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a b s t r a c t 

Supercritical Water Gasification of glycerol is carried out on a continuous tubular reactor at 25 MPa and 

610 °C. A design of experiments is performed at three levels of glycerol concentration (2.5; 5; and 10%) 

and three levels of inflow rate (125; 250; and 375 mL/min). The process outputs are the molar production 

of H 2 ; CH 4 ; CO 2 ; CO; and C 2 H 6 . The influence of Stainless Steel 316 and Inconel-625 as reactor materials 

is compared. A compartment model is implemented considering the system as a heat exchanger in series 

with a wall reactor. Heat transfer influence on reactivity is successfully captured. The results are useful 

and accurate in describing global stoichiometry. H 2 , CH 4, and CO 2 productivity are fairly predicted. The 

catalytic effect of Inconel-625 manifests from the CO 2 to CO ratio when compared with Stainless Steel 

316. Inconel-625 is 50% more productive in terms of C2 hydrocarbons and 40% more active towards CH 4 

production, which is detrimental in 50% of the H 2 yield. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The Circular Economy (CE) is considered the optimal approach 

o overcome the environmental impact of consumption and pro- 

uction patterns [ 69–71 ]. In contrast with the current linear econ- 

my, the CE concept strives to minimize waste production and bet- 

er use natural resources in a closed loop. Biodiesel emerged as 

 renewable and potentially circular alternative to fossil fuels for 

ransportation, is produced through trans-esterification of triglyc- 

rides with methanol or ethanol [ 70 ]. Glycerol, the by-product of 

iodiesel production, is an industrial chemical with several ap- 

lications, including the food industry, pharmaceutical, and cos- 

etics [ 28,72–74 ]. Paradigm shifts to sustainable biofuels such as 

iodiesel and value-added biochemicals due to environmental con- 

erns, subsequently increasing glycerol production. Therefore, the 

ustainable valorization of crude glycerol results in value-added 

roducts that support biodiesel production economically and en- 

ironmentally. 

According to the literature, every 10 tonnes of biodiesel pro- 

uced during the trans-esterification reaction generates approxi- 

ately 1 tonne of crude glycerol [ 76 ]. The glycerol market size is
∗ Corresponding author. 
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alued at USD 2.6 billion in 2019 and will grow 4.0% from 2020 to 

027 [ 77 ]. However, the crude glycerol derived from biodiesel pro- 

uction has low value. It contains impurities, including methanol, 

atty acid methyl esters (FAMEs), soap and water, heavy metals, 

lycerides, ash, and free fatty acids (FFAs). The variability in com- 

osition makes biodiesel glycerol residue purification complicated 

nd expensive [ 28,75 ]. Direct combustion of glycerol has low ef- 

ciency and produces high amounts of coke [ 13 , 38 ]. Therefore, 

lternative energetic valorization routes for crude glycerol have 

reat importance in supporting the circular production of biodiesel 

Sharma et al., 2021). 

Several thermochemical methods can produce syngas and 

alue-added chemicals from glycerol, including hydrothermal gasi- 

cation, in subcritical or supercritical conditions, steam reform- 

ng, partial oxidation reforming, oxidative steam reforming, and au- 

othermal reforming [ 72,81 ]. The steam reforming process is highly 

ndothermic with a high operating cost of steam reformers; au- 

othermal steam reforming by adding a limited amount of oxygen 

nd exothermic partial oxidation decreases the energy and coke 

ormation. However, there is still coking [ 19 , 58] ). In supercritical 

ater reforming, hydrogen is produced with high efficiency be- 

ond the critical point of water. Reduced dielectric constant, low 

iscosity and large diffusivity in the critical point of water create a 

omogeneous reaction condition [12 , 78] . 
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Nomenclature 

Latin symbols 

a power law pre-exponential parameter (-) 

a w 

reactor wall surface to volume ratio (m 

2 /m 

3 ) 

b power law exponent parameter (-) 

C gly glycerol concentration (M) 

C int acetaldehyde intermediate concentration (M) 

C o initial glycerol concentration (M) 

C p molar heat capacity (J · mol −1 ·°C 

−1 ) 

D a I Damköhler number: 
( k 1 + k 2 ) ·C o ̂ K m 

·a w 
E a1 to E a5 activation energy (kJ/mol) 

F gly , in glycerol molar inflow rate (mol/min) 

F Prod , j molar production rate of j-th product (mol/min) 

G m 

molar flux (mol · m 

−2 · sec −1 ) 

h c convective heat transfer coefficient (W · m 

−2 ·°C 

−1 ) 

k 1 ; k 2 ; k 5 1st order reaction rate constants (min 

−1 ) 

k 3 ; k 4 second-order reaction rate constants (M 

−1 min 

−1 ) ̂ K m 

global mass transfer coefficient (mol · m 

−2 · sec 
−1 ) 

L length (m) 

L Tube tube length (m) 

N u i internal Nusselt number: 
h c ·r i 

λ

Pr Prandtl number: 
μ·C p 

λ
r radius (m) 

Re Reynolds number: 2r ·u ·ρ
μ

S t h Stanton number for heat transfer: 
N u i 

Re ·Pr 

S t m 

Stanton number for mass transfer: 
̂ K m 

G m 

t time (min; sec) 

T temperature ( °C) 

u velocity (m / sec) 

V m 

molar volume (dm 

3 /mol) 

X f final conversion (-) 

X g glycerol conversion (-) 

z axial position (m) 

Acronyms 

CE circular economy 

IIPF ideal isothermal plug flow 

MFC mass flow controller 

SCWG supercritical water gasification 

SS-316 stainless steel 316 

Greek symbols 

ε 1 ; ε 2 reaction expansion factors (-) 

δ discrete difference (-) 

�F fluid dynamic boundary layer thickness (m) 

�T thermal boundary layer thickness (m) 

�R reactive zone ratio (-) 

�m 

mass transfer efficiency (-) 

λ thermal conductivity (W · m 

−1 ·°C 

−1 ) 

ν stoichiometric coefficient (-) 

μ viscosity (Pa · sec) 

π pi number (-) 

P density (kg/m 

3 ) 

T residence time (sec) 

Subscripts 

bulk bulk fluid 

c convective 

C critical point 

e external 
o

2 
FD fluid dynamic 

gly glycerol 

h heat transfer 

HE heat exchanger compartment 

i internal 

j j-th product 

m mass transfer 

mix mixture 

pro d j < −gly glycerol to the j-th product 

ref reference 

R reactive compartment 

SC supercritical 

w wall material 

we wall, external side 

wi wall, internal side 

z axial position 

Gong et al. (2021) investigated the SCWG reaction mechanism 

or the biomass model compounds, including glycerol, guaiacol, 

lanine, glucose, and humic acid. Based on their results, glycerol 

xhibited the best gas yield (7.44 mol/kg organic matter), and glu- 

ose showed the best hydrogen yield (3.15 mol/kg organic matter); 

he hydrogen yield of glycerol reached 2.71 mol H 2 per kg of or- 

anic matter. Jin et al. [24] developed a computational fluid dy- 

amic model and numerical study of SCWG of glycerol. They stud- 

ed the effect of operating parameters (feedstock flow rate, pre- 

eated water flow rate, reactor wall temperature of 650 °C, and 

reheated water temperature of 426 °C) in a tubular reactor. The 

xperimental results validated the combined model. They also dis- 

ussed two bottlenecks that hinder the complete SCWG. They con- 

luded the short residence time and a side-reaction region in the 

eeding inlet are the reasons for incomplete gasification. Based on 

heir results, a 135 ° feeding angle and high preheated water tem- 

erature (600 °C) prevent side-reaction. Almeida et al. (2018) stud- 

ed crude glycerol gasification and used steam as an oxidant. They 

onducted the gasification experiments in a fixed bed reactor and 

ompared the technical glycerol with the crude glycerol steam re- 

orming. Based on their results, no significant difference was ob- 

erved. However, the cold gas efficiency for crude glycerol (in the 

ange of 100 –110%) was higher than technical glycerol. 

