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Abstract: The impact of the chemical and physical composition of biochar catalysts is demonstrated in
the carboxylation of glycerol with carbon dioxide for the first time, using acetonitrile as a dehydrating
agent. Biochars are an important emerging class of catalytic material that can readily be produced
from low-value biomass residues; however, the impact of feedstock choice is often overlooked.
The ash content of biochar from three different feedstocks is shown to be catalytically active for the
production of glycerol carbonate and triacetin, whilst low-ash catalysts such as soft wood biochar
and commercial activated charcoal are inactive. Following treatment with hydrochloric acid, yields
of glycerol carbonate over ash were reduced by over 94%, and triacetin was no longer produced.
This has been attributed to the loss of potassium content. Carbon content was shown to be catalytically
active for the synthesis of diacetin, and graphitic carbon may be beneficial. Through the development
of structure—performance relationships, biomass feedstocks with the most suitable properties can
therefore be selected to produce biochars for specific catalytic applications. This would expand the
range of reactions which can be effectively catalysed by these materials and enhance the development
of a more circular and sustainable chemicals industry.

Keywords: heterogeneous catalysis; carbon-based materials; biochar; valorisation; CO, utilisation;
glycerol carbonate

1. Introduction

The conversion of glycerol to glycerol carbonate using carbon dioxide (CO,) is a reaction which
tackles a number of sustainability issues. The reagents (CO, and glycerol) are both waste products; CO,
emissions contribute to climate change, whilst glycerol is a waste product from biodiesel manufacture.
In 2018, 62% of global glycerol production came from biodiesel manufacture [1]. The product, glycerol
carbonate, is a precursor to the manufacture of epichlorohydrin and glycidol, which are used in
polymer production [2,3]. Further applications of glycerol carbonate are summarised in Figure 1.
The reaction therefore offers a sustainable route to valuable products from waste materials.
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Figure 1. Direct and indirect applications of glycerol carbonate. Figure reproduced with permission

from the Royal Society of Chemistry [2].

The synthesis of glycerol carbonate from glycerol is a growing area of research interest. Several
reaction pathways to glycerol carbonate have been investigated [2]. In the synthesis of glycerol
carbonate from glycerol and CO,, direct carboxylation of glycerol leads to the formation of water,
as shown in Figure 2. The reaction mechanism has been proposed in the literature [4]. The removal of
water can favour the production of glycerol carbonate, as the equilibrium is shifted further towards the
product side. A review of dehydrating agents can be found in the literature [5-7].
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Figure 2. Reaction of glycerol with CO, to form glycerol carbonate and water.

Acetonitrile has previously been successfully tested as a dehydrating agent [5,6]. The use of
acetonitrile as a dehydrating agent leads to the formation of acetins, as shown in Figure 3. These acetins
are valuable products, finding applications as plasticisers, fuel additives and humectants [8]. The acetins
formed can be mono-, di- or triacetins, depending on the extent of the reaction. Catalysts are reported
in the literature to be necessary for the formation of di- and triacetin [9]. Monoacetin is thought to be
produced in the absence of catalyst. The selective production of triacetin is a particular challenge in the
literature and is thought to be correlated with Brensted acidity; steric hindrance may also play a role
when microporous catalysts are employed [9,10].

Catalysts used for glycerol upgrading are generally bases, e.g., metal oxides, such as tin and
rhodium [2]. The effectiveness of zeolites and lanthanum-based catalysts has also been studied [7,11-13].
However, rhodium is a platinum group metal and is very expensive, whilst tin is moderately scarce,
and could be depleted in the next 100-1000 years [13]. Carbonaceous catalysts could therefore improve
the economic viability and sustainability of the process through the use of catalytic materials from a
renewable resource. Carbonaceous catalysts have largely been employed as support materials, or as
feedstocks for the production of sulfonated carbonaceous catalysts; the use of solid acid catalysts for
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glycerol acetylation was recently reviewed in the literature [8]. Boiler ash has also been observed to
catalyse the reaction, with the activity attributed to potassium silicate [14].
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Figure 3. Reactions for the formation of mono-, di- and triacetin from glycerol and acetonitrile.

In the present work, the efficacy of biochars in catalysing this reaction is demonstrated for the
first time and the origins of the observed catalytic activity are investigated through a comparison of
biochars of differing origin and hence composition. Biochar is a carbonaceous material formed by
heating biomass in the absence of oxygen (pyrolysis). The biomass can be sourced from a wide range
of feedstocks, such as food, animal and municipal waste, as well as plant materials. The primary
application of biochar is in soil remediation to improve crop yields [15,16]. It should be noted that
carbonaceous catalysts derived from biomass should not be described as “metal-free” due to the presence
of trace metal content in the biomass feedstock. The metal-containing ash can contribute to the catalytic
activity of the carbonaceous material; this has been demonstrated in methane decomposition [17].

Biochar has found numerous applications in catalytic research, principally as a support and as a
functionalised carbon. This is a fast-growing subject of research interest, with a number of reviews
published in recent years [18-21]. The ability to modify the properties of biochar could make this
material an excellent candidate for catalytic applications [22]. Properties such as total carbon content
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and mineral elements are strongly dependent on feedstock [23], whilst carbon content, ash content,
graphiticity, surface area and pH of biochar are dependent on the pyrolysis temperature [23-28].
Notably, ash content can vary from 0 wt.% in wood-based chars to over 50 wt.% in rice-based
chars [23,25]. However, studies of the influence of pyrolysis conditions and feedstock on catalytic
performance are limited.

