iriried applied
L sciences

Review

Carbon-Based Catalysts for Biodiesel
Production—A Review

Jack Clohessy and Witold Kwapinski *

Department of Chemical Sciences, Bernal Institute, University of Limerick, V94 T9PX Limerick, Ireland;
16171756@studentmail.ul.ie
* Correspondence: witold.kwapinski@ul.ie

check for
Received: 29 December 2019; Accepted: 23 January 2020; Published: 31 January 2020 updates

Abstract: In recent years, a new class of superior heterogeneous acid catalyst for biodiesel production
has emerged. These catalysts offer advantages over their predecessors such as high surface area,
elevated acid site density, enhanced catalyst activity, good operation stability and relevant economic
affordability in an environmentally friendly frame. This review was concerned with carbon-based solid
acid (CBAS) catalysts derived from both carbohydrate and pyrolysis products. A series of CBASs with
various origins such as D-glucose, sucrose, starch, cellulose and vegetable oil asphalt, converted to char
and sulphonated, have been explored as potential heterogeneous catalysts. Catalyst preparation and
synthesis methods were briefly summarized. Catalyst characterization and performance for biofuels
related reactions were elucidated, identifying potential research applications. Three catalysts in
particular were identified as having potential for industrial application and requiring further research.
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1. Introduction

There has been a spike in interest in fossil fuel alternatives in recent years due to growing
concerns regarding the environmental impact of fossil fuel usage. According to the report by the
IPCC [1], human-induced global warming reached approximately 1 °C above pre industrial levels
in 2017. Among these alternatives is biodiesel, a substitute for traditional petrochemical diesel,
that is composed of fatty acid methyl esters (FAMEs) and can be used in diesel compression engines
without modification [2,3]. Biodiesel is a favourable option to traditional diesel due to its non-toxic,
biodegradable nature and its emission profile, which contains little to no sulphur dioxide and a reduced
amount of CO and CO; [4-7]. According to item four, article three of the renewable energy directive,
it is a requirement by law for all EU member states to ensure that a minimum of 10% of the energy
consumed in transport comes from renewable sources such as biodiesel by 2020. Under the Paris
agreement, a new EU directive was established, setting the requirement for renewable energy use
by 2030 at 32% [8]. Currently, the production of biodiesel is more expensive than traditional diesel
production but, as a result of the renewable energy directive, the demand for biodiesel as a fuel
additive is rising [9,10]. Biodiesel consists of a mixture of C1,—Cy4 fatty acid monoalkyl esters. The
FAME present in biodiesel is produced commercially via two pathways, the transesterification of
triglycerides (TGs) and the esterification of free fatty acids (FFAs) [10,11]. Transesterification takes
place in the presence of a short-chain alcohol (usually methanol) and a catalyst, as schematically
presented in Figure 1. Transesterification of TGs to FAMEs is a process with three consecutive steps.
Firstly, diglycerides are formed from triglycerides, then monoglycerides and finally FAMEs are formed.
Glycerol is produced as a by-product of the reaction [10,11]. The reaction produces 3 moles of FAME
and 1 mole of glycerol for each mole of TG [11,12].

Appl. Sci. 2020, 10, 918; doi:10.3390/app10030918 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-1075-4159
http://dx.doi.org/10.3390/app10030918
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/3/918?type=check_update&version=2

Appl. Sci. 2020, 10,918 20f17

o9 0 ;
H-C-0-C-R; R-g-C-R1 H-C—-OH
| (,,) catalyst 9 |
H-C-O-C-R, + 3R-OH R-O-C-R, + H-C-OH
|9 "o |
H-C-0O- ("3 R I H-C-OH
| 3 R-0O-C-R; i
H H

TG Alcohol FAME Glycerol

Figure 1. Transesterification of triglycerides.

The esterification of FFAs in the presence of a short-chain alcohol and a suitable catalyst is the
second route for FAME production, presented in Figure 2.
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Figure 2. Esterification of free fatty acids.

catalyst

Traditional biodiesel production methods utilise homogeneous base catalysis for the transesterification
reaction, the reaction is carried out at atmospheric pressure and mild temperatures (50-80 °C) and an
oil to alcohol ratio in the region of 5:1 [13,14]. While homogeneous base catalysis boasts a high yield of
biodiesel, mild operating conditions and a fast reaction rate, there are several obstacles that prevent
the process from being economically viable [10,15,16].

