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Abstract: Biodiesel production through transesterification results in a large quantity of crude glycerol
as a byproduct, the utilization of which is technically and economically challenging. Because of the
ability to efficiently process wet feedstocks, supercritical water gasification (SCWG) is utilized in
this study to convert crude glycerol into hydrogen-rich syngas. A significant challenge addressed
through this study is the decomposition routes of different heterogeneous components of crude
glycerol during SCWG. Pure glycerol, methanol and oleic acid were investigated for SCWG as the
model compounds of crude glycerol. SCWG of model compounds at temperature, pressure, feedstock
concentration and reaction time of 500 °C, 23-25 MPa, 10 wt% and 1 h, respectively, revealed methanol
to exhibit the highest Hj yield of 7.7 mmol/g, followed by pure glycerol (4.4 mmol/g) and oleic acid
(1.1 mmol/g). The effects of feedstock concentration from 30 wt% to 10 wt% increased H, yield from
all model compounds. Response surface methodology (RSM) was used to develop a response curve
to visualize the interactive behavior and develop model equations for the prediction of Hp-rich gas
yields as a function of the composition of model compounds in the crude glycerol mixture. Predictive
models showed a good agreement with experimental results, demonstrating high accuracy and
robustness of the model. These findings demonstrated a strong potential of crude glycerol for SCWG
to generate Hy-rich syngas.

Keywords: design of experiments; glycerol; hydrogen; response surface methodology; supercritical
water gasification

1. Introduction

Currently, fossil fuels are the main source of global energy supply, accounting for a
share of nearly 84% [1]. An increasing trend in the extraction, processing and consumption
of fossil fuels has also posed some environmental challenges. Consumption of fossil
fuels contributes to greenhouse gas (GHG) emissions, which increase the Earth’s average
temperature, leading to climate change, global warming, impacts on natural resources and
abnormalities in weather patterns [2]. Owing to these adverse direct and indirect impacts of
fossil fuels on the environment and ecosystems, renewable and alternative energy sources
are a pressing need.

Biodiesel is a well-researched alternative fuel produced from bio-renewable sources
for use in the transportation sector due to its compatibility with existing diesel engines [3].
Biodiesel can be produced by the transesterification of non-edible oils from oilseed crops
and microalgae as well as waste cooking oils and animal fats [4]. The global biodiesel
supply in 2021 was 0.8 million barrels per day (mb/d), which is expected to rise to 1.8 mb/d
by 2045 [5]. In Canada, biodiesel production dramatically increased from 102 million liters
in 2012 to 460 million liters in 2021, with a forecast of steady growth [6]. With the steady
rise in the commercial production of biodiesel globally, several waste byproducts from the
transesterification processes such as crude glycerol, methanol and alkali salts (as spent
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catalysts) are also obtained in large amounts that require expensive downstream processing
for separation and purification [7].

The disposal of crude glycerol is challenging due to the high cost and negative envi-
ronmental impact associated with it. Refining crude glycerol into value-added chemicals is
also expensive and intricate due to the presence of impurities [8]. Fermentation of crude
glycerol is also challenging due to the impurities acting as microbial growth inhibitors and
the precipitation of soap resulting in the formation of bubbles, which limits the oxygen
transfer and cell growth in microbial culture [9]. Incineration of crude glycerol is also not
a feasible option due to a high auto-ignition temperature, high viscosity, low vapor pres-
sure, low heating value and the presence of impurities and salts leading to emissions and
corrosion [10]. Hence, the utilization of crude glycerol is a serious challenge for biodiesel
industries, affecting their waste management, environmental impacts and economics. This
also remains one of the main knowledge gaps in the existing literature on the value addition
to crude glycerol.

Hydrothermal conversion technologies such as supercritical water gasification (SCWG)
and reforming have shown some promising results for the valorization of crude glycerol
into biofuels, especially syngas [11-16]. SCWG has the potential to efficiently convert
crude glycerol and other complex wet feedstocks into value-added hydrogen-rich syngas
without the need for pretreatment (i.e., purification or separation). SCWG uses water
at its supercritical state with a temperature and pressure beyond water’s critical points
ie. 374 °C and 22.1 MPa [17]. Supercritical water (SCW) with dual properties of gases
(for viscosity) and liquids (for density) serves as a non-polar solvent, medium and re-
actant during SCWG [18,19]. The SCWG process mainly produces H; along with CO,,
CO and CHj4. Hydrogen is the cleanest source of alternative energy as its combustion
produces heat energy (120-142 MJ/kg) and water. Thus, the renewed impetus of many
countries to invest in the hydrogen economy to meet their energy demand has surged sig-
nificantly. Approximately 90 Mt of H, was produced globally in 2020, almost entirely from
fossil fuels through large-scale commercial processes such as steam reforming of methane,
which is a well-established industrial process but also generates massive levels of GHGs
e.g., 900 Mt of CO; in 2020 alone [20]. The ability of SCWG to produce green hydrogen
could potentially decrease the over-dependency on fossil fuels, reduce carbon emissions
and valorize underutilized feedstocks such as crude glycerol and organic wastes.

Although promising, it should be noted that the composition of crude glycerol can
vary drastically depending on the source, which can have significant effects on H; and
other gas yields and the efficiency of SCWG. The rate of hydrothermal decomposition and
reforming of individual components of crude glycerol can differ, and thereby significantly
influence the overall SCWG process. As main knowledge gaps, it is important to investigate:
(i) the behavior of each component of crude glycerol during SCWG and (ii) the interactions
of process parameters i.e., temperature, pressure, reaction time, feedstock concentration
and catalyst type and loading on gas yields and intensification of SCWG of crude glycerol.
Hence, this study aims to fill these knowledge gaps by studying the SCWG behavior of
model compounds of crude glycerol such as methanol and oleic acid and compare it with
that of pure glycerol.

