst was developed by chemically modifying BC with sulfuric acid to improve mesoporous
structure and surface area. When compared to the pristine Ni/BC catalyst, sulfuric activated Ni/BC
catalyst has excellent mesopores and a high surface area, which increases the dispersion of Ni
nanoparticles and hence improves the adsorptive effect and thus catalytic performance. A liquid
phase hydrogenation of furfural to 2-methylfuran was performed over the developed 15 wt% Ni/BC
catalyst. Langmuir-Hinshelwood-Hougen-Watson (LHHW) kinetic type models for adsorption
of dissociative H, were screened based on an R? value greater than 99%, demonstrating that the
experimental data satisfactorily fit to three plausible models: competitive (Model I), competitive
at only one type of adsorption site (Model II), and non-competitive with two types of adsorption
sites (Model III). With a correlation coefficient greater than 99% between the experimental rates
and the predicted rate, Model III, which is a dual-site adsorption mechanism involving furfural
adsorption and hydrogen dissociative adsorption and surface reaction, is the best fit. The Ni/BC
catalyst demonstrated comparative performance and significant cost savings over previous catalysts;
a value of 24.39 k] mol~! was estimated for activation energy, —11.43 k] mol ! for the enthalpy of
adsorption for Hy, and —5.86 k] mol~! for furfural. The developed Ni/BC catalyst demonstrated
excellent stability in terms of conversion of furfural (96%) and yield of 2-methylfuran (54%) at the
fourth successive experiments. Based on furfural conversion and yield of products, it appears that
pores are constructed slowly during sulfuric acid activation of the biochar.

Keywords: furfural; sulfuric acid activation of biochar; hydrogenation; kinetic modelling

1. Introduction

As part of climate change mitigation, fossil fuel transportation demands can be sub-
stituted with biomass-derived biofuels. The development and use of biomass resources,
as well as platform chemicals derived from biomass, has been considered an alternative
substitute to fossil fuels in the face of increasing energy demands and climate change [1].
Due to its carbon neutrality viewpoint, ecological, and economic sustainability, renewable
biomass has attracted considerable attention for conversion into biofuels and chemicals. In
the pursuit of sustainable alternatives to petroleum-based fuels and chemicals, it is becom-
ing more important to convert lignocellulosic biomass into biofuels and platform chemicals.
Furfural, a platform chemical obtained from biomass, may be further processed to provide

Catalysts 2024, 14, 54. https:/ /doi.org/10.3390/ catal14010054

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal14010054
https://doi.org/10.3390/catal14010054
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-9537-2020
https://orcid.org/0000-0002-4433-5887
https://orcid.org/0000-0003-2040-5497
https://doi.org/10.3390/catal14010054
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal14010054?type=check_update&version=1

Catalysts 2024, 14, 54

2 0f 22

furfuryl alcohol, 2-methylfuran, furan, tetrahydrofurfuryl alcohol, cyclopentanone, and
tetrahydrofurfuryl alcohol [2-5]. As one of the most promising lignocellulosic biomass
platform molecules, furfural is derived from hemicellulose by hydrolysing and dehydrating
xylose, which is Cs sugar [6,7]. The global production of furfural is almost 5,000,000 tons
per annum from a variety feedstocks [8], and it is also a typical oxygenated model com-
pound found in biomass-derived bio-oils. Consequently, biomass-derived compounds
contain a high level of oxygen, so selective hydrodeoxygenation (HDO) and hydrogenation
have become a primary objective in most research studies.

It is difficult to control the selectivity of the products in furfural hydrogenation because
of many possible reactions; for example, hydrogenolysis of C=O bonds, decarbonylation,
and hydrogenation of C=0O bonds or furan rings [9,10]. Catalytic hydrogenation of furfural
to 2-methylfuran can be performed in either the gas or the liquid phase. In comparison
with gas-phase hydrogenation of furfural, which requires higher energy consumption due
to vaporisation and the harsh reaction temperature that often results in catalyst deactiva-
tion [11], liquid-phase hydrogenation needs only a suitable temperature for reaction. As
such, it would be advantageous to develop a solid catalyst capable of hydrogenating liquid
furfural efficiently and selectively into 2-methylfuran.

Several value-added products can be produced from furfural that has the furan ring
and the —CHO group which are unsaturated C=O and C=C bonds. In the production of
2-methylfuran, the furanic “O” and the double bond of the ring are not affected by selective
hydrodeoxygenation (HDO). This involves the selective removal of the oxygen from the
C=0 side group of the furan while suppressing the competitive ring hydrogenation [6,10].
Through hydrogenolysis of C=O bonds, furfural undergoes HDO into 2-methylfuran. Thus,
catalyst design and process optimisation can be challenging when it comes to selectively
producing 2-methylfuran during a multiproduct reaction of furfural hydrogenation. Hence,
a catalyst candidate for this conversion would possess catalytic active sites that are capable
of excellent hydrogenation and hydrogenolysis. It is essential to develop a catalyst with
appropriate activity, selectivity, and stability to achieve significant selectivity toward 2-
methylfuran. The chemical compound 2-methylfuran is crucial to the production of furan
compounds, pentanediol, important intermediate for pharmaceuticals, fuel additive, etc. It
can also be partly blended with gasoline for engines and has a high octane number, boiling
point, and energy density [6,12].

Catalytic hydrogenation of furfural to produce either 2-methylfuran or furfuryl
alcohol in liquid phase had been explored using the following catalysts: Pt/g-C3Ny,
graphitic carbon nitride nanosheet [12], NiCoZn@CN [13], Pt/SiO,, Pt/Zn0O, Pt/MgO,
Pt/vy-Al,O3, and Pt/CeO, [14], Pt—5Sn/SiO; [4], CuZnAl hydrotalcite-like (HTLc) cat-
alyst [11], Ir/C [8], Cu/ZrO,, Pd/ZrO,, and Cu-Pd/ZrO, [12], Mo,C [6], Cu/SiO,,
Cu/Al,O3, and Cu/Zn0O [1], and Cu-Co/SiO,, Cu-Co/H-ZSM5, and Cu-Co/v-Al,O3 [10].
Consequently, Pd/C, Pt/C, Re/C, Ru/C, Rh/C, Ni/C, and Cu/C catalysts have been used
to study the hydrogenation, HDO, and ring opening of furfural [15]. Also, comprehen-
sive reviews have been published by several authors that discusses recent advances in
the catalytic hydrogenation of furfural towards furfuryl alcohol, 2-methylfuran, furan,
and other value-added products in terms of different noble metals and non-noble metals
catalysts, reaction mechanisms related to the different catalytic materials, and reaction con-
ditions [5,16]. However, most studies focus on catalysts that are selective toward furfuryl
alcohol product. On one hand, the chemisorption of aromatic compounds and produced
water from HDO reactions usually deactivate most of these support materials [17]. Noble
metals and bimetallic catalysts, on the other hand, are prohibitively expensive coupled
with deactivation, limiting their industrial scale and widespread practical applicability.
Thus, hydrogenation and HDO of oxygenate model compounds of bio-oil could become
more cost effective and sustainable if biochar (BC), which is one of the by-products of
biomass pyrolysis, can be recycled for catalyst support. It is also important to note that
pristine BC, which is derived from biomass via pyrolysis, has certain constraints in the
pore structure [18], which limits mass transport during reactions. Thus, catalysis may be
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improved by synthesising highly mesoporous BC as catalyst support by increasing surface
area and pore structure, which improves active metal dispersion. Studies on BC revealed
that it has a relatively moderate porosity and surface area and possesses mineral elements
such as K, Ca, and P, and functional groups on the surface [19,20].