Firstly, the homogeneous nature of the process means that the separation of the homogeneous
base is difficult and requires an energy and cost intensive neutralisation and water-washing step [6,15].
Secondly, while liquid base catalysts catalyse the transesterification very well, the presence of FFAs
presents a problem, as a saponification reaction will occur when FFAs are present in the feedstock for a
liquid base catalysed reaction. The formation of soap inhibits the separation of the FAMESs, the water
and the glycerol [6,17-20]. As a result, the oil feedstock for homogeneous base catalysis must be a
virgin vegetable oil, with a very low FFA content (< 0.5 wt.%), or waste oils (such as cooking oil) must
be pre-treated to lower the FFA content [12,17,18]. It is estimated that 70%-90% of the cost of biodiesel
production is due to the cost of raw materials [12,21,22]. First-generation biodiesel production uses
edible feedstock to produce FAMEs; while the FFA content is low, this process is uneconomical due to
the competition for these oils with the food market [11,23,24]. Second-generation biodiesel production
utilises lower-cost inedible feedstock or waste cooking oils, and these lower-grade plant oils and waste
oils often have elevated FFA and water content, making homogeneous base catalysis an economically
unfavourable process [11,19].

Homogenous acid catalysis is insensitive to FFA content and has the potential to carry out
simultaneous esterification and transesterification. Despite this distinct advantage, homogeneous acid
catalysis presents the same separation issues as homogeneous base catalysis. As well as this, the rate
of reaction for the transesterification process is much slower than homogeneous base catalysis, making
the process economically challenging due to the increased energy requirements [2,25-31].

Heterogeneous catalysis using a solid base catalyst for the transesterification of TGs shares many
of the same properties as the homogeneous base catalysis such as mild operating conditions, a fast rate
of reaction and a high conversion [28,29,32-34]. However, heterogeneous base catalysis has a distinct
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advantage over the traditional homogeneous base catalysis. The heterogeneous nature of the reaction
means that no separation is required and that the catalyst has the potential to be reused multiple
times [9,11,32]. Similarly in heterogeneous case, the feedstock is required to have a FFA content below
0.5% as the by-products of the saponification reaction poisons the catalyst and prevents re-use [11,32].
Leaching of the base into the feedstock was also a commonly reported issue [35]. Due to the leaching,
homogeneous catalysis was effectively occurring, which was problematic as a separation step was
necessary [19,36].

Heterogeneous acid catalysis is a promising alternative to conventional biodiesel production due
to the simplistic and environmentally friendly nature of the process and the simultaneous promotion
of both esterification and transesterification [37-39]. In particular, this study will focus on a branch of
solid acid catalysts known as sulphonated carbon-based acid solids (CBASs). CBASs are formed from
either carbohydrate or biomass precursors. The mechanism described by Okamura et al. [40], with a
further stage suggested by Hara (2010) [41], was adapted by the authors in Figure 3. In the first stage
(A) of catalyst production, the carbohydrate/biomass is carbonised, which leads to the removal of water
from the molecules and (B) the dissociation of the C-O-C bond, forming polycyclic aromatic carbon
sheets. The carbon sheets formed are then subjected to sulphonation (C) with sulphuric acid; the acid
sulphonates the aromatic rings, introducing SOsH, COOH and OH groups at the edge of the carbon
rings, forming the CBAS material that acts as a 3-D structure catalyst. During step (D), the carbonisation
temperature is raised to 500 °C and larger polycyclic aromatic sheets are formed with the layered
polycyclic aromatic rings, which reduce the amount of potential locations of sulphuric groups.

Figure 3. Mechanism of sulphonated carbon-based acid solid (CBAS) synthesis.

CBASs show high affinity for both the esterification and the transesterification reaction. They have
been shown to have better activities for both the esterification of FFAs and the transesterification of
TGs than commercially available solid acid catalysts such as sulphated zirconia and niobic acid [10,42].
CBASs can tolerate high FFA and water content meaning lower quality unrefined feedstock can
be used such as waste cooking oil [43,44]. Solid acid catalysis demonstrates reliable re-usability,
has been shown to be chemically inert and can be used to simultaneously carry out esterification and
transesterification [11,41].

The characteristics that make a CBAS an effective catalyst for the production of biodiesel are
strong Bronsted and Lewis acid sites, high acid site density, a hydrophobic surface, high pore volume
and unique porosity [10,11,45]. This review will focus on the different types of CBASs currently being
researched, preparation methods, and classification as catalysts and effectiveness in terms of both
esterification and transesterification.

2. Carbohydrate Precursors

A novel branch of carbonaceous catalysts, formed by the incomplete carbonisation of carbohydrate
sources such as D-glucose, sucrose, starch and cellulose followed by subsequent sulphonation has
been shown to exhibit excellent catalytic activity for the esterification and transesterification reactions
in biodiesel production [10].

