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Nickel and Iron Biocarbon Catalysts for Water-Gas Shift Reaction

Graul Théodore'® . Gonzalez Martinez Maria'® . Nzihou Ange'

Abstract

Biocarbon catalysts for water-gas shift (WGS) reaction were prepared from pyrolyzed fern (F) impregnated with iron
(Fe) and nickel (Ni) salts. They were tested in a fixed-bed reactor from 180 °C to 400 °C with variable steam to carbon
mon-oxide (S/CO) ratio (1.4 to 20.7) and compared to rust. CO conversion was mostly below 10% and favored by
increasing temperature and steam partial pressure relative to WGS kinetics. Ni-biocarbon catalysts were more active
for WGS due to their lower temperature activity, according to their reducibility and inherent metals which improved
electronic proper-ties. WGS selectivity was generally above 95%, reflecting WGS predominance over methanation.
FNiFe-B (impregnated before pyrolysis) was the most performant catalyst (10.3% conversion, 99.7% selectivity, 280 °
C). Maximal rust conver-sion was 6.9% at 280 °C, compared to 20% at 300 °C in the literature. Catalyst activation
energy and pre-exponential fac-

tor of 92.1 kJ/mol and 2.2 x 10® respectively were determined, and comparable to literature (up to 130 kJ/mol; 5.8 10'°).
Low temperature activity provided by Ni combined with Fe and fern-inherent metals’ co-catalytic effect was reflected in
the high WGS performance by FNiFe-B with its associated kinetic parameters (59.5 kJ/mol; 5.6 x 10°).

Highlights

e Biocarbon catalysts were more active than rust for water gas shift reaction (WGS).
e Ni-biocarbon catalysts were more active than Fe-biocarbon catalysts for WGS.

o WGS was kinetically driven and enhanced with increased temperature and steam.
e Biocarbon catalyst reduction could enhance catalyst performance in WGS.
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Statement of novelty

Most of the current catalysts have high environmental impacts caused by solvent and energy-intensive processes. This
work presents an eco-friendly alternative, through the use of biocarbon catalysts. Fern was pyrolyzed and impregnated
with iron and nickel and tested in water-gas shift reaction. In the reaction conditions, the fern-based catalysts outperformed

rust (Fe,0;), revealing the potential of biocarbon catalysts.

Abbreviations

BC Biocarbon or biochar

BET Brunauer—-Emmett—Teller

BM Biomass

cat. Catalyst

CHNS Carbon, hydrogen, nitrogen, sulfur

GHG Green-house gas

GHSV Gas hourly space velocity

ICP-AES  Inductively coupled plasma atomic emission
spectroscopy

IWI Incipient wetness impregnation

P Pressure

pr. Promoter

PR-BM Peng Robinson — Boston Mathias

r Kinetic rate

RSD Relative standard deviation

RWGS Reverse water-gas shift reaction

S Selectivity

S/Cor CO  Steam to carbon or carbon monoxide ratio

SEM Scanning electron microscopy

sup. Support

T Temperature

TEM Transmission electron microscopy

TGA-DSC Thermogravimetric analysis — differential
scanning calorimetry

TPD Temperature programmed desorption

TPO Temperature programmed oxidation
TPR Temperature programmed reduction
v Volumetric flow

WGS Water-gas shift

WI Wetness impregnation

X Conversion

XRD X-ray diffraction

Introduction

Human-caused climate change is accelerating and results in
scarcer food and water availability, deteriorated health and
well-being, harsher and more frequent damage to infrastruc-
ture and ecosystems. This shift is a result of green-house gas
(GHG) emissions mainly carbon dioxide (CO,) and their
mitigation can help minimize present and future impacts.

The production of low-emission hydrogen (H,) and H,
derivatives through biomass and biowaste valorization could
mitigate the use of fossil fuels in GHG intensive sectors [1].
H, can be synthesized in gas produced from thermochemical
conversion (500 to 1000 °C, inert atmosphere). Water-gas
shift (WGS, Eq. 1) reaction is involved in thermochemical
conversion pathways and allows improved hydrogen con-
tent in syngas thanks to steam ((H,0),) (180-500 °C).



CO + (H90)y <> COy + Hy .
A HYye = —41.2 kJ /mol o
Thermochemical conversion reactions can be catalyzed
using noble or transition metal-based catalysts including
iron (Fe) and nickel (Ni). They reduce reaction tempera-
ture, process production cost and lowers H, production
costs while favoring its accessibility [2—4]. These reactions
include low temperature WGS, which is an exothermic
reaction kinetically restricted due to energy barriers that
can be lowered through catalysis [5—7]. These processes are
complex and imply many competitive reactions resulting
in unwanted byproducts. This is the case of CH, formation
through methanation (Eq. 2), which is a more exothermic
reaction compared to WGS and thus rivals CO, then H, for-
mation by WGS [8, 9].

CO+3Hy < CH,+ HyO

A Hyyg = —206.0 k.J /mol @
The metal extraction for metallic catalyst production has
a high environmental impact due to energy and solvent
intensive processes that emit GHG. This effect is worsened
for noble metals, that are costlier due to scarcity, but more
active as catalysts [10—13]. To minimize the extraction’s
influence, catalysts are being derived from inherently rich
or loaded in metal bioresources [14].

