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Abstract: Crude glycerol is the main by-product of many renewable diesel production platforms. 
However, the process of refining glycerol from this crude by-product stream is very expensive, and 
thus does not currently compete with alternative processes. The acetylation of glycerol provides an 
intriguing strategy to recover value-added products that are employable as fuel additives. In this 
work, the conversion of glycerol to acetyl derivatives was facilitated by a heterogeneous catalyst 
generated from the thermal hydrolysis of biosolids obtained from a municipal wastewater treatment 
facility. The reaction was studied using several conditions including temperature, catalyst loading, 
acetic acid:glycerol molar ratio, and reaction time. The data demonstrate the potential for using two 
distinct by-product streams to generate fuel additives that can help improve the process economics 
of renewable diesel production. 
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1. Introduction 

Biodiesel and renewable diesel commodities are one of the main driving forces of the green 
economy [1] as they decrease the emission of CO2 compared to fossil fuels [2]. Currently, biodiesel 
production is mainly performed through transesterification of triglycerides using methyl or ethyl 
alcohols, which leads to the massive production of glycerol as a by-product [3]. Other technologies 
that are capable of generating renewable diesel, such as thermal conversion of lipids, also generate 
glycerol as a by-product [4–6]. The Organization for Economic Co-operation and Development of the 
Food and Agriculture Organization of the United Nations (OECD-FAO) reports that global biodiesel 
production will increase from 36 to 39 billion litres between 2017 and 2027 [7]. Since the amount of 
crude glycerol recovered as a by-product is roughly 10% of the biodiesel generated [8], annual global 
production of crude glycerol is anticipated to reach 3.9 billion litres by 2027. Currently, producing 
refined glycerol from crude by-product streams is far more expensive than traditional processes [9–
11] even if glycerol itself has many uses [12], such as an additive for cosmetic [13,14] and 
pharmaceutical [15] industries and as cattle feed [16,17]. Nonetheless, glycerol is an attractive 
feedstock for several conversion procedures, including oxidation [18], hydrogenolysis [19], 
etherification [20], esterification [21,22], glycerol carbonate synthesis [23–25] and biological 
conversions [24]. In particular, glycerol acetyl derivatives have received increasing attention due to 
their wide applications in many fields, from polymer production to fuel additive manufacturing [26–
30]. The glycerol acetylation process produces three different compounds, monoacetins, diacetins and 
triacetin, whose yields are affected by many process and chemical parameters [31,32]. Mixtures of 
diacetins and triacetin are valuable diesel or gasoline additives leading to enhanced cold resistance, 
improved viscosity and anti-knocking properties [33,34]. Similarly, monoacetins could be converted 
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to solketal derivatives that show the same properties of di- and triacetin, with low consumption of 
acetic acid required for their production [35]. Furthermore, acetins mixtures are used by the 
pharmaceutical industry as filming [36] and as dispersant agents [37] and as a solvent for 
hydrophobic molecules and essential oils [38,39]. 

Glycerol acetylation is generally performed under catalytic conditions using heterogeneous 
acidic catalysts (i.e., ion exchange resins [40,41], heteropolyacids [42], zeolites [43], clays [44], biochar 
[45]) as well as both acetic acid [46] and acetic anhydride [47]. Acetic anhydride is a very effective 
acetylation agent under mild conditions (room temperature with short reaction time) and leads to the 
chemoselective formation of triacetin with a high release of heat. Despite this, acetic acid is 
preferentially used for glycerol acetylation due to its lower cost and the strict regulations associated 
with acetic anhydride use [48]. The acetylation procedure carried out using acetic acid as the acylating 
agent leads to the formation of various acetyl esters of glycerol and generally requires higher 
temperatures and a high acetic acid/glycerol ratio [33]. Acetic acid consumption and product 
purification has been optimized using several continuous processes based on distillation as reported 
in many studies [49–52]. 

Recently, Bartoli et al. [23] described a novel catalyst derived from the solid residue recovered 
after the thermal hydrolysis of biosolids. Thermal hydrolysis of biosolids has been shown to 
dramatically improve settling rates, and thus offers a potential alternative to current disposal 
strategies that employ natural settling in large biosolids lagoons [53]. To help offset the high costs 
that would be associated with the thermal hydrolysis of biosolids at large-scale, valorisation of the 
metal-rich solid residues recovered from hydrolysates was explored. Bartoli et al. [23] demonstrated 
that this material functioned as an effective inter- and intramolecular esterification agent for the 
production of glycerol carbonate and glycidol through urea glycerolysis. 