In general, hydrogenation, HDO, and hydrogenolysis of the phenol, aldehyde, and
methoxy groups of typical bio-oil model compounds are possible with the application for
Ni-based catalysts. Therefore, a catalyst for furfural hydrogenation is developed using
nickel and BC combined. Wet impregnation was used to immobilise Ni nanoparticles
on mesoporous BC support. In this study, the mesoporosity of BC is enhanced through
chemical modification using an acidic solvent, sulfuric acid (H,SO4). Through sulfuric acid
treatment, the BC support material is tuned to improve the catalyst’s textural attributes,
including surface area, mesoporosity, and pore volume. The objective is to enhance mass
transport of reactants and increase specific surface area to improve the dispersion of nickel
nanoparticles, and consequently catalyst performance. In our previous work, using Fourier-
transform infrared spectroscopy (FTIR) technique, it was found that the surface of the BC
contains functional groups such as the hydroxyl OH-group, carboxylic acids -COOH, -C-O
stretching of cellulose, and C=C of aromatic systems [21]. These surface functional groups
could help improve metal-support interaction. To model the kinetics of this catalyst, a
Langmuir—Hinshelwood —Hougen—Watson (LHHW) kinetic model for hydrogenation
or HDO of bio-oil model compounds has been proposed for different catalysts based on
earlier research works; e.g., vanillin, 1-heptyne and furfural substrates were applied [22-25].
These assume a single or dual nature of adsorption sites and a surface reaction between
a partly hydrogenated furfural species and a dissociative adsorbed hydrogen. Using
a batch reactor, 2-methylfuran is produced by liquid-phase catalytic hydrogenation of
furfural utilising tetralin as a solvent over nickel supported on sulfuric acid modified
biochar catalysts. The objective of this work is to develop a kinetic model of furfural
hydrogenation into 2-methylfuran bespoke to the prepared Ni/BC catalyst. Thus, bio-oil
catalytic upgrading with Ni/BC includes significant cost savings over previous catalysts,
promotes circular economy, and is sustainable with a comparative performance to previous
catalysts. The novelty of the study lies in the development of renewable and cost-effective
catalysts for hydrodeoxygenation and hydrogenation of bio-oils. The construction of more
mesopores within biochar by acid activation is needed to improve surface area, enhance
metal nanoparticle dispersion, and increase catalytic activity and selectivity. Thus, circular
economy and sustainability in the field of bio-oil upgrading can be achieved by activating
biochar from the pyrolysis step and using it as a catalyst support. This study shows that the
developed Ni/BC catalyst provides a cost effective and efficient means of hydrogenating
furfural into 2-methylfurfuran.

2. Results and Discussion

A comparison of porosimetry properties of biochar after sulfuric acid treatment is
shown in Table 1. As a result of sulfuric acid treatment, the biochar gains more microporous
(less than or equal to 2 nm) and mesoporous (2 nm to 50 nm) pores, and an increase is
observed in pore volume for pore sizes greater than 5 nm, 2-5 nm, and smaller than 2 nm.
In sulfuric acid-treated biochar, there are 7 times more micropores than in the biochar
received, while the number of mesopores is 3.2 times greater. This suggests that sulfuric
acid creates more micropores and mesopores as a result of the reaction with O-containing
species in the biochar. Due to this, sulfuric acid-treated biochar has 4.7 times the surface
area of as-received biochar. However, the mean pore diameter of as-received biochar is
higher than that of sulfuric acid-treated one. The modified biochar is identified as Type IV
isotherm based on the adsorption—desorption hysteresis patterns.

In previous study, a detailed characterisation of Ni/BC catalysts was reported [21].
The developed Ni/BC catalyst characteristics reported already include pore size distribu-
tion based on nitrogen adsorption technique using Barrett-Joyner—-Halenda (BJH) equation;
transmission electron microscopy (TEM) report on the distributions of Ni nanoparticles
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(between 4 nm and 16 nm) over biochar support (Figure S1); X-ray diffraction (XRD) pat-
terns of the biochar and Ni/BC that revealed characteristic peaks of NiO at 20 values of
37°,44.5°, and 64.5°, respectively. Furthermore, a Fourier-transform infrared (FTIR) spec-
trometer was used to identify a number of complementary functional groups, including a
phenolic OH-group at 3400 cm ! and carboxylic acids, -COOH, at 2330 cm ! (Figure S2).
Additionally, a reduction peak corresponding to the reduction of the impregnated Ni metal
and its oxides (NiO) in the catalyst was identified at temperatures between 300 °C and
450 °C using hydrogen temperature-programmed reduction (Hy-TPR); the number and
strength of the active sites of the Ni/BC catalyst were determined using carbon dioxide
temperature-programmed desorption (CO,-TPD) (Figure S3); and thermogravimetric anal-
ysis was used to examine the catalysts” thermal stability. These characterisation results were
published in the literature [21]. The amount of Ni metal incorporated into the biochar was
determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES).
According to ICP-OES analysis results, the developed Ni/BC catalyst had a metal loading
of 14.7 wt% (Table S1). Details can be found in Supplementary Information.

Table 1. Changes in biochar porosimetry properties due to sulfuric acid treatment.

