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ARTICLE INFO ABSTRACT
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Chemical Looping Gasification (CLG) is a dual fluidized bed gasification technique where an oxygen carrier is
used as bed material instead of sand. An optimized process could have several advantages, including i) one
concentrated CO, stream, amiable for carbon capture, ii) less tar formation, iii) additional reaction pathways for
syngas production, iv) less corrosion and v) CO; is generated in one stream from the fuel reactor that could be

Steel converter slag
Water-splitting
Biomass

captured.

Steel converter slag, also called LD slag, is a by-product from the steel industry which, besides iron, contains

significant fractions of Ca, Mg, Al and Mn in a complex matrix of phases. The low cost and presence of known
catalytic solid phases in the slag makes it interesting as an oxygen carrier in CLG.

In this work, LD slag was investigated using a batch reactor with gaseous and solid fuel as well as with TGA. It
was found that during gasification with LD slag, the material can i) transfer oxygen to the fuel, ii) catalyze the
water-gas-shift reaction, iii) react with CO, forming carbonates and iv) split water to hydrogen. The overall
result was a raw gas with a higher H,/CO ratio for LD slag than the other tested materials.

1. Introduction

Gasification of solid carbon sources is one way to generate gaseous
hydrocarbons (mainly CO, CH4 and H;) that can be used as gaseous
fuels or for manufacturing of, e.g., liquid fuels or chemicals. During the
last decades, the research field of biomass gasification has grown to a
great extent due to the demand of renewable liquid and gaseous hy-
drocarbons [1,2]. Gasification of biomass is a favorable technology
since it is flexible regarding feedstock and can be optimized for dif-
ferent outputs, and even using toxic feedstocks [3]. Gasification can be
performed using different techniques where fluidized bed technologies
have been widely used due to flexibility in fuel type and low emissions
[4]. Fluidized beds can be used for indirect gasification at a larger scale
using a Dual Fluidized Bed (DFB) gasifier system, producing a nitrogen-
free product stream. Here a bed material, such as sand, is used to
transport heat between the gasifier and combustor. By burning some of
the fuel in the combustor, heat is generated and transferred to the bed
material. This enables an auto-thermal process, albeit with some fuel

conversion in the combustor with resulting carbon dioxide formation
from the combuster, highly diluted in nitrogen [3,5].

The possibility to use different types of bed material could be a way
for adjusting the outlet gas composition or provide oxygen to the fuel,
as in Chemical Looping Gasification (CLG) [6]. CLG is similar to the
Dual Fluidized Bed (DFB) gasification process, but with the difference
that an oxygen carrier is used and no combustion occurs in the air re-
actor, see Fig. 1. Instead, full conversion of the char is -ideally- achieved
with the presence of the oxygen carrier that provides oxygen to oxidize
gasification inhibitors and a fraction of the gasified products [6-9]. CLG
generates a syngas stream containing mainly Ha, CO and CO; that is
obtained from the fuel reactor, see Fig. 1. Further, as is evident from
Fig. 1, the exiting stream from the air reactor is free from carbon in
CLG, in contrast to DFB gasification. This could have the advantage that
corrosion issues from the air reactor/combustor are decreased, and the
funneling of the carbon dioxide to the fuel reactor would mean that a
higher fraction of carbon dioxide could be obtained in the same stream.

When using solid fuel such as biomass, it is of great importance that

Abbreviations: CLC, Chemical Looping Combustion; CLG, chemical looping gasification; DFB, dual fluidized bed; OCAC, Oxygen Carrier Aided Combustion; XRD, X-
ray Diffraction; WGS, water-gas-shift; CO/C;, Fraction of carbon monoxide to total carbon (CO, CO,, CH,); Hy/CO, Fraction of hydrogen to carbon monoxide; Keg,
Equilibrium constant for the water-gas-shift reaction; Q,, The reaction quotient at the time i; n,, Amount of substance i [mol]; m,, Mass of substance i [g]; x;, Fraction
of substance i in gas [mol/m>]; P, pressure [Pa]; V, volume [m®]; R, Gas constant in ideal gas law; T, temperature [K] or [°C]; t, time [s]; r, char conversion rate as a
function of time [(g/s)/g]; yco, Conversion degree of CO; w, Mass conversion on oxygen carrier, valued between 0 and 1; X., fraction of char conversion, a value

between 0 and 1; , Indicates a flow
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Fig. 1. Schematic overview of Dual Fluidized Bed (DFB) gasifier and Chemical Looping Gasification (CLG) and the role of the oxygen carrier.

the oxygen carrier is available at a low cost. Low-cost oxygen carriers
are favored since the lifetime of the particles is decreased as a result of
deactivation due to ash and losses when ash is separated from the bed
material [10]. Low-cost oxygen carriers of iron have therefore been of
interest since iron is highly available and can be sourced in large
quantities [11,12]. Oxygen carriers of iron can be obtained from many
different sources, including synthesized particles, ores or waste streams.
The latter type of materials, waste streams that could be received at low
cost from e.g. the steel industry, has been investigated previously with
promising results [10,13,14].

In this study, LD slag was investigated as an oxygen carrier bed
material for gasification. A laboratory batch fluidized bed reactor and a
thermogravimetric analysis (TGA) was used to obtain a better under-
standing of the viability of this material and was compared to other bed
materials: sand, olivine and ilmenite. Sand is the most commonly used
bed material in conventional boiler techniques. Olivine is a
non-oxygen-carrying active bed material used for gasification that re-
duces tar formation and agglomeration [15]. Ilmenite is a well studied
iron-titanium ore oxygen carrier used in CLC and also evaluated in
gasification [7,13]. However, all materials follow activation processes
that may change some of the materials' chemical properties during
gasification. Also addition of alkali or ash from the fuel itself may
change the overall reactions [7,15-18].

LD slag (also called basic oxygen furnace slag or steel converter
slag) is a by-product from the steel industry where pig iron from the
blast furnace is converted into steel. Normally 85-165 kg LD slag is
produced for every ton of produced steel [19], but the amount can be
up to about 200 kg/ton steel [20]. LD slag contains mostly Ca and Fe
with lower amounts of Mg, Mn, Si, Al and V. The transition metal
content in this material allows LD slag to be utilized as an oxygen
carrier. LD slag also has mechanical and chemical resistance that makes
it possible to utilize it as a bed material for thermal fluidized bed fuel
conversion techniques [21-23]. Since it is produced in large quantities
and available due to limited demand, it is expected to be possible to
obtain LD slag at similar or lower cost than sand [22].