Following up on this study, the same biosolids-based catalyst was employed and evaluated for 
glycerol acetylation using acetic acid. The esterification reaction was studied under several conditions 
of reaction time, temperature, acetic acid/glycerol ratio, and catalyst loading. Here, we provide a 
proof-of-concept that our biosolids-based catalyst can facilitate conversion of glycerol to acetyl 
derivatives, which could potentially provide value to both renewable diesel producers, as well as 
wastewater treatment facilities. 

2. Results 

2.1. Preliminary Considerations Regarding Catalyst-Induced Reactivity and Composition  

Glycerol acetylation proceeds through a well-known, multi-step mechanism (Figure 1). The first 
esterification reaction occurs using one of the hydroxylic functionalities bounded to either a terminal 
or internal carbon atom of glycerol. The acetylation of terminal groups is both statistically and 
chemically preferred due to less steric hindrance. As a consequence, the formation of 1-monoacetin 
is far more common than the formation of 2-monoacetin. The second acetylation occurs preferentially 
on the remaining terminal carbon of 1-monoacetin, again due to steric hindrance. According to Zhou 
et al. [54], the production of internal acetin is very slow and is the rate determining step in each 
acetylation reaction [31,55] causing a low yield of triacetin, 1,2-diacetin and 2-moacetin. 

Catalysts currently used for glycerol acetylation are mainly solid acids, such as resins or 
inorganic salts [43], that promote a classical acid-mediated esterification. Nonetheless, Reddy et al. 
[56] reported the use of metal oxides as effective catalysts for glycerol acetylation. Considering the 
beneficial activity of metal oxides joined to acidic sites, the heterogeneous biosolids-based catalyst 
studied by Bartoli et al. [23] for the urea glycerolysis process is also a promising candidate for glycerol 
acetylation. The solid residue obtained through the thermal hydrolysis of biosolids showed very 
promising characteristics, such as a high concentration of acidic sites (up to 5.32 ± 0.03 mmol/g) and 
several transitional metals (Table 1), mainly as oxide derivatives [23], as shown by XRD analysis 
reported in Figure 2. 
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Figure 1. Esterification reaction pathways of glycerol to acetyl derivatives. 

Table 1. The concentration of the main metal species in the solid heterogeneous catalyst acquired 
through the thermal hydrolysis of biosolids. 

Catalyst 
Concentration (mg/g)  

Cr Fe Mn Sr Al Cu Zn Pb Ti Ref. 

Initial 
0.4 ± 
0.2 

26.5 ± 
1.3 

0.58 ± 
0.03 

0.4 ± 
0.1 

26.9 ± 
1.3 

0.7 ± 
0.1 

1.1 ± 
0.1 

0.1 ± 
0.1 

3.2 ± 
0.2 

[23] 

After 5 
reactions 

0.4 ± 
0.2 

28.7 ± 
1.7 

0.36 ± 
0.02 

0.4 ± 
0.1 

25.2 ± 
1.6 

0.2 ± 
0.01 

0.7 ± 
0.1 

0.2 ± 
0.1 

0.1 ± 
0.1 

Current 
study 

 
Figure 2. XRD pattern of thermally hydrolysed biosolids-based material in the range from 20 2θ to 60 
2θ compared with pure phases of Fe2O3, Al2O3 and SiO2 [57]. 

Due to the very complex composition of thermally hydrolysed biosolids-based material, XRD 
analysis can provide only qualitative data. The XRD pattern of thermally hydrolysed biosolids-based 
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material using QualX software (IC-CNR, Bari, Italy) and the RRUFF™ Project database for pure 
materials showed the presence of silicon oxide, iron oxide and aluminum oxide (quality match of 
94%, 89% and 79%, respectively) as amorphous or mixed phase materials. The additional peaks in 
the spectrum were reasonable due to residual oxides, halides, phosphate metals and organic residues 
that compose the complex mixture of biosolids-based catalysts.  

Since the early years of 19th century, it has been known that metals and their oxides could 
improve the performance of catalysts during the esterification reactions [58]. Consequently, the 
metals mixture recovered from thermally-hydrolysed biosolids could potentially be used as a catalyst 
without further purification procedures. 