Parameter As-Received Biochar H,S04-Modified Biochar
Pore Size (nm) Pore Volume (cm3 g—1)
>5 0.0595 0.1199
2-5 0.0175 0.1281
<2 0.0043 0.0302

Specific surface area (m? g~ 1)

74.84 £1.05 353.50 £ 3.68
Total pore volume (ecm3 gfl) 0.0813 0.2781
Average pore size (nm) 5.791 4.322

2.1. Mass Transport Study

Performance of slurry reactors may be affected by reaction kinetics as well as resis-
tance to gas absorption and mass transport at catalyst particles. Prior to surface catalytic
reaction in a slurry reactor (i.e., gas-liquid—solid phase system), several mass transport
processes must be taken into consideration, such as gas-liquid mass transfer, liquid—solid
mass transfer, and internal pore diffusion combined with surface chemical reactions [26].
The elimination of transport restrictions, which include impacts of external and internal
heat and mass transfer as well as the rate of hydrogen transfer from the gas phase to the
liquid phase, is a crucial step in the process of validating quantitative kinetic models [27].
To guarantee that the data are gathered under kinetically controlled reaction regime, the
furfural hydrogenation reaction is carried out in this study under conditions where both
external and internal mass transport restrictions are insignificant, as necessary for kinetic
model development. Furthermore, due to the tendency of the catalyst to settle, it may be
difficult to mix and disperse the catalyst within the solvent depending on catalyst concen-
tration, average particle size, and stirring rate [28,29]. Adequate agitation is necessary for
maintaining a uniform concentration and temperature throughout the reactor medium,
but it must also be sufficient for mass transfer across the thickness of the boundary layer
surrounding the catalyst particles [22,30]. To ensure the experiments are performed under
negligible external mass transfer restrictions, the conversion and 2-methylfuran yield from
furfural hydrogenation over the Ni/BC catalyst were examined as a function of mixing,
with stirring speeds ranging from 600 to 1200 rpm. Figure 1 shows the conversion of
furfural and the yield of 2-methylfuran as a function of the stirring rate. Notably, the
furfural conversion increases as stirring rate increases from 600 rpm to 800 rpm, and then
plateaus between 800 rpm and 1200 rpm (Figure 1a), whereas the yield of 2-methylfuran,
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and the corresponding rate of furfural hydrogenation, increases as the mixing speed rate
increases from 600 rpm 1000 rpm (Figure 1b).

100 4

80 4

60

Conversion (%)

20 1

I Furfural conversion [l 2-Methylfuran yicld

10
T 0-

e B o >
S = = >
L 1 1 1

2-Methylfuran yield (%
P
=

600 800

1000 1200 600 800 1000 1200

Stirring rate (rpm) Stirring rate (rpm)

(a) (b)

Figure 1. Effect of stirring rate on (a) conversion of furfural and (b) 2-methylfuran yield over Ni/BC
catalyst at reaction conditions. Initial concentration—0.39 M, tetralin solvent, temperature—240 °C,
catalyst loading—0.3 g (particle size 106-250 um), Hy pressure—50 bars, reaction time—>5 h.

Nevertheless, the conversion of furfural was not significantly altered by further in-
crease in stirring rate from 1000 rpm to 1200 rpm. Based on this, it appears that the
application of a 1000 rpm stirring rate eliminates the external transport restriction in the
solid-liquid—gas phase reaction. Consequently, this outcome is consistent with stirring
rates that are frequently cited in the literature as being adequate to cause negligible ex-
ternal transport limitations in batch reactors and related reaction investigations [31-33].
As a result, data from future experiments were obtained with a mixing rate of 1000 rpm.
This is because the mixing achieved by using a stirring rate of 1000 rpm can potentially
achieve about 92% conversion and approximately 55% yield of 2-methylfuran, the product
of interest in this study.

Internal mass transport constraints, such as pore diffusion or intraparticle diffusion,
on the other hand, might influence the overall reaction rate. Hence, the synthesised
Ni/BC catalyst powder was sieved into four different particle size ranges, such as >250 pm,
212-250 um, 106-212 pm, and 106 um for the purpose of obtaining the particle size that
offers negligible internal diffusion limitations. Based on sieved catalyst powder in the
following particle size ranges, >250 um, 212-250 um, 106-212 um, and 106 um, the ef-
fect of intraparticle diffusion was studied. A similar approach was published in the
literature [22,23,34]. Based on the conversion of furfural, the catalyst particle size range
that results in the shortest diffusion length is determined. It is believed that the shorter
the diffusion length to the active sites of the catalyst particles, the higher the conversion
achieved, which indicates negligible intraparticle diffusion. The influence of catalyst parti-
cle size range on the conversion of furfural is shown in Figure 2. It can be observed that
furfural conversion increases as the catalyst particle size decreases from greater than or
equal to 250 pm to less than 106 um. There is no doubt that catalyst particle size impacts
the rate of furfural hydrogenation. The conversion approximately plateaus around 96%
between 106-212 um and <106 pm catalyst particles sizes. In fact, when reducing particle
size from 106-212 pum to less than 106 pm, the conversion of furfural was not significantly
affected. The result suggests that intraparticle diffusion or internal transport constraint are
negligible when catalyst particles smaller than 106 pm are used.
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Figure 2. Furfural conversion against catalyst particle size over Ni/BC under reaction conditions.
Initial concentration—0.39 M, solvent—tetralin, temperature—240 °C, catalyst loading—0.3 g, Hy
pressure—>50 bars, 1000 rpm, reaction time—>5 h.

As the catalyst particle size decreases, the diffusion path length to the active sites also
decreases. The resulting dispersed catalysts are made up of finely divided particles (less
than 106 pm), which gives them a very large surface area (353.5 m? g~1), short diffusion
length, and a high mass transfer rate for the catalytic hydrogenation of furfural into 2-
methylfuran. Thus, under these conditions (i.e., 1000 rpm and catalyst particle size less
106 um), rapid hydrogen adsorption is encouraged by the presence of finely divided catalyst
particles. This finding led to the usage of catalyst particles smaller than or equal to 106 um in
subsequent studies for the gathering of experimental data for kinetic model development.

The conversion of furfural and the yields of products based on furfural hydrogenation
over the Ni/BC catalyst with particle size less than or equal to 106 um and a stirring rate of
1000 rpm is shown in Figure 3. The identified products from the hydrogenation of furfural
include furfuryl alcohol, 2-methyl furan, furan, and tetrahydrofuran. The result shows that
the catalyst is more selective toward 2-methyl furan, which is the desired product with
the highest yield. The reaction scheme can be summarised in Figure 4 with the identified
products, 2-methylfuran, furfuryl alcohol, furan, and tetrahydrofuran. The results suggest
that furfuryl alcohol is very quickly transformed into 2-methylfuran. As a result of the
catalyst’s hydrogenolysis abilities, furfural (C=O bond) was selectively hydrogenated,
followed by cleavage and deoxygenation of the C-OH bond in furfuryl alcohol for the
further production of 2-methylfuran. There is also the occurrence of the hydrogenolysis
of C=0 bonds, decarboxylation and hydrogenation of the C=0 bond or the furan ring of
furfural which resulted in the other observed products. It should be noted that the gaseous
product was not analysed in this study.