The reaction kinetics can be expressed through the deter-
mination of the reaction rate (r) based on theoretical calcu-
lations (Langmuir-Hinshelwood, power law, etc.) validated
through experimental data. The one used in this article is the
power law expression (Eq. 3) [15-17].

r= kPg‘OPIZZOPéOQngz (3)

The kinetic constant (k) is obtained by Arrhenius type equa-
tions (Eq. 4). They are defined by their pre-exponential
factor (A or ky, unit depending on reaction order) and the
activation energy (E or E,, kJ or kcal/mol) [18, 19]. Based
on this equation, the rate and thereafter conversion of CO
are increased by diminishing E, or increasing k,. Both
kinetic parameters are also impacted by temperature.

k= ko x e Tt 4)

Non-noble catalysts such as Ni catalysts supported by
MgAl, Mg, Al and CaAl could promote WGS with E, rang-
ing 67 to 186 kJ/mol and k, spanning 5.4 x 10* to 4.3 x 10'%.
Side reactions methanation and steam methane reforming
can be catalyzed simultaneously with E, ranging from 33
to 244 kJ/mol and k, from 5.5x10° to 1.2x10'® for both
reactions [20]. Over CuO/ZnO/Al,0; and depending on the

equation used to calculate initial rates, E, can range from
28.5 t0 92.9 kJ/mol and k,, from 2.6 x 10* to 5.8 x 10'°[15].

Abundant literature is available on the kinetic parameters
regarding Cu, Fe, Ru, Ni, Rh, Pd and Pt-based catalysts.
This results in activation energies between 0.5 and 130 kJ/
mol and pre-exponential factors between 5.4x1077 to
1.5x10' [17, 21, 22]. The variability in values obtained
for these kinetic parameters stems from aforementioned
promotion and support effects that decrease E,. This metal-
lic addition can also prevent the sintering of metal phases
which could result in CO and H,O reactivity loss. Also, dif-
ferent catalysts react differently with the gases. They then
undergo specific reaction mechanisms (associative, redox,
Langmuir-Hinshelwood) that take into account their active
sites and result in specific methods to determine kinetic
parameters [16, 23, 24]. Highly dispersed nanosized active
sites could be beneficial for WGS and result in faster kinet-
ics at lower temperatures as the smaller sized active site
does not require as much energy to be activated [16, 25, 26].
These mechanisms could involve a redox couple of a same
metal that undergoes a switch from the oxidant to the reduc-
tant and inversely, which can be facilitated through activa-
tion [16, 27]. Including possible reducible active phases,
the speciation can determine WGS reactivity as a covalent
bond could be less polarized with more reactive electrons
compared to ionic bonds. Additionally, the engaged orbitals
could limit the direction of reaction with gases, especially
for clusters that have less electron back-donation. As they
cannot densely engage electrons, this weakens its gas acti-
vation and consequently kinetic capabilities [16, 24, 25].
Other sources of uncertainty were attributed to gas impu-
rities, mass-diffusion limitations and the type of reactor
related to pressure gradients that locally affect kinetics and
inhibit or poison WGS and active sites [16, 23, 27].

The operating conditions can also affect the WGS reac-
tion. Increasing temperature provides the energy to acti-
vate chemicals and molecules, improves WGS kinetics but
inhibits thermodynamic equilibrium (exothermicity) and
facilitates the change of electronic state of metals that could
also sinter [28, 29]. The excess of steam to carbon mon-
oxide (CO) or carbon (S/C) also displaces the equilibrium
of the reaction towards the formation of products H, and
CO, by reactant excess, but could deactivate catalysts faster
[30, 31]. Lastly, a low gas hourly space velocity (GHSV)
provides sufficient time to allow the gases to react with the
active sites of the catalyst [32].

The objective of this work is therefore to produce, charac-
terize and test biocarbon catalysts from bioresources loaded
with heavy metals whose catalytic activity was identified for
WGS with low activation energy and high pre-exponential
factor. The efficiency of this approach has been proven in
reverse WGS [33]. In this work, the impact of the catalyst,



temperature, S/C, and indirectly GHSV were chosen. Other
factors not modified here such as pressure, contact time,
choice of reactor, its configuration and its accessories (such
as permeation and chemisorption devices) can also have an
important effect on the process [19, 34, 35].

Materials and Methods

Preparation and Utilization of the Biocarbon
Catalysts

In a first approach, fern and willow were selected as raw
bioresources known for their ability to accumulate heavy
metals from soil by phytoremediation. Willow was har-
vested in the South of France in 2015. Fern corresponds to
shrublands mainly composed of fern harvested in Brittany
(France) in 2019.

To mimic heavy metal content in phytoremediation, both
biomass and biocarbon were impregnated with Ni and Fe
nitrate (Ni(NO;), ;6H,0 and Fe(NO;);;9H,0) to reach a
metal load of 30 mg per g of biocarbon. As a result, we
obtained biocarbon catalysts impregnated before and after
pyrolysis. Biocarbon was produced by raw (RF and RW for
fern and willow) or impregnated biomass pyrolysis under
1 L/min nitrogen (N,) from 25 °C to 800 °C, at 2 °C/min,
followed by an isothermal step at 800 °C for an hour. Wet-
ness impregnation (WI) was applied to raw biomass: 20 g of
biomass was submerged in different 1 L aqueous solutions
containing Fe or Ni nitrates, stirred for 3 days and then dried
for 1 day at 60 °C [11]. WI based on incipient WI (IWI)
was applied to biocarbon: wettable volume and amount of
nitrate to attain a fixed percentage of metal in biocarbon
helped determine a concentration of nitrate to thereafter be
replicated in 100mL of water for 2 g of biocarbon [36]. The
solutions were stirred for varying amounts and time and
then dried for 1 day at 60—105 °C. The final nickel and iron

composition of the biocarbon catalysts was measured by
ICP-OES (Table 1).

Biocarbon catalysts were then tested for WGS reaction in
a fixed bed reactor (Top Industries (France), 8 mm diameter,
25 c¢m long, Fig. 1). The reactor was filled with the catalyst
and an inert bed of alumina (8-Al,05, [37]), which allowed
fixed catalyst position in the isothermal area of the reactor
[36, 38]. Moisture was removed before reaction by flow-
ing argon (Ar) at 120 °C during 1 h. Samples were then
pre-reduced under 60vol%/40vol% H,/Ar at 500 °C for
2 h. WGS was operated from 180 °C by intervals of 20 °C
approximately every 1h30, at 3.0+0.2 bar relative. Flows
used were 20 mL/min of CO, 150 mL/min of Ar and 0.08
mL/min of liquid distilled water. This corresponds to a ratio
S/C of 5.5 and a GHSV of 30,744 h™'. In some experi-
ments, water flow rate was additionally varied at 0.02, 0.04
and 0.30 mL/min resulting in S/C of 1.4, 2.8 and 20.7 and
GHSV of 21,686, 24,705 and 63,959 h™! respectively. Both
gases and water were pre-heated at 180 °C before being
introduced in the reactor. Dried permanent gases (CO, CO,,
H,, CH,) were analyzed every 5 min (30 min during the
night) by online p-GC/TCD (Agilent 990) connected after
the reactor [39].