LD slag contains various phases such as calcium-silicate-metal
oxides, calcium oxide and metal oxides [24]. The main content of
metals is iron, manganese and magnesium [21,24]. LD slag has been
studied as an oxygen carrier in laboratory scale [21,25-28] and at semi-
industrial scale [21,22]. These studies show that LD slag has a relatively
low oxygen carrier capacity, ca 1 wt%. However, all studies so far are
more related to CLC and not CLG, where the intention is to produce
syngas and not fully convert the fuel to CO, and H,0 [6]. However, one
of the components in LD slag, bimetallic calcium-iron oxygen carriers
have been studied in CLG with promising results [29,30].

The gasification technology, although promising, needs to overcome
many challenges to become viable. The most prominent issue is the
formation of heavy condensable hydrocarbons, named tar, which con-
dense at relatively high temperatures and can cause operational pro-
blems. In addition, biomass tar can correspond to 5-10% of the energy

content of the fuel [7,31]. Conversion of tar is key to the efficiency of
the process.

The potential advantages of CLG technology are numerous. In ad-
dition to the activity towards tar reforming, metal oxides ores can also
promote the water gas shift (WGS) reaction. Besides, oxygen carriers
are known to enhance char gasification [10]. A suggested explanation is
that the concentration of inhibiting species around the char particles is
lowered, due to the oxygen transported by the material. Volatile spe-
cies, in particular tar and hydrogen, have been shown to inhibit char
gasification [10,32-34].

However, the optimal operation of the chemical looping gasification
process is complex. Partial combustion of the syngas may lead to a
decrease in the energy content of the gas if oxygen transport can't be
controlled, thereby decreasing the efficiency of the gasification process.
For instance, Larsson et al. [7] investigated the impact of using ilmenite
in the Chalmers' DFB gasifier to reduce the tar yield, with varying
amounts of ilmenite diluted in silica sand, and reported a significant
decrease in cold gas efficiency. Still, the fuel conversion should be
complete in the fuel reactor of the CLG process, see Fig. 1. This means
that a high CO; fraction will be generated in the fuel reactor in order to
complete the heat balance for an auto-thermal process [6].

This study aims to investigate LD slag as bed material in a CLG
process of biomass. By analyzing various parameters with respect to i)
char gasification, ii) reaction of the oxygen carrier with important
gaseous species and iii) catalytic reactions, the aim is to give an overall
view of the propensity to use LD slag for CLG. The properties of LD slag
are compared to other bed materials common in gasification in a la-
boratory fluidized bed operated both with solid and gaseous fuels.

1.1. Theoretical background

A solid fuel particle that is heated in a thermal conversion process
will first dry to remove moisture. The dry fuel particle will after this
pyrolyze resulting in volatiles with remaining solid char. This char
particle will thereafter gasify to generate syngas [35]. During gasifi-
cation of char using steam or CO,, the main reactions are reaction (R1)
and (R2), where C represents a solid fuel char for simplicity. The solid
fuel is converted without the oxygen carrier being actively involved in
the reaction mechanism. When including an oxygen carrier to the
system, some of the released gasification products will be oxidized by
the oxygen carrier to form H,0 and CO5 according to reaction (R3) and
(R4) [7,16]. MOy, in reaction (R3) and (R4) stands for a metal oxide that
can be used as an oxygen carrier. Introducing an oxygen carrier can
therefore partially convert hydrogen that is known to inhibit the char
conversion [32,36]. Further, the reaction of Hy and CO with the oxygen
carrier will also increase the concentration of CO, and H,0, which
could enhance the gasification reactions.

C+HO0- CO+H, (R1)

C + CO, — 2C0 (R2)
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Table 1
Elemental composition is given in wt% of the studied bed materials excluding
oxygen.

Element LD slag Ilmenite Olivine Sand

Fe 17 36 5 0.36

Ti 0.78 28 - 0.04

Ca 32 0.22 - 0.05

Si 5.6 0.67 20 45

Mg 5.9 2.0 30 0.24

Mn 2.6 0.21 - 0.01

\ 1.5 0.12 - 0

Al 0.76 0.17 0.24 0.22

Cr 0.33 0.06 0.21 0

Ni 0.002 0.03 0.25 0
MO, + H; - MO,_, + H,O (R3)
MO, + CO - MO,_, + CO, (R4)

Clearly, there are many other reactions possible, including partial
oxidation reactions to syngas by the oxygen carrier, in addition to a
multitude of catalytic gas-phase reactions. It has been observed ex-
perimentally that the oxygen-carrying capacity of LD slag is mainly via
the reduction of magnetite to wiistite [21]. This is somewhat surprising
since the expected oxygen transport reaction for iron-based oxygen
carriers is the reduction of hematite to magnetite [12]. This has been
observed even in the presence of steam during the reduction phase
[21]. Therefore, the formation of wiistite-like structures was expected
for LD slag in these experiments, due to the low oxygen capacity. The
formation of wiistite-structures provides the possibility for so-called
water-spitting where wiistite is oxidized with steam to magnetite.
Reaction (R5) [37] describes the water-splitting reaction that should be
possible when significant steam fractions are available. Here, “A” in-
dicates dopants such as e.g. Mg and Mn that are present in the crystal
structure of the metal oxide regions in LD slag [21].

3Fe_ A O + H,O — Fes_ A0y + H, (R5)

In addition to the reactions involving the oxygen carrier, there may
also be important catalytic reactions which could be important for CLG.
The most likely reaction is the water-gas-shift (WGS) reaction, given in
R6. Having a bed material that catalyzes the WGS reaction is favorable
for processes that aim to produce syngas with a high Hy/CO ratio or
mainly Hj [6].

CO + H,0 < CO, + H, (R6)

CaO is known to catalyze the WGS reaction described in reaction
(R6) [38]. LD slag contains a high amount of calcium. However, cal-
cium is present and bound into several different compounds such as
calcium silicates and srebrodolskite, only a few percent is as free cal-
cium. Free calcium in this context means in the form of CaO and Ca
(OH), as well as CaCOs that is remaining's of the lime added in the
Linz-Donawitz steel converter process [24]. In this specific batch of LD
slag, the amount of free calcium has been measured to roughly 4 wt%
for heat-treated samples [21]. The presence of free calcium might be
favorable for the use of LD slag in a CLG process since it may catalyze
the WGS reaction.