The Ni/BC catalyst showed comparable conversion of furfural of about 92% to Mg-
Al oxides supported by the Co-Ni bimetallic catalyst reported in the literature [35]. In
comparison to the CuZnAl catalyst that produced a 70% yield of 2-methylfuran [11], the
developed catalyst in this study produced a 60% yield. This result demonstrates the
novel and efficient hydrogenation of furfural into 2-methylfurfuran using the developed
Ni/BC catalysts.
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Figure 3. Conversion and product yield of furfural hydrogenation over Ni/BC under the following
reaction conditions: initial concentration—0.39 M, tetralin as solvent, temperature—230 °C, catalyst
loading—0.3 g, particle size < 106 pm, Hy pressure—50 bars, stirring rate—1000 rpm, reaction

time—4.5 h.
)
Hydrogenation
+2H2 > Q

Tetrahydrofuran
)
+H,, -H,O
Hydrogenolysis > \
/ OH
Furfuryl alcohol 2-Methylfuran

Figure 4. Reaction scheme for furfural hydrogenation over 15 wt% Ni/BC catalyst.

2.2. Effect of Catalyst Loading on Initial Reaction Rate

Based on the collected concentration data, a plot of concentration as a function of
time was produced. The initial rates were estimated by a polynomial fitting approach,
differentiated at time zero (t = 0). This approach has been used and reported in many
studies [22,23,28,34,36]. Conversion into products was investigated as a function of catalyst
loading. In Figure 5, the effect of catalyst loading on initial reaction rates of furfural
hydrogenation is presented. It is observed from the graph that initial rate of reaction
increases as the amount of catalyst increases. This is because as the amount of catalyst
for the reaction increases, the number of active sites available for furfural and hydrogen
adsorption and surface reaction increases likewise. Hence, a kinetically controlled regime
should result in an increase in reaction rates in proportion to the number of catalytic active
sites accessible [27].

It has been shown that both external and intraparticle diffusion transport constraints
are negligible under reaction conditions of catalyst particle size below or equal to 106 pm
and stirring rate of 1000 rpm. To validate this finding, Figure 6 shows the Madon-Boudart
test for furfural hydrogenation over a 15 wt% Ni/BC catalyst. According to the Madon-
Boudart test, if reactions are carried out with internal transport restriction, the plot of In
1o vs. In (catalyst activity) will have a slope of 0.5, but if reactions are carried out with
external transport limitation, it will have a slope of zero [27]. Catalyst activity in this case is
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proportional to catalyst quantity, and external mass transfer is negligible. The reason for
this is because the rate of the reaction is proportional to the number of catalytic active sites
when mass transport restrictions are eliminated. This demonstrates a linear relationship
between reaction Inrp—In (catalyst activity) due to Ni nanoparticle loadings on the catalyst
surface. The correlation line of data plot for Inr vs. In (catalyst activity) shown in Figure 6
has a slope of 0.64, which is greater than 0.5, which is an important indicator of internal
mass transport limitations. Based on this finding, there is neither mass or heat transport
resistance for a stirring rate of 1000 rpm and catalyst particle size of less than or equal to
106 pum.

0.005

0.004

o

o

=]

@
1

0.002 - .

Initial rate (min™)

0.001

0.000 L

00 o1 02 03 04
Catalyst loading (g)

Figure 5. Effect of catalyst loading on furfural hydrogenation reaction over Ni/BC at temperature
190 °C, stirring rate of 1000 rpm, hydrogen pressure of 50 bar, initial concentration of 0.39 M.
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|
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-24 -22 -20 -18 -16 -14 -12 -10 -08
In catalyst loading

Figure 6. Madon-Boudart test for furfural hydrogenation reaction over Ni/BC at temperature 190 °C,
stirring rate of 1000 rpm, hydrogen pressure of 50 bar, initial concentration of 0.39 M.

Under these conditions, the effect of catalyst loading on controlling resistance of gas—
liquid interfaces within batch reactors was also studied. The dissolution of hydrogen gas at
the gas-liquid interface is described by Henry’s law. Since the initial hydrogen pressure
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(i.e., 50 bar) was constant in all the experiments, the hydrogen concentration dissolved (Cpy)
was also constant. The technique of plotting (Cyy/79) vs. 1/(catalyst loading) was utilised to
determine the region of restriction in the gas-liquid interface within the system as detailed
in the literature [37,38]. The slope signifies a combination of both external mass transfer
and internal mass transport resistance at catalyst particles, while the intercept corresponds
to the resistance to gas absorption at gas-liquid interfaces [38]. The result is presented
in Figure 7. Resistance against gas absorption through the liquid film at the gas-liquid
interface is represented by the intercept of the plot, which is 0.78 min, and the combined
external mass transport restriction and internal pore diffusion restriction at the catalyst
particle is 0.022 g min. Hence, the use of a more finely crushed catalyst particle decreases
both internal and external mass transport resistances at catalyst particle < 106 um. This
affirms the elimination of external and internal transport resistances under stirring rate
1000 rpm and <106 pum; the resistance to absorption is insignificant, and surface reaction
between furfural and hydrogen is most likely within the system constraints.
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Figure 7. The plot of Cy/Rq vs. 1/catalyst loading at a temperature of 200 °C, stirring rate of
1000 rpm, hydrogen pressure of 50 bar, initial concentration of 0.39 M.

2.3. Power Law Model Based on Initial Rate

Based on Figure 4, the formation of 2-methylfuran (MF) through furfural (FAL) hydro-
genation via furfuryl alcohol (FOL) can be expressed as follows: (FAL—FOL—2MF) [11].
This suggests that furfuryl alcohol is produced right away from furfural and then converted
into 2-methylfuran. The power law kinetic model is based on gathering data for furfural
concentration as a function of time due to the intricacy of reaction pathways and difficulties
in measuring the intermediate furfuryl alcohol during the hydrogenation process. The
experimental data were collected at a constant hydrogen pressure of 50 bar. The effect of hy-
drogen pressure was not studied. Therefore, the rate of reaction terms of the concentration
of furfural consumed per unit can be expressed using Equation (1):

r:ili—f:kC” or Inr=Ink+nlnC, 1)
where r denotes the reaction rate (M min~1), k is the rate constant (M! ™™ min~1), C is the
concentration of furfural (M) and 7 is the order of reaction.

The initial reaction rates (ry) were computed using a polynomial fitting technique and
then differentiated at time zero (t = 0) based on the plot of concentration as a function of
time. To determine reaction rate constant (k) and order (1), the plot of natural log of the
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initial rates (Inrp) against natural log of initial furfural concentration (InCy) was produced
for reaction temperatures 200 °C, 220 °C and 240 °C as shown in Figure 8. The order of
reaction is the slope of the plot at each experimental temperature, while the corresponding
rate constant is determined from the intercept.
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Figure 8. Plots of Inrg against InCy for reaction temperatures 200 °C, 220 °C, and 240 °C under the
following reaction conditions: catalyst loading—0.2 g (<106 um), hydrogen pressure—50 bar, tetralin
as solvent, and stirring rate—1000 rpm.

