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Nickel and Iron-Doped Biocarbon Catalysts for Reverse Water-

Gas Shift Reaction

GRAUL Théodore, GONZALEZ MARTINEZ Maria and NZIHOU Ange

Abstract: Biocarbon catalysts for reverse water-gas shift
reaction (RWGS) were produced from pyrolyzed fern and willow
impregnated with iron and nickel nitrates. This reaction can
partake during Fischer-Tropsch synthesis (FTS) by consuming
CO; and lowering both the H,/CO ratio and the efficiency in the
production of fuels. RWGS has attracted much attention to
widespread utilization of CO, through the production of syngas.
The catalysts were therefore tested in a fixed-bed reactor at
400°C as it is the maximal temperature for FTS and high RWGS.
They showed high selectivity towards CO (>84%) and fair
conversion (<17%) compared to rust (81%, 30%, respectively)
and Fe-impregnated alumina (100%, 8%). No loss in selectivity
and conversion was observed for a longer residence time (288h).
Biomass inherent metals could provide reactive gas adsorption
sites that improve conversion by dispersing electrons which
reduces adsorption and dissociation energy barriers. K, Mg and
Ca in fern biocarbon catalysts may be related to the higher CO-
uptake compared to willow catalysts. Electron deficient sites
produced by reduction of biocarbon oxygen functional groups
may facilitate CO, uptake and activation. Ni-impregnated fern-
based biocarbon showed the highest activity, due to the
synergetic effect of the inherent metals, O vacancies and strong
metal-carbon interactions.

Introduction

Greenhouse gas emissions are the main cause of current global
warming. This accounts for climate damages including destructive
storms, severe droughts and quicker wildfires, among others,
which results in an increasing devasting of humanity’s livelihood.
To limit Earth’s warming, the 2015 Paris Agreement engaged the
193 signatory nations to reduce greenhouse gas emissions
namely carbon dioxide (CO.) ["l. Since then, the increase in CO,
emissions have begun to stagnate in relation to world-wide
policies, but also pandemic-related lockdowns and reduced fossil
fuel importing. A rebound resulting in an increase of these
emissions is therefore expected for the upcoming years [
Consumption of CO; via chemical (ex. thermal conversion) or
biologic pathways (ex. photosynthesis) or restriction of its
production by optimizing CO- producing processes are means to
limit its emission. Therefore, biomass and biowaste valorization
into hydrogen (H.), biofuels and other products may play a
significant role in reaching this objective, due to the carbon
neutrality and high availability of these bioresources ?.

Thermochemical conversion processes of bioresources to
produce syngas, containing Hz, tar and biocarbon (understood as

biochar) typically require high temperatures (between 500 to
1000°C) and the use of catalysts allows lower operating
temperatures and energy saving. Fischer-Tropsch synthesis
(FTS) however allows the production of synthetic fuel from
synthetic gas composed of mainly carbon monoxide (CO) and H
at milder conditions. This process, operating from 180 to 400°C
and around 20 bar, requires noble or transition metal-based
catalysts, including iron (Fe) and nickel (Ni) 581, It also performs
best under H./CO of 2 U'l. Therefore, reverse Water-Gas Shift
(RWGS) is effective for integration with FTS reactions by
reversibly converting CO, and H; into CO and H»O. This will
translate into a CO, consumption to produce synthetic fuels and
reduce Hy/CO in syngas for use in FTS (Eq.1) . This reaction
requires similar catalysts to those of FTS and higher temperatures
due to its endothermicity (AHSeg = 42.1kJ/mol) but can be
performed simultaneously to FTS by reducing the temperature (to
400°C) 11,

CO; + Hy; < CO + H,0O Eq.1
Fe has catalytic activity for RWGS and is generally promoted by
alkaline and alkaline-earth metals (AAEM) namely K, Mg and Na,
or Ni, Cu and Co ['"®"l Fe promoted by Cu can reach CO,
conversion as high as 45% at 400°C with close to 100% RWGS
selectivity (. Fe allows strong CO, adsorption through strong
electron exchange and O vacancies that accept CO; electrons
(Lewis base). Fe and Ni can be supported by Al,Os3, SiO2, CrO,.
These supports and the promoters prevent sintering, coking and
other deactivation phenomena, through transformation of the
active phase, while improving reactant adsorption thanks to O
vacancies. These promoters and supports can also adjust
selectivity towards a specific product, CO for RWGS, by weak
adsorption and fast removal because of limited electron
availability [1014-171_Ni favors CO and CH,4 formation so promotion
and support can be necessary for its selectivity [8-20 Nj
promoted by Cu can reach conversion as high as 50% at 400°C
but at the cost of decreasing selectivity to at most 75% [?%. Fast
CO desorption with low H, adsorption could also unlock access to
active sites for CO,, increasing catalytic performance. Promoters
can help reducing the energy necessary for adsorption and
desorption in addition to providing further adsorption sites [*15-171,
Biocarbon can act as a potent support allowing strong metal-
surface interaction and increased O vacancies related to the bond
between metal and carbon that furthers electron transfer, and the