2.2. Influence of Temperature on Glycerol Acetylation Conversion Rate and Selectivity 

The influence of the reaction temperature on glycerol acetylation was investigated during a 4 h 
period using four different temperatures (60 °C, 80 °C, 100 °C, 120 °C) and a fixed catalyst/glycerol 
weight ratio (4 wt%) and acetic acid/glycerol molar ratio (6:1) as reported in Figure 3. According to 
two-way ANOVA tests, the temperature and reaction time both had significant relevance (p < 0.05) 
on the conversion values. At a temperature of 60 °C, conversions were generally low reaching a 
maximum of 32.1 ± 1.6% after 4 h. When the reaction temperature was increased to 80 °C, the 
conversion slightly increased to 41.1 ± 2.1% after 4 h, but at the 1 h or 2 h time points, there were no 
significant differences compared with the corresponding time points at 60 °C. After 1 h at 100 °C, the 
conversion value observed (8.9 ± 0.7%) was not statistically different from the 1 h reactions conducted 
at both 60 °C and 80 °C. However, an increase in reaction time at 100 °C led to improved conversion 
values, reaching a maximum of 63.2 ± 1.5% after 4 h. Furthermore, significantly higher conversion 
was achieved at all time points at 120 °C, reaching 27.7 ± 1.2% and 78.4 ± 0.2% after 1 h and 4 h, 
respectively. 

 

 
Figure 3. The effect of temperature on the conversion of glycerol to acetyl derivatives catalysed by the 
biosolids-based catalyst. Reactions were carried out using a catalyst:glycerol ratio of 4% (w/w), and a 
6:1 molar ratio of acetic acid:glycerol. The conversion values were examined using four different 
temperatures: 60 °C, 80 °C, 100 °C and 120 °C. The averages ± standard deviations shown were 
calculated using values from three experiments. Data annotated with different letters are significantly 
different (at a 95% confidence level). 

According to two-way ANOVA tests (p < 0.05), selectivity was also affected by both temperature 
and reaction time (Table 2). At 60 °C, the use of a catalyst derived from thermally hydrolysed 
biosolids led to selective formation of monoacetins within the first 3 h of the reaction. However, 
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diacetins were detected in appreciable amounts (11.4 ± 0.9%) after 4 h. Although the selectivity for 
the monoacetins at 60 °C was quite high, the overall yields (calculated as the product of selectivity 
and conversion) were quite low reaching a maximum of around 28% after 4 h. At 80 °C, selectivity 
for monoacetins was still extremely high (95.7 ± 0.6%) after 1 h, decreasing to 87.5 ± 1.0% after 4 h. At 
the same time, diacetins conversion increased from 3.6 ± 0.1 after 1 h to 11.3 ± 0.6% after 4 h. Moreover, 
traces of triacetin were detected in appreciable amounts after 4 h (1.2 ± 0.4%). A further increase in 
temperature to 100 °C dramatically reduced monoacetins selectivity to 53.3 ± 0.7% after 4 h, while the 
occurrence of diacetins reached 41.3 ± 0.4%. Under these conditions, triacetin was also detected at 5.4 
± 0.8%. After 4 h at 120 °C, the selectivity of monoacetins (45.5 ± 1.4%) and diacetins (46.6 ± 1.5%) 
were statistically similar (p < 0.05), while the selectivity for triacetin increased to 6.6 ± 0.8%. Generally, 
increments in diacetin and triacetin conversion were observed as a result of both increasing 
temperature, as well as longer reaction times. 

Table 2. Effect of the temperature on the selectivity during glycerol acetylation catalysed by a 
biosolids-based catalyst. Reactions were carried out using a catalyst/glycerol ratio of 4% (w/w), and a 
molar ratio of acetic acid:glycerol of 6:1. 

T [h] T 
[°C] Conversion a (%) 

Selectivity b (%) 
Monoacetins Diacetins Triacetin 

1 

60 

8.3 ± 1.7 >99 Not detected Not detected 
2 20.0 ± 3.4 >99 Not detected Not detected 
3 26.8 ± 0.5 >99 Not detected Not detected 
4 32.1 ± 1.6 88.4 ± 0.8 11.4 ± 0.9 Not detected 
1 

80 

8.9 ± 1.3 95.7 ± 0.6 3.6 ± 0.3 0.7 ± 0.2 
2 22.8 ± 1.2 93.7 ± 0.5 6.1 ± 0.5 0.5 ± 0.2 
3 29.3 ± 0.8 91.0 ± 0.7 8.6 ± 0.4 0.5 ± 0.3 
4 41.1 ± 2.5 87.5 ± 1.0 11.3 ± 0.6 1.2 ± 0.4 
1 