There are differing approaches to studying the potential of biochar in catalysis. In many studies,
only one feedstock is studied. A representative sample of literature sources is shown in Table 1. In most
cases, the rationale for the choice of feedstock is that it is available, and the focus is on optimising the
biochar for the application. It is more common for studies of biochars for soil remediation to take
an application-centred approach, considering several feedstocks, and recommending the one with
the optimal performance [23,25,29-31]. The implicit assumption in many catalytic studies is that the
choice of biochar feedstock has limited influence on the subsequent catalytic activity.

Table 1. A sample of literature sources studying biochar for catalytic applications.

Reference Biochar(s) Studied Target Application
[32] Commer'aal biomass cha}‘ (type unspecified), Tar reduction
pinewood char, pinewood ash
[33] Three commercial hardwood chars Biodiesel production (solid acid catalyst)
. . . . Esterification of fatty acids (solid
[34] Pelletised peanut hulls, pine pellets, pine chip char acid catalyst)
[35] Pistachio hull biochar O;ona’non of watel.r
recalcitrant concentrations
. . . Catalyst (solid acid) for
[36] Pine chip, wood-based activated carbon hemicellulose hydrolysis
[37] Karanja seed shells Esterification of glycerol with acetic acid
. Conversion of tar using rice husk
[38] Rice husk char char-supported nickel-iron catalysts
[39] Shengli brown coal Pyrolysis and gasification of biomass
[40] Woody biomass (Solid acid) Transesterification of canola oil
i . Low-temperature selective catalytic reduction
[41] Modified cotton biochar (SCR) of NO
[42] Calcium oxide-based catalyst from palm kernel Transesterification of sunflower oil with
shell biochar methanol to produce biodiesel
) . . Solid base catalyst, transesterification of
[43] Fly ash and eggshell-derived solid catalysts soybean ol to biodiesel
[44] Ash from cocoa pod husks (supported Transesterification of soybean oil to biodiesel
and unsupported) (Supported and unsupported catalysts)
[45] Palm bunch ash, support for KOH Biodiesel synthesis (51mu.lt'anef)us ozonolysis
and transesterification)
[46] Rice husk biochar Tar reforming
[47] Miscanthus straw, soft wood Photocatalytic phenol degradation, oxidation

of methanol

In this work, the objective is to explore the potential of biochar catalysts from a range of feedstocks
in the synthesis of glycerol carbonate from glycerol and CO;. This will enable the influence of feedstock
and hence biochar composition on catalytic activity to be investigated. Acetonitrile will be used as a
dehydrating agent. The use of acetonitrile has not previously been studied using carbonaceous catalysts.
The effect of biochar on acetin synthesis will also be studied, with a focus on triacetin production.

2. Results

This work aimed to investigate the origins of catalytic activity of biochar from different feedstocks
in glycerol upgrading. The catalytic activity of biochars from different feedstocks is demonstrated in
Section 2.1. The results from this initial screening indicated that ash content was the dominant influence
on the activity of the catalysts for glycerol carbonate synthesis, but that carbon content catalysed the
formation of diacetin. The influence of carbon was studied by comparing two low-ash-content carbons
and is presented in Section 2.2. The effect of removing the ash content was tested by comparing the
activity of untreated and demineralised biochars, and the ash content was also tested separately for
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catalytic activity. These results are shown in Section 2.3. These results confirmed that the ash content
from biochar in isolation is catalytically active. The impact of removing potassium from the ash content
is demonstrated in Section 2.4.

2.1. Characterisation and Activity of Untreated Biochar: Influence of Ash Content

The reaction was first run without catalyst to confirm which products could be expected in the
absence of catalyst. The gas chromatography-mass spectrometry (GC-MS) chromatogram is shown in
Figure 4. The reaction leads to a wide range of products, and a full analysis of the products is beyond
the scope of the current work. This paper focuses on glycerol carbonate, monoacetin, diacetin and
triacetin. As shown in Figure 4, diacetin (retention time 19 min) and triacetin (retention time 17 min)
could not be detected in the absence of catalyst. A small peak corresponding to glycerol carbonate was
only detected in the first repeat; therefore, glycerol carbonate is not reliably produced in verifiable
quantities in the absence of catalyst.
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Figure 4. Gas chromatography-mass spectrometry (GC-MS) spectra of reaction products in the absence
of catalyst. Two repeats are shown. Note that diacetin (retention time 19 min) and triacetin (retention
time 17 min) are not detected. Glycerol carbonate was only detected for one of the two repeats.

The activity of biochar was then compared for four different feedstocks, as well as a commercial
activated carbon (AC). In addition, the influence of pyrolysis temperature was compared for oil seed
rape where temperatures of 500 °C and 700 °C were employed. The feedstocks were rice husks
(RH 550), oil seed rape (OSR 550 and OSR 700), soft wood (SWP 550) and wheat straw (WSP 550).
The characterisation data from the biochars are shown in Table 2. Notable differences in their properties
included the range of surface areas and the range of ash contents. The surface areas ranged from
51.7 m? g~! for WSP 550, to 390 m? g~! for SWP 550. The commercial activated carbon had the highest
surface area (729 m? g_l). The ash content varied from 0% in SWP 550 to 42.9 wt.% in RH 550; this is
reflected in the varying surface elemental compositions in Table 2. The only elements detected in SWP
550 were C and O.
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Table 2. Summary of the characterisation of biochars from different feedstocks (rice husk (RH), oil seed
rape (OSR), wheat straw (WSP) and soft wood (SWP)) and compared with a commercial activated
carbon (AC). A dash indicates that experimental data is not available. Results for elemental composition

reported to one decimal place.