reduction of O functional groups respectively 2?2, The dispersion
of the metal active sites and the adsorption of gases are also
affected because of this bond and are linked to the porous
structure of biocarbon (site availability) and heterogenous surface
sites (different electron density) 2324, Other transition metals such
as Cu are also active for RWGS with high selectivity (nearly
100%) and activities that could reach 35% at 550°C ?°.. Noble
metals such as Pt supported on CeO, can reach 45% conversion
at 450°C with more than 97% selectivity ?¢. Au on TiO, can
achieve 40% conversion at 450°C with high selectivity 7. Fe and
Ni were studied as lesser toxic and more available metals 28-301,
Metallic catalysts have a high environmental impact because of
the metal extraction processes that are energetic and intensive in
solvent, and are highly scarce ['"3'%2. These metals can be
sourced more sustainably through plant phytoextraction and
could then be transformed into catalysts 3341, This transformation
can be achieved through pyrogasification. The high temperature
(>500°C) could form ordered carbon structures with interesting
properties such as increased surface basicity that in the case of
RWGS could allow improved CO, adsorption and further reaction.
It could however also inhibit availability of active metal sites as
they could sinter 35361, L ow heating rates (<50°C/min) could assist
micropore formation that expose active sites, and prevent alkaline
metal volatilization that promote RWGS active sites. Smaller
pores are however easily blocked ['7:36-38], Fixed and fluidized bed
are the most common reactors for this transformation as the
transformation is facilitated in relation to the compacity of this bed.
This could raise issues concerning heat and mass transfer
limitations 9. Pore development could be facilitated under H,O
or COy, but for a catalytic application, the improved catalytic metal
retention provided under N; is necessary [7:3840],

To overcome the burden that metallic catalysts face, in this work,
we aim at producing and characterizing innovative catalysts from
pyrolyzed metal-loaded bioresources and test them in RWGS.

Materials and methods

Preparation and utilization of the biocarbon catalysts

Fern and willow were selected as raw bioresources because of
their ability to cumulate heavy metals from soil in
phytoremediation. Willow was harvested 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 and to obtain
a biocarbon catalyst with a controlled metal content, both biomass
and resulting biocarbon were impregnated. A 98 wt% pure Ni
nitrate (Ni(NO3)2-6H20) and Fe nitrate (Fe(NO3);-9H,0) solutions
containing traces of other metal elements including Co, Cu, Zn
and Si, were used for this aim. For biocarbon catalysts
preparation, biomass was pyrolyzed under 1L/min nitrogen (N2)
from 25°C to 800°C, at 2°C/min, followed by an isothermal step at
800°C for an hour.

In a second step, impregnation was carried out to reach a metal
load of 30mg per kg of biocarbon. Wetness impregnation (WI) was
applied to biomass: 20g of biomass was submerged in different
1L aqueous solutions containing Fe or Ni nitrates, stirred for 3

days and then dried for 1 day at 60°C 2, WI based on insipient
WI (IWI1) 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 2g of biocarbon 1. The solutions were stirred
for varying amounts and time and then dried for 1 day at 60-105°C.
Unimpregnated fern (RF) and willow biocarbon (RW) were
prepared in the same conditions of pyrolysis for comparison.
500°C stability was observed under 24-hour exposure to N, at
500°C by following mass loss (4wt% for the 24h on average for
all biocarbon catalysts).

Biocarbon catalysts were then tested for RWGS reaction in a fixed
bed reactor (Top Industries (France), 8 mm diameter, 25 cm long,
Figure 1). The reactor was filled with the catalyst and an inert bed
of alumina (8-Al,O3, "), which steadied the catalysts position in
the isothermal area of the reactor ©8. Moisture was removed
before reaction by flowing Ar at 120°C for 1h and samples were
then pre-reduced under 60/40 vol% Ha/Ar at 500°C for 2h. RWGS
was carried out at 400°C, for at least 3 bars during a maximum of
72h. Gas flows used were 60 mL/min of Hz, 20 mL/min of COy,
and 150 mL/min of Ar. All gases were preheated at 120°C before
being introduced in the reactor. Dried permanent gases (CO, COa,
Hz, CH.) were analyzed by online y-GC/TCD (Agilent 990)
connected after the reactor .

To compare experimental results, equilibrium of RWGS was
calculated only considering the species involved in the reaction at
the conditions of the reaction. These conditions were 400°C and
initially 20 mL/min CO, and 60 mL/min H,. Equilibrium values
were determined using the expression of equilibrium constant
according to concentrations of reactive and produced gases at
equilibrium, and reported values for the WGS equilibrium constant
(Eq.2, Keqwas = 11.74) 1421,

_ [Co]eq[HZO]eq _ 1
Keq,RWGS -

Eq.2

[Coz]eq[Hz]eq Keq,WGS

Following these calculations, the flow rates at equilibrium of the
reactive and produced gases are 52.94 mL/min of Hz, 12.94
mL/min of CO,, 7.06 mL/min of CO and 7.06 mL/min of H>O. Ar
flow rate remains unchanged. This results in a conversion rate of
CO, to CO of 35% at equilibrium.