100 

8.9 ± 0.7 86.6 ± 0.7 12.5 ± 0.2 0.8 ± 0.2 
2 37.3 ± 1.2 73.9 ± 0.3 25.3 ± 0.6 0.9 ± 0.3 
3 51.1 ± 0.7 62.7 ± 0.9 33.5 ± 0.3 3.8 ± 0.9 
4 63.2 ± 1.5 53.3 ± 0.7 41.3 ± 0.4 5.4 ± 0.8 
1 

120 

27.7 ± 1.2 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1 
2 51.1 ± 1.1 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7 
3 66.1 ± 0.3 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1 
4 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8 

a Conversion: 100 × ((initial mass of glycerol − final mass of glycerol)/(initial mass of glycerol));  
b 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦: 100 × (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖/ ∑ 𝑎𝑟𝑒𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖)𝑖 . 

2.3. Influence of the Acetic Acid:Glycerol Ratio on Glycerol Acetylation Conversion Rate and Selectivity 

The influence of the molar ratio of acetic acid and glycerol on glycerol acetylation using a 
biosolids-based catalyst was investigated using four different acetic acid:glycerol molar ratios (9:1, 
6:1, 3:1 and 1:1) at 120 °C, and a catalyst/glycerol weight ratio of 4% as shown in Figure 4. According 
to two-way ANOVA tests, both reaction time and acetic acid/glycerol ratio had a significant impact 
on conversion. Despite this, there were no statistically differences (p < 0.05) in conversion after 1 h 
between the various acid:glycerol molar ratios tested, with an average conversion value around 27%. 
Using an acetic acid:glycerol molar ratio of 1:1, a slight increase in conversion from 26.0 ± 1.2% after 
1 h to 40.8 ± 0.5% after 4 h was observed. A greater increase in conversion was observed using an 
acetic acid:glycerol ratio of 3:1, reaching 73.1 ± 0.7% after 4 h. Further increments in the acetic 
acid:glycerol molar ratio (6:1 and 9:1) led to increases in conversion of 78.4 ± 0.2% and 85.8 ± 1.2% 
after 4 h, respectively. 
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Figure 4. Effect of the acetic acid:glycerol molar ratio on the conversion of glycerol to acetyl 
derivatives catalysed by a biosolids-based catalyst. For the reactions shown above, the 
catalyst/glycerol ratio was maintained at 4 wt%, with a reaction temperature of 120 °C. To determinate 
the relationship between conversion and the acetic acid:glycerol ratios, four molar ratios were 
employed: 9:1, 6:1, 3:1 and 1:1. The errors bars represent the standard deviations from the averages 
calculated from triplicate experiments. Data annotated with different letters are significantly different 
(at a confidence level of 95%). 

Selectivity (Table 3) was also affected by both temperature and acetic acid:glycerol molar ratio 
according to two-way ANOVA outputs (p < 0.05). Considering a reaction time of 1 h, the biosolids-
based catalyst showed a monoacetins selectivity of 74.3 ± 3.2% using an acetic acid:glycerol molar 
ratio of 1:1. A decrease in monoacetins selectivity to around 70% was observed using molar ratios of 
acetic acid:glycerol of 3:1 and 6:1. A further increment in acetic acid:glycerol ratio (9:1) led to a 
monoacetins selectivity of 80.4 ± 3.8%. Monoacetins selectivity generally decreased with reaction time 
down to 43.8 ± 2.0% using an acetic acid:glycerol molar ratio of 1:1 after 4 h. A similar trend was 
observed for all other ratios tested. Conversely, diacetins selectivity increased with increasing acetic 
acid:glycerol molar ratios. Considering yields instead of the selectivity values, it is very clear that the 
acetic acid:glycerol molar ratio had a remarkable impact. Using acetic acid:glycerol at a molar ratio 
of 1:1, the yields of monoacetins and diacetins were 17.9 ± 1.0% and 20.0 ± 1.4% after 4 h, respectively. 
Increasing the acetic acid:glycerol molar ratio to 9:1 led to increased monoacetins and diacetins yields 
of 40.2 ± 2.4% and 41.5 ± 0.8%, respectively. 

Table 3. Effect of the acetic acid:glycerol molar ratio on the selectivity during glycerol acetylation 
catalysed by a biosolids-based catalyst. For the reactions, the catalyst/glycerol weight ratio was 
maintained at 4 wt% and the reaction temperature used was 120 °C. 