In relation to this, the presence of free calcium and CaCO3 may

Table 2
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affect a chemical looping process since it may form carbonates in the
fuel reactor, see R7. This could affect the gas-phase in the fuel reactor,
by shifting reaction (R6) towards the right, i.e. promoting hydrogen
production. Still, this would mean that there would be a transport of
carbon over to the air reactor. In the air reactor, carbonates can be
decomposed to form CaO according to the reverser of reaction (R7). The
forward reaction in (R7) will in this paper be referred to as carbonation
and the backward reaction referred to calcination.

Ca0 + CO, & CaCOs (R7)

These three reactions; 1) water-splitting, 2) catalytic towards WGS
and 3) carbonation, that is bound into the material of LD slag may affect
the usage of LD slag as an oxygen carrier. These properties may be of
interest both regarding CLC and CLG and therefore need to be further
investigated. This work investigates these potential reactions for LD
slag and if these will affect a gasification process. LD slag is used in a
detailed experiment using a fluidized batch reactor at a laboratory scale
and compared to other bed materials.

2. Material and methods

Two oxygen carriers, LD slag and ilmenite, were investigated in this
work and compared to sand and olivine. Ilmenite is a bench-mark
oxygen carrier and used here as reference material. Both LD slag and
ilmenite have been tested as oxygen carriers for Oxygen Carrier Aided
Combustion (OCAC) in large scale as well as smaller scale for CLC
[21,22,39,40] and CLG [7]. LD slag was received from SSAB in Sweden.
The particles were sieved to 150-400 pm. Rock ilmenite was received
from Titania in Norway and sieved to 100-300 um. These materials
were heat-treated for 24 h at 950 °C in air before laboratory fluidized
bed experiments. The small deviation in particle size is not expected to
have a major impact on reactivity. The elemental composition of these
materials can be seen in Table 1.

The two oxygen carriers were compared to two non-oxygen carrier
materials; sand and olivine. Olivine was provided by Sibelco Nordic AB
and hade a size distribution of 180-500 um. The elemental composition
of the olivine can be seen in Table 1 [15]. The olivine was heat-treated
at 950 °C for 24 h in the same manner as the oxygen carriers. The sand
used had a size range of 180-250 um and was extra pure sea sand
provided from Merck.

The wood pellet for the batch fluidized bed experiments was de-
volatilized at 820 °C under nitrogen atmosphere in a silica sand flui-
dized bed. The silica sand was then separated from the devolatilized
pellets by sieving. The devolatilized pellets were then crushed and
sieved to extract the desired size range of 180-300 um for the labora-
tory fluidized bed. The volatiles content in the pellets was determined
to roughly 82 wt% on dry basis. Analyses and fuel properties can be
seen in Table 2.

The lower heating value (LHV) of the pellets was roughly 18.9 MJ/
kg on dry basis. For the pellets char, the LHV was determined to
32.6 MJ/kg on a dry basis.

2.1. Laboratory fluidized bed reactor

The laboratory fluidized bed batch reactor was constructed of
quartz glass with an inner diameter of 22 mm with a porous plate

Fuel analysis of the pellets and devolatilized pellets used in the experiments. Samples are converted into ash at 550 °C in an inert atmosphere. Values are given in wt

%.

Dry basis On ash samples

Ash S C H 0 Fe Ca Mg Mn Al K P Si
Pellets sample 0.4 < 0.02 50.3 6.2 43 0.89 22 3.6 2.7 1.1 9.6 1.4 4.0
Pellets char sample 35 0.02 935 < 0.5 3 3.9 21 4.8 2.9 1.5 5.8 1.3 6.6
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Fig. 2. Schematic layout over the batch reactor used for gasification experiments.

placed 370 mm from the bottom where particles were placed. The re-
actor was mounted inside an electrically heated furnace and was
equipped with a pressure sensor (Honeywell pressure transducer 20 Hz)
to monitor pressure fluctuations over the reactor. Two K-type thermo-
couples enclosed in quartz glass, one mounted in the bed and one
mounted under the porous plate, were used to determine the tem-
perature in the bed. A schematic overview of the batch reactor can be
seen in Fig. 2. Tubing was electrically heated to prevent condensation
of steam to water. Steam was generated from a CEM-system (Controlled
Evaporation Mixing) and gasses were mixed prior to the reactor.

To determine the dry-gas concentrations from the laboratory flui-
dized bed, the gases from the reactor were cooled and water condensed,
then the gases were analyzed using a Rosemount NGA 2000 analyzing
CO, CO,, CH4, H; and O,. The frequency of gas composition measure-
ments was 1 Hz. A detailed overview of the laboratory system is pre-
sented elsewhere [41].

Prior to all experiments in the laboratory fluidized bed reactor,
activation of the bed material was performed. Particles were first he-
ated up to 850 °C in oxidizing conditions containing N with an Og
content of 5%, using a total flow of 1000 ml/min. This flow corresponds
to roughly four times the minimum fluidization velocity for particles
with a mean size of 250 um and a density similar to sand. The bed
material was then activated by alternating oxidizing and reducing
conditions with intermediate inert flushes using Nj. The reduction
during activation cycles was performed with the addition of syngas
(50% CO in Hy) with a flow of 900 ml/min. The particles were cycled
with syngas until the reactivity with syngas was constant, between 10
and 25 cycles for the different materials. The reason for this procedure
is to make sure that any initial recrystallization or phase changes will be
completed before the solid fuel experiments begin.