The respective order of reaction (1) at reaction temperatures 200 °C, 220 °C and
240 °C is as follows: 0.42, 0.45 and 0.59, and the rate constants are 0.002695 M%%8 min~—1!,
0.003462 M%% min—1, and 0.005795 M%4! min—1. The order of reaction is less than one,
suggesting it is non-first order. The orders of reaction regarding furfural concentration vary
from 0.42 to 0.6. Since the reaction cannot be described by a first-order reaction rate based
on furfural initial concentration, the development of a model describing furfural hydro-
genation reaction kinetics over the developed catalyst must consider processes occurring
on the catalyst surface like adsorption, surface reaction, and desorption.

The Arrhenius equation, which is a thermodynamic function shown in Equation (2),
was used to estimate activation energy. The plot of In(k) versus 1/T to determine activation
energy (E;) and pre-exponential factor (A) is shown in Figure 9. The result shows that the
rate constant increases as the reaction temperature increases from 200 °C to 260 °C. The
estimated activation energy (E,) is 40.22 k] mol~! and the pre-exponential factor (A) is

70.26 min~!,
lnkzlnA}iél(;,), (2)

where R denotes the universal gas constant 8.314 ] K1 mol1, E, is the activation energy
(J mol~1), A is the pre-exponential factor (min~1), and k is the rate constant (M%%® min—1).
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Figure 9. The Arrhenius equation plot of In(k) versus 1/T. Line shows a linear fit to the
experimental data.

2.4. Langmuir—Hinshelwood Kinetic Type Model

The Langmuir-Hinshelwood (L-H) reaction rate model type equations are more ade-
quate than power law to describe the reaction kinetics of furfural hydrogenation over the
Ni/BC catalyst. This is because the L-H type rate model considers the active sites and
processes such as adsorption, surface reaction, and desorption occurring on the surface of
the catalyst that controls the reaction rate. However, previous studies have suggested a
Langmuir—Hinshelwood —Hougen—Watson (LHHW) kinetic model for HDO or hydro-
genation of bio-oil model compounds including furfural hydrogenation over an active
metal supported catalyst that assumes either a single or a dual type of adsorption site
and a surface reaction between a partially hydrogenated furfural species and an adsorbed
hydrogen [23,25,34,36]. On the catalyst surface, it is assumed that on S; sites, atoms of H are
the predominant species, while furfural dominates on S, sites. Based on this assumption,
the reaction mechanism is illustrated by reaction schemes 1 to 4 for furfural conversion
to 2-methylfuran. Typical L-H kinetic models can be invoked, which involves hydrogen
dissociatively adsorbing on dual active sites and hydrogen chemisorbed on the same sur-
face reacting with chemisorbed furfural. It has been reported that the most plausible fit is
a dual-site mechanism with dissociative adsorption of hydrogen and surface reactions as
rate-controlling steps [36], listed as follows:

(i) molecular adsorption of furfural (F), furfuryl alcohol (FOL), and 2-methyl furan (2MF),

(if) dissociative adsorption of hydrogen on the catalyst active site,

(iii) during the reaction, the partial pressure of hydrogen can be considered constant due
to the excess of hydrogen,

(iv) all adsorption sites are equivalent and independent of coverage, and

(v) surface reaction is a rate-determining step.

It is believed that hydrogen adsorption onto the catalyst surface occurr dissocia-
tively. Accordingly, Equations (3)—(6) represent the elementary steps taken in determining
rate expressions for both competitive and non-competitive adsorption of dissociatively
chemisorbed hydrogen (H;) and furfural (F). Consequently, all adsorption and desorption
sites of the catalysts are equivalent and independent of coverage [36].

Hy + 25, & 2H-5,, 3)
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F+5, % Fos,, (4)
F-S, + H-S; & 5,-F.H-5,, 5)
So—F.H-S; + H-S; 3 Product + S, + 25;. ©6)

The following rate expressions (Equations (7)—(9)) are derived for the selective hydro-
genation of furfural (F) into 2-methylfuran based on dissociation of hydrogen.
Model-I: Competitive adsorption of dissociative H and furfural (F) during hydrogenation:
ks K KpCHCr

"= 0.50.5)3" @)
(1+ KpCr + K9%CY2)

Model-1I: The model assumed one type of adsorption site (competitive adsorption) and
the rate-determining step as a surface reaction between an adsorbed H and a partially
hydrogenated furfural species:

0.50.5
__ kKeKYPCPC, -
(1+ KeCr + KPP CPP)*

Model-III: Non-competitive adsorption of dissociative H, and furfural during hydrogena-
tion. Based on the assumption that H atoms dominate Sq, and furfural dominates S5,

- ksKyKrCHCr
r - 2 7 (9)
(14 K9%C%)"(1+ KeCp)

where Cy denotes concentration of dissolved hydrogen in the solvent, Cr is the concen-
tration of furfural (mol dm~3), k; is the surface reaction rate constant (mol g~! min~1),
ky is the hydrogen adsorption constant (m3 mol '), kr is the furfural adsorption constant
(m3® mol ™), and r is the rate of reaction.

In the literature, the models of the two sites, Model-II and Model-III, have been
applied to study furfural hydrogenation over copper dispersed on three forms of carbon,
namely activated carbon, diamond and graphitised fibres [25]. In 2018, the hydrogenation of
furfural derived from biomass into 2-methylfuran, which is a fuel additive, was studied over
the Cu—Co/Al,O3 catalyst using Model-I and Model-1I, respectively [36]. A linearisation
of Equations (7)—(9) was conducted to determine the most appropriate model for the
hydrogenation of furfural over Ni/BC catalysts. At constant hydrogen pressure of 50 bar
(5 MPa), the concentration of dissolved hydrogen gas (Cy) can be determined with the aid
of Henry’s law (Cy = KyPp).

1 1

Therefore, the plot of Crg vs. (%0) * (Model — 1), Crg vs. (%0) * (Model —II) and
Cro Vs.%0 (Modell — III) should be a linear fit to the experimental data. Based on initial
reaction rate obtained from the concentration time plots of the experimental data, Figure 10
shows the linear fits of the models to the data obtained at reaction temperatures 200 °C,
220 °C, and 240 °C.