T [h] Acetic Acid: Glycerol 
(mol/mol) Conversion a (%) 

Selectivity b (%) 
Monoacetins Diacetins Triacetin 

1 

1 

26.0 ± 0.5 74.3 ± 3.2 24.5 ± 1.8 1.2 ± 0.3 
2 35.8 ± 0.3 59.7 ± 2.6 34.6 ± 1.1 4.1 ± 0.9 
3 36.5 ± 0.5 51.7 ± 0.9 42.5 ± 2.6 5.5 ± 0.5 
4 40.8 ± 0.7 43.8 ± 2.0 49.0 ± 2.8 6.3 ± 0.1 
1 

3 

26.6 ± 0.3 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1 
2 45.3 ± 1.9 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7 
3 63.5 ± 0.6 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1 
4 73.1 ± 0.7 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8 
1 6 27.7 ± 0.7 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1 
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2 51.1 ± 1.1 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7 
3 66.1 ± 0.3 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1 
4 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8 
1 

9 

28.1 ± 0.9 80.4 ± 3.8 17.0 ± 0.5 0.9 ± 0.1 
2 65.6 ± 1.2 62.1 ± 2.6 34.2 ± 1.5 2.4 ± 0.4 
3 75.9 ± 0.5 49.7 ± 2.1 44.1 ± 0.7 3.9 ± 0.3 
4 85.8 ± 1.2 46.9 ± 2.0 48.4 ± 0.3 6.3 ± 0.4 

a Conversion: 100 × ((initial mass of glycerol – final mass of glycerol)/(initial mass of glycerol)); 
b 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦: 100 × (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡௜/ ∑ 𝑎𝑟𝑒𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡௜)௜ .  

2..4. Influence of Catalyst Loading on Glycerol Acetylation Conversion Rate and Selectivity 

The effect of catalyst loading on acetylation of glycerol was studied using five different 
catalyst/glycerol weight ratios (0 wt%, 2 wt%, 4 wt%, 8 wt%, 16 wt%). The reactions were carried out 
for 4 h at 120 °C, with an acetic acid:glycerol molar ratio of 6:1 as shown in Figure 5. Two-way 
ANOVA testing (p < 0.05) confirmed that both catalyst loading and reaction time affected the 
conversion during acetylation of glycerol. The uncatalysed reaction in which no biosolids-based 
catalyst was employed proceeded very slowly, reaching a conversion of only 3.6 ± 0.4% after 1 h and 
65.7 ± 0.4% after 4 h. Using the same conditions, a catalyst loading of 2 wt% substantially improved 
conversion, reaching 22.6 ± 0.7% after 1 h and 72.2 ± 1.5% of after 4 h. Further increments in catalyst 
loading induced significant increases in conversion, achieving 90.8 ± 2.3% after 4 h using a catalyst 
loading of 16 wt%. The effect of catalyst was particularly evident after 1h. In this experiment, a 
catalyst loading of 2–8% promoted conversions of ~22–27% while a catalyst loading of 16 wt% 
resulted in a conversion of 54.9 ± 1.1%. 

 
Figure 5. The effect of the catalyst loading on the conversion of glycerol to acetyl derivatives. 
Reactions were performed at 120 °C, with a 6:1 molar ratio (acetic acid:glycerol). For these 
experiments, different catalyst/glycerol weight ratios (0 wt%, 2 wt%, 4 wt%, 8 wt%, 16 wt%) were 
examined, using a biosolids-based catalyst. The data reported represent averages ± standard 
deviations of triplicate experiments. Values that are annotated with different letters are statistically 
different at a 95% confidence level. 

The selectivity achieved during glycerol acetylation was also affected by catalyst loading and 
reaction time. According to the data shown in Table 4, the trends observed with regards to the 
selectivity of monoacetins and diacetins were comparable with other experiments. In general, a 
simultaneous increase in diacetins and a decrease in monoacetins was observed with increasing 
reaction time and catalyst loading. Triacetin selectivity followed the same trend as diacetins, albeit at 
much lower levels, with the exception of the experiments without the use of catalyst where no 



Catalysts 2020, 10, 5 8 of 14 

 

triacetin was detected. This suggests that a catalyst is necessary in order to promote the third 
esterification reaction, which is associated with a very low kinetic rate due to the high steric hindrance 
of diacetins. Thus, the catalyst obtained through thermal hydrolysis of biosolids positively affected 
the esterification of the internal hydroxylic functionality that is characterized by a reaction ΔG higher 
than terminal groups [32]. 