The general objective of this work is to construct a dynami- 

al description of glycerol Supercritical Water Gasification (SCWG) 

n a continuous flow through a tubular reactor. Results obtained 

y high-end simulations demonstrated a high degree of confidence 

 12 , 24 , 37 , 64 ]. However, robust calculation techniques based on cor-

elations are sometimes preferred. The available information ac- 

uired from industrially relevant and cost-effective sensors is usu- 

lly inadequate to validate complex and time-consuming compu- 

ational models [ 21,79,80 ]). The literature on SCWG is extensive. 

owever, industrially relevant reactor materials are not always uti- 

ized [ 9 , 68 ]. 

Moreover, most glycerol SCWG studies are in batch or continu- 

us mode of operation with rather long residence times [ 22 , 44 , 51 ].

he effect of transport properties on global efficiency is seldom ad- 

ressed. This work proposes a simplified method that allows the 

xtraction of useful information to design and monitor SCWG re- 

ctors in a continuous mode of operation. This contribution aims to 

xplain the productivity of glycerol SCWG in continuous mode uti- 

izing an integral model involving a heat exchanger compartment 

n series with a tubular wall reactor. The results are also useful 

o describe the relationships within the most relevant gas compo- 

ents of the product. The influence of Stainless Steel 316 (SS-316) 

nd Inconel-625 as reactor materials are compared under the same 

perative conditions of temperature, pressure, and glycerol molar 
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Fig. 1. Tubular reactors employed. Stainless Steel 316 (above) and Inconel-625 (below). 
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nflow range. The impact of heat transfer properties and catalytic 

ctivity of the wall material on the reactor performance is assessed 

rom the experimental and model results. 

. Materials and methods 

Glycerol SCWG is performed through a laboratory-scale contin- 

ous tubular flow reactor at the Process and Systems Engineering 

aboratory at the Åbo Akademi University (Turku, Finland). 

.1. Experimental setup 

The experiments have been conducted using two different re- 

ctors with the same shape but made of different types of Steel: 

S-316 ( Fig. 1 - above) and Inconel-625 ( Fig. 1 - below). The total

nner volume of the reactors is 83 ml, and their length is 0.51 m. 

iping and fittings are provided by Swagelok (Stockholm, Sweden), 

aving an internal diameter of 3 mm and an outside diameter of 

 mm with a working pressure of 420 bar. 

The SCWG setup ( Fig. 2 ) is equipped with a suitable pneumatic 

njection system based on compressed nitrogen and feed cylinders. 

he main function of the feed cylinders is to ensure that the feed 

s not handled directly by a pump, avoiding issues related to ob- 

truction and corrosion phenomena. The feed cylinders are a DOT- 

A 50 0 0 (Swagelok; Stockholm, Sweden), which have a maximum 

ressure tolerance of 40 MPa. One cylinder is enough to perform 

he experiments. Nevertheless, the presence of a second cylinder 

acilitates start-up and cleaning operations. 

The experimental setup has two cylinders with a capacity of 

00 mL each. In this way, it is possible to ensure a continuous 

ow into the reactor. They are appropriately separated via valves 

o that, when a cylinder is in use, the other can be filled and pres-

urized. In addition, they are equipped with a bottom ball valve 

o previously feeding the water-glycerol mixture and let the com- 

ressed nitrogen enter, a top ball valve connecting to the reactor 

ine, and a disc safety valve, which protects sample cylinders from 

ver pressurization by venting the cylinder contents to the atmo- 

phere. When the tests are terminated, a cleaning cycle is per- 

ormed by pumping distilled water from the top to remove the 

ventual un-reacted feed that can compromise the results of the 

ollowing experiments. 

Once the feed cylinder is filled and pressurized, the top valve 

s open, and the mixture is pushed into the reactor by the com- 

ressed nitrogen, contained in a steel-lined carbon fiber-wrapped 

ressure vessel (Linde, Sweden), with a nominal capacity of 

0 dm 

3 and a nominal pressure of 300 bar. It is encased in a High-

ensity Polyethylene jacket and equipped with gas identification 

ings. An alarm sounds when the contents are low. In addition, 
3 
he tank is equipped with a regulation valve attached to the exit 

ozzle to regulate the outlet pressure accordingly. The feed flow 

ate is pneumatically set by a mass flow controller (MFC) EL-FLOW 

-231M (Bronkhorst High-Tech BV; Ruurlo, Netherlands). The MFC 

onsists of a thermal mass flow sensor, a precise control valve, and 

 microprocessor-based pc-board with signal and Fieldbus conver- 

ion. This MFC is suitable for accurate measurements and control 

f flow between 10 and 500 mL/min at ambient pressure and 200–

0 0 0 L/min at high operating pressures (up to 400 bar). 

Operating temperature is controlled by a Fibrothal HAS 

0 0/50 0/114 heating system (Kanthal; Hallstahammar, Sweden), 

ith a resistance R20 with a maximum power of 2600 W. The 

eating system is constituted of a cylindrical insulated case with 

mbedded electrical resistances positioned in the inner wall of the 

ase. The insulation material is a ceramic fiber, able to withstand 

 maximum temperature of 1150 °C, with a thermal conductivity 

arying between 0,10 and 0,21 W/(m. °C) with a temperature rang- 

ng from 400 up to 800 °C. The electronic control unit allows con- 

rolling and regulating the heating rate and maintaining a constant 

emperature. In this case, to avoid thermal shocks and deforma- 

ion of the piping and reactor materials, the heating rate is set to 

40 °C/h. The electrical energy required to heat the reactor and 

eep the setpoint temperature is measured by an electricity meter 

nd maintained constant during the experiments. Before every ex- 

eriment, the plant and the reactor are filled with water to avoid 

hermophysical damages to the piping and reactor. Moreover, by 

oing so, the plant is pressurized and ready for the injection of 

he feed coming from the cylinder. 