Property RH 550 OSR 550 OSR 700 WSP 550 SWP 550 AC
Structure
BET area/m? g™ 121 62.3 107 51.7 390 729
Micropore volume/cm® g™ 3.25x 1073 0.0 1.88x 1072  286x107%  1.05x107"  1.54x 107!
Median Pore Width/A 7.671 11.143 7.739 8.854 7.663 7.657
Proximate Composition
Moisture/wt.% 298 4.25 1.49 1.01 3.52 6.88
Volatile/wt.% 9.39 14.40 10.40 12.70 16.70 413
Fixed carbon/wt.% 44.50 67.40 67.80 67.30 81.70 84.70
Ash/wt.% 42.90 13.60 20.30 18.90 0.00 4.25
Surface Elemental Composition
Clat.% 67.6 67.8 65.9 69.2 90.4 -
Ofat.% 20.3 125 21.9 20.4 9.6 -
Si/at.% 8.3 1.1 2.8 4.5 0.0 -
K/at.% 0.8 17.1 5.9 3.1 0.0 -
Ca/at.% 0.3 0.0 11 1.0 0.0 -
Mg/at.% 0.0 0.0 0.4 0.0 0.0 -
Other/at.% 2.8 15 2.0 19 0.0 -

Fourier transform-infrared spectroscopy (FTIR) spectra of the biochars are shown in Figure 5.
The spectra demonstrate that the biochars exhibited broadly similar surface chemistry. The biochars
exhibited a C-C band at ~2000 cm™!, aromatic C=C bands at ~1560 cm™!, a weak phenolic O-H band
at ~1350 cm™!, and various Si-O attributed to ash content at ~1000 cm™~!. The silica bands were not
observed in AC or SWP 550, and aromatic C=C bands were not observed strongly in AC or OSR 700.
The two peaks between 2300-2400 cm™~! are attributed to CO,. Atmospheric CO; is expected to have
been subtracted by the background scan. Therefore, the CO, peak may be due to CO, adsorbed on the
surface of the biochars, or due to variations in CO, concentration in the atmosphere.
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Figure 5. Fourier-transform infrared spectroscopy-attenuated total reflection (FTIR-ATR) spectra
for biochars from different feedstocks (rice husk (RH), wheat straw (WSP), soft wood (SWP) and oil
seed rape (OSR)) compared with commercial activated carbon (AC). The peaks are attributed to: CO,
(2340 cm™1), C=C (2100 cm™1), aromatic C=C (1600 cm™1), phenolic O-H (1375 cm™1), Si-O-Si symmetric

(1000 cm™1) and Si-O-Si asymmetric (800 cm™1). Spectra are offset for clarity.
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The concentrations of glycerol carbonate, monoacetin, diacetin and triacetin were calibrated,
and the results are shown in Figure 6. These results demonstrate that biochars sourced from RH,
OSR and WP are catalytically active for the production of glycerol carbonate, diacetin and triacetin.
These products are not detected in the absence of catalyst. Higher yields of monoacetin are also
obtained for RH 550 (0.128 mol L) and OSR 550 (0.116 mol L™1) compared to the absence of catalyst
(0.016 mol L™1). Tt is notable that glycerol carbonate was not detected when using AC or SWP biochar
as catalysts.
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Figure 6. Concentration of liquid phase products (glycerol carbonate, monaocetin, diacetin and triacetin)
for carbonaceous materials from four different biochar feedstocks (rice husk (RH), soft wood (SWP), oil
seed rape (OSR) and wheat straw (WSP)). These are compared with a commercial activated charcoal
(AC) and no catalyst. Error bars are percentage error, estimated from three repeats of OSR 550 (average
denoted by (Av)). A logarithmic y-axis is used to present high and low concentration products.

The composition and structural properties of the biochars are compared in Table 2.
The experimental results indicated that the catalysts with the highest ash contents (RH, OSR and WSP
biochars, as shown in Table 2) are the most catalytically active for the synthesis of glycerol carbonate.
For instance, RH 550 contains 42.9% ash by mass and yields the greatest quantities of glycerol carbonate
and monoacetin. Surface functional groups as observed in Figure 5 did not appear to correlate with
catalytic activity; for example, SWP 550, OSR 550 and WSP 550 produced similar FTIR spectra and very
different experimental results. Therefore, FTIR spectra are not considered further; additional spectra
for ash and demineralised samples are provided in the Supplementary Materials (Figures 52-54).
Biochars with lower or negligible ash content (AC, SWP) were not active for the production of glycerol
carbonate. Notably, AC and SWP did lead to the formation of diacetin; these data are analysed further
in Section 2.2.