Pressure
sensor

Tee
piece
Silica gel
' trap
.

3-way  gack-pressure
valve regulator
Control box Online
V,RT HGC

Figure 1. Set-up for the Reverse Water-Gas Shift (RGWS) experiments
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Biocarbon catalysts were characterized in terms of inorganic
elements content by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Ultima 2) and their dispersion on the
carbonaceous matrix by high resolution transmission electron
microscopy (HRTEM, JEOL JEM-ARM200F), surface area by N,
adsorption isotherm using Brunauer-Emmett-Teller method (BET,
N2, Tristar 1l 3020 and 3Flex), textural properties and surface
chemical groups by temperature programmed desorption,
reduction and oxidation and by X-ray diffraction (TPD, TPR, TPO,
Micromeritics Autochem 2920; XRD, PANalytical XPERT PRO
MDP). 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 evaluated by the
mean of selectivity and conversion rate. Selectivity (S) allows to
compare produced molecules and identify, in this case, if CO;
forms preferentially CO or CH,4. Therefore, selectivity was defined
as the ratio of the molar or volumetric flow (V) of the target carbon
gases produced compared to the sum of all carbon gases

produced through the reaction (Eq.3 and 4).

__Veo
Sco = VcotVcna Eq.3
Sen, =1 —Sco Eq.4

Conversion rate of the limiting gas CO, represents consumption
of this gas 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
COg, calculated by the difference of inlet and outlet flowrate,
divided by the inlet flow rate of the respective gas (Eq.5).

X _ Vinlet,COZ_ Voutlet,(:()z
COo, —

Eq.5

Vinlet,co,

Results and Discussion

Performance of biocarbon catalysts on RWGS

The performance of the catalysts was evaluated through CO
selectivity and CO, conversion comparing type of bioresource
(fern and willow, F/W), type of impregnation (before and after
pyrolysis, B/A), and type of metal impregnated (Fe and Ni). The
results present little variation during the experiment. They are
therefore summarized in terms of the concentration of the reactive
(Hz2 and CO;) and the product gases (CO and CH,), the selectivity
towards CO and CH4 and the CO; conversion. This allows the
comparison of the catalytic activity between biocarbon catalysts,
reference catalysts and equilibrium conditions (Table 1). The pre-
reduction step was compared to the not pre-reduced fern
biocarbon impregnated after pyrolysis with Ni (FNi-A no red.).
Long use of biocarbon catalyst was tested using fern biocarbon
impregnated before pyrolysis with Fe (FFe-B long). Rust (Fe;03)

and Fe-doped alumina (Fe-Al;O3;) were tested for comparison
[15,43]

Table 1. Summary of averaged concentrations, selectivity and conversion for the trialed catalysts.

Operating conditions: 400°C, H2/CO2 = 3, 72h on stream (24h for rust and 288h for long)

Concentration of gases (vol%) Conversion  Selectivity (%)

H2 CO, CO CHq Xco, (%) Sco ScH,

Initial composition 26.1 8.7 - - - - -
Biocarbon (BC) and reference catalysts
RWGS equilibrium 23.0 5.6 3.1 - 35.0 100 0
Metal content Impregnation before/ Concentration of gases (vol%) Conversion  Selectivity (%)
Sample Biomass Metal (Wt% BC) after pyrolysis
Hz CO2 (e]e] CHq Xco, (%) Sco ScH,
RW willow - - 21.9 7.4 0.1 <0.0 9.1 100 0
WNi-B willow Ni 241 before 217 7.5 0.1 <0.0 8.0 99.4 0.6
WNi-A willow Ni 1.81 after 21.8 7.5 0.2 <0.0 8.8 97.4 2.6
WFe-B willow Fe 4.64 before 21.8 7.2 0.2 <0.0 9.2 98.2 1.8
WFe-A willow Fe 0.23 after 21.9 7.5 0.1 <0.0 5.7 100
RF fern - - 21.9 7.4 0.1 <0.0 10.0 100
FNi-B fern Ni 3.96 before 21.8 7.4 0.2 <0.0 8.5 97.8 22
FNi-A fern Ni 1.43 after 21.2 6.7 0.8 0.1 15.5 88.3 1.7
FFe-B fern Fe 13.17 before 211 6.8 0.9 <0.0 16.1 98.0 2.0
FFe-A fern Fe 0.51 after 21.8 7.5 0.1 <0.0 5.0 100 0
FNiFe fern Fe,Ni 10.30, 8.08 before 21.1 6.9 0.6 <0.0 14.3 96.7 3.3
FNi-A no red. fern Ni 1.43 after 21.0 6.7 0.9 0.1 17.2 94.4 5.6
FFe-B long fern Fe 13.17 before 21.0 6.7 0.9 <0.0 171 97.5 2.5
Rust - Fe - 18.9 5.5 1.8 0.4 29.6 81.0 19.0
Fe doped alumina - Fe - 215 7.3 0.3 <0.0 7.6 100 0




Values for CO (and other gases) concentration are in a
comparable range to equilibrium concentration (3.1 vol%, Table
1). The values may appear as low, due to the Ar dilution, but
remain above pGC detection limit (0.001 vol%). The most active
biocarbon catalysts were tested twice, the maximum relative
standard deviation obtained was 5.5%.