The biocarbon catalysts were characterized using vari-
ous techniques, but only metal content for Ni and Fe (ICP),
textural properties (BET, N,) and surface chemical groups
(TPD, TPR, TPO) are presented here. The changes in the
structure of the biocarbon catalyst were analyzed before and
after the chemical reaction.

Performance of the Biocarbon Catalysts

The performance of the biocarbon catalysts was estimated
in terms of selectivity and conversion. Selectivity (S) facili-
tates the comparison of produced molecules and identify, in
this case, if CO forms preferentially the main product CO,
or the byproduct CH,. Therefore, selectivity was defined as
the ratio of the molar or volumetric flow (1) of the target

Table 1 Summary of main elemental composition for the produced biocarbon catalysts

Catalyst Biomass Metal Impregnation Elemental analysis Ash Metal content
(fern, F) before (B)/ after wt% content wt% in catalyst
(A) pyrolysis  C H N S O (by dif-  wt% Fe Ni
ference with
CHNS)
RF F - - 72.78 0.93 1.47 <0.01 24.82 14.4 0.03 <0.01
FFe-B F Fe B 71.01 0.49 1.07 <0.01 27.43 28.1 13.17 <0.01
FNiFe-A F Fe, Ni A 0.36 0.76
FNi-B F Ni B 71.23 0.73 1.86 <0.01 26.18 20.4 <0.01 3.96
FNi-A F Ni A 75.72 1.14 1.65 <0.01 21.49 13.7 <0.01 1.43
FNiFe-B F Fe,Ni B 66.99 0.84 1.15 <0.01 31.02 8.08 10.30
FNi-Anored F Ni A 75.72 1.14 1.65 <0.01 21.49 13.7 <0.01 1.43
Fe,0; (>97%) - Fe - Not applicable 67.85 <0.01




Fig. 1 Set-up for the water-gas Pressure sensor
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The conversion of the limiting gas represents the CO con-
sumption to form products. A higher conversion represents
a higher activity from the biocarbon catalyst. Conversion
(X) was therefore defined as the ratio between the consumed
amount of CO, calculated by the difference of inlet and out-
let flow rate, divided by the inlet flow rate of the respective

gas (Eq. 7).

Vintet,co — Voutlet,co

Xco = @)

Vintet,co

The rate of CO, production (r(,) was determined according
to the variation in CO, concentration multiplied by the total
flow rate divided by catalyst mass. Therefore, it represents
the flow of CO, produced over the catalyst (Eq. 8) [21].
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Simulation, Test and Impact of the Variation
of Temperature and Water Partial Pressure in
WGS Reaction

Kinetic and Thermodynamic Simulations of WGS
Reaction Conditions

In this section, the set-up for WGS and the selected operat-
ing conditions are optimized thanks to kinetic and thermo-
dynamic simulations carried out on Aspen Plus. Initially, the
pre-heating process was simulated to determine the required
pre-heating temperature to limit condensation of water
before the reactor, as too much liquid water could trans-
port the catalyst downstream the oven. The influence of the
pressure was also tested. The reaction atmosphere (argon),
as well as reactive and produced gases were introduced as
conventional components and the Peng Robinson — Boston
Mathias (PR-BM) thermodynamic method was selected
[40].

The Aspen flowsheet for pre-heating was defined by
three blocks: a mixer and 2 heat exchangers. The 1st heat
exchanger acts as the pre-heating temperature. It simulta-
neously defines the pressure before reaching the following
blocks which are dependent on this pressure. The pres-
sure of the experimental device is fixed by a back-pressure
regulator located after the condenser that helps liquify con-
densable gases from the reactor and this regulator fixes the
pressure preceding it (Fig. 1). The 2nd exchanger represents
the heat loss before entering the reactor. The heat loss (Qy,s,)
was quantified by convective exchange of the exterior of
the tubing (28 cm long, 14 mm diameter) between the



pre-heater and the reactor with ambient temperature (T,
21 °C). A thermocouple was used to measure the tempera-
ture of the tube’s exterior (Ty,,.) along its length: 80 °C for
2 cm, close to ambient for the rest of the tube. To account
for overheating, possible loss of isolation around the tube
and generally to overestimate the loss, half of the tube was
considered at 80 °C. The convective heat transfer coefficient
(h) was selected as 10 W m~2 K~ ! (average value for natu-
ral convection) [41]. The heat loss in these conditions was
estimated at 3.93 W (Eq. 9). Additionally, this worst-case
scenario considered a liquid water flow rate of 1 mL/min.
This liquid water is then vaporized in the pre-heating stage
before being introduced in the reactor as steam.

Qloss =hx §x (T;fube - Tamb) (9)

180 °C was selected for pre-heating to have a safe interval to
account for possible increase in pressure and possible drops
in temperature. This is what happens for example when sig-
nificantly increasing water flow to guarantee its delivery to
the reactor.

Following the pre-established flowsheet, the WGS
reaction was simultaneously assessed in 2 scenarios:
kinetic-driven conditions using a plug flow reactor and
thermodynamic-driven conditions using a Gibbs reactor fol-
lowed by a condenser at 10 °C. Conditions for pre-heating
were established as 0.58 W, corresponding to the estimated
heat loss (2 cm of the tube at 80 °C), and 3 bar of relative
pressure, as with experimental WGS. The plug flow reactor
represents the stoichiometric conversion according to reac-
tion kinetics. The Gibbs reactor calculates the composition
at thermodynamic equilibrium of outlet gas based on the
minimization of Gibbs energy of the selected components
at specified temperature (varied) and pressure (isobaric) [3,
11].