The ash derived from different biochars was therefore tested for its catalytic activity. As shown in
Figure 7, the biochar ash from a range of samples was also active for the synthesis of glycerol carbonate,
diacetin and triacetin. The concentrations were very comparable to the activity of the untreated biochar.
In the case of OSR 550, OSR 700 and WSP 550, the ash yields a greater quantity of products than the
untreated biochar. This is also despite the much lower surface areas for the ash content, compared to
the biochar (shown in Figure 8). This indicates that the ash content contributes to the activity of the
biochar. However, ash is not exclusively responsible for catalytic activity, as the synthesis of diacetin is
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observed over materials with no or low ash content (AC and SWP) but is not observed in the absence
of a catalyst.

10t 3

101 3

102 3

concentration/mol I

103 3

10* E

RH 550-ash OSR550 OSR550- OSR700 OSR700- WSP550 WSP 550-
(Av) ash ash ash

10°
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OGlycerol carbonate 1 Monoacetin & Diacetin & Triacetin

Figure 7. Comparison of production of glycerol carbonate and acetins from biochar and biochar ash
from different feedstocks (rice husk (RH), oil seed rape (OSR) and wheat straw (WSP)). (Av) indicates
an average of three readings; this was used to estimate the percentage error. A logarithmic y-axis is
used to present high and low concentration products.
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Figure 8. Comparison of BET surface area of biochar and ash from different feedstocks (rice husk (RH),
oil seed rape (OSR) and wheat straw (WSP)). Isotherm obtained using N, at 77 K. Error bars calculated
from three repeats of WSP 550 (denoted by (Av)); standard deviation + 1.25 m? g’l, percentage
error 2.42%.

The performance of two biochars from the same feedstock (OSR) were also compared. These were
produced at two different pyrolysis temperatures: 550 °C (OSR 550) and 700 °C (OSR 700). As shown
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in Figure 9, the catalytic activity of the biochar ashes were highly comparable, leading to similar
quantities of glycerol carbonate, monoacetin, diacetin and triacetin. However, OSR 700 demonstrated
lower levels of catalytic activity compared to OSR 550, despite having a higher ash content (from
Table 2, 20.3% ash for OSR 700 compared to 13.6% ash for OSR 550). Whilst the ash content clearly
contributes to catalytic activity, Figure 9 confirms that it is not the only factor, with carbon structure
having an influence. The influence of carbon content and ash will be considered in turn.

{,
= 5 5 N
° N\
5 5 5 ;.;;
10° 4 5 5 5 5;55
] ; z z z.zz

OSR 550 (Av) OSR 700 OSR 550-ash OSR 700-ash

O Glycerol carbonate [ Monoacetin Diacetin & Triacetin

Figure 9. Concentration of glycerol carbonate and acetins produced using oil seed rape (OSR) biochars
produced at different pyrolysis temperatures, and their ashes. A logarithmic y-axis is used to present
high and low concentration products.

These results demonstrate that carbon content and ash content are catalytically active for different
aspects of the reaction.

2.2. Role of Carbon

To study the influence of carbon, the biochars with the lowest ash contents were compared: SWP
550 (0 wt.%) and AC (4.25 wt.%). These biochars did not lead to the synthesis of glycerol carbonate or
triacetin, but notably, they did catalyse the formation of diacetin, as shown in Figure 6—diacetin was
not detected in the absence of a catalyst.

The use of SWP 550 led to higher quantities of monoacetin and diacetin, compared to AC
(approximately 6 times higher for monoacetin and 3.5 times higher for diacetin). This is despite SWP
550 having only half the surface area of AC (390 m? g~! and 729 m? g™, respectively).

The properties of SWP 550 and AC can be compared using the data in Table 2. For SWP 550,
no surface potassium was detected—the only elements detected were carbon and oxygen. AC is also
expected to consist primarily of C and O, with some silica in the ash content. However, the carbon
structure of these samples does vary, as evidenced by Raman spectroscopy studies. From Raman
spectra (Supplementary Materials Figure S1), SWP 550 has a much lower Ap;/Ag ratio than AC (1.32
and 2.82, respectively). This indicates that SWP 550 is more graphitic in structure than AC, which could
contribute to its catalytic activity.
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2.3. Influence of Ash Content on Catalytic Activity of Biochar

The influence of ash content was studied by reducing the ash content of the biochars through
demineralisation. As shown by proximate analysis (Table 3), the ash content was not completely
removed by this method but was reduced compared to the untreated biochars. Ash removal was most
effective in OSR 700, with a reduction in ash content from 20.3% to 14.2%. Demineralisation had the
least effect in RH 550, with only a small proportion of ash removed (from 42.9% to 40.1%).

Table 3. Summary of the characterisation of demineralised (denoted by -DM) biochars from different
feedstocks (rice husk (RH), oil seed rape (OSR) and wheat straw (WSP)). Shaded cells indicate that
experimental data is not available. Results for elemental composition reported to one decimal place.