The catalysts present a high selectivity towards CO, which is
reflected by the low CH4 production. This is especially relevant
compared to the rust (88-100% versus 81%), which is usually
taken as a reference. It should be noted that selectivity towards
CO is high (>80%) for all catalysts and in these operating
conditions despite the fact that CH4 is formed thermodynamically
194445 Reported metallic catalysts can reach selectivity close to
100% but the promoting effect of other metals, such as K, is
necessary 1916, Some biocarbon catalysts showed conversion
rates lower than that of Fe-doped alumina, while others are more
performant (at most 17.2% compared to 7.6%). Their
performance is however inferior to rust (29.6%) or other reported
catalysts (near equilibrium, in this case 35%) “8. On another hand,
the performance of the biocarbon catalysts was stable as no loss
in conversion was observed during 288h on stream. In contrast,
metallic catalysts are deactivated by sintering and C fouling
before 120h (24h for the rust studied here) (1016171,

The type of bioresource proved to have an effect on RWGS, as
fern catalysts showed a higher CO, conversion at the cost of CO
selectivity (Table 1). This behavior may be explained by the
higher inherent metal content in fern, obtained through ICP-AES

analysis (Table 2). According to the elemental composition for
unimpregnated biocarbon, total inorganic content and
composition are coherent with reported fern and willow. Slight
differences observed could be due to the origin of the biomass
(soil, species, age, ...) 752 Impregnated biocarbon content is
higher than that reported for phytoremediation and
hyperaccumulation plants to clearly show the effect of Ni and Fe
as catalysts in RWGS 5359 Nevertheless, it can be noted that
AAEM were leached due to impregnation but Ni or Fe content
increased and could be comparable to thresholds for
hyperaccumulation (3000 ug/g biocarbon, ®°). The content of
some heavy metals such as Zn could increase with impregnation
due to their introduction in the impregnation medium as impurities
of the Fe and Ni nitrates.

The results showed that fern-based biocarbon converts better the
reactive gases of RWGS (Table 1). This difference in
performance compared to the willow biocarbon could be firstly
explained by inorganic elements (Table 2). AAEM in fern
biocarbon could facilitate reducibility and stability of active metals
by lowering energy barriers and preventing their transformation
and sintering. The synergy of these metals could limit the uptake
of H, therefore preventing hydrogenation of CO, in addition to
allotting more sites for an increased CO production %63, They
can also result in higher CO- reactivity and better activation from
fern biocarbon catalysts. This could be explained by a better
electronic transfer and an increase in reactive sites.

Table 2. Inorganic composition (ug/g biocarbon) of willow and fern biocarbon catalysts before RWGS

RW WNi-B ~ WNi-A  WFe-B  WFe-A RF FNi-B  FNi-A FFe-B FFe-A FNiFe
Na 245 <1 <1 <1 <1 3822 <1 <1 1218 <1 904
K 6660 2003 1860 1395 1859 19192 5134 4565 3976 6588 3619
Mg 1968 745 1455 562 1049 2759 904 380 887 720 1055
Ca | 23393 7349 7117 1059 6862 9321 4446 7818 3436 8110 4708
Mn 172 <1 <1 74 <1 68 <1 <1 73 <1 186
Fe 279 <1 <1 46409 2276 263 <1 <1 131669 5098 103030
Co 186 <1 <1 51 <1 245 <1 31 311 <1 750
Ni 16 24075 18147 45 <1 1 39580 14282 49 <1 80800
Cu <1 <1 <1 82 <1 <1 <1 <1 <1 <1 1
Al 81 456 489 127 3481 172 742 <1 2877 43 1448
Zn 67 846 819 <1 822 19 927 <1 21 <1 311
Cd <1 <1 <1 21 <1 <1 <1 <1 <1 <1 1
Si 1058 401 1327 <1 2197 17450 14040 20870 44151 31987 45653
P 3607 <1 2489 <1 300 2257 1500 1207 3989 1203 4473

The multitude of fern biocarbon (RF) inherent metals was also
observable by HRTEM (Figure 2). Some elements such as Mg, K
and Cl are highly dispersed on the carbon surface, others such as
Ca and Si are more agglomerated with a particle size reaching
27nm. Similarly, dispersed O, which indicates O groups related to
the carbon surface or O containing metal speciation, seems
denser in areas were Si and Ca are located. These results are in
agreement with XRD characterizations (Figure 3), which show
that Si is in an oxidized state. However, these metals seem
covered by a carbon layer without a structured morphology,
meaning that the active sites might not be accessible for RWGS
activity.
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Figure 2. HRTEM images of unimpregnated fern biocarbon (RF) before its use in RWGS
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Figure 3. XRD diffractogram of unimpregnated fern biocarbon not spent and spent by RWGS (and Al203)