Table 4. The effect of catalyst loading on selectivity during glycerol acetylation catalysed by the 
biosolids-based catalyst. Reactions were performed at 120 °C, with a 6:1 molar ratio of acetic 
acid:glycerol. 

T [h] Catalyst 
[wt%] Conversion a (%) 

Selectivity b (%) 
Monoacetins Diacetins Triacetin 

1 

0 

3.6 ± 0.4 65.2 ± 2.6 34.5 ± 2.6 Not detected 
2 21.5 ± 0.9 56.6 ± 1.2 42.9 ± 2.8 Not detected 
3 35.5 ± 0.9 49.0 ± 3.7 52.3 ± 1.9 Not detected 
4 65.7 ± 0.4 44.4 ± 1.0 55.8 ± 2.6 Not detected 
1 

2 

22.6 ± 0.3 74.3 ± 3.2 24.5 ± 3.0 1.2 ± 0.3 
2 47.0 ± 2.0 59.7 ± 2.6 34.6 ± 1.5 4.1 ± 0.9 
3 60.7 ± 0.3 51.7 ± 0.9 42.5 ± 1.8 5.5 ± 0.5 
4 72.2 ± 1.5 43.8 ± 2.0 49.0 ± 1.1 6.3 ± 0.1 
1 

4 

27.7 ± 1.2 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1 
2 51.1 ± 1.1 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7 
3 66.1 ± 0.3  54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1 
4 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8 
1 

8 

47.5 ± 2.2 78.6 ± 2.2 20.3 ± 2.3 1.0 ± 0.3 
2 64.8 ± 3.1 65.2 ± 2.5 33.0 ± 1.9 2.5 ± 0.4 
3 82.2 ± 1.3 54.1 ± 1.2 41.4 ± 1.1 4.6 ± 0.4 
4 86.0 ± 0.5 46.1 ± 1.3 47.2 ± 0.3 6.8 ± 0.7 
1 

16 

54.9 ± 1.1 80.4 ± 3.8 17.0 ± 0.5 0.9 ± 0.1 
2 69.3 ± 1.6 62.1 ± 2.6 34.2 ± 1.5 2.4 ± 0.4 
3 84.6 ± 1.3 49.7 ± 2.1 44.1 ± 0.7 3.9 ± 0.3 
4 90.8 ± 2.3 46.9 ± 2.0 48.4 ± 0.3 6.3 ± 0.4 

a Conversion: 100 × ((initial mass of glycerol – final mass of glycerol)/(initial mass of glycerol));  
b 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦: 100 × (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡௜/ ∑ 𝑎𝑟𝑒𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡௜)௜ . 

2.5. Influence of Catalyst Recycling on Glycerol Acetylation Conversion Rate and Selectivity 

To assess reusability of the catalyst generated through thermal hydrolysis of biosolids, the same 
catalyst sample was used for five consecutive reactions. The reactions were performed at a catalyst 
loading of 4 wt%, an acetic acid:glycerol molar ratio of 6:1, and at 120 °C for 4 h (Figure 6). According 
to a one-way ANOVA test, there were no significant differences (p < 0.05) in the conversion values 
assessed during the five catalytic runs with average values ~78%. Furthermore, comparable 
selectivity was also observed in the reaction products from the five catalytic runs (Table 5). 
Considering the metals concentrations assessed after the fifth catalytic run (Table 1), it reasonable to 
assume that the catalytic activity of thermally hydrolysed biosolids-based materials during glycerol 
acetylation was exploited by both metals and acidic sites. Acid sites remained untouched after the 
fifth catalytic runs with a concentration of 5.28 ± 0.05 mmol/g while key metals (Fe, Al) did not show 
any leaching. According to these observations, acetylation of glycerol was promoted by acidic sites, 
such as hydroxylic functionalities (mainly on silica as reported by Bartoli et al. [23]) and metal centres 
that can act as Lewis acids [59]. 
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Figure 6. Conversion performance using recycled biosolids-based catalyst. The reactions were 
performed using a catalyst/glycerol ratio of 4 wt%, a temperature of 120 °C, an acetic acid:glycerol 
molar ratio of 6. These reactions were performed for 4 h. The values shown represent the average ± 
standard deviations of three independent experiments. Data annotated with different letters are 
significantly different (at a confidence level of 95%). 