Property RH 550-DM OSR 700-DM WSP 550-DM
Structure
BET area/m? g~ 86.6 78.8 94.7
Micropore volume/cm? g~ 1.83 x 1073 9.08 x 1074 3.55x 1073
Median Pore Width/A 7.672 7.688 7.663
Proximate Composition
Moisture/wt.% 0.60 1.54 0.98
Volatile/wt.% 10.89 10.78 14.90
Fixed carbon/wt.% 48.38 73.48 70.36
Ash/wt.% 40.13 14.20 13.76
Surface Elemental Composition
Clat.% 70.7 78.7 69.8
Ofat.% 20.0 15.3 20.1
Si/at.% 6.2 4.0 8.2
K/at.% 0.0 0.0 0.0
Ca/at.% 0.1 04 0.0
Mg/at.% 0.0 0.0 0.0
Other/at.% 3.1 1.6 1.9

The effect of demineralisation on elemental composition was studied through X-ray photoelectron
spectroscopy (XPS). Silica content was not removed; however, potassium could no longer be detected
on the surface of the samples by XPS (Table 3). There was no reduction in the quantity of any other
elements at the surface following demineralisation; therefore, this work focuses on the influence of
potassium removal.

The impact of demineralisation on catalyst activity towards glycerol carbonate synthesis varied.
As shown in Figure 10, the concentration of glycerol carbonate decreased following demineralisation
for RH 550 but increased for OSR 550. Notably, triacetin was not produced following demineralisation
for RH 550. The demineralisation appeared to have differing impacts on catalytic activity of different
biochars. The impact of demineralisation on the catalytic activity of the ash content was therefore
considered separately.

2.4. Characterisation and Activity of Treated Biochar Ash

Biochar ash from untreated and demineralised samples were tested for catalytic activity.
The characterisation data is shown in Table 4. BET surface areas were much lower compared to
the biochar samples; for the ash samples, the highest surface area was for RH 550-ash at 37.2 m? g~!,
whereas the lowest surface area in a biochar sample was for WSP 550 at 51.7 m? g_l (Table 2). In all cases,
surface potassium content was reduced by over 75% following demineralisation. However, trace amounts
of potassium (<5 at.%) were still detected at the surface of the demineralised ash samples.
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Figure 10. Comparison of production of glycerol carbonate and acetins over biochar from different
feedstocks (rice husk (RH) and oil seed rape (OSR)) before and after demineralization (denoted by
-DM). A logarithmic y-axis is used to present high and low concentration products.

Table 4. Summary of the characterisation of ash samples from untreated and demineralised (denoted by
—-DM) biochars from different feedstocks (rice husk (RH), oil seed rape (OSR) and wheat straw (WSP)).
A dash indicates that experimental data are not available. OSR 550-ash was not characterised—the

properties are assumed to be comparable to OSR 700-ash. Results for elemental composition reported
to one decimal place.

OSR WSP RH OSR WSP
Property RH 550-ash 700-ash 550-ash  550-DM-ash  700-DM-ash  550-DM-ash
Structure
BET area/m? g~! 37.2 35.9 19.1 - - -
Micropore volume/cm® g=!  1.42x 1073 9.80x10™* 567 x107* - - -
Median pore width/A 10.960 10.985 10.911 - - -
Surface Elemental Composition
Clat.% 5.0 2.0 4.4 3.6 22 25
Ofat.% 59.4 63.4 62.8 68.1 64.9 65.9
Si/at.% 29.5 19.3 25 26.5 21.7 27.3
K/at.% 35 9.2 6.3 0.6 1.9 0.7
Ca/at.% 0.7 3.3 22 0.4 47 23
Mg/at.% 09 14 0.6 0.2 2.7 1.0
Other/at.% 1.0 14 12 0.6 2.0 0.3

The results from reactions using biochar ash as catalysts are shown in Figure 11. Notably,
no triacetin was produced using any of the demineralised ash samples, and glycerol carbonate yield
was greatly reduced in all cases. RH 550-DM-ash did not lead to the formation of any glycerol
carbonate, and yields were reduced by over 94% in OSR 700-ash (OSR 700-ash 0.145 mol L~!; OSR
700-DM-ash 7.64 x 10~3 mol L) and by 99.8% in WSP 550-ash (WSP 550-ash 3.05 mol L~!, WSP
550-DM-ash 7.44 x 1072 mol L™!). This indicates that potassium content influences the production of
glycerol carbonate and triacetin.
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Figure 11. Activity of biochar ash from different feedstocks (rice husk (RH), oil seed rape (OSR)
and wheat straw (WSP)) before and after demineralisation; -DM indicates demineralised samples.
A logarithmic y-axis is used to present high and low concentration products.

3. Discussion

In a number of studies, the influence of different biochar feedstocks on catalytic activity of resulting
biochar is not considered, with the main objective of treatments being to activate (or increase the
surface area of) the biochar. In the present study, results have shown almost no correlation of activity
in untreated biochars with surface area. The highest surface areas are for AC and SWP 550 (729 m? g~!
and 390 m? g~!, respectively); however, these samples produce no glycerol carbonate or triacetin.
Similarly, OSR 700 and WSP 550 produce similar quantities of glycerol carbonate, despite OSR 700
having twice the surface area of WSP 550 (107 m? g~! vs. 51.7 m? g1, respectively). It should not be
assumed that biochars from different feedstocks are comparable or interchangeable, or that treatments
are only needed to “activate” or increase surface area. Despite all being “carbonaceous” materials,
surface area is clearly not the dominant influence.

Similarly, microporosity and pore size do not appear to have a strong influence on catalyst activity.
The median pore width of RH 550 (7.671 A) is comparable to SWP 550 (7.663 A) and AC (7.657 A).
However, RH 550 was one of the most active biochars for glycerol carbonate synthesis, and AC and
SWP 550 were not effective in this reaction. Porosity is likely to impact activity and has been suggested
as impacting selectivity to triacetin in the literature [10]. However, in this case, it does not appear to be
the most influential factor.