This study implements a design of experiments approach, which has not been previ-
ously reported, to comprehensively study the interactions within model compounds of
crude glycerol during SCWG at varying concentrations. This study leads to the develop-
ment of predictive model equations to ascertain the yields of H,, CHy, CO; and total gases
from SCWG of crude glycerol with a variety of compositions. The accuracy of these model
equations was validated using a simulated crude glycerol feedstock based on an actual
crude glycerol feedstock as a validation data point, which has not been examined and
reported in the literature. The predicted thermodynamic results from the developed models
and the actual experimental data obtained from the SCWG reactions of simulated crude
glycerol were compared to test the robustness of developed predictive model equations,
which is relevant for the industrial scale-up of the SCWG process. A detailed mechanism
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demonstrating different conversion pathways of crude glycerol constituents during SCWG
is proposed, which is important to control the rate and progression of sub-reactions such as
hydrolysis, decomposition, reforming and gasification.

Process optimization and gas yields depend on a multitude of factors such as the
scale of operation and reactor type. Variations in these factors can result in differences
in gas yields from the SCWG of a particular feedstock. Moreover, the interactive effects
of process conditions such as temperature, reaction time and feed concentration are less
understood. To gain more understanding in this area, the primary objective of this study
was to investigate the interactive effects of model compounds of crude glycerol during
SCWG. This can provide the basis to understand the underlying mechanisms of SCWG of
crude glycerol and better optimize the feedstock blending. The experiment design used in
this study investigates the effects of the composition of feedstock on the gas yields while
keeping other variables (e.g., temperature, pressure and reaction time) constant.

2. Materials and Methods
2.1. Feedstock

Crude glycerol was procured from a Canadian biorefinery company located in British
Columbia. High-purity glycerol (>99.5%), methanol (>99.8%) and oleic acid (>99%) were
purchased from Fisher Scientific, Canada (Thermo Fisher Scientific, Mississauga, ON,
Canada). Simulated crude glycerol was prepared using pure model compounds
(i.e., glycerol, methanol and oleic acid) to mimic the composition of crude glycerol ex-
cluding ash and moisture content (Table 1).

Table 1. Typical composition of feedstocks.

Crude Glycerol  Simulated Crude Glycerol = Pure Glycerol Methanol Oleic Acid
Glycerol (Wt%) 419 447 >99 - -
Methanol (wt%) 20.2 21.5 - >99 -
Oleic acid (wt%) 31.7 33.8 - - >99
Ash (wt%) 45 - - - -
Moisture (wt%) 1.7 - - - -
Carbon (wt%) 48.7 48.1 38.4 32.6 77.8
Hydrogen (wt%) 9.8 9.7 9.1 11.8 12.7
Nitrogen (wt%) 0.4 0.4 0.5 0.2 0.4
Sulfur (wt%) - - 0.1 - 0.1
Oxygen (wt%) 36.6 418 51.9 55.4 9.1
pH value 8.5 7.8 7.0 8.1 9.2

Note: Oleic acid concentration in crude glycerol also includes fatty acid methyl esters (FAMEs).

2.2. Supercritical Water Gasification Experiments

All the SCWG experiments were carried out in a stainless steel (55316) tubular batch
reactor as represented in Figure 1. The reactor is 10 in long with an outer and inner
diameter of 0.5 in and 0.37 in, respectively. Tubing and fittings were also made up of
55316 and purchased from Swagelok (Saskatoon, SK, Canada). The tubular reactor is
enclosed inside an ATS Series 3210 furnace (Applied Test, Butler, PA, USA) connected to
an ATS temperature controller. Other accessories of the reactor assembly include a K-type
thermocouple, pressure gauge, pressure relief valve, check valves, 2 pm filters, a gas-liquid
separating cylinder and a desiccator.

At a constant temperature of 500 °C, pressure range of 23-25 MPa and reaction time of
1 h, different feedstock concentrations (10-30 wt%) were examined for SCWG experiments.
Precisely 1.1 g, 2.5 g and 4.3 g of a particular feedstock (i.e., pure glycerol, methanol and
oleic acid) were mixed with a constant deionized water content of 10 mL and charged
into the reactor. Before any experiment, the tubular reactor was purged with nitrogen
to create an inert atmosphere and provide the initial pressure (10-15 MPa) required for
the experimental runs. It should be noted that the reaction time is determined from the
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moment the reactor temperature approaches the desired temperature. Once the reaction
is completed, the furnace was switched off and the hot volatiles from the tubular reactor
were collected in the gas-liquid separating cylinder where the condensable liquids and the
non-condensable gases were collected for further analysis.
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Figure 1. Schematics of SCWG reactor assembly.

2.3. Feedstock and Product Characterization

Ultimate analysis of feedstocks (i.e., crude glycerol, simulated crude glycerol, pure
glycerol, methanol and oleic acid) was conducted by utilizing an Elementar Vario EL
III CHNS analyzer purchased from Elementar Analysensysteme, Hanau, Germany. pH
analysis of pure glycerol, simulated crude glycerol and crude glycerol was performed
using a Thermo Scientific Elite PCTS pH meter purchased from Fisher Scientific Company,
Ottawa, ON, Canada. Inductively coupled plasma (ICP) analysis of crude glycerol was
performed for the identification of metallic compounds using a Sciex Elan 5000 ICP-MS
(PerkinElmer, Inc., Waltham, MA, USA).

Gaseous products of SCWG experiments were analyzed using an Agilent 7820A gas
chromatography (GC) instrument with nitrogen and helium carrier gases purchased from
Agilent Technologies, Santa Clara, CA, USA. The GC is equipped with three packed
and a capillary column along with one thermal conductivity detector and one flame
ionization detector.