Zong et al. [46] utilised D-glucose to prepare a CBAS to catalyse the esterification of oleic acid
and subsequently waste cooking oil. D-glucose was incompletely carbonised at 400 °C for 15 h under
N; flow, following the carbonisation the material was ground to a powder before being heated to 150
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°C in concentrated H,SOj for a further 15 h. The catalytic ability of this sulphonated sugar catalyst was
compared to three typical solid acid catalysts, namely sulphated zirconia, niobic acid and amberlyst
15 resin. The reaction was carried out at 80 °C, with an alcohol to oil molar ratio of 10:1. The sugar
catalyst demonstrated a higher catalytic activity than sulphated zirconia and Amberlyst 15. It was
reflected in the yields of methyl oleate achieved by the various catalysts, presented in Table 1.

Table 1. Catalytic activity and methyl oleate yield (esterification) for various catalysts.

Catalyst Catalytic Activity pmol min~1 Yield of Methyl Oleate wt.%
Sugar Catalyst 67 95
Sulphated Zirconia 21 85
Amberlyst 15 7 15
Niobic Acid 1.5 6

Niobic acid demonstrated little to no catalytic activity. Despite the larger BET surface area of
the sulphated zirconia the increased number of acid sites in the sugar catalyst, lead to an improved
catalytic ability. As part of their study, Zong and his team utilised the D-glucose catalyst to catalyse the
conversion of waste oil with a high FFA content to biodiesel. Use of this type of oil is not possible
applying traditional homogeneous base methods. The D-glucose catalyst achieved a yield of over
90 wt.%, which was far greater than any of the typical commercial catalysts tested, compared in
Figure 4. The catalyst retained 93% of its catalytic activity following fifty successive uses demonstrating
excellent reusability properties.
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Figure 4. Esterification yield for carbohydrate-derived catalysts.

Nata et al. [39] demonstrated a one-step hydrothermal carbonisation of a glucose catalyst at 180 °C
for 4 h. The resulting catalyst had an acidity of 1.99 mmol g~! similar to the work of Zong et al. [46]
Waste cooking oil (WCO), high in FFAs, was used to demonstrate the catalytic ability of the glucose
catalyst. The reaction was carried out at 60 °C and a methanol:oil molar ratio of 20:1. A 95% FFA
conversion was achieved. The catalyst was reused and after five repeated uses, a 7% increase in FFAs
was observed indicating good reusability.

Hara [41] demonstrated the catalytic ability of sulphonated incompletely carbonised cellulose.
The catalytic material was prepared in a similar way to the D-glucose catalyst by Zong et al. [46]
The esterification of oleic acid to methyl oleate was used to demonstrate the catalytic ability of the
sulphonated cellulose. The esterification reaction was carried out at 95 °C. A yield of 99.9% was
achieved after 4 h, in six sequential runs the catalyst demonstrated excellent reusability for the
esterification reaction, as presented in Figure 5.



Appl. Sci. 2020, 10,918 50f17

1004

90

80

Yield of Methyl Oleate (%)

........ Esterification
Transesterification

70 T T T
1 2 3 4 5 6

Runs

Figure 5. Reusability of cellulose-derived catalyst for esterification and transesterification reaction.

Hara [41] also investigated the ability of the catalyst to catalyse the transesterification reaction;
the cellulose catalyst was used to catalyse the transesterification of triolein to methyl oleate in the
presence of methanol. A conversion of > 98% was achieved; the catalyst demonstrated good reusability
over five runs for the transesterification reaction, presented in Figure 5.

Lou et al. [10] prepared and compared four carbohydrate-derived catalysts from D-glucose,
sucrose, cellulose and starch. The preparation method was as the same as that by Zong et al. [46]
except carbonisation was carried out at 400 °C rather than 450 °C. The esterification of oleic acid was
used to evaluate the catalytic activity of the four catalysts. Each catalyst was added to a methanol oleic
acid mixture, with a 10:1 molar ratio, and reacted at 80 °C. After 3 h, the starch, cellulose, sucrose and
D-glucose catalysts had achieved a conversion of 95%, 88%, 80% and 76%, respectively. Figure 4 clearly
indicates that the catalyst derived from starch was much more active for the esterification reaction than
the other three catalysts. A yield of 95% was achieved in under 3 h whereas the cellulose, D-glucose
and sucrose catalysts required 4-5 h to achieve a comparable yield.