2.1.1. Gasification experiments

For the solid fuel experiments in the laboratory fluidized bed batch
reactor, a sample of 40 g of bed material was used. Following the syngas
activation, the sample was first oxidized with 5% O, which was fol-
lowed by a short flush with nitrogen. After this period, devolatilized
wood pellets were inserted from the top of the reactor in a stream of
500 ml/min N. Normally, 0.2 g of devolatilized pellets char in the size

range of 180-320 um was used. However, fuel amounts up to 0.6 g was
used to reduce the bed further for some tests. During solid fuel periods,
the bed material was fluidized using 50% steam in Ny with a flow of
1000 Nml/min at a furnace temperature ranging from 820 °C to 970 °C.
This oxidation-inert-reducing-inert series, or cycle, was then repeated
three times at each temperature and results were averaged for all three
cycles in the evaluation. Fig. 3 shows one typical cycle of solid fuel
gasification with LD slag at 970 °C. When the oxygen is replaced with
inert gas at (time = 0 s) the oxygen concentration rapidly drops as the
oxygen is flushed from the system. The solid fuel is introduced at 180 s,
and the gasification proceeds, as indicative by the rising concentrations
of CO,, CO and Ho. It is clear that the reaction towards CO and COs is
higher during the initial parts of the reduction and then decreases. The
same behavior is not seen with Hy which increases at the same time as
the concentration of C-species decrease. In fact, there is H; out from the
reactor even when all char is converted, which indicates that steam is
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Fig. 3. One cycle at 970 °C of char gasification using LD slag as bed material in
the laboratory scale fluidized bed.
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generating H, by water spitting. During the oxidation period, oxygen is
first fully reacting with the particles, clearly seen as no gas-phase Oo
exits from the reactor initially. At about 1600 s the oxygen increases as
the oxygen carriers are becoming saturated with oxygen. At the same
time as gas-phase Oy is released a small amount of COj is released. This
CO; originates from the combustion of unconverted char and char that
was trapped on the walls of the upper part of the reactor tube.

2.1.1.1. Data evaluation. For the solid fuel experiments, it is important
to evaluate both the char reactivity as well as the gas conversion and
selectivity. The total molar gas yield for each component from the
gasification of the char for a cycle, or a part of a cycle, was calculated
with Eq. (E1) between time t; to time ty. The total molar flow was
calculated using Eq. (E2). Assumptions are that the only outgoing gases
of significant volume in the non-condensed gas are CO,, CO, H, and
CHy4.

2 i d
Ny = X; * N L
it '/lll iout out (El)

L. sz,in
RT 1 - (xco, + Xco + X, + Xcny) (E2)

Now =

The fraction of char conversion, X, is defined as the cumulative
carbon released at a certain time divided by the total carbon emitted
from the converted char during the reduction period. These are defined
as in Egs. (E3) and (E4). The integral in Eq. (E4) is evaluated on the
data from char insertion (t; = tieq, stare) Until the end of the reduction
when the atmosphere is changed to inert (t2 = tred, end)-

me(t)
X, (1) = —=2
( ) mr,mr (ES)
5]
(D) = Me [ tou (0o (1) + Xco (1) + Xew, (0)dt (E4)

The gasification rate (r,,) was calculated using Eq. (E5) where m,
was the mass-based rate of conversion of carbon. The gasification rate
was then normalized using Eq. (E6). In this work, a mean value for the
gasification rate was normally extracted from the gasification rate be-
tween a char conversion of 0.3 < X. < 0.7, as has been done in
earlier studies [42]. The reason for this conversion span is that the
gasification rate is more stable in this region and easier to compare to
other experiments.

>
YAt M (ES)
) hy

T Ix (E6)

In addition to the char conversion, the gas phase conversion is also
very important. Two parameters have been used in this work in order to
evaluate the gas conversion: i) the conversion of carbon species to CO
and ii) the Hy/CO molar ratio. The former is defined as Eq. (E7). Here
the molar yield of each component is calculated using Eq. (E1) between
03 < X, < 0.7.
co _ neo

G Neco + Neoy + Ny (E7)

Re-oxidation after the reduction cycle, correlated to the omega
value at the end of the cycle, was calculated using Eq. (E8). A reference
O, curve using inert sand in the same experimental conditions was used
to determine the point of transition between inert and oxidizing con-
ditions. The difference between the actual uptake using an oxygen
carrier and the reference cycle with inert is then judged to be a result of
0, uptake of the oxygen carrier.

tox=end

O3 re—oxidation = f

=0 (XOZ.rcf - x()z.sampfc) * nuur (E8)

Since there are both traces of soot and some remaining char, the
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final O, consumed by the oxygen carrier is calculated by subtracting the
molar CO; generated during oxidation from the total O3 uptake during
the same period.

The equilibrium constant K, for the WGS reaction (R6) is defined as
in Eq. (E9) when gases are at equilibrium. The temperature dependence
of the equilibrium at atmospheric pressure is shown in the same
equation [43,44]. The reaction quotient Q; is defined similarly as the
equilibrium and calculated for the outgoing gases from the reactor at
the time i, see Eq. (E10). Q; is used to estimate how far the con-

centrations of the gases are from the equilibrium. If Q; = K, the gases
are at equilibrium with respect to reaction (R6).
Xco, ¥ X 4577.8
K= -2 770 exp(—4.33 + )
Xco * Xm0 (E9)
Xco,,i * X i
Q=—"—"
Xco,i * XHy0,i (E10)

In the equations above, x is the outgoing fraction of gas species.

2.1.2. Gaseous fuel experiments

A series of experiments were done with gaseous fuel in order to
better elucidate the reaction mechanisms of the oxygen carrier. The
same experimental setup as described in Section 2.1 was used to de-
termine the reactivity with CO and syngas at different oxidation levels
and temperatures. Here, the fuel was introduced from the bottom of the
reactor. The bed material used was 5 g LD slag or ilmenite mixed with
10 g sand. Mixing an oxygen carrier with an inert material such as sand
in this particular experimental setup is a common procedure. This to
obtain a viable fluidized bed when using a relatively small amount of
bed material necessary in order to avoid full conversion of inlet gases
[41]. The temperature was varied between 670 °C and 970 °C with
50 °C steps. At each temperature, three cycles were performed. Inlet
gases for these experiments were either 900 mly/min 50% CO in Hj,
referred to as syngas, or 900 mly/min 50% CO in N, during a 20 s
reduction for every cycle. Oxidation was performed with 1000 mly/min
5% O, in Np until full oxidation and intermediate inert flushes were
performed with 1000 mly/min Ny for 180 s.

2.1.2.1. Data evaluation. CO conversion (yco) from the conversion of
CO or syngas is defined according to Eq. (E11) in this paper.