The thermocouples used to monitor temperature at the outer 

alls of the reactor are of K-type. They can perform measurements 

etween -200 and 1260 °C with a sensitivity of 41 μV/ °C. Thermo- 

ouples are positioned on the reactor’s outer wall using custom- 

ade ducts; temperatures are measured along the reactor right af- 

er the inlet, middle, and right before the outlet. A relief valve R3A 

rom Swagelok was positioned after the cooling section of the sys- 

em and before the outlet gas sampling section. During the start- 

p phase of the system, the pressure on the nitrogen line has to 

e controlled and regulate by changing the volume flow rate of 

he nitrogen. The control is done with the help of a manome- 

er installed close to the top valve. The temperature measurement 

t the inlet of the reactor is the most important since the entry 

f the feed into the reactor causes a sharp decrease in tempera- 

ure. Hence, it is crucial to check if the inlet temperature does not 

all below the critical point. The data acquisition system is the NI- 

AQ mix (National Instruments, Austin, United States automatically 

aves the values of temperatures and pressures. The check and the 

ontrol of temperature are made through LabView software to ac- 

uire and store both the temperature and pressure measurements. 
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Fig. 2. Layout of the experimental setup. 
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(  
n addition, this software allows directly controlling the temper- 

tures and the pressures during the experiment through a user- 

riendly graphical interface. 

After exiting the reactor, the stream pass through a coiled pipe 

eat exchanger immersed in a water container under ambient con- 

itions. The collection of the effluents is made by using a plastic 

ag, Tedlar®, attached to the outlet nozzle downstream the relief 
4 
alve. Afterward, the bag’s volume is measured before and after a 

yringe extracts the gas. The way of cooling and depressurizing the 

ffluent can modify the final composition because of the solubility 

f the gases in the liquid phase. Hence, the collection is made at 

mbient conditions since, at high pressure, the CO 2 is soluble in 

he liquid phase. 

.2. Operational conditions 

For each reactor material, experiments are carried out in 

hree flowrates and three compositions, totalizing nine opera- 

ional conditions. The mass flow controller is set at 125, 250, and 

75 mL/min. Aqueous solutions of glycerol 2.5%, 5%, and 10% w/w 

re prepared before every experiment and left at least one hour 

ith a stirrer to make them homogenous. The weight of distilled 

ater and 87% glycerol (technical grade, Sigma) is recorded to 

now their composition precisely. 

The first step of the procedure is aimed at reaching the ther- 

odynamic conditions. Therefore, in the start-up phase, the sys- 

em is filled with distilled water and put under pressure by slowly 

pening valve V2 (see Fig. 2 ) and with attention to avoid hydraulic 

hocks. Then the valve V4 for the filling of the reactor until the 

ystem is full of water. Finally, closing the feed valves and those 

n contact with the external environment makes it possible to put 

he system under pressure. Every sampling bag is replaced every 

0 min with a flow rate of 375 mL/min, every 30 min with a flow

ate of 250 mL/min, and every 45 min with a 125 mL/min flow 

ate. The sampling time is recorded to get a precise measure of 

he gas productivity. 

.3. Product gas composition 

The analysis of the gas product is carried out by a Perkin Elmer 

laurus 500 Gas Chromatographer equipped with a molecular sieve 

3 × 45/60 packed column and a Thermal Conductivity Detector. 

he method employs nitrogen as the carrier gas, and the oven tem- 

erature is set at 250 °C. 

The chromatograph calibration is performed by injecting gas 

rom reference bottles of known composition. For every opera- 

ional condition of initial flow and composition, the sampling bags 

re analyzed to quantify the amount of hydrogen, carbon monox- 

de, carbon dioxide, methane, ethane, and ethylene. Measurements 

re performed by quadruplicate. 

. Results and discussion 

The mass yield of individual gaseous products is calculated by 

ombining the product gas volume of the sampling bag with the 

omposition relationship. Considering that the mass yield is steady 

uring the sampling time, it is possible to estimate the molar 

roduction ( F Prod ) of hydrogen, carbon monoxide, carbon dioxide, 

ethane, ethane, and ethylene. The design of experiment response 

urve analysis indicated that the only relevant variable is the first- 

rder interaction of residence time and glycerol inlet content; thus, 

he natural variable to explore is the glycerol molar inflow rate. 

tatistical analysis of the experiment results and the compartment 

odel are implemented in MATLAB R2020b (The MathWorks Inc., 

atick, Massachusetts, United States of America). 

.1. Operational conditions effect on individual gas productivity 

The productivity of hydrogen ( Fig. 3 A) is observed higher on 

tainless steel compared with Inconel-625, suggesting that the cat- 

lytic activity of the latter wall material would be towards hydro- 

enation of C2 intermediates. The production of carbon monoxide 

 Fig. 3 B) and carbon dioxide ( Fig. 3 C) are significantly similar for
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Fig. 3. Molar production as a function of the glycerol molar inflow rate: (A) hydrogen; (B) carbon monoxide; (C) methane; (D) carbon dioxide; (E) ethylene; (F) ethane. 
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oth reactor materials within the operational window, signifying 

hat there is no catalytic effect of Inconel-625 over water gas shift 

r methanation. 

The productivity of methane ( Fig. 3 D) and ethylene ( Fig. 3 E) is

bserved higher in the case of using Inconel-625, suggesting un- 

oubtedly a catalytic activity of the reactor material towards crack- 

ng and the hydrogenation of the acetaldehyde intermediate. The 

igh nickel content of Inconel-625 could explain the enhancement 

f hydrocarbon production to the detriment of the hydrogen yield. 

t glycerol molar flow rates higher than 0.1 mol/min, Inconel-625 

hows higher CH 4 , C 2 H 4 , and C 2 H 6 productivity. 

A reasonable explanation for this behavior could be the cat- 

lytic activity of the Inconel wall towards the hydrogenation of C2 
5 
ntermediates [9] . However, at glycerol molar inflow rates lower 

han 0.1 mol/min, there is no significant difference in methane 

nd ethylene productivities. In any case, considering the notice- 

ble amount of produced C2 hydrocarbons, the acetaldehyde in- 

ermediate appears to be rather active towards hydrogenation in- 

ependently of the wall material. Another plausible explanation of 

he observed productivity of methane could be the accumulation 

f acetaldehyde that could decompose into methane and carbon 

onoxide [ 8 , 17 , 18 ]. 

The interpretation of the ethane production, shown in Fig. 3 F, 

ppears to be less straightforward. There is a slight difference fa- 

oring Inconel-625 between 0.1 and 0.2 mol glycerol per minute, 

ut the differences are not significant between reactor materials 
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utside this range. Ethane production depends upon three reac- 

ions after glycerol pyrolysis: acetaldehyde reduction and dehydra- 

ion, followed by ethylene hydrogenation. Therefore, the impact of 

he catalytic effect of Inconel-625 might be observed as less pro- 

ound. In addition, ethane is a minor product. 

The productivity of each gas is approximately linear with glyc- 

rol molar flow rates. However, in the case of H 2 , CO, and CO 2 , the

inear tendency breaks around 0.2 mol/min, adopting a lower slope 

hen the residence time of the substrate decreases. 

. Dynamical interpretation of gas production in terms of heat 

xchanger-reactor compartments 

Guo et al. [18] fully characterized the glycerol SCWG pathways 

 Eqs. (1 ) and (4 )). The glycerol anoxic pyrolysis reactions are en-

othermic [28] and irreversible, providing H 2 , CO, CO 2 , H 2 O, and a

2 intermediate ( Eq. (1 )), which is acetaldehyde [ 8 , 16 , 17 ]. In these

ases, reaction rates have order one with respect to glycerol and 

o not require water as a reagent. 