For all four catalysts, the XRD pattern was typical of amorphous carbon. The starch-derived
catalyst had the highest sulphur content, the highest acid site density and the highest contribution for
SO3H to the acid site density. In terms of textural properties, the starch catalyst also possesses the
most favourable properties, the largest surface area of the four carbohydrate-derived catalysts the
largest average pore volume and average pore size (Table 2). The larger pore size, pore volume and
surface area allowed reactants easier accessibility to the SO;H sites leading to the higher efficiency of
the starch catalyst.

Table 2. Textural properties of various solid acid catalysts.

Catalyst Derived S Content Total Acid Site SOsH Acid Site Surface Average Pore Average Pore
From wt.% Density mmol/G Density mmol/G ~ Area m%/g Volume cm®/g Size nm
D-Glucose 4.7 1.6 1.47 4.1 0.44 4.0
Sucrose 5.1 171 1.59 5.0 0.52 5.1
Cellulose 5.4 1.82 1.68 5.7 0.65 6.4
Starch 59 1.97 1.83 7.2 0.81 82

Despite the inferior surface area of the carbohydrate-derived catalysts in comparison with the
sulphated zirconia and niobic acid, the four prepared catalysts exhibited much higher esterification and
transesterification activity. The starch catalyst in particular had an esterification and transesterification
activity comparable to that of the concentrated H,SO, (Figure 6).
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Figure 6. Activity of various catalysts for the esterification and transesterification reaction.

Following the initial experimentation that showed the effectiveness of the four carbohydrate-derived
catalysts, Lou et al. [10] conducted a further experiment. The goal of which was to assess the
effectiveness of the catalyst for the simultaneous esterification and transesterification of waste cooking
oils (27.8 wt.% FFA). The reaction was carried out at 80 °C with a methanol: oil molar ratio of 20:1.
As presented in Figure 7 the starch achieved the highest FAME yield in the shortest time of any of
the catalyst.
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Figure 7. FAME yield for the various catalysts tested.

Through experimentation and assessing the return vs. the cost, it was determined that the
optimal oil:methanol ratio was 30:1, and the catalyst loading was optimised at 10 wt.%. The optimal
reaction temperature and time was 80 °C for 8 h. Under these conditions, a yield of 92% was achieved.
It was also determined that, the starch-derived catalyst retained 93% of its catalytic activity after fifty
successive reuses.

Okamura et al. [40] completed a study on the effect of carbonisation temperature on the catalytic
ability of a D-glucose catalyst. The D-glucose was carbonised at 300, 400, 500 and 600 °C. The acid
content due to SO3H (which is representative of the catalytic performance) of the four D-glucose was
compared, and the results are shown in Figure 8.
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Figure 8. Acid content of D-glucose catalyst carbonised at different temperatures.

The acid content steadily increases with increasing carbonisation temperature up to 450 °C.
This temperature is the temperature used in the preparation of almost all the carbohydrate-derived
CBASs discussed in this review. Beyond 450 °C, the sulphur content and the catalytic performance
of the D-glucose catalyst began to decrease dramatically. This effect can be summarised as follows;
at lower carbonisation temperatures, small aromatic carbon sheets of 10-20 carbons are formed, as
in Figure 3. The structural compositions of the biochars change with an increase in carbonisation
temperature and give rise to a loss of aliphatic-C moieties and a transformation of C compounds to
mostly poly-condensed aromatic-C type structures [47]. The smaller polycyclic aromatic sheets formed
at lower temperatures lead to a higher acid content as the SO3H groups join to the edges of the carbon
sheets. Larger sheets formed at higher temperatures reduce the amount of potential locations for
sulphonation to occur.

Interestingly, in the same study, a sample of the D-glucose carbonised at 400 °C was sulphonated
with fuming sulphuric acid, and this catalyst exhibited twice the activity of the corresponding catalyst
sulphonated with HySO;.

3. Biomass Precursors

The conversion of biomass to effective and value-added catalytic material for biodiesel production
makes use of a readily available and renewable feedstock that would usually be disposed of.
The development of sulphonated carbon catalysts derived from waste biomass such as seed cake,
nut husks and pyrolysis by-products will be the subject of this section.

Dawodu et al. [3] generated a sulphonated catalyst from the seed cake of Calophyllum Inophyllum
(more commonly known as polanga). Polanga, an inedible tropical seed, was incompletely carbonised
at 400 °C and the resulting powder was then sulphonated with concentrated H,SO4. SEM analysis of
the material revealed large grains with irregular shapes and rough edges. The carbon was determined
to be amorphous comprised of aromatic sheets in random orientation.