The plug flow reactor block contains a specified reactor
temperature (varied), dimensions set at 6 cm of length (esti-
mate of catalyst bed length) and 8 mm of diameter, and a set
of power law reactions to represent WGS and RWGS, and
to introduce formation and consumption of CH, via metha-
nation (MET) and steam methane reforming (SMR) respec-
tively (Eqgs. 2, 10 and 11) [42, 43]. These reactions were
characterized by a specific set of parameters from the Arrhe-
nius equation (Eq. 3, Table 2). For WGS, both constants are
low relative to previously reported values (up to 5.8 10'°

Table 2 Set of parameters to kinetically simulate WGS process [17,
20, 40, 44-48]

Reaction k, (rate dependent unit) E, (kJ/mol)
WGS 5.4x10* 67.1
RWGS 6.4x10° 326.4
MET 2.8x10" 243.9
SMR 1.2x10' 240.1

and 130 kJ/mol) and could result in similar results due to
the compensative effect of both constants. The other reac-
tions (RWGS, MET, SMR) have however more elevated
constants which could result in them being less active in
WGS conditions. SMR could be the most active due to low-
est activation energy and highest kinetic constant of the 3.
Inversely, RWGS could be the least active.

A sensitivity analysis was performed on steam excess (S/C)
and on the temperature of the selected reactor (T) to observe
their influence on conversion, selectivity and outlet gas
composition. S/C was observed from 1.4 to 20.7, with an
incremental step of 1.4. T was varied from 180 °C (pre-heat-
ing temperature) to 400 °C (high temperature WGS) every
20 °C.

For the plug flow reactor, conversion, selectivity and
generally gas composition were unaffected by increas-
ing temperature. Conversion increased initially from 1.5
to 3.3% for a S/C from 1.4 to 8.3 then dropped to 2.7%
at 20.7 (Supporting Information, Fig. S2). The increase
in S/C results in less water being vaporized when reach-
ing the reactor which may cause the conversion drop since
the reactor cannot provide enough energy to produce steam
while maintaining the reaction. With this given set of kinetic
parameters, only WGS and RWGS are dominant, resulting
in a CO, selectivity of 100%. The experimental gas com-
position takes into account the Ar as an inert sweeping gas
and does not consider the water composition of water as
it is condensed before arriving at the pGC. So, to imitate
experimental conditions and facilitate further comparison,
the simulated results were corrected by accounting for pres-
ence of Ar by adding it to the mix of reactive and produced
gases, and by removing water content. The resulting simu-
lated gas composition follows the same trend as conversion
(Fig. 2) with H, and CO, reaching a maximum of 0.4% at
8.3. CO is consumed accordingly.

For the Gibbs reactor, conversion increased with increas-
ing S/C and decreasing T. It was above 99% and is coherent
with thermodynamic calculations and equilibrium prin-
ciples [8]. Inversely, increasing S/C and T improves CO,
selectivity and therefore lowers CH, selectivity (Supporting
Information, Fig. S3). Values for S¢(,, remain above 75%,
meaning WGS is favored compared to methanation. This
is exacerbated by the increase in VHZO that forces WGS
towards the production of CO, and T that when increased
favors the least exothermic reaction (WGS) between WGS
and MET (Egs. | and 2).
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Both scenarios tend to have opposite results, with con-
version being either close to 100% when the reaction is
thermodynamically driven or close to 0% when kinetically
driven. The methanation reaction is also more or less domi-
nant in terms of CO selectivity. Therefore, depending on
experimental results, operating conditions and the catalytic
effect of the studied catalysts, the reaction can be either
kinetically driven, in which case the conversion should
be low and selectivity high, or thermodynamically driven,
where conversion is high and selectivity is impacted but still
directed towards CO (>75%). The corrected simulated gas
composition will be summarized after presentation of these
experimental results (Table 7).

WGS Reaction

Fern-based (F) biocarbon catalysts were tested in WGS to
observe the influence of the impregnation type (before and
after pyrolysis, B or A), the impregnated metal (Fe and Ni)
and WGS operating conditions, namely temperature and
water flow. They were also compared to rust (Fe,O;), and
the influence of reduction on the fern biocarbon catalyst
impregnated with Ni after pyrolysis was studied (FNi-A no
red). It was reported to reach at most 20% CO conversion
at 300 °C under comparable pressure, GHSV and S/C (5.5).
This conversion is increased when the metal is promoted
and supported (reaching 70%) [29, 49, 50].

Influence of the Temperature

The influence of the temperature was evaluated by the
CO, production in WGS from 180 °C to at least 280 °C by
increasing temperature in intervals of 20 °C approximately
every 1h30 for nickel and iron biocarbon catalysts, as well
as rust. The visualization of the impact of this increase in
temperature (T), and the modification of steam excess (S/C)
on gas production, is facilitated by the representation of
the time-dependent evolution of CO, production (Fig. 3,
Fig. S4 in Supporting Information). The experiment was
repeated for the most active catalysts, which resulted in a

relative standard deviation (RSD) of 9.6%. Also, the nGC
can detect gases up to 0.001 vol%.