A much stronger impact is seen for the influence of ash content. This is clear from the data shown
in Section 2.1; biochars with negligible ash content (SWP 550 and AC) are inactive for the synthesis of
glycerol carbonate and triacetin. In addition, biochar ash is shown to be catalytically active (Figure 7).
This is consistent with literature findings that have demonstrated the activity of biochar ash in similar
reactions [48,49]. Biochars with higher ash contents, such as RH 550 (42.9 wt.%), are the most active for
glycerol carbonate and triacetin synthesis. However, it is not a simple correlation, as the biochar with
the lowest ash content (OSR 550 at 13.6 wt.%) produces the highest quantity of triacetin. Therefore,
the composition of the ash, as well as the quantity, is clearly influential.
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The influence of potassium content is clearly demonstrated in Figure 11, comparing biochar ash
from untreated and demineralised samples. In all cases, demineralised biochar ash contains at least
75% less potassium, and glycerol carbonate yields are decreased by over 94%. Triacetin is also not
produced in the demineralised samples. The role of potassium on reaction mechanisms is beyond the
scope of the current work, but it has been speculated upon in the literature for this reaction and other
pathways from glycerol to glycerol carbonate [48,50-53]. From the data shown in this work, potassium
content clearly influences the production of glycerol carbonate and triacetin, and it would be worthy of
further study. The importance of potassium is further emphasized by its other positive impacts on
biochar production and applications for carbon storage [54] and nutrient cycling [55].

Whilst ash and potassium have been shown to have strong influences on the production of glycerol
carbonate and triacetin, low-ash samples were also shown to be catalytically active for the synthesis
of diacetin. No diacetin was detected in the absence of catalyst, but was produced by both SWP 550
and AC, despite negligible ash content (<5 wt.%). SWP 550 also appears to be catalytically active for
the synthesis of monoacetin, with higher quantities produced compared to the absence of catalyst
(0.044 mol L~! and 0.015 mol L™}, respectively).

For the synthesis of diacetin, SWP 550 was more active than AC (1.25 x 1073 mol 17! and
3.5 x 107 mol L™, respectively). This is despite having a lower surface area (390 m? g~! and
729 m? g~!, respectively), comparable elemental composition (81.7% fixed carbon for SWP 550, 84.7%
fixed carbon for AC) and comparable micropore volumes (0.0105 cm® g~! and 0.0154 cm® g1,
respectively). As SWP 550 only consists of the elements C and O, and AC is assumed to be similar,
it appears that the carbon structure exert a strong influence on catalytic activity for diacetin synthesis.

As the focus of this work was the production of glycerol carbonate, the carbon structures of SWP
550 and AC have not been studied in detail, as they did not produce the desired product. Nevertheless,
Raman spectroscopy indicates that SWP 550 is more graphitic in structure than AC (Apj/Ac ratios
of 1.32 and 2.82, respectively). Several studies in the literature have pointed to the catalytic role of
carbon, particularly graphitic carbon [56]. This suggests that the role of graphitic carbon is an area for
further study.

A key finding from the current work is that the type of feedstock has a critical influence on catalytic
activity. Even before post-synthesis treatment, biochars from four different feedstocks exhibited
varying conversion rates and selectivities to a range of products in this reaction (Figure 6). In Table 1,
it was highlighted that many studies often consider only one feedstock. This may only provide
limited understanding of how best to realise the potential of biochar as a catalyst in this reaction.
The development of structure—performance relationships, i.e., identifying which components and
physical structures within the biochars give rise to particular catalytic activities, will allow for a
more judicious selection of biomass feedstock from which to prepare a suitable biochar catalyst.
This will require screening studies using multiple feedstocks, and comprehensive characterisation of
the composition of biochar. The successful development of biochar-based catalysts has significant
potential sustainability benefits. At end-of-life, biochar catalysts need not be disposed of and instead
can be employed for additional purposes, e.g., in agricultural applications to amend soil and sequester
carbon. Such ecological environmental benefits stand in contrast to typical metal-based catalysts;
upstream mining extraction of the active metal component can have stark negative ecological impacts.

4. Materials and Methods

4.1. Materials

Biochar was sourced from the standard biochar set (www.biochar.ac.uk/standardbiochar) developed
by the UK Biochar Research Centre at the University of Edinburgh. The feedstocks chosen were rice husk
biochar, wheat straw biochar, oil seed rape biochar and soft wood biochar, which were known to exhibit
varying compositions and surface areas, following characterisation by the University of Edinburgh [57].
The biochars used are summarised in Table 5. The biochar was produced in a standardised and
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reproducible process in a Stage III unit as described in the literature [58]. The properties of the
biochars were compared with a commercial activated charcoal (activated charcoal Norit®, from peat,
steam-activated and acid-washed, supplied by Sigma-Aldrich, Gillingham, Dorset, UK).

Table 5. Standard biochars from UK Biochar Research Centre used in this study.