A one-step production of biodiesel (simultaneous esterification and transesterification) from
polanga oil (15% FFA) was used to evaluate the catalytic ability of the sulphonated seed cake catalyst.
The seed cake derived catalyst achieved a biodiesel yield of 99%. The reusability of the catalyst
was also evaluated, as presented in Figure 9. For three consecutive uses, the catalyst retained good
reusability after the third use the catalytic activity began to decrease substantially. As observed by some
researchers, a combination of sulphur leaching [48] and catalyst poisoning by glycol [3] is believed to
be responsible for the loss of activity.
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Figure 9. Reusability of polonga seed cake catalyst and peanut shell catalyst.

Vegetable oil and petroleum oil asphalt is another form of biomass that has received attention for
its potential catalytic ability for biodiesel production. Shu et al. [49] prepared two solid acid catalysts
by sulphonating vegetable and petroleum oil asphalt that was carbonised at 500-700 °C. Following
sulphonation the vegetable oil asphalt derived catalyst was found to have a loose irregular structure
of large pores, conversely the petroleum asphalt catalyst exhibited little to no pores. The reason for
the difference in morphology is believed to be due to the composition of the petroleum oil, consisting
of the heaviest hydrocarbon non-metallic elements, which lead to a high degree of graphitisation
following carbonisation, whereas vegetable oil asphalt is comprised of mainly straight chain aliphatic
hydrocarbon polymers leading to a much lower level of graphitisation. The acid site density and the
average pore size are presented in Table 3. The sulphur content and pore size of the vegetable oil
asphalt derived catalyst were substantially higher than that of the petroleum oil asphalt.

Table 3. Sulphur content of oil asphalt catalysts.

Catalyst Sulphur wt.% Average Pore Size nm
Vegetable oil asphalt 7.1 43.9
Petroleum oil asphalt 3.6 22

The attachment of SOsH groups to non-graphitic carbon is more favourable than graphitic carbon
leading to a higher acid site density. As well as a higher acid site density, the sulphonated vegetable oil
asphalt exhibited a larger average pore volume than the petroleum oil catalyst allowing the reactants
easier access to acid sites.

Both the vegetable oil asphalt and the petroleum oil asphalt catalysts were assessed for their
esterification and transesterification ability using a model waste oil (50% cottonseed oil and 50%
oleic acid). A combined esterification and transesterification process was used with a catalyst loading
of 0.3 wt.% and a molar ratio of methanol: oil of 20:9. The esterification was carried out at 140 °C for
2 h, and following the esterification, the FAME and water formed in the first step were removed, fresh
methanol was re-added to the reaction and the transesterification reaction was carried out at 220 °C for
3 h. The esterification and transesterification conversion are presented in Figure 10.
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Figure 10. Esterification conversion for petroleum and vegetable asphalt catalysts.

The eco-friendly vegetable oil asphalt gave a significantly higher conversion of FFAs than either
of the petroleum asphalt catalysts used. Similarly, under the stated reaction conditions the vegetable
oil asphalt outperformed the petroleum oil asphalt in the transesterification reaction.

Biochar is obtained as a solid residue in the pyrolysis of biomass [50,51]. Biochar is of interest as a
catalytic material for a wide variety of reasons such as; large surface area, high pore volume, long term
stability, the potential for surface functional groups and low cost of production [51-54]. Depending
on the heating rate during pyrolysis the biochar can be produced as the major component or as a
by-product. Fast pyrolysis is used to produce bio-oil, and biochar is generated as a by-product of the
reaction (about 15 wt%), whereas slow pyrolysis with a lower heating rate favours the production of
biochar giving a yield of 30-50 wt% [55,56].

Dehkhoda et al. [21] prepared two sulphonated biochar catalysts from woody biomass and
examined their esterification and transesterification ability. The catalysts were prepared using two
different methods. Method A: conc. H,SO4 was added to the biochar and heated; method B: the
biochar was pre-treated with 7 M KOH to improve the porosity and surface area, and fuming HySO4
was added to the treated biochar and heated.

Despite the lower surface area, catalyst B displayed a much higher sulphonic group density
and total acidity than catalyst A (Table 4). Catalyst A showed little to no catalytic activity for the
transesterification of canola oil in the presence of ethanol. However, the catalyst demonstrated good
esterification ability when tested with waste vegetable oil. Catalyst B showed significantly better
activity for the transesterification reaction due to the increased acid site density and in particular,
the increased sulphonic group density as this is the only acid group strong enough to catalyse the
transesterification process. Despite the increased activity of catalyst B for the transesterification reaction,
the maximum yield obtained was in the range of 10%.

Table 4. Catalyst characterisation for method A and B.