Table 5. Selectivity observed in glycerol acetylation reactions using recycled biosolids-based catalysts. 
Reactions were performed with a catalyst loading of 4 wt%, an acetic acid:glycerol molar ratio of 2:1, 
and at 120 °C for 4 h. 

Catalytic Run Conversion a (%) 
Selectivity b (%) 

Monoacetins Diacetins Triacetin 
1st 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8 
2nd 77.9 ± 0.9 44.9 ± 0.5 45.9 ± 1.1 6.3 ± 0.6 
3rd 77.9 ± 0.4 44.6 ± 0.3 46.3 ± 1.3 6.7 ± 0.4 
4th 78.1 ± 0.2 46.6 ± 0.8 45.8 ± 0.8 6.0 ± 0.9 
5th 78.1 ± 0.3 42.0 ± 0.7 46.2 ± 1.1 6.9 ± 0.5 

a Conversion: 100 × ((initial mass of glycerol – final mass of glycerol)/(initial mass of glycerol));  
b 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦: 100 × (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡௜/ ∑ 𝑎𝑟𝑒𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡௜)௜  . 

2.6. Considerations on Catalytic Performance of Thermally Hydrolysed Biosolids and Available Catalysts 

The catalytic performance of the biosolids-based catalyst is not as high as other reported 
materials, such as superacid resins. Dosuna-Rodríguez et al. [40] compared several acidic resins 
reaching a maximum conversion of up to 95% after 200 min with a selectivity for monoacetins and 
diacetins of up to 81% and 5%, respectively, using 0.8 wt% of Dowex-2®. Similar and even better 
results were achieved only using a high loading of thermally hydrolysed biosolids catalyst (from 8 
wt% to 16 wt%). Other acid catalyst such as ionic liquids outperformed the biosolids-based catalyst, 
reaching conversions of up to 99% and selectivity for triacetin up to 47% [60]. Furthermore, 
nanostructured sulphated zirconia led to higher yields of triacetin (up to 40%) with low catalyst 
loading [61]. A similar behaviour was also observed using acidic zeolites as reported by many authors 
[62–64]. Nonetheless, thermally-hydrolysed biosolids catalyst operates at lower temperature 
compared with heteropolyacidic catalytic systems reaching the same performances [65]. 
Furthermore, as the biosolids-based catalyst is generated from a negative value material, the cost of 
this catalyst may offer significant advantages in commercial applications. 
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3. Materials and Methods  

3.1. Materials 

Tetrahydrofuran (HPLC grade, >99.9%) and methyl nonadecanoate (used as internal standard 
for gas chromatography) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid 
(>98%) and glycerol (98%) were purchased from Fisher Chemical (Fair Lawn, NJ, USA). Gases (Air, 
N2, H2, He) were purchased from Praxair (Praxair Inc., Edmonton, AB, Canada). The biosolids-based 
catalyst was obtained through thermal hydrolysis (121 °C, 1 h, >15 psi) of digested biosolids (~3.5% 
dry solids; pH ≈ 9) as previously described [23,53] The solid material was collected through 
centrifugation, then dried at 105 °C to constant weight in a drying oven. The dried solids were then 
ground with a mortar and pestle, and then passed through a 200 mesh nylon cloth. The material 
passing through the filter was used as the biosolid-based catalyst. 

3.2. Methods 

3.2.1. Catalytic acetylation of glycerol 

Glycerol (5 g) was placed into a one neck balloon with acetic acid (acetic acid:glycerol molar 
ratios of 9:1, 6:1, 3:1, and 1:1) and the biosolids-based catalyst (catalyst/glycerol weight ratio of 16 
wt%, 8 wt%, 4 wt%, 2 wt%, and 0 wt%), which was then connected to a condenser. The reaction 
mixtures were stirred and heated at different temperatures (60 °C, 80 °C, 100 °C and 120 °C), with 
sampling every hour for a total of 4 h. After, the reaction mixture was cooled to room temperature 
and the catalyst was recovered through centrifugation (7155× g for 10 min), washed with acetone (5 
mL three times), dried overnight at 105 °C, and then analysed as described below. Each test was 
replicated three times. 