 3 H 8 O 3 

k 1 → C O 2 + 2 H 2 + C H 3 CHO k 1 ( 600 

◦C ) 

= 15 . 24 mi n 

−1 E a1 = 53 ± 2 kJ / mol 

 3 H 8 O 3 
k 2 → CO + H 2 + H 2 O + C H 3 CHO k 2 ( 600 

◦C ) 

= 9 . 48 mi n 

−1 E a2 = 60 ± 3 kJ / mol (1) 

Considering an ideal isothermal plug flow (IIPF) reactor, glycerol 

yrolysis conversion is related to the residence time (T) according 

o an integral relation ( Eq. (2 )), adapted from Levenspiel [32] : 

 = 

X f ∫ 
0 

d X g 

[ k 1 ( 1 + ε 1 X g ) + k 2 ( 1 + ε 2 X g ) ] ( 1 − X g ) 
(2) 

here T is the residence time, X g is the glycerol conversion to- 

ards pyrolysis, X f is the final glycerol conversion, and ε is the 

xpansion factor of each reaction, considering the molar volume 

 V m 

) stoichiometric change of each reaction ( Eq. (3 )). 

 = 

∑ N prod 

j=1 

(
νj · V m , j 

)
V m , gly 

(3) 

Acetaldehyde conversion pathways ( Eq. (4 )) are also irreversible 

 8 , 18 ]. It is observed that the thermal decomposition into CO 

nd CH 4 (pathway 5) has much lower activation energy than the 

ydrolytic pathways 3 and 4, which produce hydrogen, carbon 

onoxide, and carbon dioxide; thus, pathway 5 is expected to be 

he preferred route for the conversion of the acetaldehyde inter- 

ediate [39] . Yet, considering the water content inside the reactor, 

loser to water molar density, hydrogen production from acetalde- 

yde should be faster than that of glycerol. However, acetaldehyde 

yrolysis is limited by glycerol conversion, and the observed C2 hy- 

rocarbon products point out to a highly competitive acetaldehyde 

ydrogenation. 

 H 3 CHO + H 2 O 

k 3 → 2 CO + 3 H 2 k 3 ( 600 

◦C ) 

= 36 . 7 M 

−1 mi n 

−1 E a3 = 114 ± 4 kJ / mol 

 H 3 CHO + 3 H 2 O 

k 4 → 2C O 2 + 5 H 2 k 4 ( 600 

◦C ) 

= 24 . 5 M 

−1 mi n 

−1 E a4 = 110 ± 2 kJ / mol 

 H 3 CHO 

k 5 → CO + C H 4 k 5 ( 600 

◦C ) = 84 mi n 

−1 E a5 = 67 ± 2 kJ / mol

(4) 
6 
If the hypotheses of the IIPF were fulfilled, the estimated resi- 

ence times would be sufficient to achieve a production of 2.5 to 

 moles of hydrogen per mole of glycerol. Observed hydrogen pro- 

uctions are around 1% of the ideal value. Devising a compartment 

odel is a reasonable approach to understand this apparent dis- 

repancy in productivity. 

The expected temperature profile ( Fig. 4 - above) suggest that 

 non-reactive heat exchanger in series with a reactor with par- 

ial active volume ( Fig. 4 - below) is the simplest compartment 

odel that could address a tubular reactor electrically heated from 

he outside, treating a cold stream that needs to be warmed up to 

elevant temperatures for gasification. In this case, we will con- 

ider that there will be sensible reactivity only after the system 

verpasses the critical temperature of water (T C, H2O = 386 °C) 

nd glycerol (T C, gly = 452 °C) at the mean operating pressure of 

5 MPa. Above those temperatures, it can be considered that the 

ystem can react towards gasification in supercritical conditions. 

The velocity and thermal profiles usually differ from an ideal 

lug flow in the vicinity of the wall. However, since there is an 

nrestricted mass transfer in the radial direction, there is no dif- 

erence in residence times between the two zones of the reactive 

ompartment. Therefore, heat exchange calculations of the fluid 

owing through the tubular reactor are conducted to estimate the 

emperature profiles and, therefore, understand the distribution 

f the active volumes within the equipment. As discussed earlier, 

hermocouples provide the temperature of the outer surface of the 

eactor during the process of gasification. The temperature control 

etpoint is defined at the center of the outer reactor wall, and it is 

et at 610 °C, fluctuating less than 2% throughout the experiments 

Temp. 2 - Fig. 5 ). The thermocouple located downstream (Temp. 3 

 Fig. 5 ) is observed to differ less than 5% from the setpoint tem-

erature. On the other hand, the thermocouple is located towards 

he entrance of the reactor (Temp. 1 - Fig.5 ) is 90 °C lower than

he setpoint, indicating the effect of the cold inlet on the reactor 

all temperature. 

Knowing the outer wall temperature makes it possible to esti- 

ate the thermal axial profiles for the reactor wall and the fluid. 

y knowing the thermal conductivity ( λ) of the reactor materials 

nd the thermophysical properties of the fluid components, the 

eat transfer rate through the reactor wall can be estimated. A lin- 

ar gradient in the axial direction is assumed on the outer wall 

round the first thermocouple. Both the thermal conductivities of 

S-316 and Inconel-625, λw 

, follow a fairly linear relationship be- 

ow their melting points [ 3 , 27 ]. 

Thermophysical water and product gases are sourced from 

he National Institute of Standards and Technology open online 

atabase [40] . Glycerol liquid phase density, thermal conductivity, 

nd heat capacity at 25 MPa are determined from equations re- 

orted in the recent literature [47] . Glycerol and acetaldehyde va- 

or properties are estimated by following the generalized Lyder- 

en corresponding states method [43] . Since the vapor pressure 

f glycerol-water mixtures follows a fairly linear relationship with 

omposition [65] , densities and heat capacities of the solutions 

an be approximated as the weighted mean of the individual pure 

omponent values. 

The axial temperature profile at the inner wall of the reactor 

 T wi ) can be estimated stepwise by performing an energy balance 

n a discrete wall element [26] . Considering that the tube is sub- 

erged in a thermal well and the heat flux is uniform around a 

ufficiently small discrete tube element, the rectangular rule nu- 

erical recipe described in Eq. (5 ) can be utilized: 

z+ δz T wi = 

(
λw ·z T we 

r e −r i 
+ 

h c ·z T bulk 

ln ( r e / r i ) 

)
/ 
(

λw 

r e −r i 
+ 

h c 
ln ( r e / r i ) 

) ; z ∈ (0 ; L R ) (5) 

Where r e and r i are the external and the internal radius of the 

ube; L is the reactor length; λw 

is the mean thermal conduc- 
R 
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Fig. 4. Reactor temperature profile (above) for 10% (w/w) of glycerol and 375 mL/min flowrate. Heat exchange - mixed flow reactor compartment model (below). 