Feedstock Pyrolysis Temperature(s)/°C Abbreviation
Rice husk 550 RH 550
Wheat straw pellets 550 WSP 550
Oil seed rape 550 and 700 OSR 550, OSR 700
Soft wood 550 SWP 550

4.2. Sample Preparation

The biochar was supplied in the form of pellets by the UK Biochar Research Centre, which were
ground and sieved to under 90 um in diameter. These biochars were tested for catalytic activity without
pre-treatment, activation or metal loading (untreated biochars). Biochar ash samples were prepared
through the combustion of biochar in a box furnace at 900 °C for 30 min, resulting in the formation of
an amorphous silica-based ash.

The protocol for demineralisation using HCl was developed based on methods in the
literature [59-62]. 200 mL of a 3 M solution (Sigma-Aldrich, Gillingham, Dorset, UK) were added to 40 g
of crushed and sieved biochar (0.5-1.0 mm), and the mixture was heated and stirred for approximately
36 h at 60 °C. The solution was filtered and rinsed with deionised water and dried overnight in an oven
at 105 °C. The sample was washed further in approximately 500 mL of hot deionised water (80 °C) for
2 h, and then was filtered and rinsed with deionised water. The washing water was tested for C1~
ions by adding a few drops of 0.1 M silver nitrate solution (Sigma-Aldrich, Gillingham, Dorset, UK);
a white precipitate indicated the presence of Cl1™ ions. Rinsing continued until CI~ ions were no longer
detected. The samples were then dried in an oven at 105 °C overnight.

4.3. Characterisation Methods

FTIR spectra were obtained using a Shimadzu IRAffinity-1S FTIR spectrometer (Shimadzu, Kyoto,
Japan) with a Specac Quest ATR diamond puck accessory (Specac, Orpington, Kent, UK) with a
1.8 mm diameter diamond crystal capable of obtaining spectra in the range of 7800 to 400 cm™! [63].
The penetration depth is estimated to be 2.01 um at 1000 cm™". In this work, spectra were obtained
in the range 400 to 4000 cm™!, with a resolution of 2 cm~!. An atmospheric background (one scan)
was used for powdered biochar studies, and the powder was used undiluted. For the Specac Quest
ATR, no further sample preparation was required. The samples were scanned 16 times using the
Happ-Genzel apodization method in transmittance mode. The spectrum obtained was an average
of these 16 scans. After use, the crystal and anvil were cleaned with a cotton bud dipped in distilled
water, followed by ethanol, and allowed to dry. A sample scan was performed to check that the surface
was dry before loading the next sample.

Thermal gravimetric analysis (TGA) proximate analysis was carried out using a Perkin Elmer
TGA (model 4000) (Perkin Elmer, Waltham, Massachusetts, United States). The analysis methods used
were based on industrial standards for biochar analysis [64].

Elemental composition was determined by an elemental scan using XPS. The XPS instrument used
was a Kratos Ultra instrument (Kratos, Manchester, UK) with a monochromated aluminium source,
calibrated using software available from NPL [65]. Two areas were analysed for each sample to account
for heterogeneity. Analysis was performed using CasaXPS software (available from casaxps.com).

BET analysis was carried out using a Micromeritics 3Flex Surface Characterisation Analyser
(Micromeritics, Norcross, GA, USA). Approximately 0.2 g of sample were prepared for BET and
porosimetry analysis. The samples were degassed in a vacuum oven at 120 °C for at least 48 h at a
vacuum pressure of 0.1 mbar. They were further degassed at 250 °C for at least 24 h using a Micromeritics
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VacPrep 061 Degasser (Micromeritics, Norcross, GA, USA), at a vacuum pressure of approximately 0.02
mbar. The surface area was calculated using the BET equation from N isotherms (>99% purity, BOC)
measured at 77 K. Due to difficulties obtaining BET isotherms for OSR 700, an additional heating mantle
was used to raise the temperature of the OSR 700 sample tube to 250 °C during the vacuum evacuation
stage. Micropore volume was calculated from the adsorption isotherms using Harkins—Jura ¢-plot [66],
and median pore width by the Horvath-Kawazoe method [67-71].

Raman spectra were collected using a Renishaw inVia Raman microscope (Renishaw,
Wotton-under-Edge, Gloucestershire, UK). A green laser of wavelength 514 nm was used with a
source energy of 20 mW at an intensity of 1%. The microscope magnification used was 50x. Three areas
were analysed for each sample. Details of the curve deconvolution process are given in the Supplementary
Materials, based on methods available in the literature (Table S2) [68-71].

4.4. Reaction Methods

Reactions were performed in a 45 mL autoclave, supplied by Parr Instruments Model 4714
(Parr Instruments, Moline, IL, USA). A silicone oil bath (silicone oil from Alfa Aesar) was used for
heating the reactor. The reaction was carried out on an IKA C-MAG HS 7 Magnetic Stirring plate.
0.23 g of biochar was added to 4.6 g of glycerol (>99.0% purity, Sigma-Aldrich) with 5 mL of acetonitrile
(>99.5% purity, Sigma-Aldrich) used a dehydrating agent.

A standardised CO; loading procedure was used to ensure the same quantity of CO, was loaded
for all reactions. Prior to reaction, the reactors were loaded for 10 s with CO, (BOC, purity > 99.8%) to
a pressure of 18 bar, and then depressurised. This was repeated twice more, before loading to 18 bar for
30 s. This resulted in an approximate reaction pressure of 30 bar. The reactor was placed in the silicone
oil bath and heated to 160 °C. The reaction time was 22 h, with a stirring rate of approximately 500 rpm.