According to the results, Ni-based catalysts were shown
to be more active, while rust was the least active. It showed
the lowest activity with a maximum CO, concentra-
tion of 0.04 vol% at 360 °C (Fig. 3). When compared to
simulated results and reported literature values (S/C=3.5,
GHSV =60,000 h~!, T=400 °C), CO, concentration should
be close to 2.2 vol%. This value was obtained as a result of
a cross-multiplication between the maximal simulated CO,
concentration (0.37 vol%, Fig. 2), the maximal reported
CO conversion (20%) and the maximal simulated conver-
sion (3.3%) [29, 50]. The CO, concentration obtained in
this study reached 0.20 vol%, so the 11-fold difference
in experimental and reported values could be related to a
difference in unmentioned operating conditions (pressure,
presence of inert gas, bed size). The quantity of produced
CO, (max. 0.20 vol%) compared to that of the simulated
results (kinetic: 0.37 vol%) shows the kinetically driven
nature of WGS in our conditions. The limitations associ-
ated with these conditions are therefore an important factor
linked with these low values. This is however accompanied
by stronger kinetic properties on behalf of the biocarbon
catalysts that outperformed rust. Additionally, the observa-
tion of the temporal evolution of CO, concentration (Fig. 3)
seems to indicate a deactivation of the catalysts (decrease
in value over time) that is steeper as the temperature is
increased. The decrease may be linked to active site sinter-
ing or reactant surface saturation [51-54].

To compare the performances of biocarbon catalysts, the
maximum CO, production reached at each temperature was
represented, as well as CO conversion and CO, selectiv-
ity (Table 3). Additionally, maximum H, production was
observed (Supporting Information, Table S2).

Under 240 °C, the activity of FNi-A (reduced or not),
FNiFe-B and FNi-B appears to be slightly higher. This
points out a low temperature activity that might be related
to the presence of Ni. At low temperatures, the catalysts and
WGS are unstable due to activation energies required from
both catalyst and reacting gases. Additionally, little gas is



Table 3 Impact of reactor temperature on peak CO, production, CO conversion and CO, selectivity of biocarbon catalysts and rust

FNiFe-B

FNi-A

FNi-B

FNi-A no red

0.003
0.029

FNiFe-A
0.006
0.008

Rust FFe-B RF

T (°C)
180
200
220
240
260
280

0.047 0.013

0.028

0.012

0.001

0.008
0.004

0.005

0.007

CO, outlet gas composition (vol%)

0.022

0.010

0.005

0.004

0.041
0.076

0.046

0.015

0.009 0.019

0.013

0.006

0.004
0.005

0.069
0.102
0.136
8.3
8.3
8.4
8.9
9.0
9.6

0.026

0.021

0.008

0.007
0.010

0.128
0.204

0.046
0.090
8.1

0.028

0.018

0.011

0.006
0.008
6.4
6.7

0.041
8.4

7.6

0.027
8.4
8.3
8.2
8.4
8.4
8.5

0.015
7.2
7.0
6.9
7.1

0.015
8.2
8.3

8.4
8.0
8.4
8.6

9.5

180
200
220
240
260
280

CO conversion (%)

7.9
7.9

8.1

8.2
8.2
8.2
8.5

8.0
8.0

7.9
7.9

6.7

6.6
6.6
6.9

8.5

7.0
7.0

10.3

9.0

100.0
100.0
100.0
100.0
100.0
99.7

100.0
97.3

100.0
95.8

100.0
100.0
89.6

22.6 96.7

100.0
93.8

100.0
100.0
96.0

180
200
220
240
260
280

CO, selectivity (%)

95.8
9

84.6

92.6

923

100.0
9

98.1

94.8

86.8

90.0

922

8.2

100.0
88.9

100.0
97.0

95.1

93.7

100.0 95.8

100.0

100.0
9

98.5

94.3

97.3

6.7

100.0

100.0

formed and are close in composition to the pGC detection
limit, resulting in selectivity and CO, composition highly
reliant on the catalytic activity. The active site sensibil-
ity and electronic activity could be related to the ability to
reversibly transform from an oxidized to a reduced state
allowing activity in WGS. This is supported by TPR results
where weaker reducible sites are represented by low peak
temperature (as low as 355 °C for FNi-A) and the quantity
of these sites is represented by the amount of H, desorbed
[29, 55-57] In this study, the biocarbon catalysts were
reduced at 500 °C which could justify higher activity from
FNi-A and FNiFe-B (lowest H, peak at 514 °C). This could
also be correlated with the ability to easily adsorb CO or
steam where Ni-based catalysts showed stronger adsorp-
tive capacities for NH; and CO, respectively (Table 4, Fig.
S5-S7 in Supporting Information) of at least 0.8 and 12.0
mmol/g respectively for Ni-based catalysts compared to 0.6
and 8.3 mmol/g for FFe-B. This is further amplified as Ni-
based biocarbon catalysts present a higher amount of reduc-
ible sites, of at least 1.0 mmol/g for Ni compared to 0.2 for
FFe-B. Once reduced, these sites are sources of O vacancies
that complement and facilitate the adsorption and reactivity
of O from CO and steam.

Above 240 °C, the catalytic activity in relation to the CO,
production increases by approximately 50% according to
the following order: rust<FFe-B < RF < FNiFe-A <FNi-A
not pre-reduced (no red)<FNi-B<FNi-A<FNiFe-B.
There are similar trends for lower temperatures: Ni catalysts
are generally more active for WGS which could be related
to their lower activation energies [58, 59]. This activity
might be further amplified when considering the presence of
other metals with promoting and supporting effects (alkali
and alkaline earth metals, Co, Cu, Zn, Al, ...) that help
reduce even further energy barriers. The individual effect of
inherent metals, impregnation type and metal and resource
type, on WGS, is hard to determine as metal content var-
ies between samples (Table 1). The performance of FNi-A
could be improved through reduction as the CO, production
of the pre-reduced FNi-A is 3 times higher than that of its
not pre-reduced counterpart. This can be expected because
through reduction the biocarbon catalyst gains O vacancies
which act as reaction sites for both steam and CO. The for-
mation of Ni nanoparticles that further enhance the WGS
activity is also facilitated through this process [60—-62]. On
another hand, impregnation and pyrolysis could induce a
loss of activity and specific surface area due to blocking
of the access to pores containing active sites, induced by
in-solution metals and carbon deposit respectively [63, 64].
Here, pores and especially active sites are exposed as the
specific surface area increases (Table 4) but the unhindered
metals maintain their respective activities (Tables 3 and 5)
that are unaffected by this increase in surface area. The high