The “i” gas yield in (mmol/g) was determined using Equation (1):

Produced moles of i gas (mmol)
Total mass of feedstock (g)

Y; (mmol/g) = 1)

H, gasification efficiency (HGE) of gaseous products was calculated using Equation (2) [21]:

Number of hydrogen atoms in gas (Hy, CHs, CHp)
HGE (%) = 1 2
GE (%) Number of hydrogen atoms in feedstock X100 @

H, selectivity (HS) of gaseous products was calculated using Equation (3) [22]:

Hydrogen yield (mmol/g)

H, select1v1ty (/0) = Totalgas yield (mmol/ g)

x 100 €)
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Lower heating value (LHV) of gaseous products was calculated using Equation (4) [23]:

LHV(Nl;n]g> =4.2 % (30.3 x CO+25.8 x Hy +85.5 x CHy +151.3 x CyHm) (4)

2.4. Design of Experiments

The response surface methodology (RSM) was used to design the experimental runs.
In the RSM design, a first-order 2,3 simple lattice design, also commonly known as a
mixture design, was selected. The 2,3 simple lattice designs are represented in Figure 2. The
points at extreme vertices represent model compounds, whereas the midpoint of vertices
represents binary mixtures of model compounds. The points at the altitude of the triangle
represent ternary mixtures of model compounds. Mixture design is usually utilized to
study the effects of different constituents of the mixture on a response variable. In this study,
response variables are dependent on the relative quantity of constituents of the mixture
irrespective of the quantity of the mixture. Thus, this is a powerful tool to investigate the
effects of different compositions of crude glycerol (in terms of the model compounds) on
the response variables.

Methanol (B) =1

1/6,C=1/6

/3,C=1/3

(A=1/6,B=1/6,

Pure Glycerol (A) =1 (A=0,B=1/2,C=1/2) Oleic Acid (C) =1

Figure 2. Design of the 2,3 lattice with pure glycerol (A), methanol (B) and oleic acid (C).

In this study, the constituents of the mixture are pure glycerol, methanol and oleic
acid. Weight fractions of these model compounds are the input variables or factors. Pure
glycerol, methanol and oleic acid are represented by A, B and C, respectively, with a low
and high level of each factor ranging from 0 to 1. The key feature of this design is that for
all experiments, the sum of mass or volume fractions of all constituents must equate to
unity, as shown in Equations (5) and (6):

0 <i<1(wherei=A B orC)andy yi=1 (5)

A+B+C=1 )

The response or output variables are yields of H, (Y1), CHy (Y»), total gas (Y3) and
CO; (Y4). Design Expert software was used to generate the model equations based on
experimental results. The validity and fit of the models were performed using the analysis
of variance (ANOVA) technique. The coefficient of determination (R?) and adjusted R?
values were used to test the goodness of fit of the experimental data to the regression model
equations. R? and adjusted R? determine how much variation in the responses can be
explained by the factors to test for fitness of the experimental data. ANOVA tables provide
the sum of squares of model parameters which is also known as the sum of squares due
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to regression (SSR) and the sum of squares of residuals, which is commonly represented
as SSE (sum of squares error). The sum of both SSE and SSR, i.e., the sum of squares total,
is the difference between the experimental response value and the mean response value
based on experimental data. It is also known as the total sum of squares, which represents
the total variability of collected data. The significance of developed models and interaction
terms was identified using the p-value. The 95% confidence interval and the conjugated
p-value of 0.05 at a 95% confidence level were selected for analysis.

The 3D response curves were developed using these model equations to visualize
the interactive effects of model compounds on each response. To test the accuracy of
developed model equations, percentage error was used to quantify the prediction power of
models (Equation (7)):

__ Predicted value — Experimental value

Percentage error (%) = Experimental value x 100 7)

3. Results and Discussion
3.1. Feedstock Characterization

The chemical composition of feedstocks is presented in Table 1. As evident from
Table 1, crude glycerol mostly contained glycerol followed by oleic acid with FAMEs and
methanol. Elemental analysis showed that the carbon and hydrogen contents of both crude
glycerol and simulated crude glycerol were similar and higher than those obtained for
pure glycerol. The pH analysis revealed that the crude glycerol was more alkaline (pH 8.5)
than simulated crude glycerol (pH 7.8). The ICP analysis of crude glycerol revealed the
presence of alkali metals, particularly K and Na (Table 2). This explains the alkaline nature
of crude glycerol. Potassium was the predominant metal followed by sodium present in
crude glycerol, which indicates their use as catalysts during the transesterification process
in biodiesel production [24].

Table 2. Major elements identified in crude glycerol through ICP analysis.

Element Concentration (ppm)
K 5473
Na 117
Si 11.1
Ca 9.8
Fe 47
S 3.4
P 2.7
Mg 1.9
Cs 1.7
Li 1.3

3.2. SCWG of Model Compounds of Crude Glycerol

The selection of reaction conditions, i.e., a constant temperature and reaction time of
500 °C and 1 h, respectively, in our study was based on our previous studies on SCWG of
liquid feedstocks and from the literature data. Youssef et al. [25] investigated a temperature
range of 400-500 °C for SCWG of oleic acid and reported the highest H, yield of 2 mmol/g
at the reaction temperature of 500 °C, which was 5 times the hydrogen yield obtained at the
reaction temperature of 400 °C. Pinkard et al. [26] also utilized similar reaction conditions
of 500-560 °C for SCWG of methanol and ethanol and reported improved gasification
efficiency and decomposition behavior of alcohols to permanent gases. In a study by
Zhu et al. [27], higher carbon gasification efficiency (52.8%) and hydrogen gasification
efficiency (25%) were reported from SCWG of glycerol compared to that of glucose (carbon
gasification efficiency: 15.3% and hydrogen gasification efficiency: 6.7%) at 500 °C. High
H, yield from SCWG of glycerol, fatty acids and alcohols around 500 °C can be attributed
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to their enhanced hydrolysis with favored reforming and water—gas shift (WGS) reaction.
Similarly, longer reaction times of 45-60 min can also enhance the WGS reaction, allowing
sufficient duration for hydrolysis, reforming and decomposition of organic compounds to
permanent gases [28-30].