Catalyst Surface Aream?/g  Sulphonic Group Density mmol/g Total Acidity umol/g
Method A 14.4 0.59 83
Method B 2.6 1.04 3200

A further study was completed by Yu et al. [57] in which an improved sulphonated biochar catalyst
was produced from woody biomass using a method similar to method B with the carbonisation of the
biochar being carried out at a range of temperatures. As expected, the surface area decreased following
sulphonation but as depicted in Table 5 the percentage decrease in surface area was drastically different
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for the catalysts carbonised at different temperatures. The catalyst carbonised at 450 °C showed the
largest decrease in surface area, pore size, pore volume, and for the catalysts carbonised at 675 and
875 °C, the decrease in surface area, pore volume, and pore size was substantially lower. The reason
for this is believed to be the elevated number of C-C bonds when the biochar was carbonised at higher
temperatures, the C—C bond is more resistant to collapse leading to a lesser reduction in surface area,
pore size and pore volume.

Table 5. Catalyst characterisation results for the various biochar catalysts.

Surface Decrease in Pore Size Pore Size Total Pore
Carbonisation Area SA after Volume Total Acid
HCl1 . SA after before after .
Catalyst Temperature (SA) before  Sulphonation . . . after Density
o Treatment . 2 Sulphonation Sulphonation Sulphonation .
C Sulphonation m®/g o Sulphonation mmol/g
2 %o nm nm 3
m®/g cm’/g
Biochar
[57] 450 No 204 19 99 2.6 - 0.01 2.6
B‘F;;}ar 675 No 668 640 4 22 22 035 12
B‘E’g}ar 875 No 1469 1411 4 22 22 071 05
B‘E’:}gar 675 Yes 990 949 4 32 32 0.85 20
Peanut
shell 450 No - 12 - - 39.3 - 6.9

[59]

In contrast, the total acid density showed the opposite trend, with increasing carbonisation
temperature and increasing degree of carbonisation, an increasing number of C-H bonds are ruptured
which in turn reduces the active acid sites available on the catalyst surface.

The transesterification of canola oil with methanol was used to evaluate the catalytic activity of
the prepared catalyst. The yield of the three catalysts carbonised at three different temperatures can be
seen in the Figure 11. The catalyst carbonised at 675 °C gave the highest yield of 18.9 wt.%, and this
catalyst provided the right balance between high surface area and high acid site density.

50
;\? \\\
5 40- \
[0} N
2
i)
3
2
§ 20
"
[0}
"
§ 104
N\

AR < yro G \

b &® &® <¥ o¥¢
OOY\ <&
¢ o
6\‘5’

Catalyst Carbonisation Conditions

Figure 11. Transesterification yield of biochar catalyst.

A high pressure (P) and temperature (T) transesterification reaction was carried out at 150 °C and
1.52 MPa. The reaction was carried out for 3 h and the yield was 44%, which is a marked improvement
over the previous result presented in Figure 11. Upon evaluation of the reusability of the catalyst,
it was found that the catalyst retained little to no activity (0.9 wt.%) after the first run, and this was due
to acid site leaching.

Dehkhoda and Ellis [58] completed a further investigation using the biochar carbonised at 675 °C,
where an improvement in the reusability of the catalyst was observed. The catalyst was prepared in a



Appl. Sci. 2020, 10,918 110f17

similar way to method B described previously with the addition of one extra step—before sulphonation,
the catalyst was treated with 0.1 M HCl. Catalyst characterisation results can be found in Table 5.

A high pressure and temperature transesterification reaction was carried out at 150 °C and
1.5 MPa. The yield achieved was 48 wt.% presented in Figure 11, which is very promising for biodiesel
production. The reaction yield only decreased by 8 wt.% upon reuse of the catalyst. This is a substantial
improvement in the reusability compared with previous biochar catalysts.

Zeng et al. [59] produced a biochar-derived catalyst that was superior to all other catalysts
discussed in terms of yield and reusability. Waste peanut shells were used as a biomass feedstock for
a biochar catalyst. The waste peanut shells were carbonised at 450 °C and sulphonated with conc.
H,S0O;4. Table 5 contains catalyst characterisation data. The transesterification of cottonseed oil was
used to assess the catalytic performance of the peanut shell catalyst. The optimum reaction conditions
were determined to be as follows; methanol: oil molar ratio of 9:1, and a reaction temperature of 85 °C.
Under the stated reaction conditions, a yield of 90% was achieved.

The catalyst showed good stability. However, a gradual loss in activity was observed, following
five runs the catalyst still maintained approx. 50% of its activity (Figure 9). Following the five runs,
the catalyst was regenerated by treating with 1 M H,SOy for 5 h. The acid site density of the catalyst
was initially 6.9 mmol/g following five uses the acid site density dropped to 3.4 mmol/g. The catalyst
was regenerated, and the acid site density again increased to 6.1 mmol/g. The majority of the catalytic
activity can be recovered using this regeneration process.