Xco,

Yoo =
Xco, + Xco

(E11)
The mass-based conversion of the oxygen carrier () represents the
degree of oxidation of the oxygen carrier and can be calculated from Eq.
(E10) below, where @ = 1 corresponds to the fully oxidized oxygen
carrier. myy is defined as the oxidized mass of the oxygen carrier and m
is the actual mass. Calculating the @ at time ¢; during reduction was
done using Eq. (E13) for syngas [45] and Eq. (E14) for CO.
m
Moy (E12)

w =

i Ao Mp
W, = Wy — ———(2x¢p, + Xco — X
li 0 ‘/[.0 Moy ( CO2 co Hz) (E13)

i 'F;lnutMO
Wy = W — — (X¢
W= = [ S o) F14)

2.1.3. Water splitting

From Fig. 3 it is apparent that water-splitting of steam to Hj is a
possible mechanism. For the experiments used to test the extent of
water-splitting for the LD slag, the experimental setup described in
Section 2.1 was utilized. Here a bed of 5 g of LD slag mixed with 10 g of
sand was used. The reduction of the LD slag was performed with 50%
CO in Ny during a 20 s reduction for every cycle. After reduction, the
particles were flushed with 1000 mly/min N, followed an oxidation
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50% H,0 in N, with a flow of 900 mly/min. The experiment was
conducted until the Hs concentration in the outlet was below 0.01%.
Another Ny flush and then final oxidation using O, was performed with
1000 mly/min 5%0; in N until full oxidation of the particles. These
cycles were performed at 870C.

2.1.3.1. Data evaluation. Calculations of the generated flow of Hy
production for these experiments were calculated using Egs.
(E1)—~(E2). The following oxygen uptake during oxidation using 5%
05, was calculated with Eq. (E8).

2.1.4. Calcination/carbonation experiments

The fact that the LD slag has a significant fraction of CaO, makes
reaction with CO, forming CaCOj5 possible. In order to investigated this
further, calcination and carbonation, i.e. reaction (R7) of LD slag were
studied. This was done using a thermogravimetric analyzer (TGA) from
TA Instruments model Q500. A 25 mg sample of heat-treated LD slag
was used in a ceramic crucible and heated up to 950 °C under oxidizing
conditions, 5% O3 in Ny. This was the same for both calcination and
carbonation experiments.

For calcination experiments, the temperature was decreased to
850 °C at which point the atmosphere was changed to 100% CO5 to
fully carbonate the sample. When full carbonation was obtained, i.e. no
additional weight gain was noted, the temperature was decreased to
650 °C with a cooling rate of 5 °C/min, then the atmosphere was
changed to diluted CO; in nitrogen to a concentration between 10 and
100% COs5. When the desired CO5; concentration was set, the tem-
perature was ramped with 10 °C/min until 950 °C and the temperature
where calcination started, i.e. weight decreased due to loss of CO5, was
noted. Thereafter the temperature was decreased to 850 °C and the
sample carbonated again to repeat the calcination at another COo
concentration.

For carbonation experiments, the heat-up procedure was similar to
the calcination experiments. After the oxidation at 950 °C, however, the
air was switched to CO, concentration between 10 and 100%, after
which the temperature ramped down with 5 °C/min until 650 °C was
reached. The temperature where the weight of the sample started to
increase due to carbonation was noted and used for the evaluation.
Thereafter the temperature was increased to calcine the particles and a
new CO, concentration set and the experiment repeated.

3. Results
3.1. Solid fuel conversion

Fig. 4 shows the concentration profiles of outgoing gases for all four
investigated materials at 870 °C. It is clear that, after fuel addition,
there is an initial higher concentration of CO, for the experiments with
oxygen carriers compared to olivine and sand. This is expected, as the
oxygen carrier will react with gasification products forming CO,. Fur-
ther, the Hy profiles are also different with respect to the oxygen car-
riers and the “inert” particles. The latter materials both have a sig-
nificant fraction of Hs initially, which decreases as a function of time,
and virtually no Hj after the carbon is converted. For LD slag the Hy
concentration is initially low, but increases as the CO; decreases, and in
fact, decreases very slowly, with some Hy present even when all carbon
is converted. For ilmenite, the Hy peaks early, and then decreases si-
milarly to the sand and olivine samples. It can be observed that the CH,4
production in all cases is negligible compared to CO, CO5 and H.

To investigate how much of the char was lost in the gas flow and not
converted in the reactor, a cold set up with a filter was tested. Here it
was concluded that up to 5% of the char was lost as fines using a flow of
5000 mly/min, which corresponds to 120% of the expected gas velocity
inside the reactor at 970 °C. However, some char may also be lost as
partly gasified char particles, which decrease in size and density during
the reaction, which may result in lower terminal velocity of the

Fuel Processing Technology 210 (2020) 106576

particles and hence elutriation. Still, it should be noted that although
there is likely some char that bypassed the reaction zone, the evalua-
tions of char conversion are based on the converted char only.

3.1.1. Char conversion

Fig. 5 shows the instantaneous gasification rate r as a function of X,
as defined in Eqs. (E3)-(E4). The outgoing gases are also included for
comparison. Evidently, the LD slag has a somewhat different gasifica-
tion pattern compared to the other bed materials. For the other mate-
rials the rate r is constantly increasing over X, but for LD slag the rate
levels out and start to decrease at roughly X, = 0.4. This point is in
conjunction with an increase in Hy concentration. The shape of the
curves for LD slag does suggest that water splitting is occurring. When
the bed material is reduced, Hj is formed following reaction (R5). The
H; formed could lead to inhibition of the char gasification rate, which is
well known [32,36]. The CO also increases simultaneously for the LD
slag together with Hy, although the concentration is much lower than
the Hj concentration.

The average char gasification rate between 0.3 < X, < 0.7 was
found to be almost the same for all bed materials used at lower tem-
peratures, as can be seen in Fig. 6. The time to reach 80% conversion of
the char was more similar for olivine and sand, and lower than for the
oxygen carriers. A reason why the oxygen carriers have a significantly
faster conversion rate of the char at higher temperatures is the higher
initial CO,, release due to the combustion of gasification products with
the oxygen carriers, and a considerable difference in the hydrogen
concentration, compare to Figs. 3 and 4.