Table 4 Chemical surface groups versus specific surface area of the biocarbon catalysts before WGS

Sample TPD-NH; TPD-CO, TPD-H, Specific
Total adsorption T ax (°C) Total adsorption Tax (°C) Total adsorption T ax (°C) surface
(mmol/g) (mmol/g) (mmol/g) area
(m*/g)
RF 0.8 913 12.0 915 2.5 993 8.8
FFe-B 0.6 951 8.3 905 0.2 981 309.6
FNi-B 1.5 912 16.2 920 29 986 151.6
FNi-A 0.8 945 12.0 923 1.7 989 100.0
FNiFe-B 1.1 923 16.0 924 1.0 1000 367.9

Table 5 Impact of steam excess on peak production of CO,, CO conversion and CO, selectivity of biocarbon catalyst

S/C CO, outlet gas composition (vol%)

CO conversion

CO, selectivity

() (%)
RF (360 °C) FNi-Anored (280°C)  RF(360°C)  FNi-Anored (280°C)  RF (360°C)  FNi-A no red (280 °C)
1.4 0.039 7.4 99.1
2.8 0.031 8.0 100.0
55 0.048 0.038 7.6 8.4 100.0 98.7
207 0.056 0.041 7.7 8.5 98.3 97.3

Table 6 Estimated kinetic parameters for biocarbon catalysts and rust
in pre-established decreasing order of performance

Catalyst E, (kJ/mol) Ko biocarbon catavst/ Ko, rust
FNiFe-B 59.5 5.6x10°=¢!!¢
FNi-A 26.8 1.8x10> =¢>®

FNi-B 92.1 22x108 =e!"2
FNi-A not pre-reduced 22.1 1.4x10' = ¢*7
FNiFe-A 433 1.3x10° =¢’?

RF 7.5 39x107 ' =¢ 10
FFe-B 52 22%x107 ! =¢ 13
Rust 9.5 1=¢’

surface developed by Fe-based biocarbon catalysts, possibly
related to catalyzed graphitization, does not therefore ben-
efit its activity [65, 66]. The degree of metal exposition and
activity, and carbon graphitization may also vary depending
on the metal content of each sample. These aspects have
been discussed in a previous study on RWGS, through
X-ray diffraction and high-resolution transmission electron
microscopy techniques [33]. Additionally, the specific sur-
face area of the catalysts after WGS was analyzed (Support-
ing Information, Table S3). An increase in specific surface
area may be observed but could also be a result of mixing
with alumina. X-ray diffractograms for FNi-B before WGS
seem to indicate reduced Ni sites and may indicate possible
graphitization as C is used to reduce Ni during pyrolysis
(inert atmosphere) (Fig. S8).

CO conversion reached 10.3% at 280 °C using FNiFe-B.
The highest increase due to temperature was with this same
catalyst and was 1.9% from 180 to 280 °C (Table 3). Addi-
tionally, rust, RF and Fe-based biocarbon catalysts (except
FNiFe-B) converted less (<8.5%) and were slightly influ-
enced by temperature as the increase in conversion due to the
temperature was at most 0.3%. This could again be related

to the facilitated reducibility of Ni-based catalysts (Table 3).
Due to the reaction being kinetically driven, an increase in
temperature improves conversion until the reaction reaches
thermodynamic equilibrium (99%) [19, 28, 29, 31, 67, 68].
As mentioned previously, in studies with similar operating
conditions, rust can reach up to 20% conversion but reached
at most 6.9% in this study, and is indicative of severe kinetic
limitations [29, 49, 50]. It also reflects the compatibility of
the biocarbon catalysts for WGS reaction [69]. Addition-
ally, the biocarbon catalysts outperformed rust, possibly due
to rust bulk not benefitting from enhanced activity towards
WGS through dispersion of nanosized active sites [70]. The
biomass inherent metals may also enhance the electronic
state of reactive metals and improve their activity at lower
temperatures [71].

Selectivity towards CO, was globally above 85% and
nearing 100% when performing the reaction at high temper-
atures (> 240 °C) with active catalysts (Table 3). This proved
that the conditions were favorable to inhibit the methana-
tion reaction (Eq. 2) that produces CH,. As previously men-
tioned, methanation is more exothermic than WGS thus
increasing temperature should lessen the formation of CH,
[20]. Methanation is also reported to have higher activation
energies (243.9 kJ/mol, Table 2) than WGS (67.1 kJ/mol)
and could suffer more severe kinetic limitations.

Influence of the Steam Excess

S/C was varied between 1.4 and 20.7. This variation was
carried out at the end of the experiment for RF (360 °C) and
FNi-A not pre-reduced (280 °C, Table 5).

It was observed that the production of CO, increased by
approximately 0.007 vol% with each increase in S/C. This is
coherent with the literature as an increase in S/C shifts WGS



Table 7 Summary of averaged values of concentrations, selectivity and conversion for biocarbon catalysts

Conditions: 280 °C, S/C

Selectivity

(%)

Conversion (%)

Outlet gas composition (vol%)

5.5

SCH4

SC02

CH, Xco

H

o,

CO

11.76
11.35

Initial composition

Biocarbon catalysts and rust

<0.0

100

<0.00 3.1

0.37

0.37

WGS kinetic simulation

Selectivity

(%)

Conversion (%)

Outlet gas composition (vol%)

Metal content (wt% in biocarbon)