The waste peanut shell derived catalyst has been demonstrated to be a very attractive and viable
catalyst option for biodiesel production. The feedstock is cheap, readily available and environmentally
friendly, the resulting catalyst demonstrates high conversion and stability.

4. Economic and Operating Condition Assessment

Table 7 compares the different CBAS catalysts discussed in terms of cost per kg, (the price given
above does not represent bulk purchase prices and is for comparison purposes only) preparation
conditions, operating conditions, reaction times, yield and reusability. Among the carbohydrate-derived
catalysts, the carbonisation and sulphonation conditions are almost identical; carbonisation was carried
out at between 400 and 450 °C for up to 15 h for all of the carbohydrate-derived catalysts. Sulphonation
conditions were typically 150-180 °C for 10~15 h with conc. HySOj in the range of 10 cm® per gram of
catalyst. In some cases, fuming sulphuric acid was used, giving an improved catalytic performance.
The starch and glucose derived catalysts were relatively more economical than their sucrose and
cellulose counterparts. The starch catalyst prepared by Lou et al. [10] in particular shows excellent
potential for commercial use. The catalytic activity of the starch catalyst is similar to that of concentrated
H,SO; for both the esterification and transesterification reactions. The starch-derived carbohydrate
achieved the highest conversion and highest rate of reaction of any of the carbohydrate catalysts
produced. The reusability of the catalyst is key to its application in industry, as this will reduce
production costs.
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Cost Per kg ($) Carbonisation: Yield: Esterification
Catalyst (Taken from Sigma . Sulphonation Conditions Reaction Conditions i PR Reusability
. Temperature Time Transesterification
Aldrich)
Conc. H,SO4 . . —
400 °C 150 °C Methanol:WCO weight ratio 1:1 e . Retains 93% of activity after 50
D-glucose [46] 39.2 10 wt.% catalyst loading Esterification = 90% .
15h 15h K successive runs
80 °C
10 mL/g
o One step hydrothermal Methanol:WCO molar ratio 20:1 o .
D-glucose [39] 39.2 180°C carbonisation and 10 wt.% catalyst loading Esterification = 95% 5 repeated uses 7% increase in
4h . o FFAs
sulphonation 80°C,3h
Esterification:oleic acid Esterification: No reduction in
. - 17 wt% catalyst - activity after 10 uses
o o — 10,
Cellulose [41] 196.0 450 °C Fuming sulphuric acid 180 °C 95°C,4h Ester1f1c‘a4t1or_1 =99.9% o Transesterification: No
5h 10h e Transesterification = 98.1% . ..
Transesterification: reduction in activity after four
Triolein 130 °C, 700 kPa, 5 h uses
Combined
D-glucose [10] 39.2 C H.SO WCO (27.8% FFA) Transesterification and Not investigated
400 °C one. 112504 Methanol: WCO molar ratio 20:1 Esterification 70%
15h 150°C 10 wt% catalyst loadin
15h Sh SSIC’C ] Combined
Sucrose [10] 934 4 Transesterification and Not investigated
Esterification = 72%
Combined
Cellulose [10] 196.0 Transesterification and Not investigated
Esterification = 78%
Combined . o .
Starch [10] 31.9 Transesterification and Retagr_;c‘ed 93f,t/0 05f0cata1yt1c
Esterification = 92% ability atter 50 uses
. Methanol:seed oil .
Sulphonated seed Byp ro.duct of oil 400 °C Cone. I:IZSO‘I weight ratio 1:1 COlT.Lbll’le.d Begins to deteriorate after three
extraction process. 150 °C o Transesterification and .
cake [3] L . 10h 0.38 g catalyst (7.5 wt%) R o successive uses
Low-cost inedible oil 10h K Esterification = 99%
180°C,5h
Petroleum oil asphalt By-p rOd}ICt . 500-700 °C Conc. HySO4 Cottonseed oil:oleic acid molar ratio 1:1 Esterific.a'tior.l = 54% o Not investigated
[49] petroleum industry 46h 210°C Methanol:oil molar ratio 20:9 Transesterification = 87%
o -
Vegetable oil asphalt roLcﬁ:ZeC;?:(:;nvE:ste 10131111 y 0.3123.0?: ?stzelﬂ?itcl:t?s;ng Esterification = 83% Not investicated
[49] P & Transesterification = 89% &

oils and inedible oils

220 °C Transesterification

oh
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Table 7. Summary of operating conditions, performance and cost per kg for all catalysts discussed.