Fig. 5. Temperature measurement at the outer wall of the reactor. 
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ivity of the wall material, linearly interpolated between the wall 

xternal temperature ( T we ) and the inner wall temperature ( T wi ) . 

he dominant heat transfer mechanism within the fluid is convec- 

ive since the Nusselt number is over 200 at the inlet and can 

ange up to 10,0 0 0 at the outlet. To estimate the heat transfer

oefficient ( h c - Eq. (6 )), the Sieder-Tate equation [ 43 , 53 ] is em-

loyed within subcritical temperatures since the Reynolds number 

s lower than 20 0 0 under that condition, even considering the ac- 

eleration of the stream due to thermal expansion. Yamagata cor- 

elation is found most suitable to estimate the h c parameter at su- 

ercritical temperatures [ 30 , 62 ]. 

 c = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

1 . 86 · R e 1 / 3 P r 1 / 3 
(

4 r i 
L 

)1 / 3 (μbulk 

μw 

)0 . 14 ( λmix 

2 r i 

)
if T bulk < T c ) H2O 

0 . 0135 · R e 0 . 8 P r 0 . 8 ·
(

λmix 

r i 

)
if T bulk ≥ T C ) H2O 

Re = 

2 r i ·u z ·ρmix 

μmix 
; Pr = 

μmix ·C p , mix 

λmix 

(6) 

The fluid thermal conductivity ( λmix ) , viscosity ( μmix ), heat ca- 

acity ( C p , mix ), density ( ρmix ) , and thus the Prandtl number is es-

imated from the thermophysical properties of the glycerol-water 

ixture at the mean fluid temperature ( T ), which is recalcu- 
bulk 

7 
ated in every step following Eq. (7) : 

z+ δz T bulk − z T bulk 

= 

(
λw 2 πr i ·( z T we −z T wi ) 

r e −r i 
· δz 

u z 

)
/ 
(
πr 2 

i 
· ρmix · C p , mix 

) ; z ∈ [ 0 ; L Tube ) 

(7) 

From detailed investigations on heat transfer in horizontal tubes 

nvolving water at supercritical conditions [ 15 , 52 , 63 ], buoyancy ef- 

ects have a minor impact on the radial temperature profile in 

ubes of inner diameters smaller than 20 mm, so a fully developed 

lug flow can be considered in the bulk annulus. The Reynolds 

umber is recalculated, taking into account the evolution of the 

hermophysical properties of the glycerol-water mixture and the 

ncrement of the mean fluid velocity ( u z ) due to thermal expan- 

ion. After the system overpasses the critical water temperature, 

he fluid velocity can be considered constant since the outer wall 

emperature, and the inner temperature does not differ signifi- 

antly. Fig. 6 illustrates the result of the estimations in the form 

f mean axial temperature profiles, considering axial steps ( δz ) of 

ne millimeter, and the initial condition 

z=o T wi = 

z=0 T bulk . An inlet 

emperature of 50 °C was estimated by thermal imaging. 

The calculated bulk temperature differs significantly from the 

stimated inner wall temperature only at the first tenth of the re- 
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Fig. 6. Axial profiles of the temperature inside both reactors: Inconel-625 (above) and SS-316 (below). 
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ctor length in both cases. This result is in concordance with the 

ndings of Yukananto et al. [64] in their detailed simulation of 

CWG in a tubular reactor, in which the thermal profile presents 

 radial gradient at the beginning of the operation and swiftly be- 

ome an ideal plug flow both in terms of velocity and temperature 

istribution. 

Residence time distributions can be estimated considering that 

he velocity profile is affected by the thermal expansion of 

he fluid ( Eq. (8 )), obeying the continuity condition of a non- 

sothermal incompressible flow as follows: 

 ( z+ δz ) = u ( z ) ·
ρmix | z+ δz T bulk 

ρmix | z T bulk 

(8) 

Where ρmix | z+ δz T bulk 
and ρmix | z T bulk 

are the reacting mixture 

ensities evaluated at the axial slice outlet temperature and inlet 

emperature, respectively. The finite axial differential is chosen so 

he fluid velocity can be considered constant in every slice, avoid- 

ng complex iterative sub-routines. Therefore, the time step is sim- 

ly δz / u(z) . 

Fig. 7 illustrates the temperature time evolution of the fluid in- 

ide each reactor, considering the density variation with tempera- 

ure. The obtained temperature profile in the vicinity of the critical 

oint is similar to the results obtained by Sallevelt et al. [50] . 

At supercritical conditions, the Reynolds number increase 

bruptly. The Prandtl number is corrected by turbulence, under the 

uggestion of Bird et al. [6] . Water is the dominant driver of ther-

al behavior in supercritical conditions. Since the observed glyc- 

rol conversion and the residence time at supercritical tempera- 

ures are low, the effect of the composition variability on the re- 

ults is negligible. 

The approximation utilized to estimate the axial temperature 

rofiles of Fig. 6 and the temperature time evolution of Fig. 7 is 

ased on the assumption that the thermal expansion of the fluid is 
8 
ntense enough to neglect the effect of back mixing and axial diffu- 

ion. However, it provides insights that enforce the heat exchanger 

 reactor compartment hypothesis to describe glycerol SCWG under 

ontinuous operation. In addition, it also points out the importance 

f the reactor wall material properties beyond the classical me- 

hanical endurance and corrosion resistance. Differences are slight 

n space, but the impact of the thermal conductivity of the reac- 

or wall material on the heat transfer rate can be appreciated in 

he residence time distribution on the proposed compartments. It 

an be seen that the material has some extent of influence on the 

ompartment distribution, being the heat exchange compartment 

p to 15% longer. In addition, Inconel-625 requires longer resi- 

ence times to reach the critical temperature. It is explained by the 

ower thermal conductivity of Inconel-625 compared with SS-316 

hen the fluid is colder than the oven temperature. In supercritical 

onditions, wall thermal conductivities do not differ greatly. Also, 

he heat transport within the supercritical fluid is highly efficient, 

o the residence times only depend upon the initial flow rate. 

able 1 summarizes the axial distribution of the heat exchanger 

nd the reactor compartments with their respective residence 

imes. 

By combining the kinetic parameters provided by Guo et al. 

18] and the integral relation described in Eq. (2 ), the required 

esidence time of an IIPF reactor can be estimated. The direct 

omputation of Eq. (3 ) is implemented in Wolfram|Alpha as def- 

nite integrals series. Calculation results are shown in Fig. 8 for 

ifferent temperatures within the supercritical window of the 

eactor. 

The compartmentalized approach allows the interpretation of 

he observed conversion as a product of efficiencies ( �) correcting 

n ideal reference conversion [ 14 , 32 ]. Glycerol pyrolysis is highly 

ndothermic [ 28 , 58 , 59 ], which points naturally at the reactor wall

rea as the most reactive zone since it is localized closest to the 
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Fig. 7. Temperature time evolution inside each reactor: Inconel-625 (above) and SS-316 (below). 

Table 1 

Estimation of the compartment longitudes and their respective residence times. 