The high activity of FNi-A could be linked to dispersion of Ni.
Varying sizes of particles were observed, reaching hundreds of
nanometers. They could possibly be in an oxidized state before
reaction that once reduced results in O deprived sites that could
facilitate the capture of O from CO, (Figure 4). As Ni was
deposited on the surface of the biocarbon, it is possible that they
were easily accessible, which may explain the enhanced activity
of this catalyst.
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Figure 4. HRTEM images of fern biocarbon impregnated with Ni after pyrolysis
(FNi-A) before its use in RWGS

This variety in particle size also stands out with fern biocarbon
impregnated with Fe before pyrolysis (FFe-B), as big as 56 nm,
and in a possible oxidized state (Figure 5). The addition of Fe
could however create an ordered state of carbon (graphitization)
and an external shell composed of Fe and C surrounding an Fe
dense structure 483 This could induce an increase in specific
surface area, and improve electric and thermal conductivity which
are favorable for O and CO; transport (61,
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Figure 5. HRTEM images of fern biocarbon impregnated with Fe before pyrolysis (FFe-B) before its use in RWGS

The type (acid, basic, reduction sites) and force (value of maximal
temperature) of surface chemical functions were measured
through temperature programmed desorption (TPD, NH;),
oxidation (TPO, CO;) and reduction (TPR, H;, Table 3). The total
amount of adsorbed probe gases, corresponding to the sum of
the area of peaks from TPX (X =D, O, R), and the specific surface
area, obtained via BET measurements under N, were indicated
(Table 3).

The values for the total quantity of adsorbed NH3, CO5, Hz and the
specific surface area were found to be inferior for fern-based
biocarbon catalysts than for willow-based. This contrasts to the
higher metal content of fern biocarbon catalysts. Therefore, fern-
based biocarbon should possess a higher and stronger surface
basicity in relation to this higher metal content. This would enable
more CO, adsorption and higher desorption temperature. Given
the adsorptive nature of the unimpregnated biocarbon, surface
functional groups could be responsible for a higher and stronger
uptake of gases compared to the metals 7-89. This could explain
why willow-based biocarbon having better gas adsorptive
properties does not result in better RWGS performance as it lacks
the synergetic effect provided by other metals (Table 2). Lower
specific surface area could be due to lower volatile matter content
resulting in less porosity formed during pyrolysis, which is
coherent with the literature results for herbaceous biomass such
as fern 970 |mpregnation seems to impact little the chemical

adsorption. This could be explained by the impregnation of metals
Fe or Ni on the biomass or biocarbon compensated by AAEM
leached by the impregnating medium. Additionally, a decrease in
adsorption is possible if the impregnating metals block porosity
and should result in an equal loss of specific surface area. In this
case, the specific surface area increases with impregnation. In the
case of impregnation before pyrolysis, this increase could be
related to the development of pores during catalyzed pyrolysis or
due to opening of enclosed pores during impregnation after
pyrolysis 172 |n certain cases, it is possible that the presence of
Fe in the initial biomass favors the graphitization of carbon, as it
was evidenced by HRTEM (Figure 5). This creates porosity,
which could explain the high specific surface for these catalysts.
According to the results, the specific surface area seems
decorrelated from the gas adsorption. There is a slight effect of
pore blocking or opening that could affect specific surface area
but does not impact the availability of the functional groups. This
could be again related to the biocarbon functional groups being
responsible for the gas adsorption and therefore a modification in
surface area barely modifies the gas adsorption because of the
omnipresence of the functional groups. This however affects the
activity of the catalysts as a severe loss in surface area (a
collapse of porosity) induces a loss in availability of active sites
and in turn results in (Fe) doped biocarbon catalysts even lesser
active than undoped ones (Table 1).



Table 3. Chemical surface groups versus specific surface area of the biocarbon catalysts, before RWGS, and after for specific surface area (72h time on stream)

Specific surface area
TPD-NH3 TPD-CO:z TPD-H2
(m?/g)
Sample
Total adsorption Trmax Total adsorption Trmax Total adsorption Tmax
Raw Spent
(mmol/g) (°C) (mmol/g) (°C) (mmol/g) (°C)

RW 1.460 889 23.288 907 1.501 999 42.4 115.3
WNi-B 1.968 949 25.458 914 0.282 988 4191 215.9
WNi-A 1.548 930 26.260 915 2.922 986 336.4 158.1
WFe-B 1.249 960 27.773 935 2.108 985 384.2 145.8
WFe-A 1.255 940 14.810 960 1.393 982 9.2 183.8