The overall mass balance for the SCWG reactions was in the range of 85-96 wt%.
Mass balance could be prone to slight fluctuations due to certain complexities involved
in product separation and collection. Several authors have reported mass balance in the
ranges of 86-94 wt%, 86-92 wt% and 89-95 wt% from SCWG of lignin [31], bitumen [32]
and canola hull pellets [33], respectively. A comparison of individual gas yields, total gas
yield (TGY) and LHYV of gas products obtained from SCWG of different model compounds
of crude glycerol at temperature, pressure, feedstock concentration and reaction time of
500 °C, 23-25 MPa, 10 wt% and 1 h, respectively, is presented in Figure 3. Among different
model compounds, methanol resulted in nearly 50% higher TGY as compared to pure
glycerol and approximately 5 times more than that of oleic acid. This was due to the simple
chemical structure of methanol compared to oleic acid and pure glycerol, which is relatively
easy to gasify after bond cleavage. Oleic acid showed the lowest TGY due to its long-chain
fatty acids, making it relatively difficult to gasify [34]. The lowest H, yield from oleic
acid was due to the formation of heavy and complex intermediate compounds from its
reforming and decomposition, which are difficult to further convert into low molecular
gaseous compounds [29]. The gas yields from the SCWG of oleic acid were significantly
lower compared to that of pure glycerol and methanol, which also resulted in its relatively
lower LHV (87 kJ/Nm?).

10 1200
1 N H,
g.. 100, [E I o,
8- : [_1Co, | 1000
] ' Bl oY
Gl
g 6 . L 800 ‘E
o 97 . 2
m « -‘
> 4 L600 T
g 1 —
O 3- .
2 L 400
1 _ 328
0 | 200

Pure Glycerol Methanol Oleic Acid

Figure 3. Gas yields from SCWG of model compounds at 500 °C, 23-25 MPa, 10 wt% feedstock
concentration and 1 h.

Methanol demonstrated the highest H; yield of 7.7 mmol /g, followed by pure glycerol
(4.4 mmol/g) and oleic acid (1.1 mmol/g) (Figure 3). This can be attributed to the high-
est number of hydrogen atoms per carbon atom (4) in the chemical formula of methanol
(CH30H) and the formation of simple intermediate compounds such as C; from its re-
forming and hydrothermal decomposition. Methanol also demonstrated the highest Hy
selectivity of 89.3% followed by glycerol (72.9%) and oleic acid (58.8%) (Table 3). This
was in accordance with the decreasing order of the number of hydrogen atoms per car-
bon atom in the chemical formulae of model compounds. Methanol showed the highest
LHV of 1079 kJ/Nm?3, which was closely followed by glycerol with an LHV value of
1043 kJ/Nm?3. Pure glycerol showed the highest CHy yield of 0.87 mmol/g followed by
methanol (0.56 mmol/g) and oleic acid (0.28 mmol/g). The high CHj, yield from pure
glycerol was due to the enhancement of the methanation reaction during SCWG of glycerol.
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The CO, yield also followed a similar trend with pure glycerol showing the highest CO,
yield of 0.27 mmol/g.

Table 3. Total yields, LHV, HGE and HS of gas products from SCWG of model compounds at reaction
conditions of 500 °C, 23-35 MPa, 10 wt% feedstock concentration and 1 h.

Model Compound Total Gas Yield (mmol/g) LHV (kJ/Nm?) HGE (%) HS (%)
Pure glycerol 6.02 1096 16.7 72.9
Methanol 8.61 1108 15.7 89.4
Oleic acid 1.79 328 3.7 58.7

Among all model compounds, pure glycerol demonstrated the highest HGE of 16.7%
followed by methanol (15.7%) and oleic acid (3.7%) (Table 3). Lower values of HGE may not
necessarily translate into low efficacy of gasification as it not only depends on H; yields but
also the yields of CH4 and C;Hg. The contribution of CHy is twice and CyHg is thrice that of
H; in calculating HGE. In addition, the molecular weight of CHy (16 g/mol) is greater than
that of Hj (1 g/mol) attributing to its greater contribution to HGE values (Equation (2)). The
gas yields from SCWG of pure glycerol had relatively greater concentrations of CH, than
those from methanol. This led to a significantly higher HGE of pure glycerol compared to
methanol despite the highest H; yields and TGY. HGE values in this study are analogous to
the literature, i.e., 5% HGE from SCWG of humic acid [35], 10-18% HGE from SCWG of oily
wastewater [36] and 13-17% HGE from SCWG of dairy wastewater [37]. In contrast, SCWG
of solid biomass produces a relatively higher amount of CH, and C,, gases, resulting
in a higher HGE compared to that of liquid-based feedstocks as in this study [17,30].
Using catalysts can significantly enhance gasification efficiency by improving gas yields.
Gong et al. [35] reported a nearly 12 times increase in gasification efficiency using Lewis
acid catalysts for SCWG of humic acid due to enhancement of reforming, methanation
and WGS reaction. Khorasani et al. [37] also reported a rise in gasification efficiency using
formic acid as the catalyst in SCWG of dairy wastewater.

The high H; yield obtained from all model compounds is attributed to the high reaction
temperature of 500 °C, which promotes the hydrolysis of model compounds by favoring the
reforming (Equation (8)) and WGS reaction (Equation (9)) of model compounds [38]. This
is due to the endothermic nature of hydrolysis reactions favored at high temperatures. The
reforming reaction produces mainly CO and Hy. The resulting CO can then be converted
via three routes, namely, WGS reaction, hydrogenation (Equation (10)) and methanation
reaction (Equation (11)). Therefore, a trace amount of CO was obtained in this study due to
its consumption in WGS, hydrogenation and the methanation reaction [39]. CO; can also
produce CHy from the methanation reaction (Equation (12)). CO and CO; can also produce
carbonaceous tar through the Boudouard reaction (Equation (13)).