Inflow rate 

(mL/min) 

Glycerol content 

(% w/w) 

Inconel-625 SS-316 Inconel-625 SS-316 

L HE (m) L R (m) L HE (m) L R (m) T HE (s) T R (s) T HE (s) T R (s) 

125 2,5 0,08 0,43 0,08 0,43 7,5 2,4 6,8 2,4 

250 2,5 0,15 0,36 0,13 0,37 7,1 1,0 6,4 1,1 

375 2,5 0,20 0,30 0,19 0,32 7,0 0,6 6,2 0,6 

125 5 0,08 0,43 0,07 0,43 7,4 2,4 6,8 2,4 

250 5 0,15 0,36 0,13 0,38 7,1 1,0 6,4 1,1 

375 5 0,20 0,30 0,18 0,32 6,8 0,6 6,2 0,6 

125 10 0,08 0,43 0,07 0,43 7,2 2,4 6,6 2,4 

250 10 0,15 0,36 0,13 0,38 6,9 1,0 6,3 1,1 

375 10 0,20 0,31 0,18 0,32 6,7 0,6 6,2 0,6 

h

e

r
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eat source. Thus, the thermal boundary layer ( �T ) can be consid- 

red the active zone of the reactor compartment, which size can be 

elated to the fluid dynamic viscous layer ( �FD ) by the P r −1 / 3 rule 

 [6] p.389). In turn, it is assumed that �FD / r i = 13 . 77 · R e −1 / 2 if we 

onsider the thickness of the buffer zone [6] p.166; [25] p.504; 

 33 , 66 ]), where Re = 2 r i ρmix u z / μmix and the fluid properties are

etermined at the inner wall temperature. Therefore, it is possible 

o define a reactive zone ratio ( �R ) following Eq. ( (9) : 

R = 

�T 

r i 
= 

�FD 

r i · P r 
1 
3 

≈ 13 . 77 

R e 
1 
2 · P r 

1 
3 

T bulk → T wi → 

Glycerol content ( %w / w) 
�R 2 . 5% 5 . 0% 10% 

Initial 125 0 . 035 0 . 034 0 . 034 

Flowrate 250 0 . 024 0 . 024 0 . 024 

mL / min 375 0 . 020 0 . 020 0 . 019 

(9) 

From the result determined in Eq. (9 ), only 2 to 3% of the re-

ctor compartment is effectively utilized. �R is observed almost 

ndependent of the glycerol content since it has a very slight im- 
9 
act on the Prandtl in supercritical conditions. In contrast, the ini- 

ial flow rate impact on �R is more noticeable since the veloc- 

ties range under thermal expansion greatly influences the final 

eynolds number. 

After defining the reactive zone, it is worth assessing the mass 

xchange between the highly reactive zone and the bulk. Fluid to 

all mass transfer efficiency ( �MT ) can be addressed by consid- 

ring that the heat transfer Stanton number ( S t h ) is equal to the 

ass transfer Stanton number ( S t m 

), both defined in Eq. (10 ). It

s a well-established methodology to estimate mass transfer co- 

fficients from heat transfer information, known as the Reynolds 

nalogy ( [36] p.351). 

 t h = 

N u i 

Re · Pr 
; N u i = 

h c · r i 
λmix 

; S t m 

= 

̂ K m 

G m 

; S t h = S t m 

(10) 

G m 

is the molar flux (in moles per unit time per cross-section 

rea) and 

̂ K m 

is the global mass transfer coefficient (in moles per 

nit time per boundary layer area). Nusselt number ( N u i ) is de- 

ned as the ratio between the convective heat transfer rate and 
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Table 2 

Mass transfer and kinetic quantities relevant to the Damköhler number estimation. 

Glycerol % w/w Inflow rate (mL/min) St G m ( mol / ( min · m 

2 ) a w ( m 

2 / m 

3 ) k 1 + k 2 ( mi n −1 ) C o (M) D a I 

2.5 125 0.0015 373 278 24.72 0.019 4 ·10 −06 

2.5 250 0.0016 682 278 24.72 0.019 5 ·10 −06 

2.5 375 0.0018 1166 278 24.72 0.019 6 ·10 −06 

5 125 0.0015 373 278 24.72 0.038 4 ·10 −06 

5 250 0.0016 682 278 24.72 0.038 5 ·10 −06 

5 375 0.0018 1166 278 24.72 0.038 6 ·10 −06 

10 125 0.0015 373 278 24.72 0.076 4 ·10 −06 

10 250 0.0016 689 278 24.72 0.076 5 ·10 −06 

10 375 0.0018 1177 278 24.72 0.076 6 ·10 −06 

Fig. 8. Required residence time vs. conversion for glycerol pyrolysis in an IIPF reac- 

tor. 
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Fig. 9. Comparison between predicted and experimental values of H 2 production. 
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he internal conductive heat transfer rate at the bulk temperature. 

he obtained Stanton numbers are aligned with those predicted 

y heat transfer correlations in supercritical flow through tubes 

 48 , 60 ]. The relation between the reaction rate to the convective

ass transfer rate, known as the first Damköhler number ( D a I ) is a

easure that allows verifying mass transfer limitations [14] . Since 

he glycerol pyrolysis reactions are both first order with respect 

o glycerol Eq. (1 )), the Damköhler number expression follows Eq. 

 (11) : 

 a I = 

( k 1 + k 2 ) · C o ̂ K m 

· a w 

= 

( k 1 + k 2 ) · C o 

St · G m 

· 2 · r −1 
i 

(11) 

Where k 1 and k 2 are the reaction rates of the glycerol pyrolysis 

athways Eq. (1 )), and a w 

is the reactor wall surface to volume ra- 

io. If the reaction were faster than the mass transfer mechanism, it 

ould certainly impact the gasification efficiency. Table 2 summa- 

izes the comparison between the mass transfer and reaction rates, 

howing that the D a is much lower than one, which means that 
I 

10 
here are no mass transfer limitations between the bulk and the 

all. In summary, the predicted production of the j-th gas compo- 

ent ( F pro d j 
) from glycerol SCWG is expressed in Eq. ( (12) : 

 pro d j 
= F Gly , in · νpro d j < −gly · �R · �m 

· T ref X gly ( T R ) (12) 

Where T ref X gly ( T R ) is a reference conversion calculated from 

he IIPF curves at the residence time of the reactor compartment. 

ince the Damköhler number is several orders of magnitude lower 

han one for every operational condition, it can be considered that 

m 

= 1 . F Gly , in is the glycerol molar flow rate at the entrance of 

he reactor compartment. Table 3 summarizes the reference con- 

ersions within the thermal window corresponding to reactor ma- 

erials and the explored volumetric inflow rates. 

The logarithmic mean of the temperature within the thermal 

oundary layer suggests 600 °C as the reference temperature. Fig. 9 

hows the hydrogen production predicted by the compartment 

odel in comparison with the experimental values. It can be read- 

ly seen that the model captures the mean trend. van Bennekom 

t al. [58] found that the glycerol conversion increased when in- 

reasing temperature and residence time in supercritical water re- 

orming in an Incoloy-825 reactor. The conversion was nearly in- 

ependent of the feed concentration, which is in line with the 

urrent results. Differences between experimental and predicted 

alues are expected mostly due to density fluctuations introduced 

y the action of pressure regulators. In the vicinity of the critical 

oint, water density and heat capacity change steeply, greatly in- 

uencing the fluid mechanics and the heat transfer rate of the sys- 

em [45] , which in turn could distort the expected reactivity de- 

ending on the magnitude of the pressure fluctuations [10] . 
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Table 3 

IIPF conversions at reference temperatures as a function of the volumetric inflow rate for both reactor materials. 