RF 0.779 913 12.003 915 2.545 993 8.8 50.8

FNi-B 1.480 912 16.207 920 2.921 986 151.6 186.2
FNi-A 0.847 945 11.956 923 1.673 989 100.0 140.3
FFe-B 0.553 951 8.258 905 0.158 981 309.6 148.5
FFe-A 0.840 951 10.918 956 2.617 981 27.4 169.1
FNiFe 1.088 923 15.980 924 0.994 1000 367.9 2371

In the case of willow biocarbon catalysts, the catalytic activity
seems independent to the impregnation method (before or after
pyrolysis) or the metal (Fe or Ni, Table 1). Stronger differences
could be observed for fern biocarbon catalysts (Table 1) and the
best results were obtained for fern biocarbon impregnated with Fe
before pyrolysis (FFe-B), impregnated with Ni after pyrolysis (FNi-
A) and impregnated with Fe and Ni before pyrolysis (FNiFe). This
could be related to the high dispersion of highly active sites of
small particle size in combination with inherent metals (ex. K) and
O vacancies that could be observed by HRTEM (Figures 2 and
4). They enhance reactivity and facilitate adsorption and
transformation of CO, and H, 3791,

The nature of the O surface functional groups of biocarbon
catalysts can be evidenced by TPD coupled with uGC. An inert
gas (He) is used to transport gases produced and desorbed by
the biocarbon. This analysis provides insights on the type of
functional group knowing the desorbed gases released (CO or
CO; here) by the surface of the adsorbent and the temperature at
which they desorbed 6876-781 Deconvoluting the peaks detected
in uGC using Gauss equations can inform about the type of site.
By correlating the temperature of desorption and the desorbed
gas with data from literature, it is possible to identify and quantify
the functional group. Once reduced, these O functional groups
create O vacancies which are involved in electron transfer in
RWGS.

In the case of fern biocarbon impregnated with Fe and Ni before
pyrolysis (FNiFe), only CO, was released (Figure 6). By
deconvoluting the CO, production of this catalyst before its use in
RWGS (Figure 6, top), the 4 Gauss curves were attributed to
carboxylic (200 to 430°C) and lactone (190 to 900°C) functions of

increasing strengths (higher peak temperatures). While carboxylic
groups are amphoteric, lactone groups are strictly basic. This
contradicts the fact that biocarbon adsorbed more CO; than NHs;
without reduction (Table 3), as CO; is also basic. When reduced,
these functional groups were deprived of O and will attract O
containing species such as CO,. Since here the RWGS reaction
involved a step of pre-reduction and exposure to Hy, the lack of O
surface functions after reaction was expected as no CO was
produced and very little CO- (Figure 6, bottom). The presence of
these groups and that of inherent metals in the biomass allows a
better activation and adsorption of the reactants due to stronger
electronic properties. This also facilitates the desorption of the
products and a better H spillover, which helps in separating H>
and CO; in order to form H,O and CO 7479801,

An exact trend regarding the spent catalysts specific surface area
could not be determined (Table 3). The values seem to uniformize,
increasing when the raw catalyst had little specific surface area
(RF) or decreasing when high (WN:i-B). This may be related to the
addition of alumina (81.7 m?#/g) that could not be separated after
reaction.
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Figure 6. CO2 desorbed while increasing temperature of FNiFe before RWGS
(top) and after RWGS (bottom)

The presence of iron carbides (FesC) in FFe-B was detected by
XRD, and could be related to the biocarbon graphitization (Figure
5). FesC contributes to improved H, and CO, activation and
dissociation due to the difference in electronegativity, in relation
to the developed thermal and electric conductivities, facilitating
the acceptance of electrons by Fe (Figure 7) ''4481. The alumina
mixed with the biocarbon catalyst is also functionalized by
reaction with the K naturally present in fern (Figures 7 and 8). By
attrition, fern-based biocarbon loses K on its surface, diminishing
the potential additional CO, adsorption and reaction related to its
synergy with Fe active sites U7l It should also be noted the
difficulty to reduce this alumina as it conserves an oxidized state
and should therefore contribute little to the RWGS reaction that
involves a change of state .
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Figure 7. XRD diffractogram of fern biocarbon impregnated with Fe before pyrolysis spent and unspent by RWGS (and Al203)
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Figure 8. HRTEM images of alumina after RWGS with RF, loss of metals on alumina



Comparison with metallic catalysts and change in
conditions

Rust and Fe-doped alumina were tested under the same
conditions as the biocarbon catalysts (Figure 9). CO, conversion
and CO selectivity were unstable during the 24h on stream of rust.
Furthermore, the effect of the duration of the experiment was
investigated by testing the fern catalyst impregnated with Fe
before pyrolysis (FFe-B long) during 288 hours (Figure 9 and 10).
Finally, the effect of the reduction was assessed through the use
of the fern catalyst impregnated with Ni after pyrolysis (FNi-A no
red) without reduction before reaction.
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Figure 9. Selectivity in CO (top) and conversion of CO2 (bottom) of reference
and biocarbon catalysts tested in RWGS at 400°C, with test of the effect of

reduction on the biocarbon catalysts
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Figure 10. Selectivity in CO (top) and conversion of CO2 (bottom) of biocarbon
catalyst tested in RWGS at 400°C with test of the effect of the duration