Reforming reaction: Organics + H,O — CO + H; (8)
Water-gas shift reaction: CO + H,O = CO, + H; 9)
Hydrogenation reaction: CO + 2H; <= CHy + 0.50, (10)
Methanation reaction of CO: CO + 3H,; <2 CH, + H,O (11)
Methanation reaction of CO,: CO, + 4H, <= CH, + 2H,O (12)

Boudouard reaction: 2CO — C + CO, (13)
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Feedstock concentration is an important parameter that significantly influences the
gas products from the SCWG process. SCWG of the three model compounds at varying
feedstock concentrations of 10, 20 and 30 wt% was carried out at process conditions
of 500 °C, 23-25 MPa and 1 h. A comparison of gas yields, TGY, H, selectivity and
LHYV is shown in Table 4. Decreasing feedstock concentration from 30 wt% to 10 wt%
increased the yields of Hy and CO; from all the model compounds. In addition, CHy
yield decreased with decreasing feedstock concentration due to the higher intensity of
reforming and WGS reactions [40]. The attenuation of the reforming reaction decreased
the SCWG of model compounds resulting in lower TGY, whereas the diminution of the
WGS reaction limited the conversion of CO into Hy. When the feedstock concentration
decreases, the concentration of water increases in the reaction mixture. This enhances
the progression of reforming and WGS reaction leading to higher yields of H,. On the
other hand, the methanation reaction is not primarily dependent on the water content
of the feed. Hence, it was not promoted over WGS and reforming reactions, leading to
lower CHy yields at low feedstock concentrations [30]. In the case of oleic acid, TGY
decreased by 7.4% and 3.6% with an increase in feedstock concentration from 10 wt%
to 20 wt% and from 20 wt% to 30 wt%, respectively (Table 4). Reforming fatty acids is
challenging, which is further amplified by an increased amount of oleic acid with less water
content at high feedstock concentrations. The effects of increased feedstock concentration
on Hj yield were most prominent with methanol as H, yield decreased by 9.5% and
5.2% with an increase in feedstock concentration from 10 wt% to 20 wt% and 20 wt%
to 30 wt%, respectively. Similarly, the effects of increased feedstock concentration on
CO, were highest with methanol as its yield decreased by 40% and with an increase in
feedstock concentration from 10 wt% to 30 wt%. The highest effect of increased feedstock
concentration in decreasing Hy and CO, yields for methanol indicates the hindrance of the
WGS reaction and promotion of methanation with higher CHy yields. This was further
confirmed by the increase in CH, production from SCWG of methanol with an increase in
feedstock concentration.

Pure glycerol showed a significant decrease in Hj selectivity with increased feedstock
concentration. H; selectivity decreased by 54.5% for pure glycerol followed by 48.2% for
methanol and 32.9% for oleic acid with the increase in feedstock concentration from 10 wt%
to 30 wt%. Methanol exhibited a higher drop in H, yield compared to glycerol, which
decreased TGY nearly twice as much compared to methanol. An increasing feedstock
concentration amplified the LHV values of gaseous products because of the rise in the
yields of CHy at the expense of H; yield. Methanol showed the highest increase in LHV
with a value of 4.6% followed by oleic acid (4.1%) and pure glycerol (3.4%) with increasing
feedstock concentration from 10 wt% to 30 wt%. It can be observed that the optimum
feedstock concentration for achieving high yields of H, and TGY while minimizing CHy
yield for all model compounds was 10 wt%. Therefore, 10 wt% feedstock concentration
was selected as the standard feedstock concentration for further SCWG experiments.

Table 4. Effect of feedstock concentration on SCWG of model compounds at reaction conditions of
500 °C, 23-35 MPa and 1 h.

Model Feedstock H, Yield CH, Yield CO, Yield Total Gas Yield LHV
Compound Concentration (wt%) (mmol/g) (mmol/g) (mmol/g) (mmol/g) (KJ/Nm3)

10 4.39 0.87 0.27 6.02 1096

Pure glycerol 20 4.11 1.01 0.21 5.83 1125
30 391 1.09 0.17 5.67 1132

10 7.70 0.56 0.20 8.61 1108

Methanol 20 6.97 0.68 0.16 8.02 1133
30 6.61 0.79 0.12 7.77 1158

10 1.05 0.28 0.22 1.79 328

Oleic acid 20 0.98 0.31 0.19 1.66 332

30 091 0.34 0.16 1.60 341
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3.3. SCWG of a Three-Component Mixture of Model Compounds of Glycerol

Experiments based on the 2,3 simple lattice design were conducted at a constant
feedstock concentration of 10 wt% with a varying mixture of the model compounds of
crude glycerol. Gas yields obtained from SCWG runs using the experimental design are
presented in Table 5. The experimental data were subjected to polynomial regression to fit
the data using Design Expert software, which generated the model equations. The accuracy
and fit of these model equations and the significance of each variable in these equations
were evaluated using ANOVA and are presented in Table 6. Model analysis suggested
quadratic regression equations based on the significance of additional polynomial terms
and the non-aliasing of models. These model equations for each response variable in terms
of the factors investigated are represented below:

Y; (H, yield) = 4.40 A + 7.68 B+ 1.06 C + 3.34 AB + 0.46 AC + 7.75 BC — 7.72 ABC (14)

Y, (CHy yield) =0.89 A + 0.57 B + 0.29 C + 0.58 AC + 0.31 BC — 1.59 ABC (15)

Y, (CO;, yield) =0.30 A +0.19 B+ 0.21 C + 0.61 AB + 1.36 AC + 1.33 BC + 8.98 ABC (16)

Y; (TGY) = 6.11 A + 8.50 B + 1.73 C + 4.91 AB + 3.54 AC + 11.24 BC (17)

Table 5. Experimental gas yields at reaction conditions of 500 °C, 23-35 MPa, 10 wt% feed concentra-
tion and 1 h.