At high temperatures, the gasification rate was two times higher for
the oxygen carriers compared to sand and olivine, see Fig. 6. Hy in-
hibition could contribute to the significantly slower gasification rate for
the two inert materials [34,42]. Here the Hy maximum partial pressure
was about 3 times higher for sand than LD slag and ilmenite, see Fig. 5
for comparison. Even though the cumulative H,/CO were higher for LD
slag than both ilmenite and sand at lower temperature, the same effect
could not be observed here. These gasification rates for sand and il-
menite are comparable to earlier studies by Keller et al. [32] where
wood char was used in CLC gasification experiments at 970 °C.

3.1.2. Outlet gas composition and WGS

The CO/C; ratio decreases when oxygen carriers are depleted of
oxygen, in comparison to sand, as can be seen in Fig. 7. Although the
conversion to CO is the lowest for LD slag, it is quite clear that at lower
temperatures the H,/CO ratio is much higher for LD slag, in comparison
to the other studied materials, see Fig. 8.

Fig. 9 shows the total molar production of different gaseous species
for the investigated materials given as a fraction of converted fuel in the
range of 0.3 < X. < 0.7. It can be observed that both oxygen carriers
produce less Hy and CO compared to sand and olivine. Comparing the
two oxygen carriers it can be concluded that LD slag produces sig-
nificantly more Hy than Ilmenite.

In Fig. 10 the reaction quotient Q; for the WGS reaction is plotted
against the gas char conversion X.. Here it is clear that the outgoing
gases are much closer to the WGS equilibrium (K.q) for LD slag than the
other bed materials evaluated in the laboratory fluidized bed. The same
trend for LD slag was clear at all different evaluated temperatures. The
H-0 concentration was not measured and assumed to be 50%, the same
as the ingoing gas composition. Since the concentrations of CO, CO,
and Hs in the outgoing gas are much lower than 50%, see Fig. 4 as a
comparison, and that the total gasification gas is similar for all samples,
this assumption was concluded to be reasonable.

3.1.3. Effects of increased fuel-to-bed ratio

To investigate the effect of increased reduction of the oxygen car-
rier, more fuel was used to further reduce the bed material, meaning
that the fuel-to-bed ratio was increased. The result of a two-fold and
three-fold increase in the amount of fuel respectively can be seen in
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Fig. 4. Raw data plot for the different investigated bed materials during the gasification of biomass char. Cycles displayed here are the third repetition at 870 °C using
0.2 g char. Consult Fig. 3 for information on the different periods (inert/oxidation/fuel addition) in the cycle.

Fig. 11. As could be expected the relative gas to solid fuel generation for
H, and CO increased as the CO, generation decreased. More CO and Hy
compared to CO, indicates lower oxygen transport and thus a more
concentrated syngas. This is due to the oxygen carrier provides less
oxygen per amount of fuel. Comparing ilmenite to LD slag, only a very
weak trend towards increased CO generation could be observed for il-
menite by increasing the amount of fuel to reduce the bed more.
However, in these experiments, the reduction of ilmenite did not reach
the maximum oxygen-carrying capacity.

The overall oxygen transport from the oxygen carrier is also shown
in Fig. 11. As it was difficult to accurately calculate the oxygen carrier
conversion level during the reduction, here the final conversion level
was calculated from the oxidation period following the reduction. It is
clear that the degree of oxidation by the oxygen carrier is more or less
the same for all LD slag cases independent of the amount of fuel. For the
ilmenite cases, there is a continual decrease in the mass-based con-
version for all fuel amounts. This indicates that ilmenite still could
transport more oxygen even after a three-fold increase in solid fuel
addition, while LD slag could not transport more oxygen than it did in
the original 0.2 g solid fuel experiment. However, it needs to be ac-
knowledged the strong indications that LD slag is oxidized with steam
according to the water-splitting reaction (R5).

In Fig. 12 the gasification rate is displayed for the experiments
performed with different amounts of fuel. As could be seen in Fig. 6, the
gasification rates for LD slag and ilmenite were very similar when only
0.2 g char was added. However, when increasing the degree of reduc-
tion with increased fuel addition, the gasification rate for LD slag is

lower compared to ilmenite. It is also very clear that when the gen-
eration of Hy increases for LD slag the gasification rate decreases, as can
also be seen in Fig. 5.

3.2. Water splitting

H; generation by water splitting could be observed during gasifi-
cation of solid fuel as seen in Fig. 3 where the H, is generated while no
CO or CO4 is produced during the latter parts of the experiment with LD
slag. In general, the concentration profiles of H; for LD slag during the
reduction indicate that water-splitting could also be important when
char is present.

Displayed in Fig. 13 are the results of the water-splitting experi-
ments described in Section 2.1.3. From Fig. 13 it is clear that H, can be
formed during oxidation with H,0, most likely via the water-splitting
reaction given in reaction (R5). However, it was also observed during
the oxidation with O, that the LD slag absorbed some oxygen. This
absorbed oxygen indicates that LD slag was not fully oxidized using
only Hy0. This could indicate that LD slag not only transports oxygen
by magnetite-wiistite but also, at least partly, is oxidized to a hematite
structure or other oxygen-carrying phases not oxidized by steam are
active.

3.3. Gaseous fuel experiments

Gaseous fuel experiments were performed to investigate the re-
activity of the oxygen carriers with the important gas components CO
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required to convert 80% of the carbon in the biochar to CO, CO, and CH,.

and Hj. This was achieved by exposing the material to both CO and capacity, indicating the formation of most likely elementary iron. In
syngas (50% CO, 50%H,) as described in the experimental section. Fig. 15 the results from experiments using CO with and without H; are

Fig. 14 shows the results of the conversion of CO using only CO in displayed as the conversion of CO (yco) at different temperatures and
Ny as fuel in the gaseous fuel experiments. Here it is clear that there is oxidation levels of the oxygen carriers (w). Clearly, there was a major
an increase in CO conversion with increased temperature. It is also clear difference if the pure CO or CO in H; was used as fuel. The conversion
that the reactivity of LD slag is decreasing when approaching ® = 0.99 of CO is considerably lower, especially for LD slag, in the presence of
and that the oxygen carrier is reduced below the oxygen-carrying H,. For ilmenite, the conversion only decreased by roughly 10% but for
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LD slag, the decrease was more significant, 40-50%. The decrease in
yco cannot be seen in other experiments where CO and syngas con-
version have been compared in a laboratory continuous system using
ilmenite [46]. In any case, it is clear that both oxygen carriers are
highly reactive towards CO at temperatures relevant for gasification.