The catalytic activity of rust decreased with the production of CO,
but then increased with the increasing production of CHs. This first
step of deactivation has been reported and attributed to the
formation of Fe carbides ['°%2, During the experiment, the rust
captured C up to 9.45 wt%. The presence of C and reducing
atmosphere such as H; render the formation of Fe;C possible
(Figure 11) and, despite being an active phase, its formation in-
situ induces loss of active sites by preventing access to the
reacting gases ['68". This could explain the higher presence of C
and the shell-like structure of Fe observed in HRTEM of rust after
RWGS (Figure 12). This Fe ends up encapsulated by lowly
structured C, that could result in the formation of Fe;C, so Fe
becomes unavailable for reaction.

Fe, O3

| A

Fe, O3 spent

Intensity (a.u)

Al,0;

L )1
0 N
D,

10 15 20 25 30 35 40 45 205?0) 55 60 65 70 75 80 85 90

Figure 11. XRD diffractogram of rust not spent and spent by RWGS (and Al203)
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FNi-A was one of the best biocarbon catalysts in RWGS
experiments and could have been in an oxidized state before
RWGS (Figure 4) compared to FFe-B that was in a partially
reduced state (Figures 5 and 7). The oxidized state of Ni was
however not evidenced by XRD as no peaks related to Ni were
identified (Figure 13), possibly due to low crystalline content of Ni
in the biocarbon that is inherently rich in other metals, namely Si,
and further diluted by the presence of alumina after RWGS. The
use of FNi-A without pre-reduction resulted in slightly better

conversion and selectivity. This behavior may be due to a slight
agglomeration of Ni° when the catalyst is pre-reduced 12383851,
Likewise, the catalyst not having adsorbed H, is favorable to
immediately adsorb and dissociate CO,, whose adsorption is
more important than that of H, (Table 3). It can also
simultaneously adsorb lesser amounts of H, that are then
dissociated to react with adsorbed CO, according to reported
mechanisms 8, Lesser H, adsorption may also prevent further
hydrogenation that form CH, 7386871,
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Figure 13. XRD diffractogram of fern biocarbon impregnated with Ni after pyrolysis not spent and spent by RWGS (and Al203)

Fern biocarbon impregnated with Fe before pyrolysis was tested
for 288h (FFe-B long) to investigate Fe deactivation. The
biocarbon catalyst resulted in better conversion with little impact
on selectivity. Fe catalysts can be deactivated via high
temperature sintering or fouling by C deposition resulting also in
loss of active sites 141781 |n this case, no loss in activity was
observed because of the presence of the active Fe;C phase that,
together with the mild operating conditions, may prevent
meaningful sintering (Figure 10). Indeed, no significant difference
in particle size was observed (less than 56 nm), and the slight
constant increase in conversion observed over time could be
related to better accessibility of the metals as the biocarbon is
further graphitized by Fe (Figure 14). This could be related to an
increase in specific surface area from 148.5 (spent, Table 3) to
188.5 m?/g (288h). NH3; and CO,-TPD for FFe-B long showed less
gas adsorption capabilities, 0.333 and 4.393 mmol/g, than its raw
counterpart (Table 3). This indicates a loss of acid and base
functional groups that could be related to the catalyst
consumption during reaction (400°C and oxidizing gases). It could
also be related to alumina that is reported to have comparatively
less acid and base groups I,

C———————20 nm CK C——————320 nm Fe K

Figure 14. HRTEM images of fern biocarbon impregnated with Fe before
pyrolysis (FFe-B) after RWGS

Conclusion

Biocarbon catalysts from fern and willow were produced,
characterized and tested for RWGS reaction at 400°C and a ratio
H./CO, of 3. This reaction consuming CO; could partake in FTS,
effectively lowering both the H,/CO ratio and the efficiency in the
production of synthetic fuels. RWGS has attracted much attention
as a potential means to widespread utilization of CO, through the
production of syngas. The catalysts were tested in a fixed-bed
reactor at a high temperature (400°C) considering the use in FTS.
These catalysts exhibited a strong ability to retain significant
amounts of Fe and Ni after the impregnation process, while they