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4
Experimental Pure H, Yield (Y;)  CH, Yield (Y,)  Total Gas Yield  CO, Yield (Yy)
Run Glycerol () ~ Methanol (B)  Oleic Acid (O 0 y/) (mmol/g) (Y3) (mmol/g) (mmol/g)
1 0 0 1 1.05 0.28 1.79 0.22
2 0 0 1 1.05 0.29 1.80 0.22
3 0 0.5 0.5 6.32 0.51 7.87 0.57
4 0.167 0.167 0.667 3.66 0.53 513 0.62
5 0 1 0 7.70 0.56 8.61 0.20
6 0 1 0 7.69 0.56 8.60 0.19
7 0.167 0.667 0.167 7.06 0.58 8.37 0.59
8 0.333 0.333 0.333 5.37 0.59 8.36 122
9 0.5 0 0.5 2.82 0.72 4.44 0.57
10 0.5 0.5 0 6.88 0.75 8.39 0.38
11 0.5 0.5 0 6.89 0.75 8.40 0.38
12 0.667 0.167 0.167 4.93 0.84 7.50 0.82
13 1 0 0 4.40 0.87 6.10 0.27
14 1 0 0 4.39 0.87 6.02 0.27

As evident from Table 6, the model equation for H, yield demonstrated a high R?
value of 0.9998 and an adjusted R? of 0.9996, which confirms that the developed model
equation is capable of explaining the variation in factors on Hj yield with 99.9% accuracy.
The predicted R? of 0.9972 was also in agreement with the adjusted R%. The p-value of the
developed model was less than 0.0001, indicating the high significance of the model at
a confidence level of 95%. The high F-value of 5191.5 was due to the low value of mean
square error (0.002), also confirming the significance of the developed models.

For CHy yield, the model equation showed a high R? value of 0.9845, an adjusted
R? of 0.9748 and a p-value < 0.0001. This confirmed that the developed model equation
was significant and can be used for the prediction of CHy yield. Similarly, the TGY model
equation showed R? and adjusted R? values higher than 0.9834 and 0.973, respectively. For
CO;, yield prediction, the model equation showed a relatively low R? value of 0.9586 and
an adjusted R? of 0.9231. However, the model equation had a p-value of 0.0002 and a high
F-value of 101.6, suggesting the high significance of the model.
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Table 6. ANOVA for model equations of SCWG of model compounds of crude glycerol.
H, Yield CHy Yield CO; Yield Total Gas Yield
Model
Sum of squares 66.2 0.5 0.7 75.4
Mean square 11.0 0.09 0.12 15.1
error
Degree of 6 5 6 5
freedom
F-value 5191.5 101.6 27.0 94.6
p-value <0.0001 <0.0001 0.0002 <0.0001
Residual
Sum of squares 0.02 0.007 0.03 1.27
Mean square 0.002 0.001 0.004 0.16
error
Degree of
freedom 7 8 7 8
Model prediction
R? 0.9998 0.9845 0.9586 0.9834
Adjusted R? 0.9996 0.9748 0.9231 0.9730
Predicted R? 0.9972 0.8327 0.5389 0.9517

The p-values of model terms for each response are provided in Table 7. The Hj
yields associated with AB (<0.0001), BC (<0.0001) and ABC (0.0002) were lower, indicating
that these model terms significantly predict H, yield. On the other hand, AC showed
a borderline p-value of 0.0565. For CHy, the p-values associated with AC and BC were
0.0021 and 0.0433, respectively. Thus, these terms were used in the model. The ABC
was considered despite its higher p-value. Since AB had a large p-value, it contributed
significantly to predicting CHy yields. To avoid introducing high variance (overfitting) into
the model, the term AB was omitted. For CO; yield, p-values for AB, AC, BC and ABC
were lower than 0.05. Hence, all these polynomial terms were significant to include in our
model. For TGY, p-values associated with AB and BC model terms were significantly lower
than 0.05. For the AC term, the p-value (0.0543) was at the borderline of 0.05. However,
further addition of the ABC term showed a p-value of 0.18. Hence, it was not included in
the model equation.

Table 7. p-values of interactive model terms for each response variable.

H, CH,4 CO, .
Response Yield Yield Yield Total Gas Yield
AB <0.0001 - 0.0325 0.0056
BC <0.0001 0.0433 0.0026 <0.0001
AC 0.0565 0.0021 0.0023 0.0543
ABC 0.0009 0.1054 0.0030 -

Note: Pure glycerol (A), methanol (B) and oleic acid (C).

RSM curve and contour plots for each response as a function of the fraction of model
compounds are presented in Figure 4. For the H, yield response surface curve, it can be
observed that H; yield increased when the methanol concentration increased and reached
its maxima of 7.8 mmol/g at the methanol vertex (A =0, B =1 and C = 0) (Figure 4a). This
was also indicated by the high positive value of the coefficient of model term A. It can also be
observed that the interaction of the two-model-compound mixtures had a positive impact
on Hj yield as indicated by positive coefficients of AB, AC and BC terms. However, the
interactive effect of oleic acid and glycerol with methanol decreased H; yield at the minima of
the oleic acid vertex (A = 0, B =0 and C = 1). This was evident by the negative coefficient of
the ABC interaction term. In general, a high absolute value of the coefficients of AB, BC and
ABC represents a strong interactive influence of model compounds on H; yield.
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CHy yield increased significantly with an increase in pure glycerol composition and
reached its maxima at the glycerol vertex (A =1, B = 0 and C = 0), also indicated by a high
positive coefficient of A (Figure 4b). The two-model-compound mixtures had a positive
interaction on CHy yield, also confirmed by the positive coefficients of AC and BC terms.
For three-model-compound mixtures, the interactive effects of methanol and oleic acid
with glycerol significantly decreased the CHy4 yield, which reached its minima at the oleic
acid vertex (A =0, B =0 and C = 1). The negative interaction effects of the three-compound
mixtures were significantly high, also observed from the highly negative coefficient of the
ABC term. For CHy yield, a significantly strong interaction among model compounds was
observed due to the high absolute value of the coefficients of AC, BC and ABC terms.

It can be observed from Figure 4c that the interactive effects of the three-model-
compound mixture had a quite large positive influence on CO; yield. CO; yield increased
with rising feedstock concentrations of all three model compounds from their vertexes
and reached its maxima of 0.93 mmol/g (A = 0.369, B = 0.368 and C = 0.363). This was
also evident by the high positive coefficient of 8.98 associated with the ABC term, which is
larger than the coefficients of A (0.30), B (0.19), C (0.21), AB (0.61), AC (1.36) and BC (1.33)
terms. It can also be seen that the coefficients of the two-model-compound mixture were
higher than the coefficients of single-model compounds. This was due to the enhanced
CO; formation with the gasification of the mixture of model compounds.