The equilibrium constant for the WGS reaction, K.q, varies between
0.65 (970 °C) and 1.8 (670 °C) [43] in the current temperature interval.
This means that the reaction is more shifted towards H, at low tem-
peratures and more towards CO at high temperatures. This shift, in
accordance with WGS, could contribute to the low CO conversion rates
at high temperatures and would also explain why LD slag has these
features and not ilmenite. This is also in line with the solid fuel ex-
periments where clearly higher H,/CO ratios are obtained at lower
temperatures.
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Fig. 13. One cycle of water splitting experiment split up to different phases. 5 g
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It was observed in the gaseous fuel experiments at 720 °C and 770 °C
for LD slag that a “tail” of CO5 was present at the end of the reduction
phase. Compared to other temperatures and ilmenite experiments the
CO, concentration decreased slower than the CO concentration after
the reduction period. As no char is present at this time, the only source
of carbon is likely formed carbonates. However, the CO5 tail was gone
after a few seconds.

3.4. Calcination/carbonation

LD slag contains considerable amounts of free calcium that is con-
verted to CaO at elevated temperatures. The presence of CaO could
mean that CO5 could react with the material forming carbonates. This
could affect the gas composition in the fuel reactor, but also mean that
CO; is released in the air reactor, something which may not be desired
if carbon dioxide is to be captured. Results from the calcination/car-
bonation experiments in the TGA are provided in Fig. 16. Here, the
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experimental results are compared to the equilibrium of reaction (R7)
[47]. The experimental results for LD slag follow the same trend as the
equilibrium curve for CaO/CaCOs. However, higher partial pressure of
CO;, is required to form carbonates compared to the equilibrium.

The CO; absorption capacity of LD slag was determined to around
1.6 wt%. A slight decrease in the carbonation rate was seen after every
cycle for experiments performed with 100% CO5 at 850 °C. This was
expected to be due to structural changes in the particles, but no changes
could be visually observed using SEM. The sample could not be in-
vestigated further in XRD or by using BET-surface area analysis due to
the small amount of sample. However, the same trends towards de-
creased reaction rate are known from calcium looping where this is
known to be a result of sintering and changes in microscopic structure
[47]. Still, the important takeaway is that carbonation is possible with
this material, which could have implications depending upon opera-
tional conditions.

4. Discussion

In this work, a comprehensive study of the feasibility of utilizing LD
slag as an oxygen carrier for CLG is presented. It is clear that LD slag's
chemical properties affect the gasification process which has been il-
lustrated in a batch fluidized laboratory reactor. It is shown that LD slag
not only transfers oxygen through the normal oxygen transfer me-
chanisms but can also i) catalyze the WGS reaction, ii) react with CO, to
form carbonates and iii) produce hydrogen through water-splitting.

It was found that LD slag indeed catalyzes the WGS reaction. This is
most likely due to the content of CaO in the LD slag. It has been shown
in earlier studies that CaO together with an oxygen carrier efficiently
catalyzes the WGS reaction [38,48]. WGS was important in the gaseous
fuel experiments presented in Fig. 15. Here the CO conversion for LD
slag was highly affected by the presence of Hy, compared to ilmenite.
This is in contrast to earlier results where lime was added to ilmenite
operated with syngas with increasing CO conversion as a result. In that
case, it was related to WGS shifting towards increased Hy and that il-
menite was more reactive towards Hy than CO, hence increasing the
rate of reaction towards Hy [48]. In this study, LD slag is less reactive
towards H, compared to CO in contrast to ilmenite. Also, from the
gasification experiments in Fig. 10, it is clear that LD slag has catalytic
properties that shift the outgoing gases closer to equilibrium compared
to the other bed materials. However, it should be noticed that bed
materials in a full-scale gasifier likely interacts with ash components,
and the surface is thus likely very different than for the particles used in
this laboratory reactor. This could have implications, for both the cat-
alyzed reactions as well as char gasification, which can be influenced
by, for instance, alkali and calcium depositions [49-51].

It has clearly been shown that the LD slag will react with H,O via
water-splitting forming Hj, according to reaction (R5). This most
probably due to the formation of wiistite in these experiments. This
occurred both in experiments related to water-splitting in Section 3.2
and during solid fuel gasification experiments where H; was generated
after no more fuel was converted, see Figs. 3 and 4. The indication that
the oxidation to hematite seems to be kinetically hindered, i.e. the
oxidation of Fe304 to Fe;03, means that in principle the water-splitting
reaction could be active throughout most of the reduction, although the
actual extent is difficult to discern from the current experiments. This is
also in alignment with previous XRD results regarding the reduced and
oxidized state of activated LD slag [21]. The possibility for water-
splitting also suggests that LD slag can be used in CLWS (chemical
looping coupled with water splitting).

In this work, WGS and the water-splitting reaction are related to
each other. At the same time, these reactions are dependent on the
oxygen-carrying potential of the LD slag that converts both Hy and CO
to HyO and CO,, respectively as observed in Section 3.3. How these
reactions are correlated to each other can also be seen from Fig. 5. It is
first after partial char conversion, e.g. when LD slag has been reduced,
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that the Hy concentration increases due to water-splitting. At the same
time, the catalyzed WGS reaction shifts the CO, towards CO so the
reaction quotient Q; was closer to equilibrium, compare to Fig. 10, and
this can be seen as increased CO concentration in Fig. 5. As seen here, it
was first after the reduction the Hy generation from water-splitting was
observed as an increase in Hy concentration. Therefore, by increasing
the reduction rate more Hy should be formed. Also, H, generation was
increased with an increased fuel-to-bed ratio, see Fig. 11. This could be
due that the fuel-to-bed ratio is related to the reduction rate of the bed
that promotes the water-splitting reaction. The formed H; led to a de-
creased gasification rate for LD slag compared to ilmenite, see Figs. 11
and 12. This indicates that if high fuel-to-bed ratios are used in a ga-
sifier unit, more H; would be generated but to the cost of decreased
char conversion rate. Also, since CLG is desired to be operated auto-
thermal, the reduction rate and syngas composition with eventual extra
H, via water-splitting might be constrained by the heat and oxygen

11

transport control in a continuous process. To comply with the con-
straints of oxygen transport the bed material must be very reduced in
the fuel reactor [7]. In the batch reactor, a more reduced bed was ob-
tained by additional char during gasification. But as could be observed
in Figs. 11 and 12 high reduction could not be met and the final
measured reduction rate was affected by the water-splitting reaction for
LD slag. Never the less, these experiments give an idea of the trend with
lower gasification rate of LD slag compared to ilmenite and the impact
of water-splitting.