Impregnation before/after pyrolysis

Metal

Biomass

Sample

Scip,
33

SCO

CH, Xco

H

o,
0.01
0.01
0.02
0.08
0.12
0.17
0.04

CO

9.70
9.69
9.63
9.57
9.52
9.46
9.64

96.7

7.0
7.9
8.5
9.0
9.6

<0.00

0.01
0.02
0.03
0.09
0.14
0.21
0.04

Fern

RF

<0.0
<0.0

5.7
1.5

0.3

100

<0.00

13.17

Fe Before
After

Fern

FFe-B

100

<0.00
0.01

0.76,0.36

3.96
1.43

Fe, Ni
Ni

Fern

FNiFe-A
FNi-B

943

Before
After

Fern

Fern

98.5

<0.00

Ni

FNi-A

99.7

10.3
8.5

<0.00

10.30,8.08
1.43

Before
After

Fe, Ni
Ni

Fern

FNiFe-B
FNi-A

2.7

97.3

<0.00

Fern

no red
Fe,0,

<0.0

100

0.01 0.01 <0.00 6.9

9.67

Fe

towards the production of CO, and H, due to the excess of
one reactant (steam in this case) and the resulting displace-
ment in equilibrium. This increase continues at higher val-
ues of S/C (> 10) but the increase then lessens above 10 [18,
19, 30, 31, 53, 72].

The increase in S/C seemed to slightly increase the con-
version (by 2.5%< RSD) which could be caused by the
equilibrium displacement but the effect of this increase is
neglectable. A peak of CO, production and therefore CO
conversion should be observed at S/C=8.3 based on the
simulated kinetic results (Fig. 2, 0.4 vol% and 3.3% respec-
tively). This was not the case with the experimental results
since the increase continued when increasing S/C from 5.5
to 20.7 (Table 5). This increase is also however slight, from
0.003 to 0.008 vol% for CO, production and 0.1% for CO
conversion, and in error ranges.

According to the literature, an increase in flow rate
reduces contact time allowing formation of CH, and an
increase in S/C drives the consumption of CH, through
SMR [73-75]. Therefore, CO, selectivity should improve
with excess steam and high GHSV. In our case, the increased
reactant excess did not show an influence on the selectivity.
However, selectivity was close to 100% which is compa-
rable to the simulated kinetic results (Fig. 2).

Kinetic Parameters

Kinetic parameters were estimated via power law and Arrhe-
nius equations (Egs. 3 and 8). By assuming nearly constant
partial pressures and high CO selectivity, equations were
obtained (Egs. 12—13) and kinetic parameters were deduced
(Table 6) [67].

E,
In(rco,) = _R7;“ + In (ko) + constant (12)
k() biosourced catalyst 1 ( ; )71 ( )
) Z—¢ M\ TCOg biosourced catalyst D TCOg, rust 13
kO,rust ( )

The most performant catalysts present relatively high
kinetic constants, which is beneficial for kinetic-driven
WGS, but also present high activation energy. This phe-
nomenon is reversed for the least performing catalysts and
indicates the importance of the dual effect from both param-
eters. No immediate conclusion can be drawn based on a
comparative factor accounting for the contribution of both
parameters (such as comparing rates). However, this under-
lines the importance of the intrinsic characteristics of the
biocarbon catalysts that have no immediate catalytic impact
(thermal, electric and electronic conductivity). Regardless,
the experimental values obtained for the activation energy
and the pre-exponential factor, compared to literature, are
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of the same order of magnitude [17, 21, 22]. Furthermore,
the assumptions to obtain these parameters are insufficient
to completely describe the rate law. For example, the orders
for each reactant and product were not determined. Indeed,
CO formation rates are highly dependent on the partial pres-
sures of formed gases and their respective orders, and do
not consider possible methane production (Eq. 3) [15-18,
21,32, 34,42, 43].

Summary of the Reaction Performances

The performance of the biocarbon catalysts was evaluated
in WGS reaction through CO conversion and selectiv-
ity towards CO, and CH,. The results obtained at 280 °C
and S/C=5.5, in terms of concentration of reactive gases
(CO) and product gases (CO,, H, and CH,) were indicated
(Table 7) to facilitate comparison and hierarchy of the
biocarbon catalysts performance. This temperature is the
highest studied for all catalysts and for which the CO, pro-
duction and CO conversion are sufficiently high to allow a
more precise comparison. The biocarbon catalysts (not rust
nor FNi-A no red) were ordered by increasing conversion
(Table 7).

To summarize, CO, and H, gas production and inversely
CO consumption is higher with Ni-biocarbon catalysts than
with Fe-biocarbon catalysts or rust. The most performant
catalyst FNiFe-B combines the properties of both metals.
Ni-based catalysts in particular are functional for low tem-
perature WGS as they can alternate between reduced and
oxidized states at low temperatures with little energy [29,
55-57]. CO conversion is improved as CO consumption is
increased and follows this same tendency. CO, selectivity
decreases as CH, production increases. This is mostly the
case with Ni-based biocarbon catalysts but CO, selectivity
in this instance is above 94%.

The highest experimental gas production is 0.17 vol% for
CO, and 0.21 vol% for H,, while a maximum of 0.37 vol%
was obtained through simulations for both gases. These val-
ues need to be considered by taking into account that uGC
sensitivity is 0.001 vol% and RSD is 10%. The difference
in gas production could be due to lower WGS activity as
the kinetic parameters used in the simulation (Table 2) are
based on highly efficient and optimized catalysts such as
Pt-based catalysts [17, 20, 40, 44-48]. Additionally, it is
possible that some gas is adsorbed by the biocarbon and
the moisture trap [76]. CO conversion by the biocarbon
catalysts is at least 6.9%, which is higher than the maximal
simulated conversion (3.1%). The difference in simulated
and experimental conversions could be related to lower
values of experimental CO concentration (11.35 compared
to 9.70 vol% respectively). Since the experimental value
is lower, the variation of this concentration will be more
important, which will result in higher conversion (Eq. 7).
Even if experimental conversion values may appear as low
(<10%), similar reported trends have been observed: Ni-
based catalysts were more active at lower temperatures than
Fe-based catalysts [69]. This conversion can be improved
further by changing the kinetic parameters (catalyst) and
displacing equilibrium through increase of temperature and
steam excess (operating conditions). This increase in tem-
perature will however be limited by thermodynamic equi-
librium (Fig. 3) that diminishes as temperature increases,
in addition to the loss of catalyst stability in relation to sin-
tering. Also, the impact of excess steam stagnates as it is
increased and even decreases WGS activity based on simu-
lations (Fig. 2) [30, 31, 68]. The comparison between the
obtained results for WGS simulation and experiments was
summarized (Table 8).