also contain additional inherent metals. As a result, the synergistic
effect of these metals could enhance the electronic properties of
the active sites and facilitate the adsorption and dissociation of
CO; and H,. The combination of these properties allowed fern to
outperform willow-based biocarbon catalysts in RWGS. The
surface functional groups and metals such as AAEM in addition
to Fe or Ni have resulted in O vacancies after reduction that could
increase catalytic performance due to better CO, adsorption and
activation. Depending on the impregnation, the introduction of
metals on the structure of the biocarbon could affect availability
and activity of these sites by blocking access or by creating
additional sites for better electron exchange. This could result in
catalysts with high performances, such as FNi-A, FFe-B and
FNiFe. Moreover, the biocarbon catalysts exhibited promising
stability in the reaction conditions by maintaining conversion and
selectivity for at least 72h, while rust (Fe>Os3) suffered severe C
fouling. Complementary analytical techniques could contribute in
elucidating the role and influence of the structure and metal
bonding of biocarbon catalysts in the high activity observed. This
could be achieved by the modification of the catalyst structure
through changing the operating conditions such as pre-reduction
but also by activating and stabilizing the biocarbon through high
temperature H,O activation. This would allow using the catalysts
at higher temperatures, favoring RWGS while maintaining high
selectivity. Additionally, future work should test catalysts
performance in downstream reactions such as biofuel production
by RWGS-assisted Fischer-Tropsch synthesis, CAMERE
methanol synthesis, biogas reforming or conversion of pollutants
in gaseous effluents. Finally, testing various inherently metal-rich
biocarbon catalysts could help elucidate their high potential for
RWGS.

Experimental Section

Induced coupled plasma - optic emission spectroscopy
(ICP-OES)

100 £ 10 mg of biocarbon is weighed and inserted in Teflon tubes.
This is repeated thrice (average RSD < 10%). Then, acid is added
using a plastic graduated pipette to the 3 samples: 1.5 mL of H;0,,
4 ml of HNO3 and 0.5 mL of HF. The Teflon tubes are inserted in
enclosed iron reactors. The samples are then heated in a Berghof
DAB reactor to 220°C for 8 hours to ensure total mineralization of
the sample. In case of non-mineralization of the sample, extra
acid is added and the sample is heated longer. After
mineralization, the liquid samples are diluted to 50mL using
distilled water. Using values of mass and volume, the sensitivity
is at most 1 ug/g. The samples are then analyzed by ICP-OES
based on standard samples of known concentration.

High resolution transmission electron microscopy (HRTEM)
The equipment is a JEOL JEM-ARM200F Cold FEG probe Cs
corrected coupled with EDS/EELS for better determination of the
chemical nature of the structure.

X-ray diffraction (XRD)

XRD is performed by the Philips PANalytical XPERT PRO MDP
diffractometer. The software used to extract data from the
diffractogram is the PANalytical HighScore Plus. To identify the
crystalline phases, the Crystallographic Open Database (COD) is
used. 20 spans 10 to 80° with a pace of 0.033°.
Temperature programmed desorption, oxidation and
reduction (TPX)

Temperature Programed (TPX) Desorption (X = D), Oxidation (X
= 0) and Reduction (X = R) are used to characterize the density
and binding force of acid, basic and reduction sites respectively.
A gas (NHs, CO; or H; respectively) is adsorbed at a low
temperature and then they are desorbed as temperature
increases, forming a peak. The position and surface area of the
peaks indicate the strength and quantity of the sites. The device
used is the Micromeritics Autochem 2920. The sample is first
cleared under a flow of inert gas (He) at 40°C for 10 min followed
by an isotherm at 110°C for 2h. Then, it is brought back to 50°C
where the solid is then saturated with probe gases NH3, CO,, H;
or He for 60 min then He is introduced for 2h. Probe gases are
injected at a ratio with He of 5 %vol. uGC begins at this point and
He continues to be injected at 50°C for 10 min before undergoing
a programmed temperature rise to desorb the probe molecules.
Temperature rises to 950°C and then is maintained for 2h.
Desorption peaks are recorded during this program. This protocol
is similar for TPR but adjustments are made to the heating ramps
and duration of isotherms.

Specific surface area determination using Brunauer-Emmett-
Teller (BET)

The device used is the Tristar || 3020. The analysis technique is
based on the physisorption of gases at low temperatures. Before
analyzing, the sample is dried, weighed and rid of gases from
ambient and experimental atmosphere by heating at 110°C and
vacuuming the sample to less than 100 mTorr, during 24h. To
minimize interaction of He with the biocarbon surface, free space
was calculated according to Micromeritics application notes 104
and 105. Samples at a room temperature of 293K were then
submerged in a liquid N> bath at 77K. The isotherm was
performed from relative pressures 0.025 to 0.993 and 0.993 to
0.427 for adsorption and desorption respectively. BET model was
applied to at least 3 points under 0.3 relative pressure. The BET
constant was positive and the correlation coefficient was superior
to 0.999. The biocarbon were studied in triplicates as to guarantee
repeatability of results. For the spent catalysts, the device used is
a Micromeritics 3Flex and similar conditions were applied. The
only difference is a 10h degassing.
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Biocarbon catalysts for H,+C0O,—H,0+CO Order by activity:
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Biocarbon catalysts were prepared from iron and nickel impregnated pyrolyzed fern and willow to mimic plants issued from
phytoremediation. Reverse water-gas shift (RWGS) catalyzed by these catalysts was studied at 400°C and H,/CO.,=3 as RWGS can
partake in Fischer-Tropsch synthesis to form synthetic fuel. They were highly selective (>84%) with fair conversion (<17%) and
showed no long-use (288h) deactivation.