The coefficient of determination (R?) value, which represents the proportion of vari-
ation in the dependent variable that can be predicted completely from the independent
variable, is used to evaluate the extent of linear fits to the initial reaction rate data. R? is a
range of values between zero and one, and a value close to one implies that the dependent
variable can be predicted efficiently based on the independent variable with less error
expected. Therefore, based on the linearised fits to the initial rate data, the R? values are
as follows: Model-I (0.990 (200 °C), 0.998 (220 °C) and 0.988 (240 °C)), Model-II (0.996
(200 °C), 0.999 (220 °C) and 0.995 (240 °C)), and Model-III (0.994 (200 °C), 0.999 (220 °C)
and 0.995 (240 °C)). Model fitting and experimental data differ very little, possibly due
to the narrow range of Cro/ro. Based on R? values obtained through the linearised fits to
the experimental data as shown in Figure 10, all three models predict the experimental
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data with certain degrees of error, but Model-III has higher R? values and minimised errors
compared to Model-I and Model-II. This suggests that both Model-II and Model-III are
more favourable kinetic models to describe the experimental data better than Model-1.
Hence, the experimental data are studied using Model-III. It can be concluded that the
best match for the experimental data is a dual-site mechanism with hydrogen dissociative
adsorption and surface reaction as the rate-controlling step.
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Figure 10. Fit of a linearised version of models to experimental data using initial rates obtained from
their concentration time plots: (a) Model-I, (b) Model-II, and (c) Model-III (we note that Cy is the
same as Cp).

2.5. Model Parameter Estimation

The sum of squared error (SSE) function was used for non-linear regression fit of
model predictions (Model-III) by determining model parameters through the minimisation
of residual sum of square (RSS) objective function shown in Equation (10). The model pa-
rameters were estimated by using the optimisation programme for a nonlinear generalised
reduced gradient (GRG) solver in Microsoft Excel 2016. The RSS objective function was
minimised to determine the model parameters that describe experimental data.

n

RSS = Z("Exp - rModel)z'
i=1

(10)

By minimising the RSS objective error function using Microsoft Excel’s GRG solver op-
timisation programme, kinetic Model-III parameters such as surface reaction rate constant
(ks) and adsorption constants (Ki and Kr) were determined, including heat of adsorption
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(AHp and AHFr) and intrinsic activation energy (E;). Table 2 shows the estimated kinetic
model parameters for furfural hydrogenation reaction over the Ni/BC catalyst at a constant
hydrogen pressure of 50 bar (5 MPa). With R? values beyond 95%, the proposed mechanistic
model fit the data satisfactorily based on its kinetic model parameters (Table 2), as well
as its correlation coefficients. In consequence, as reaction temperature increases, both rate
constant and adsorption constant slightly increase. This indicates an increase in adsorption
affinity and rate of reaction.

Table 2. Estimated values of kinetic model-III parameters for furfural hydrogenation reaction over
the Ni/BC catalyst.

Temperature (°C) ks (mol g~ min—1) Ky (m®mol-1) K (m3 mol-1) RSS
200 0.018 0.235 1.353 7913 x 108
220 0.023 0.254 1.388 8.876 x 108
240 0.030 0.299 1.521 7.717 x 10~°
260 0.036 0.320 1.582 3.430 x 108

Note: RSS—residual sum of squares, ks—surface reaction rate constant (mol g~! min~!), ky—hydrogen adsorption
constant (m® mol~1), and kr—furfural adsorption constant (m3 mol~1).

Figure 11 shows the plot of experimental reaction rates against model predicted rates
for Model-III, which indicates a strong agreement between experimental reaction rates and
predicted reaction rates. This claim can be supported by a correlation coefficient greater
than 99% between the experimental rates and the predicted rates from the model. Hence, a
good correlation is found between the predicted values by the model and experimental
results. It can be concluded that the experimental results could also be mechanistically
explained using Langmuir-Hinshelwood type kinetic models.
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Figure 11. Parity plot of Model-III to compare predicted rates by model and experimentally deter-
mined rates. Line shows linear fit to experimental data points.

The activation energy for the hydrogenation reaction of furfural was determined using
Arrhenius Equation (2), which relates reaction rate constant with temperature. Based on
linearised Arrhenius equation, the plot of In kg vs. 1/T for reaction temperatures from
200 °C to 260 °C is shown in Figure 12. However, the Van’t Hoff isochore expression
(Equation (11)) was used to estimate the enthalpy of adsorption as shown in Figure 13a,b
for both furfural and hydrogen.
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Van’t Hoff isochore equation is as follows:

—AH AS
anads = <RTads> + <R>, (11)

where R denotes the universal gas constant 8.314 ] K~! mol~!, E, is activation energy
(J mol~1), A is the pre-exponential factor, K, is the adsorption equilibrium constant, AH,
is the enthalpy changes due to adsorption, and AS is the change in entropy of the system.
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Figure 12. Arrhenius plot for furfural hydrogenation reaction over the Ni/BC catalyst.
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Figure 13. Van’t Hoff isochore plots: (a) furfural adsorption onto the catalyst, and (b) hydrogen
adsorption onto the Ni/BC catalyst.

Based on the Arrhenius plot, the estimated activation energy is 24.39 k] mol~!. It has
been found that the apparent energy of activation for the surface reaction is 11.8 kcal mol !
(49.4 k] mol 1) for furfural hydrogenation reaction over the Cu/SiO; catalyst [39]. The
active metals and support material properties can account for the differences. However,
activation energy estimates indicate that experimental data were collected in a kinetically
controlled regime, because they are lower than typical activation energies. Thus, due
to the low activation energy of the reaction over the Ni/BC catalyst, it implies that the
reaction proceeds quickly as many reactants possess the required energy. In other words,
the Ni/BC catalyst is a material that is added to lower the reaction’s activation energy
to speed up the reaction. Catalysis occur since the activation energy is reduced, thus
speeding up the reaction. This confirms the conclusion that external and internal mass
transport are negligible under the experimental conditions. On the other hand, the enthalpy
of adsorption and entropy change for the adsorption of furfural on the active sites of
the Ni/BC catalyst are —5.86 kJ mol~! and 14.81 J K1 mol1, respectively, while the
values of adsorption of hydrogen enthalpy and entropy change are —11.43 k] mol ! and
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12.04 T K~! mol~!. It can be seen from the plots that furfural adsorbs on Ni/BC with a
higher heat of adsorption than hydrogen. Compared with hydrogen, furfural shows a
stronger adsorption on the catalyst surface. The enthalpy of adsorption shows that heat
is released during physisorption adsorption of hydrogen and furfural to the surface of
the biochar. Thermodynamically, adsorption is more favourable since it is an exothermic
process [40]. It agrees with the exothermic process involved in adsorption, and similar
values have been reported for hydrogen and furfural adsorption [35]. Notwithstanding,
the experimental results obtained for the reaction indicate that at a higher temperature,
all components have greater adsorption constant values, which is consistent with the
observation (Table 2).