7.70015
1.05344

H, yield (mmol/g)

0.874673
0.28418

CH, yield (mmol/g)

Figure 4. Cont.
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Figure 4. Interactive effects of model compounds: (a) H; yield, (b) CHy yield, (c) CO; yield and
(d) TGY at reaction conditions of 500 °C, 23-35 MPa, 10 wt% feedstock concentration and 1 h. (Note:

A, B and C in the figure axes represent pure glycerol, methanol and oleic acid, respectively. Please
refer to Table 5 for the conditions of experimental runs.)

It is evident from Figure 4d that TGY increased with an increase in the methanol
composition and achieved its maxima at the methanol vertex (A =0, B=1and C =0). It was
also indicated by a high positive coefficient of model term B as compared to terms A and C
in the model equation. The minimum of TGY was at the oleic acid vertex (A =0, B=0and
C =1). The interactive effects of two-model-compound mixtures had a positive influence
on TGY. This was also confirmed by the positive coefficient of AB, AC and BC model terms.
The highest positive impact of the two-component mixture was with methanol and oleic
acid mixtures, as indicated by its highest positive coefficient.

As evident from the RSM plots and model equations, it can be concluded that the
model compounds of crude glycerol demonstrated a significant interaction during SCWG.
These model equations can predict yields of SCWG of crude glycerol at a variety of com-
positions. The validity of our generated model equations was tested by predicting the
experimental gas yield from the simulated crude glycerol by replicating the composition of
a typical industrial crude glycerol and subjecting it to SCWG.
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3.4. Validity of Model Equation with Simulated Crude Glycerol and Crude Glycerol

The prediction model was developed using the ash-free model compounds. In this study,
the ash-free simulated crude glycerol was prepared using three model compounds, namely,
pure glycerol, methanol and oleic acid. To test the robustness and reliability of the models,
the percentage error in the prediction of gas yields was compared considering the difference
between ash-free simulated crude glycerol and real crude glycerol containing ash.

Responses predicted by generated model equations for crude glycerol composition are
presented in Table 8. The predicted gas yields (P) were compared with the experimental
gas yields (ESCG) for the calculation of percentage error (e%SCG). It can be observed
that the percentage error for H; yield (0.14%) was significantly low. The positive sign
associated with the percentage error shows that the experimental H; yield was higher than
the predicted yield. The high R? value and low test percentage error values obtained for
the model confirm that the model equation neither underfitted data (indicated by high R?)
nor overfitted data (indicated by low percentage error).

Table 8. Difference between predicted values versus experimental values at the experimental condi-
tions of 500 °C, 23-35 MPa, 10 wt% feed concentration, 1 h and mixture condition of pure glycerol
(A = 0.447), methanol (B = 0.215) and oleic acid (C = 0.338).

Experimental Yields Experimental
Response Predicted Values from Simulated Error Percentage Yields from Crude Error Percentage Difference
(P) (mmol/g) Crude Glycerol (e%scG) Glycerol (Egcg) (e%RrcG) (d%rca-sca)
(Escg) (mmol/g) (mmol/g)

H, yield 4.68 4.69 0.14 4.70 0.42 0.28
CH, yield 0.68 0.68 1.0 0.67 -1.17 -2.15
CO, yield 0.90 0.92 2.24 0.92 2.35 0.11

Total gas yield 6.97 7.21 3.36 7.23 3.56 0.21

Abbreviations: Escg (experimental gas yields from simulated crude glycerol), e%scg (error percentage in predicted
gas yields from simulated crude glycerol), Ercg (experimental gas yields from crude glycerol), e%scg (error
percentage in predicted yields from crude glycerol), d%rcg-scc (percentage difference between experimental gas
yields of crude glycerol and simulated crude glycerol).

For CHy yield prediction, a percentage error of 1% was obtained which indicates that
the prediction power of the developed model for CH4 was quite high. The percentage error
also agreed well with the R? value during model creation. This eliminates the possibility
of overfitting and underfitting data. The positive value of percentage error showed that
the predicted CHy yield was lower than the experimental CHy yield. For CO, yield, the
percentage error was somewhat high, with a value of 2.2%. However, this value was in
accordance with its R? value during model creation. For TGY, the percentage error of
3.4% was in line with its R? value for model generation. A low percentage error between
gas yields predicted by the model equation and experimental data validated the accuracy
and correctness of developed model equations. Furthermore, the SCWG of crude glycerol
was compared with results obtained from simulated crude glycerol to ascertain variations
resulting from the complex nature of crude glycerol. On comparing experimental results
of SCWG of crude glycerol (ERCG) with results of SCWG of simulated crude glycerol
(ESCG), it can be observed that H yield from crude glycerol was 0.3% more than that from
simulated crude glycerol.

A similar trend was observed where both CO; yield and TGY were 0.1% and 0.2%
more, respectively, from crude glycerol than from simulated crude glycerol. This was
because crude glycerol contained some alkali metals, as confirmed by its ICP analysis
(Table 2) and high pH of 8.5 (Table 1). Alkali salts used as catalysts in the transesterification
process for biodiesel production rendered catalytic behavior during SCWG by enhancing
reforming and WGS reactions [41]. This explains the higher yields of Hy, CO, and total
gases. CO produced in reforming reaction forms a formate compound (HCOOK) with
KOH catalyst. This formate compound in reaction with excess water produces H, and
CO; [42]. Excess KOH also captures CO,, which shifts the equilibrium of the WGS reaction
to the product side and further increases H, production.
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Crude glycerol produced significantly lower CHy than simulated crude glycerol due
to the attenuated methanation reaction resulting from the presence of KOH in crude
glycerol [41]. Furthermore, the predicted gas yields from the developed model equation
were compared with experimental data of crude glycerol. From Table 8, it is evident
that the model equation quite accurately predicted the yields of H,, CH4, CO; and total
gases, with a percentage error (e%RCG) of 0.42%, —1.17%, 2.34% and 3.55%, respectively.
Interestingly, for CHy yield, the predicted yield was higher than the experimental value
of crude glycerol, whereas the predicted yield was lower than the experimental value of
simulated crude glycerol. Overall, the model equation demonstrated its robustness to
accurately predict the gas yields from SCWG of crude glycerol. In summary, the model
equation demonstrated not only high accuracy but also robustness for predicting the gas
yield of crude glycerol. This work can be used to better optimize the blend of variations in
crude glycerol to maximize H; yield similar to crude oil blending in a petroleum refinery.