These results differ from previously studied RWGS
where the reaction was partially thermodynamically-driven
(namely at 400 °C). In this work, rust was the most active



Discussion

The simulations are regulated by the set of kinetic param-
eters and resulted in WGS dominance (high selectivity) at
a cost to activity (poor activity); high steam excess (> 8.3)
does not benefit WGS activity as energy for the reaction is
diverted to steam

Table 8 Synthesis of the com- Parameters  Result
parison between the Obte.uned Simulated Kinetic simulations result
result.s for WGS simulation and plug flow in low conversion (< 3.3%)
experiments . . .
reactor with maximal conversion
reached at specific value
of steam excess and nearly
100% selectivity; no impact
from T
Simulated Thermodynamic simula-

Gibbs reactor

when reduced

* Ni-based biocarbon
catalysts are more active
especially at lower T

tions tend towards high
conversion (>99%) and
selectivity (>75%)

T * Biocarbon catalysts are
more active than rust and

Conversion increases with excess steam but decreases with
temperature and inversely for selectivity: equilibrium prin-
ciples and exacerbation of CH, producing reactions (more
exothermic than WGS) by steam

* O vacancies caused by reduction of O-containing biocar-
bon surface groups could improve CO and steam uptake
and reactivity; other inorganic element namely AAEM and
co-catalytic metals may help reduce energy barriers

* Ni may be active and accessible at low T thanks to low T
reversibility and to sufficiently developed porosity

* 11-fold difference between ¢ Difference between this study and others could be related

experiments and literature
« Instability below 240 °C

to operating conditions not addressed here
» Instability may be related to electronic sensitivity and

* Increase in conversion and competition between activation of catalysts and reacting

high selectivity

S/C * Increase of CO,
production

* Increase in conversion
even at higher S/C values

(20.7)

« Little influence of selec-
tivity but close to 100%

gases

* Increasing T enhances kinetics, increases CO consumption
and inhibits methanation that is more exothermic than WGS
* Displacement of equilibrium towards the products of
WGS due to excess of steam

+ Contradiction with simulation as maximum performance
observed at 8.3 S/C but coherent with displacement of
equilibrium

+ Coherent with simulation, excess steam that promotes
CH, reforming and increase in GHSV that limits time to
form CH,

* Inherent metals, facilitated reducibility and O vacancies
could improve biocarbon performance but a change in oper-

sion (< 10%) and selectivity ating conditions could enable thermodynamic equilibrium

Kinetic * The reaction is kinetically
(global) driven with high conver-
(>85%)
* Biocarbon catalysts out-
performed rust
Influential The impact of T and S/C
parameters on CO conversion and

CO, and CH, selectivity
was tested over Fe and
Ni-impregnated fern-based

catalysts

* E, = 5.2 kJ/mol and and ky/kg s = 2.2X 108 for bio-
carbon catalysts compared to 9.5 kJ/mol and 1 for rust,
respectively: high kinetic performance observed at low T
(<400 °C) for biocarbon catalysts in WGS

The most influential parameters were T, CO conversion and
Ni-based catalysts as WGS was driven by kinetics and cata-
lytic activity improved with both T and Ni-based catalysts
S/C influence was in range of errors and selectivity was
high since methanation was not favorable in the studied
operating conditions

but least stable catalyst whereas biocarbon catalysts per-
formed well since high conversions were maintained for
the duration of the experiment (72 h) and the catalyst did
not suffer deactivation. The most active catalysts were fern-
based catalysts which contained both Fe and Ni. Their activ-
ity was related to the synergetic effect of inherent metals
with O vacancies resulting in improved electronic proper-
ties. In the case of WGS, inherent metals allow minimal
activity but are confronted to energy barriers that limit their
activity. Therefore, while Ni has strong electronic proper-
ties and low-temperature reducibility, which can react eas-
ily in restricting operating conditions (low temperature), Fe
does not present such properties and will be limited when

performing WGS. In both RWGS and WGS, biocarbon
catalysts possessed homogenous inherent metals and avail-
able active and adsorptive sites that resulted in high per-
formance, stability and selectivity. Further modifications
to these properties may help to improve their performance
respective to the tested reaction.

Conclusion and Perspectives

Biocarbon catalysts from fern were tested in original WGS
conditions with increments in temperatures ranging from
180 to 400 °C and in S/CO from 1.4 to 20.7, every 1h30.



Results showed that WGS is kinetically-driven: conversion
increased as temperature increased. Biocarbon catalysts
outperformed rust, which shows promising results com-
pared to metallic catalysts. Ni-based biocarbon catalysts
showed the best activity. This could be attributed to their
low temperature activation. This is especially the case of
the fern catalyst impregnated with Ni and Fe before pyroly-
sis, which resulted in a conversion above 10%. CO conver-
sion and consequently CO, and H, gas production increased
with S/CO ratio due to improved kinetics and displacement
of equilibrium, respectively. Selectivity towards WGS was
above 85% and was slightly affected by temperature and
S/CO, where their increase inhibits the side reaction pro-
ducing CH,. Kinetic parameters were determined for the
biocarbon catalysts relative to rust and are comparable to
literature values. No explicit relation between the order of
the biocarbon catalysts’ activity and these parameters was
established. Characteristics with subtle impact on the kinet-
ics may therefore need to be brought to light. Future work
should observe these characteristics and optimize operating
conditions to direct WGS towards thermodynamic equilib-
rium, as well as analyze the impact of biocarbon catalysts on
other environmental applications.
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