Reactor Material Inflow rate (mL/min) 390 ◦C X gly 
420 ◦C X gly 

487 ◦C X gly 
525 ◦C X gly 

567 ◦C X gly 
590 ◦C X gly 

600 ◦C X gly 

Inconel-625 125 0.15 0.30 0.82 0.98 ∼1 ∼1 ∼1 

Inconel-625 250 0.05 0.08 0.30 0.55 0.85 0.90 0.97 

Inconel-625 375 0.03 0.04 0.13 0.25 0.45 0.55 0.7 

SS-316 125 0.15 0.30 0.82 0.98 ∼1 ∼1 ∼1 

SS-316 250 0.05 0.10 0.30 0.60 0.85 0.91 0.97 

SS-316 375 0.03 0.04 0.13 0.25 0.45 0.55 0.7 

Fig. 10. Empirical stoichiometric coefficients and carbon balance. 
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If only the glycerol pyrolysis reactions are considered, the stoi- 

hiometric value νH 2 < −gly = 1 . 5 can be used since pathways 1 and 

 of Eq. (1 ) can be considered equiprobable for having similar ac- 

ivation energies and rates. A fair agreement exists between the 

odel and the experimental results regarding orders of magnitude 

n this context. However, a coincidence should not be considered 

olely as proof of mechanism. Most of the products can subse- 

uently be converted. This is especially the case of hydrogen, in- 

olved in the methanation of carbon monoxide and the reduction 

f the acetaldehyde intermediate. Therefore, the prediction based 

n the stoichiometry of glycerol gasification might differ from the 

xperimental results. The ratio between the predicted values at 

= 1 and the experimental results could be employed to deter- 

ine global stoichiometric coefficients ( νpro d j < −gly ) summarized in 

ig. 10 , which are useful to understand the influence of the op- 

rational conditions on the selectivity of glycerol SCWG towards 

aseous products. 

. Influence of the wall material on the continuous SCWG 

roductivity 

The stoichiometric coefficients obtained for the SS-316 reactor 

re reasonable if considered non-catalytic towards hydrogenation 

ased on carbon balance. The atomic balance for hydrogen in SS- 

16 shows the expected H 2 production that would come exclu- 

ively from the glycerol pyrolysis pathways. However, the error of 

he prediction shown in Fig. 10 reflects the difficulty of describ- 

ng the behavior of hydrogen gas. The depletion of CO by water- 

as shift (Pathway 6, Eq. (13 )) and methanation (Pathway 7, Eq. 

14 )) reactions fairly explain that the CO 2 to CO ratio is about 40%

ess than expected. According to the extensive characterization per- 

ormed by Guo et al. [18] in similar working conditions, both reac- 

ions are considered slightly reversible and have similar activation 

nergies [49] . 

Moreover, water-gas shift reaction natural displacement to- 

ards CO consumption is enhanced by the saturation environment 

ue to the presence of a high concentration of water [34] . More- 

ver, Pathway 6 is catalyzed by nickel, which impact over glycerol 

asification is well characterized by Iliuta and Iliuta [23] . On the 
11 
ther hand, Pathway 7 is limited by hydrogen, although it is cat- 

lyzed to a lesser extent by the presence of nickel. 

O + H 2 O 

k 6 → 

← 

k −6 

C O 2 + H 2 

k 6 ( 600 

◦C ) = 0 . 21 M 

−1 mi n 

−1 

k −6 ( 600 

◦C ) = 0 . 009 M 

−1 mi n 

−1 

k 6 ∗( 600 

◦C ; cat ) = 4 M 

−1 mi n 

−1 Kg −1 
Ni 

E a 6 = 77 kJ/mol 
E a −6 = 145 kJ/mol 
E a 6 ∗ = 15 kJ/mol 

(13) 

O + 3 H 2 

k 7 → 

← 

k −7 

C H 4 + H 2 O 

k 7 ( 600 

◦C ) = 59 . 9 M 

−1 mi n 

−1 

k −7 ( 600 

◦C ) = 0 . 006 M 

−1 mi n 

−1 

k 7 ∗( 600 

◦C ; cat ) = 7 . 2 M 

−1 mi n 

−1 Kg −1 
Ni 

E a 7 = 74 kJ/mol 
E a −7 = 83 kJ/mol 
E a 7 ∗ = 31 kJ/mol 

(14) 

Carbon balance was successfully captured for the case of us- 

ng SS-316 as wall material, enforcing the idea of acetaldehyde 

otal conversion at the active zone of the reactor compartment. 

he carbon imbalance observed in Inconel-625 might be assignable 

o nickel susceptibility to either altering the mechanism of glyc- 

rol conversion to alternative intermediates or to coke formation 

 21 , 31 , 56 , 58 , 67 , 68 ], which could have been accumulated over duty.

owever, coke formation from CO is also limited by the rather low 

oncentration of hydrogen. It is observed that a residence time 

s required on the order of hours to obtain measurable amounts 

f carbon [ 41 , 42 ], mostly because it implies hydrogen consum- 

ng polymerization reactions [57] . Moreover, it is well known that 

ickel catalyze carbon SCWG [67] , and the excess of supercritical 

ater inhibits the formation of carbon. 

O + H 2 

slow → 

← 

fast 

C + H 2 O (15) 

Inconel-625 seemingly depletes the produced hydrogen, at least 

artially; its high nickel content is likely accelerating subsequent 

athways that consume formerly produced hydrogen. Methane 

roductivity is favored when Inconel-625 is employed as reactor 

aterial, coinciding with its catalytic effect to the detriment of hy- 

rogen productivity. Pathways 3 and 4 of Eq. (4 ) are considered 
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quiprobable due to presenting similar activation energies (114 and 

10 kJ/mol, respectively), which are less probable than pathway 5 

67 kJ/mol). Therefore, it is unclear if the higher methane relation 

an be attributed to methanation activity or if the acetaldehyde py- 

olysis (pathway 5 in Eq. (4 )) is favored at the high nickel content

eactor wall. In addition, acetaldehyde hydrogenation reactions are 

ery fast [54] , present even lower activation energies than pathway 

 ( Eq. (4 )), and are favored at high pressures [5] . Thus, methane

nd C2 hydrocarbon production suggest that the aldehyde inter- 

ediate is mostly converted without producing hydrogen. 

Ethylene is obtained from the reduction of the acetaldehyde in- 

ermediate, followed by dehydration ( Eq. (16 )). Reduction of ac- 

taldehyde can be achieved either by hydrogenation (Pathway 8a) 

r by disproportionation reaction (Pathway 8b) involving remnant 

lycerol as hydrogen donor from its hydroxyl groups [55] . Eq. (16 ) 

hows estimations of uncatalyzed acetaldehyde reduction path- 

ays, in which activation energies come about to be fairly com- 

arable to Pathways 3 and 4. Although ethylene is observed as 

 minor product, it is another indicator of the Inconel-625 cat- 

lytic activity, not only due to their dominant nickel presence cat- 

lyzing hydrogenations [11] but also chromium content could en- 

ance the activity towards Pathway 8b [55] . It is worth recalling 

hat the major portion of Inconel-625 is made of nickel (61.4%) 

nd chromium (21%), followed by molybdenum (8.5%), iron (4.5%), 

nd niobium (3.8%), among several other trace elements. Moreover, 

hromium presence is incremented on the surface of Inconel alloys 

hen exposed to corrosive environments, such as supercritical wa- 

er [ 19 , 61 ]. Also, water acts as a catalyst of ethanol steam reform-

ng and dehydration in supercritical conditions [4] , which is worth 

entioning, although this affects both reactor materials similarly. 