An understanding of these underlying reaction pathways, mechanisms and challenges
is important for the industrial scale-up of the SCWG process. Hence, a detailed mechanism
for the degradation of crude glycerol constituents during SCWG is proposed in Figure 5
based on the observations of this study and the reported literature [43—45]. The constituents
of crude glycerol such as glycerol, methanol, oleic acid and FAMEs can undergo a hydrolysis
reaction to produce water-soluble intermediates [45]. These intermediate form furfurals
and hydroxy acetones [46]. These compounds further convert into ketones, organic acids,
aldehydes and phenolics [47], along with gaseous products (e.g., CO,, Hy, CH4 and CO) [28].
These intermediate compounds can also undergo polymerization at low temperatures and
longer residence time to produce tar, which is an undesired product since it can clog
the reactor lines leading to pressure drops and mass transfer limitations [48]. CO further
undergoes the WGS reaction to produce more Hy and CO, or produce CHy via methanation
and hydrogenation reactions [49]. CO; can also produce CH, via the methanation route.
At high temperatures, model compounds directly decompose into CO,, Hy, CH4 and CO.

Glycerol Hydrolysis Water Soluble Dehydration Hydroxyacetone
Methanol Intermediates Furfural
FAMES |......clisesseon
Oleic Acid
i Hydrolysns "> Fatty Acids Reforming § -3
g I
2 z
§ & 8
'olymerization
§ Li Ketones Alcohols
8 Tar Aldehydes 5 Formic Acid
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Polymerization Phenols ) Carboxylic Acid
Polyphenols 2
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Boudouard
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Figure 5. Proposed mechanism of SCWG of crude glycerol and its model compounds.

It should be noted that a fraction of H; in the gas phase can be contributed through
water splitting during the SCWG process [50]. High temperatures and pressures beyond
the critical point of water weaken the hydrogen bond and Van der Waals forces of SCW
identified by the presence of anomalous hydrogen bond which is only present in SCW [51].
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This helps the release of some hydrogen molecules from water into the gas phase, along
with the hydrogen released from biomass hydrolysis, decomposition and reforming during
SCWG. SCW also behaves as a reactant for a variety of elementary reactions of hydrolysis
and other free-radical reactions [52]. The free-radical mechanisms dominate at supercritical
conditions, which promote WGS reaction resulting in improved H; production. This is
due to SCW’s weak electrolytic properties and low dielectric constant, which reduces
the ionic reactions while enhancing the free-radical reactions, thus contributing to Hp
production [53,54].

Oleic acid and FAMEs follow additional pathways (represented by dotted lines) to
form ketones, aldehydes and aromatics or directly decompose into C,—C3 hydrocarbons,
which further convert into low-molecular weight gases [55]. In this study, at a SCWG
temperature and reaction time of 500 °C and 1 h, respectively, the formation of char and
tar was not observed. Char and tar usually occur because of secondary polymerization
reactions during SCWG. However, at high reaction temperatures (>500 °C), gasification
and reforming of tar and char have been reported, which lowers their formation [56]. The
formation of tar and char is not typically observed from SCWG of liquid feedstocks such
as oil-based wastewater and alcohols [36]. In this study, the liquid effluent obtained after
SCWG was translucent and less viscous, with no physical evidence of tar residues and
char particles. Similarly, Xu et al. [21] reported that the liquid effluents from SCWG of
glycerol and glycine were transparent and clear with no evidence of tar and char formation.
Zhu et al. [27] reported that SCWG of glycerol at 500 °C led to no char formation compared
to that of glucose, which resulted in char generation. Similarly, in a study by Yang et al. [15],
no traces of tar and char were obtained from SCWG of pure glycerol and crude glycerol.
Moreover, Youssef et al. [25] did not observe the formation of char and tar from SCWG of
oleic acid at 500 °C. The major advantage of glycerol in SCWG is its high Hy production
potential with lower chances of secondary polymerized material formation at higher
temperatures [29]. Tar and char are formed at low reaction temperatures (300 °C), primarily
in lignocellulosic feedstocks via direct decomposition [30].

4. Conclusions

SCWG of crude glycerol was studied using three predominant model compounds
of crude glycerol, namely, pure glycerol, methanol and oleic acid. Primary comparative
analysis of model compounds showed that methanol resulted in the highest H, production
of 7.7 mmol/g and total gas yield of 8.6 mmol/g, followed by pure glycerol and oleic
acid. The highest CH, yield of 0.87 mmol/g was obtained with pure glycerol, followed
by methanol and oleic acid. The effects of increasing feedstock concentration from 10 wt%
to 30 wt% resulted in a decrement in H, and CO, yields, whereas CHj yield increased for
all model compounds due to retardation of hydrolysis and WGS reactions. The 2,3 simple
lattice design was used to study the interactive behavior of model compounds of crude
glycerol during SCWG by model equations. ANOVA confirmed the significance of model
terms and equations. Analysis of the generated RSM curve and model equations showed a
strong interactive influence of the composition of model compounds in reaction mixtures
on gas yields from SCWG of the model compound mixtures.

An increase in methanol concentration increased H; yield and TGY. Similarly, increas-
ing pure glycerol concentration increased CHy yield. The model equation demonstrated
a better accuracy to predict experimental gas yields of simulated crude based on crude
glycerol composition. Furthermore, a comparison of SCWG of simulated crude glycerol
and crude glycerol showed that the crude glycerol produced more H, and a higher total
gas yield as well as a lower yield of CH,. This was due to the enhanced hydrolysis and
WGS reaction catalyzed by the residual alkali metals present in crude glycerol, which were
previously used as catalysts in the transesterification reaction. The overall results indicate
that crude glycerol can be a suitable substrate for SCWG to generate Hy-rich syngas at
moderate reaction conditions.
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