2.6. Catalyst Reusability

Reusability of catalysts is essential for improving process economics. The reusability
of the Ni/BC catalyst was studied by recovering the spent catalyst and reusing the catalysts
for four successive furfural hydrogenation reaction cycles. The recovered catalysts were
dried at 200 °C for 30 min to remove unreacted furfural, solvent, and products from
the catalyst pores, before being used in subsequent experiment. The reusability of the
Ni/BC catalyst was studied over four successive cycle reactions at a temperature of 230 °C,
initial concentration of 0.39 M, hydrogen gas pressure of 50 bar, catalyst loading pf 0.3 g,
stirring rate of 1000 rpm and reaction time of 5 h. Figure 14 displays changes in conversion
and product yields for each reaction cycle. As can be seen from the graph, there is a
slight noticeable difference between the first and fourth cycles when it comes to furfural
conversion (99% to 90%) and the yield of 2-methyl furan (57% to 54%). the yields of furan
and tetrahydrofuran follow the same trend. The catalyst is stable as evidenced by this
observation. On the other hand, the yield of furfuryl alcohol increases as the reaction cycle
increases from first to fourth cycle. Based on XRD patterns for the catalyst spent in the first
cycle experiment reported in a previous publication [21], the peak positions and intensities
of Ni/BC catalysts did not change, which indicates that over the course of reaction time, no
phase transformation or deactivation occurred due to furfural hydrogenation. For more
insight into the reason for gradual decrease in furfural conversion and 2-methylfuran yield,
it is worthwhile to systematically characterise the spent after each reaction cycle.
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Figure 14. Effect of catalyst reusability on conversion and product yield from furfural hydrogenation
over Ni/BC at the following reaction conditions: initial concentration—0.39 M, tetralin as solvent,
temperature—230 °C, catalyst loading—0.3 g, stirring rate—1000 rpm, H, pressure—50 bars, reaction
time—5 h.

Regarding the observed decline in furfural conversion and the yield of 2-methyl furan,
this occurs possibly due to the reduced strength in the catalyst active sites after successive
reaction and drying steps [32]. This is further reaffirmed by the increasing yield of furfuryl
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alcohol from first cycle to fourth cycle, signifying that the hydrogenation of furfuryl alcohol
to 2-methyl furan is impacted. This can be attributed to the chemisorbed aromatic species
(furfural, furan, 2-methyl furan, etc.) on the catalyst active sites after consecutive reaction,
which could have adversely impacted the strength since no appropriate regeneration of
catalysts was performed before reuse. Additionally, it has been proposed that aromatic
molecules that are adsorbed onto the catalyst’s active sites during HDO or the hydro-
genation of bio-oil oxygenate model compounds may result in a decrease in the catalyst’s
activity in subsequent reaction cycles [41]. This explains the gradual decrease in the yield of
2-methyl furan and, correspondingly, in the yield of furfuryl alcohol. In contrast, a solvent
such as acetone can be used to wash the spent catalyst before drying at 200 °C in order to
remove most of the bound aromatics and furans.

2.7. Effect of Acidification Time

In a prior study published in our previous work, it was found that treating the BC
with sulfuric acid (H,SO4) greatly improved the surface area, pore volume, and mesoporos-
ity [21]. Therefore, acid treatment of a catalyst could increase reaction rates by improving
mass transport and providing more surface area for adsorption and surface reactions. The
surface area and porosity of catalysts are believed to increase with increasing acid time
(Table 1). Figure 15 demonstrates how BC duration in the sulfuric acid affects the catalytic
performance of the Ni/BC catalyst in terms of the yield of products and furfural conversion.
Based on furfural conversion and 2-methyl furan yield, the acid-treated Ni/BC catalyst
outperforms the non-treated (NT) counterpart. This is consistent with the improvement in
the physicochemical characteristics of the catalyst observed in prior published work after
chemical treatment of the BC [21,42,43]. It has been observed that a sulfuric-activated BC
catalyst has excellent mesopores and a high surface area, thereby improving the adsorptive
effect and therefore catalytic activity.
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Figure 15. Conversion and product yield of furfural hydrogenation over Ni/BC at the following
reaction conditions: initial concentration—0.39 M, tetralin as solvent, temperature—240 °C, catalyst
loading—0.3 g, stirring rate—1000 rpm, H; pressure—50 bars, and reaction time—>5 h. (we note: NT
denotes no acid treatment, and 3 h, 6 h, and 9 h are 3, 6 and 9 h acid treatments).

Notably, when the sulfuric acid treatment duration of the BC employed in the catalyst
development increased from 3 to 9 h, the conversion of furfural and the yield of 2-methyl
furan increased slightly. An increase in the yield of furan and tetrahydrofuran can also
be observed, along with a decrease in the yield of furfuryl alcohol. In 9 h sulfuric acid
treatment of BC, approximately 100% of furfural is converted, and 71% of 2-methyl furan
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is yielded. Plausible explanation can be attributed to increased mesoporosity of the BC
support following acid treatment [21], resulting in the enhancement of mass transport,
activity, and selectivity for 2-methyl furan (Figure 15). This is supported by the fact that the
yield of furfuryl alcohol, a required product for producing 2-methyl furan, diminishes with
increasing acid treatment duration. The improvement in catalyst pore size following 9 h of
acid treatment can also be favourable for high-molecular-weight hydrocarbon tetralin used
as a solvent due to the enhanced intraparticle diffusion. A greater mass transport efficiency
favours the kinetic control regime, benefiting adsorption and surface reactions, respectively.
It appears that the reaction resulting in pore creation with sulfuric acid of biochar is slow,
since sulfuric acid activation time shows significant change in furfural conversion and yield
of products.

3. Materials and Methods
3.1. Materials

The following are details on the purity and suppliers of chemical compounds, materi-
als, and gases used in this study: nickel (II) nitrate hexahydrate (Ni(NO3),-6H,0, 99.99%),
furfural (99%), 2-methylfuran (99%), furfuryl alcohol (98%), furan (99%), and tetrahydro-
furan (99%) were purchased from Sigma Aldrich, Gillingham, UK, tetralin (>98%) and
sulphuric acid, HySO4 (>95%) were purchased from Fisher Scientific, Loughborough, UK,
and bottled hydrogen gas and nitrogen gas were purchased from British Oxygen Company
(BOCQ), Ltd., Woking, UK. The biochar (BC) employed as a catalyst support in this study
was synthesised at the Hohenburg plant in Germany through the pyrolysis of sewage
sludge waste.

3.2. BC Modification

About 20 g of the BC was sulfonated in a 250 mL round-bottomed flask fitted with
a reflux condenser at 120 °C on a hot plate equipped with a thermocouple and a heating
mantle for 3 h with 300 mL concentrated sulfuric acid. The precipitate was repeatedly
washed with hot distilled water until sulphate ions were removed from the filtrate, as
confirmed by a pH of 7. The mixture was filtered using a vacuum filter when it cooled to
room temperature. The samples were oven dried overnight at 80 °C, and the solid substance
generated was labelled as BC. A full description of BC sulfuric acid activatedbiochar has
been published elsewhere [21]. As a result of the reaction between the acid and oxygenated
molecules in the BC, this treatment improves the surface of the BC by constructing new
pores while expanding micropores.