C H 3 CHO + H 2 

k 8 a → 

 H 3 CHO + C 3 H 8 O 3 

k 8 b → 

C 2 H 5 OH 

fast → ( C H 2 ) 2 + H 2 O 

E a 8 a ∼ 86 kJ/mol 

E a 8 b ∼ 100 kJ/mol 
(16) 

Overall production of C2 hydrocarbons seems to be enhanced 

y more than 50% when the empirical stoichiometric coefficients of 

S-316 and Inconel-625 are compared. Ethylene hydrogenation ( Eq. 

17 )) kinetic data available in the literature fairly explains the ex- 

ess observed in the productivity of ethane, despite the low avail- 

bility of ethylene and hydrogen. The nickel surface lowers the ac- 

ivation energy for ethylene hydrogenation abruptly (Pathway 9a, 

20] )compared to an iron surface (Pathway 9b, [35] ). 

 

C H 2 ) 2 + H 2 

k 9 a → 

k 9 b → 

( C H 3 ) 2 
E a 9 a = 23 kJ/mol 
E a 9 b = 72 kJ/mol 

(17) 

Gasification reaction networks are naturally complex, especially 

or hydrogen. Pinkard et al. [45] implemented in-line Raman spec- 

roscopy, which allowed to faster follow the continuous gasification 

roductivity of primary alcohols without the issue of gas sampling; 

t was found that the dispersion of the observed hydrogen produc- 

ivity can be as high as 50% in the case of a simpler model com-

ound such as ethanol. The chaotic behavior of hydrogen comes 

rom its high reactivity involved in most subsequent pathways as a 

eagent or product. Eq. (18 ) summarizes the contributions for hy- 

rogen productivity, where the individual pathways will be influ- 

nced by several factors, such as pressure fluctuations [10] , mixing 

egimes [46] , and catalytic activity of the reactor wall surface, es- 

ecially in the case of Pathways 5 to 9 within a reactor made of 

 highly complex composition, such as the Inconel family, among 

ther nickel-based alloys made for high-pressure and corrosion re- 

istance [ 19 , 61 ]. 

d C H2 

dt 
= ( 2 k 1 + k 2 ) C gly + [ (3 k 3 + 5 k 4 ) C int + k 6 C CO ] C w 

−
[
3 k 7 C CO + k 8 a C int + k 9 C (C2 H4) 

]
C H2 (18) 
12 
The manifest tendency of Inconel-625 to facilitate hydrogen 

onsumption mechanisms is well known, and it has been observed 

n the present work. However, nickel-rich alloys are preferred de- 

pite being ten times more expensive than stainless steel [ 1 , 2 ] for

heir resistance to high pressures and corrosion [3] . Retarded heat 

ransfer can be easily handled by adjusting the length and wall 

hickness of the reactor. On the other hand, moderating undesired 

atalytic effects is more complex. In an effort to increase the gasi- 

cation efficiency of Inconel-625 towards hydrogen production, an 

nitiative such as pretreatment of the inner reactor with hydro- 

en peroxide might have positive results in terms of reproducibil- 

ty [7] . Reductive pretreatment, such as hydrogenolysis of the wall 

aterial, improved gasification efficiencies [57] ; however, the su- 

ercritical water re-oxidizes the nickel metal. Surface modification 

f heavy-duty resistant nickel-based alloys focused on controlling 

ndesired hydrogen-consuming pathways is currently a very active 

opic in the field of Supercritical Water Gasification [ 29 , 45 ]. 

. Conclusions 

Supercritical Water Gasification of glycerol was carried out in 

aboratory-scale tubular reactors made of industrially relevant ma- 

erials, such as Stainless Steel 316 and Inconel-625. The reactors 

ere operated in a continuous mode at 25 MPa inside an elec- 

ric oven set at a temperature of 610 °C. Experiments were con- 

ucted at molar inflow rates between 0.03 and 0.4 mol glycerol 

er minute with water to substrate relation between 10 and 50. 

An integral model was implemented considering the tubular 

quipment as a heat exchanger compartment in series with a wall 

eactor; this conception captures the global dynamics of the sys- 

em. Heat transfer characteristics of the reactor wall had little in- 

uence on the relative size of the compartments. On the other 

and, thermal conductivity has a significant impact on the res- 

dence time distribution. Inconel-625 transfers heat 20% slower 

han SS-316, so it takes a longer time to reach the supercritical 

ondition. Thus, the heat transfer characteristics of the wall mate- 

ial have to be considered in the sizing of the reactor. The length 

f the heat transfer portion enlarges when the fluid velocity in- 

reases. Glycerol content is observed to have an inappreciable in- 

uence on both compartment sizes and residence time distribu- 

ion. Initial flow rates have a modest effect on the residence time 

istribution. 

Overall efficiency was successfully estimated considering that 

he active zone of the reactor compartment is inside the thermal 

oundary layer adjacent to the tube wall. First Damköhler numbers 

n the order of 10 −6 point to a highly efficient mass transfer be- 

ween the active and low reactivity zones inside the reactor com- 

artment. Considering that the temperature distribution within the 

eactor compartment does not vary significantly, the fluid velocity 

as the most sensible impact on the thermal boundary layer thick- 

ess and thus on the reactor efficiency. 

Hydrogen productivity was fairly predicted despite its complex 

ehavior. Beside explaining gasification productivity in continuous 

on-isothermal operation, this tool allows obtaining empirical sto- 

chiometric coefficients to understand the gaseous product output. 

tomic balance of carbon, hydrogen, and oxygen suggests that the 

esidence time on the active zone of the reactor compartment is 

nough for complete glycerol pyrolysis. Acetaldehyde intermediate 

s mostly converted to hydrocarbons and carbon monoxide. How- 

ver, the reactor’s active zone is just a fraction of the volume con- 

entrated in the vicinity of the reactor wall, which explains the 

bserved conversion and the remarkable effect of the reactor wall 

aterial on the hydrogen empirical stoichiometric coefficients. Us- 

ng Inconel-625 as reactor wall material, methane, ethane, and 

thylene productivities are enhanced, which is well explained by 

he hydrogenolysis and thermal decomposition of the acetalde- 
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yde intermediate. Inconel-625 produces 50% more C2 hydrocar- 

ons and 40% more CH 4 , reducing a 50% the H 2 yield. The cat-

lytic effect of Inconel-625 is detrimental to hydrogen productiv- 

ty since it increases the rate of subsequent pathways that use the 

roduced hydrogen as a reagent. The high amount of nickel con- 

ent in Inconel-625 explains the majority of the difference between 

oth reactor materials. 
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