Due to the high viscosity of glycerol (approximately 1.41 Pa s), the sample was diluted with 10 mL
of ethanol of >99% purity (Fisher Scientific, Loughborough, Leicestershire, UK) in the reactor, to allow
the contents to be extracted more easily and filtered. Syringe filtration was used to ensure separation
of the finest biochar particles from the liquid phase products (Captiva Premium Syringe Layered Filter,
glass microfiber pre-filter, nylon membrane, 15 mm diameter, 0.2 pm pore size).

The sample was diluted further for GCMS analysis. 100 uL of filtrate was added to 1 mL of ethanol.
The liquid products were analysed using a Shimadzu GC-MS 2010 GCMS (Shimadzu, Kyoto, Japan)
fitted with an HP-INNOWAX capillary column (length 30 m, internal diameter 0.25 mm, film thickness
0.25 pm). Helium was used as the carrier gas, with a linear flow rate of 30 cm s~1. The stream split
ratio was set at 100. The injector temperature was set at 250 °C. 0.5 puL of sample were injected into the
column. The GC-MS analysis method is detailed in Table 6. Calibration samples were prepared for
glycerol, glycerol carbonate, mono-, di- and triacetin; further details are given in the Supplementary
Materials (Tables S3 and S4, Figures S5-59).

Table 6. Method used for analysis of products of glycerol upgrading reaction in the GCMS.

Temperature/°C Hold Time/min Ramp Rate/°C min—1
40 2 10
163 1 50
190 3 10
205 3 10
250 5 N/A

5. Conclusions

In this work, the catalytic activities of untreated biochar and biochar ash have been demonstrated
for the first time in the synthesis of glycerol carbonate and acetins from the reaction of glycerol,
acetonitrile and COs.
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Both the ash content and carbon content are shown to contribute to the overall activity of
biochar. Biochar samples with higher ash contents were shown to be more active for the synthesis of
glycerol carbonate and triacetin, compared to biochar samples with low or negligible ash contents.
This was demonstrated by comparing the glycerol carbonate and triacetin yields from high ash samples
(e.g., for RH 550, 0.0482 mol L1 glycerol carbonate and 4.79 x 10~% mol L1 triacetin) with low ash
samples (e.g., for SWP 550, negligible glycerol carbonate and negligible triacetin).

Potassium content was shown to influence the production of glycerol carbonate and triacetin.
Biochars with higher surface potassium contents (e.g., OSR 550 with 17.1 at.% surface K) led to
higher yields of product (0.0340 mol L™ of glycerol carbonate, 7.16 x 107 mol L~! triacetin)
compared to biochars with lower surface potassium content (OSR 700 with 5.85 at.% surface K
led to 1.25 x 10~ mol L' glycerol carbonate and negligible triacetin). Biochar ash samples were also
active in the production of glycerol carbonate and triacetin (e.g., for OSR 700-ash, 0.145 mol L~! glycerol
carbonate and 4.38 x 1073 mol L™ triacetin), despite much lower surface areas (BET surface areas
between 19-38 m? g~! for ash, compared to 51-390 m? g~! for biochar). Removal of potassium content
led to a decrease in glycerol carbonate production of at least 94% in all cases. Triacetin was no longer
produced using ash samples after demineralisation.

Biochars with low or negligible ash content were shown to catalyse the formation of diacetin,
indicating that the carbon content is also catalytically active. Graphitic carbon may be a positive
influence in the formation of diacetin. Soft wood biochar led to higher quantities of diacetin than a
commercial activated carbon (1.25 x 1073 mol L™! for SWP 550, 3.5 x 10~ mol L ™! for AC). This was
despite having a lower surface area (390 m? g=! for SWP 550 compared to 729 m? g~! for AC),
and comparable elemental composition. Raman spectroscopy demonstrated that the carbon structure
of soft wood biochar is more graphitic for SWP 550 than for AC (Ap;/Ag ratios of 1.32 and 2.82,
respectively). Further work is required to clarify whether graphitic carbon is catalytically active in this
reaction—for example, testing graphite for catalytic activity.

The ability of biochar ash to activate glycerol, as demonstrated herein, suggests that this may also
be active for glycerol upgrading via other pathways, such as from glycerol and CO, or in other CO,
utilisation reactions for producing organic carbonates. Future studies should consider how potassium
and graphitic carbon are involved in these reaction mechanisms in order to apply the findings more
generally to other reaction types.

More generally, it is recommended that future studies of catalytic activity in biochar consider a range
of feedstock types, including low- and high-ash samples and conduct detailed mechanistic studies in
order to develop robust structure-performance relationships. This will allow for an application-centred
approach when developing a biochar for industrial or commercial applications, and hence improved
process performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/9/1067/s1.
Figure S1: deconvolved Raman spectra for AC and SWB-550. Figures 52-54: FTIR-ATR spectra for biochars,
demineralised biochars and their ashes. Figures S5-S9: calibration curves for liquid phase products of glycerol
carboxylation reaction. Table S1: settings used for obtaining Raman spectra. Table S2: Raman curve deconvolution
peak assignments. Table S3: calibration sample concentrations. Table S4: product concentrations from three
repeats of OSB-550, used to calculate the percentage error. Data for tables and figures are available online at
10.15131/shef.data.12783941.
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