3.3. Catalyst Synthesis

An appropriate amount of nickel (II) nitrate hexahydrate was dissolved in 50 mL of
deionised water, and 20 g of sulfuric acid-activated BC was added to prepare a 15 wt%
Ni/BC catalyst. The mixture was stirred with a magnet stirrer at 800 rpm and 70 °C for 1 h
when all surface water evaporated, leaving the wet solid catalyst, which was then dried
overnight at 80 °C. To develop a Ni/BC catalyst, the resultant material was subsequently
calcined at 500 °C for 5.5 h. The catalyst was pre-activated ex situ using a Carbolite Geo
TF1200 tubular furnace, Carbolite Gero, Hope Valley, UK, for 5 h at 500 °C with a steady
flow of 5 vol.% Hy /Njs.

3.4. Catalyst Characterisation

A Micromeritrics Analytical Instrument ASAP 2010, Micromeritics, Norcross GA,
USA was used to measure the developed Ni/BC catalyst’s surface area, pore volume,
and pore size distribution through the nitrogen adsorption—desorption technique. A
full description of the catalyst characterisation techniques used in this study has been
published elsewhere [21]. Based on the available sieve size, the catalyst powder was sieved
into the following particle size ranges: >250 um, 212-250 pm, 106212 um and <106 pm,
respectively.
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3.5. Catalytic Reaction and Product Quantification

The HDO reaction was carried out under the following range of conditions: temper-
atures of 100 °C to 150 °C, hydrogen (H;) pressures of 30 to 50 bar and stirring rate of
1000 rpm. Based on preliminary experiments, it was found that a stirring rate of 1000 rpm
was sufficient in eliminating the effect of external mass transfer. Hence, all experiments
were performed using this mixing speed. As soon as hydrogen was introduced into the
reactor, reaction time was started. For each reaction, samples were taken at the end (undis-
turbed) or in equally spaced time intervals throughout the duration of the reaction, and
the amount of each sample was fixed to reduce pressure loss. For furfural hydrogenation
experiments, this study employed a 100 mL stainless steel batch reactor (the Parr reactor
4598 system, Parr, Moline IL, USA) which was provided by Parr Instruments. The reactor
was fed with an appropriate amount of the developed catalyst (0-0.4 g), an initial furfural
concentration of 0.39 M in 40 mL of the solvent (tetralin), sealed, and purged three times
with nitrogen before being pressurised to a 50 bar pressure with hydrogen gas. Due to its
ability to dissolve furfural and its hydrogenation products as well as its thermal stability
within the temperature range examined, tetralin was selected as the solvent. Addition-
ally, it has a gas venting valve and a liquid sampling valve for collecting samples during
experiments and purging gases at the start and end of experiments. The experiment was
carried out at the following reaction temperatures: 200 °C, 220 °C, and 240 °C, respectively,
at a stirring rate of 1000 rpm. Prior to recycling the spent catalyst when carrying out the
catalyst reusability investigation, after each of the four subsequent furfural hydrogenation
experiment cycles, the recovered catalyst was dried at 200 °C for 30 min in order to remove
unreacted furfural, solvent, and products from the pores, before being for experiment with-
out further treatment. In some experiments, samples were collected at the end, whereas in
others, samples were collected during time-on-process at time intervals for the purpose of
concentration—time plots and initial reaction rate. Approximately 2 mL of liquid samples
were collected at regular intervals from the reactor for each experiment and analysed using
a gas chromatographic (GC) technique (Agilent GC 6890N, Agilent, Santa Clara, USA)
equipped with flame ionisation detector (FID) and a Zebron ZB-Wax capillary column
(B0m x 0.320 mm a x 0.25 pm), Phenomenex, Torrance, CA, USA. The injector and detector
temperatures were set at 320 °C and 330 °C, respectively, with helium serving as the carrier
gas. Each sample analysis was performed with 1 puL of the collected sample injected into
the column using a split ratio of 20:1. A full description of the GC-FID analysis method has
been reported elsewhere [21]. Calibration curves based on the chemical compounds of typi-
cal products such as furfural, 2-methylfuran, furfuryl alcohol, furan, and tetrahydrofuran
anticipated from furfural hydrogenation prior to sample GC analysis were developed for
identification and quantification. Quantification of the conversion of furfural, the yields of
products, and their selectivity was performed using the following equations:

initial moles of reactant (ny) — final moles of reactant (n,;)

Conversion (%) = x 100, (12)

initial moles of reactnt (ny)

Product yield (%) — Moles of desired product (np)

1 1
initial moles of reactant (n;p) x 100, (13)

o Moles of desired product (np)
Selectivity (%) = x 100. (14)
total moles of products

4. Conclusions

The current study used a chemical activation method to modify BC textural charac-
teristics to achieve a greatly enhanced specific surface area, mesopore structure, and pore
volume in comparison to its pristine BC. In this study, sulfuric acid modified BC was used
to develop a Ni/BC catalyst that can selectively hydrogenate furfural into 2-methylfuran.
In comparison with previous catalysts, Ni/BC is a cost-effective catalyst with comparative
performance that enables circular economy, sustainability, and industrial scale application
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in bio-oil catalytic upgrading. Using a stirring rate of 1000 rpm and a catalyst particle size of
less than or equal to 106 um, both external and intra-particle diffusion became insignificant,
ensuring that the experiments were carried out under a kinetic controlled regime.

Three plausible Langmuir-Hinshelwood-Hougen-Watsson (LHHW) kinetic type
models, competitive (Model-I), with a competitive adsorption site (Model-II) and a non-
competitive adsorption site (Model-IIT), were screened based on the fact that an R? value
greater than 99% demonstrated that the experimental data were satisfactorily fit to the
model. It was shown that the best fit is Model-III, which is a dual-site adsorption mechanism
involving furfural adsorption as well as hydrogen dissociative adsorption and surface
reactions. Based on the results of four successive experimental studies, the developed
Ni/BC catalyst demonstrated excellent stability in terms of furfural conversion (96%) and
2-methylfuran yield (54%) at the fourth experiment compared to 99% and 57% for the
first experiment. To gain further insight into the reason for the gradual decline in Ni/BC
catalyst performance in terms of furfural conversion and 2-methylfuran yield, it would be
beneficial to characterise the spent catalyst after each reaction cycle systematically.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14010054/s1, Table S1: Surface area, pore volume and Ni
nanoparticle content. Figure S1: TEM analysis and histograms of the Ni metal nanoparticle sizes of
Ni/BC. Figure S2: FT-IR spectra of biochar and biochar (H,SOy4), and their corresponding Ni catalysts.
Figure S3: CO,-TPD profile of raw Ni/biochar and sulfuric acid activated biochar Ni/BC catalysts.
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