3.2.2. Sample analysis 

The reaction mixture was analysed as previously reported [23]. Briefly, 100 µL of the crude 
reaction mixture were diluted with 900 µL of tetrahydrofuran and 10 mg of methyl nonadecanoate 
were added as the internal standard. The solution was analysed using a gas chromatograph (6890N, 
Agilent Technologies, Fort Worth, TX, USA) equipped with an autosampler (Agilent 7683 series; 
Agilent Technologies, Fort Worth, TX, USA), a flame ionization detector (FID) and a mass 
spectrometer (Agilent 5975B inert XL EI/CI MSD; Agilent Technologies, Fort Worth, TX, USA) used 
for the quantification and identification of each peaks, respectively. Analyses were carried out by 
injecting 1 µL of the samples into a DB-5 column (100 m × 250 µm × 0.25 µm; Agilent Technologies, 
Fort Worth, TX) according to the methodology described previously [66]. Analysis were carried out 
using helium as the carrier gas (flow rate of 1 mL/min), an injector temperature of 310 °C and FID 
temperature of 320 °C, respectively. The starting oven temperature was set at 35 °C, which was held 
for 0.1 min, increased to 280 °C at 10 °C/min, and then held for 5.4 min to reach a total time of 30 min. 
Mass spectrometry outputs were analysed and matched to those of the National Institute of 
Standards and Testing (NIST) mass spectral library. The concentration of unreacted glycerol was 
evaluated using a five point calibration curve (m = 0.185 ± 0.02; R2 = 0.994) established through the 
use of methyl nonadecanoate as the internal standard. 

Analysis of the main inorganics in the catalyst was performed using a Thermo iCAP 6000 series 
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES; Thermo Fisher Scientific, 
Madison, WI, USA) at the Natural Resources Analytical Laboratory (Department of Chemistry, 
University of Alberta). 50 mg of each sample were digested dissolved in 5 mL of trace-metal grade 
HNO3 and further diluted with Milli-Q water to 25 mL. An internal standard solution containing 
Yttrium is used to correct for matrix effects in each sample. Final analyte values are reported after 
this correction factor has been applied. Analyses were carried out before and after the five catalytic 
runs. Analysis of acid residual groups on the surface of the catalyst was carried out according to 
methodology reported by Bartoli et al. [23], which was based on a modified Boehm’s test [67]. 
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XRD analysis was carried out using a D8 Discover X-ray diffractometer (Bruker, Madison, WI, 
USA) employing Cu Ka (k = 1.5418 Å) radiation. Diffractograms were acquired in the 2θ range from 
10.0° to 90.0°, applying a step size of 0.50°. Inorganic species were detected using freeware software 
QualX software. Only species with a quality match of 80% or higher were reported. 

3.2.3. Statistical analysis 

One-way and two-way ANOVA tests and t-tests with a significance level of 0.05 (p < 0.05) were 
carried out using Excel™ software (Microsoft Corp.,  Redmond, WA, USA) and the “Data analysis” 
tool. Statistical analysis was performed using triplicate data, with the means and standard deviations 
reported. 

Five grams (5 g) was placed into a one neck balloon with acetic acid (acetic acid:glycerol molar 
ratios of 9:1, 6:1, 3:1, and 1:1) and the biosolids-based catalyst (catalyst/glycerol weight ratio of 16 
wt%, 8 wt%, 4 wt%, 2 wt% and 0 wt%), which was then connected to a condenser. The reaction 
mixtures were stirred and heated at different temperatures (60 °C, 80 °C, 100 °C and 120 °C), with 
sampling every hour for a total of 4 h. After, the reaction mixture was cooled to room temperature 
and the catalyst was recovered through centrifugation (7155× g for 10 min), washed with acetone (5 
mL three times), dried overnight at 105 °C, and then analysed as described below. Each test was 
replicated three times. 

4. Conclusions 

In this work, the effectiveness of a heterogeneous catalyst obtained from thermally hydrolysed 
biosolids in promoting glycerol acetylation was demonstrated. Glycerol conversion was studied 
using various temperatures, acetic acid:glycerol molar ratios, catalyst loading and reaction times. The 
results highlight the ability of the biosolids-based catalyst to promote a rapid conversion of glycerol 
to a mixture of monoacetins, diacetins, and triacetin. The maximum conversion obtained was 90.8 ± 
2.3% after 4 h at 120 °C using a catalyst loading of 16 wt% and an acetic acid:glycerol molar ratio of 
6:1. Furthermore, under the same conditions, an extremely high selectivity of monoacetins were 
achieved after only 1 h. Considering the catalytic activity and negative cost of the material recovered 
from biosolids, a waste stream from wastewater management processes, catalysts recovered from 
thermally hydrolysed biosolids is a promising tool for the glycerol acetylation process. 
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