The result of both catalyzed WGS and water-splitting for LD slag is
the observed high H,/CO ratios at temperatures around 820 °C. At the
same time, partial combustion due to the presence of an oxygen carrier
contribute to the lower CO/C; ratio, see Figs. 7 and 8. In an ideal
process, the lower CO/C; ratio would not necessarily affect the effective
heating value of the outcoming gases in a CLG process. This since the
CLG process doesn't require partial combustion of the char in the air
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Fig. 16. Equilibrium curve and experimental results of temperature where
carbonated LD slag calcine (x) and are carbonatized (o) at a different partial
pressure of CO,. The equilibrium curve is for reaction (R7) and is dependent on
both partial pressure CO, and temperature.

reactor, see Fig. 1. This is beneficial for CO5 capture since CO; is con-
centrated into one gas stream, enabling an efficient process for negative
emissions with syngas production, provided that biomass is used as fuel
[6]. Still, the extent to which oxygen is transported to the fuel reactor is
clearly crucial, and it is important to optimize the process in order to
avoid combustion of the syngas to a large extent. This may be accom-
plished in several ways, including adjusting the circulation rate and
dilution of the oxygen carriers with an inert material.

The char gasification rate was investigated in this work as well, and
it was seen that the rate of char gasification is dependent not only on
the extent of the conversion but also by the gaseous environment. Ha-
inhibition is one of the reasons why oxygen carriers convert char faster
than sand and olivine as can be seen in Fig. 6. However, since LD slag
affects the Hj partial pressure by water-splitting and catalyzed WGS
reaction, char is also affected more by Hp-inhibition when using this LD
slag as compared to ilmenite. A clear difference between these oxygen
carriers can be seen in Fig. 5 where the char conversion rate decreases
for LD slag when the H, concentration is increased, a behavior that
cannot be seen for the other bed materials. Even though the resulting
decreased char conversion rate is related to the increasing Hy con-
centration, the difference in final char conversion rate for LD slag was
limited compared to ilmenite, see Fig. 6.

The char gasification rate was determined to be higher for the
oxygen carriers compared to olivine and sand under similar conditions,
as can be seen in Fig. 6. Increased temperature resulted in increased
gasification rates and higher conversion of Hy compared to CO, i.e.
lower Hp/CO and higher CO/C,. However, char conversion rates from
these experiments may not be possible to extrapolate to a full-scale
gasifier. This since the gasification rate is highly affected by activation
by alkali and ash [5,16,17,52] that are present in continuous biomass
fed gasifier and not in the laboratory batch reactor testing conducted
here.

Carbonaton could have a positive effect on the fuel gas composition,
as it would remove carbon dioxide from the gas phase, hence promoting
Hj production, see reaction (R7). However, any carbonation will result
in carbon being transported as carbonates from the fuel reactor to the
air reactor, resulting in decreased CO; capture. This phenomenon de-
pends upon the formation of stable carbonates. The carbonate forma-
tion, in turn, is depending on i) the partial pressure of CO5 in the fuel
reactor, ii) the temperature and iii) deactivation. As can be seen in
Fig. 16, the partial pressure of CO5 needs to be sufficiently high to be
maintained as carbonate and not decompose. At about 870 °C, a partial
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pressure corresponding to more than 0.8 atm CO; is required for cal-
cium carbonate to form if the reactant is CaO according to the same
figure. The CO, “tail” observed in the syngas experiments was also most
likely related to the formation of carbonates. This was only observed for
the experiments where a sufficient amount of CO3 was generated and
where the temperature was low enough so that carbonates could be
formed. Therefore, it is expected that the transport of carbon as car-
bonates between the fuel and air reactor will be limited.

This study shows that LD slag can be a promising oxygen carrier for
CLG. The combination of reasonable oxygen transport, the possibility
for water-splitting and catalysis of the WGS could be advantageous.
However, due to the different operating conditions, design of the re-
actors, presence of ash, bed materials of different origin and alkali ac-
tivation, the results from the laboratory fluidized bed cannot be directly
extrapolated. Still, the results from this work clearly give support to the
view that LD slag holds high promise for CLG applications.

5. Conclusion

LD slag, also called steel converter slag, was investigated regarding
its effects on gasification of biomass char at CLG condition in a la-
boratory fluidized batch reactor. Reactions of interest for LD slag in-
vestigated in this work were i) oxygen transport and reactivity, ii)
catalyzed water-gas-shift reaction, iii) carbonate formation and iv)
water-splitting. All these reaction mechanisms can be important de-
pending upon the operating conditions. LD slag was compared to the
well-studied oxygen carrier ilmenite as well as conventional sand and
olivine as references.

The main findings for LD slag in this work were:

e LD slag successfully transported oxygen to achieve partial oxidation
of the gasification products and had a higher gasification rate/char
conversion rate compared to sand and olivine.

e LD slag is catalytic towards the water-gas-shift (WGS) reaction.

¢ When reduced, LD slag reacts with water accordingly to the water-

splitting reaction resulting in Hy generation.

Both WGS and water-splitting results in a raw gas with high H,/CO

ratios at temperatures around 800 °C when LD slag is used.

® The high Hj partial pressure results in Hy-inhibition of the char

resulting in lower char conversion rate.

Higher temperatures, 920 °C and above, might increase the CO/C;

ratio but will also result in lower Hy/CO ratios.

® At temperatures above 800 °C, there is no noted absorption of CO,
due to carbonation. This indicates that carbon will be not trans-
ported to the combustor/air reactor as carbonates.

Overall, the low cost and the inherent presence of CaO makes LD
slag a good candidate as an oxygen carrier for biomass CLG to achieve a
syngas with high Hy/CO ratio and possibilities for generating simulta-
neous negative emissions.
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