Cost Per kg ($) Carbonisation: Yield: Esterification
Catalyst (Taken from Sigma . Sulphonation Conditions Reaction Conditions . P Reusability
Aldrich) Temperature Time Transesterification

Biochar A [21]

Waste wood

Esterification:

475°C COI;‘EOIEZCSO“ Waste vegetable oil 28:1
. Methanol:oil molar ratio 15:1 Esterification = 89% Not investigated
Unknown time 24 h
5 wt% catalyst
10 mL/g 60°C
Transesterification

475 °C

Fuming sulphuric acid

Methanol:oil molar ratio 15:1

Biochar B [21] Unknown time 51;01 5Ch 5 wt% catalyst loading Transesterification = 10% Not investigated
24 h,65°C
450 OC Fuming sull:;hurlc acid Methanol:canola oil molar ratio 15:1 Combined s
. - 675 °C 150 °C o . e Loses almost all catalytic ability
Biochar [57] o 5 wt% catalyst loading Transesterification and
875°C 15h 150 °C, 3 h, 1.52 MPa Esterification = 44.2 after one use
45-7h 165 mL/g 720 2 steriication = 22
Fuming sulphuric acid Methanol:oil (70% canola 30% oleic acid) Combined
. ; 675°C 150 °C molar ratio 15:1 o Reaction yield decreases by 8%
Biochar [21] Waste product . o R Transesterification and
Unknown time 15h 5wt% catalyst loading Esterification = 48.1 upon reuse of catalyst
16.5mlL/g 150 °C, 1.52 MPa, 3 h o
Conc. HySOy4 Refined cottonseed oil . . o . L.
Peanut shell biochar Waste product from 450 °C 200 °C Methanol:oil molar ratio 9:1 Corrllb.me'd Retains 50% of c'atalytlc activity
. Transesterification and after 5 runs. Easily regenerated
[22] peanut industry 15h 10h

100 mL/g

2 wt% catalyst loading
85°C,2h

Esterification = 90.2% with 1 M HySOy4
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Biomass-derived catalysts have the advantage when it comes to economics, as the biochar
is prepared from low-cost waste biomass feedstock. The catalyst synthesised from Calophyllum
inophyllum seed cake by Dawodu et al. [3] exhibited excellent catalytic properties and demonstrated
reusability for three successive runs. The seed cake catalyst promotes a reduced raw material cost,
whereas the starch catalyst exhibits greater reusability and the reaction takes place at milder conditions.
Further investigation is required to determine the most economical catalyst.

Of all the pyrolysis residue products that were investigated for their catalytic ability, the peanut
shell biochar catalyst demonstrated the highest catalytic activity and the best reusability. The pyrolysis
conditions used to produce this catalyst are mild in comparison with the other biochar catalysts
discussed while the sulphonation conditions used are slightly harsher than those used in the starch or
seed cake catalyst. Interestingly the ratio of concentrated H,SO; to catalyst is twenty times higher
than that used for the starch and seed cake catalyst. It is not known whether this ratio is necessary or
whether it was just decided arbitrarily, and this may be an important factor to consider in the cost of
production if it is a requirement. The catalysts derived from pyrolysis products generally suffer with
reusability issues when compared with carbohydrate-derived catalysts.

In terms of the next steps for CBAS biodiesel catalysts, further investigation is required to
determine which catalyst highlighted in the economic assessment is the most economically viable,
taking cost of the raw material, preparation and operating conditions as well as yield and reusability
into account. A study comparing their catalytic activity under identical reaction conditions would
give comparable results between the catalysts allowing the optimal catalyst and reaction conditions to
be chosen.

5. Conclusions

Anideal catalyst would have high acid site density, with a large amount of the acidity coming from
SO;H functional groups, a large surface area, high stability leading to good reusability properties and
a large average pore size and pore density. In terms of the carbohydrate-derived catalysts, the starch
catalyst demonstrated the above properties to the greatest extent, delivering a high FAME yield and
showing good reusability. The biomass catalyst prepared from seed cake showed excellent potential
for commercial use, with a high yield and good reusability over three successive runs. The pyrolysis
residue products typically suffer from poor reusability. However, the peanut shell biochar catalyst
produced a very high FAME yield, while retaining a high proportion of its activity on subsequent runs,
which was a marked improvement over the other biochar catalysts discussed.

One further area of study that may be of interest is the use of fuming sulphuric acid. In cases
where fuming sulphuric acid was used, enhanced catalytic activity was observed. Investigation into
the performance, reusability and economics of fuming sulphuric acid versus concentrated sulphuric
acid under the same conditions is required to gain a clear picture of the advantages of one sulphonation
method over the other.
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