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Abstract: A tubular electrostatic precipitator (ESP) was designed and tested for collection of
pyrolysis oil in molten salt pyrolysis of milled beech wood (0.5-2 mm). The voltage-current (V-I)
characteristics were studied, showing most stable performance of the ESP when N, was utilized as
inert gas. The pyrolysis experiments were carried out in FLiNaK and (LiNaK),CO; over the
temperature range of 450—-600 °C. The highest yields of pyrolysis oil were achieved in FLiNaK, with
a maximum of 34.2 wt% at 500 °C, followed by a decrease with increasing reactor temperature. The
temperature had nearly no effect on the oil yield for pyrolysis in (LiNaK),CO; (19.0-22.5 wt%).
Possible hydration reactions and formation of HF gas during FLiNaK pyrolysis were investigated by
simulations (HSC Chemistry software) and measurements of the outlet gas (FTIR), but no significant
amounts of HF were detected.
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1. Introduction

Pyrolysis is a thermochemical conversion process in which biomass is heated usually in the
absence of oxygen. The products are pyrolysis oil, non-condensable gases and solid char, with
respective yields depending on various process parameters such as heating rate, reaction temperature,
and residence time in the hot zone of the reactor system [1]. In fast pyrolysis, the biomass particles
should be heated rapidly to temperatures around 500 °C, followed by quenching of the produced
vapors. In this way secondary reactions are kept to a minimum and the oil yield is maximized [2].
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Inorganic molten salts are potential candidates for rapid heat transfer in fast pyrolysis due to
their good heat transfer characteristics, thermal stability and large heat capacities [3]. However, there
are limited reported results with focus on the yield of pyrolysis oil in molten salt pyrolysis. Jiang,
et al. [4] performed an experimental study on pyrolysis of biomass in molten chlorides, and claimed
that both the oil yield and water content of pyrolysis oil can be adjusted by varying the composition
of the molten salt. The highest yield of pyrolysis oil (35.0 wt%) was obtained from cellulose
pyrolysis in ZnCl, at 450 °C, while the use of other chloride mixtures (ZnCl,-KCl, KCI-CuCl,
ZnCl,-KCl1-CuCl, ZnCI-KCl-FeCl,) gave yields up to 15.0 wt%. Other researchers have concentrated
on gasification of cellulose in carbonates [5,6] or production of specific phenolic compounds from
lignin in chlorides [7,8]. The use of molten salts have also been reported for thermal treatment of
municipal refuse [9], wastepaper [10,11], and recycling of plastics [12,13,14]. Other applications of
molten salts are as heat exchangers in solar power towers and nuclear power plants [15].

In most pyrolysis reactor configurations, a large volume of inert gas is needed for fluidization
and/or transportation of the produced vapors out of the reactor [2]. This means that the vapors, which
are mostly in the form of aerosols, are present at relatively low concentrations in an inert gas
(< 5 vol%), and the separation is a difficult task [16,17]. Quenching by direct contact with product
pyrolysis oil or in an immiscible hydrocarbon solvent has been widely practiced [1], but careful
design and temperature control are needed to avoid blockages in the system due to a broad
condensation temperature range of the organic volatiles [17]. Solvent methods have relatively high
collection efficiencies, but the need for subsequent separation of the pyrolysis oil from the solvent
adds cost to the process [18]. Lately, it has been more common to use electrostatic precipitation
(ESP) [1]. In an ESP, the vapors are charged by a corona discharge and separated from the inert gas
by an electric field. The charged droplets are attracted to a grounded wall where they are neutralized
and collected [19]. This method has been found to be more effective than solvent and cooling
methods for separation of pyrolysis vapors from the remaining gas stream [18]. However, the design
and characteristics of the ESP are often left out of the publications.

There are two main objectives in the present paper. The first objective is the design of a tubular
ESP for collection of pyrolysis oil. The voltage-current (V-I) characteristics are investigated with
pure inert gases (N, and Ar) and with pyrolysis vapors included in the gas streams. The second
objective is to use the ESP for collection of oil from molten salt pyrolysis of milled beech wood
(0.5-2 mm). The choice of salts were selected based on previously reported heat transfer
characteristics for thermal processing of biomass [20]. In a previous study [21], we found that molten
FLiNaK gives significantly higher heating rates compared with a fluidized sand bed [22] for beech
wood cylinders with d <4 mm. In a subsequent study [23], both FLiNaK and (LiNaK),COs; showed
good promise as heat transfer media in fast pyrolysis due to high heating rates for beech wood
cylinders (d = 3.5 mm) in the temperature range of 450 to 600 °C.

In this study, we continue to use the most promising salts from our previous work as heat
transfer media in molten salt pyrolysis. Pyrolysis experiments are performed in FLiNaK and
(LiNaK),COs in the temperature range 450-600 °C. The effects of salt mixture and reactor
temperature on the yields of pyrolysis oil and char are investigated, and the oil is analyzed with
respect to water content.

AIMS Energy Volume 3, Issue 3, 284-296.



286

2. Materials and Method

2.1. Design characteristics of electrostatic precipitator

A schematic of the constructed ESP is shown in Figure 1, with the design adopted from
Bedmutha et al. [19]. The inner cylinder was made of stainless steel and was electrically grounded. It
was 50 mm in diameter and 150 mm long. A stainless steel wire (1 mm) co-axial with the inner
cylinder was connected to a high voltage source and used as discharge electrode (positive potential).
The outer cylinder was made of polyoxymethylene (POM), an insulating material with a low
coefficient of friction, good dielectric properties and good resistance to oils, greases, and
solvents [24]. The ESP was cooled externally with tap water (~7 °C).

High voltage
(12-15 kV)

_A'l — Gas out

Water out 44—

Stainless steel inner cylinder
(ground) 150 mm

Stainless steel wire
Quter cylinder {1 mm)

(isolator)

Pyrolysis vapors mixed
with inert gas \‘

50 mm

4— Water in

\
-

N7

Pyrolysis oil collection

Figure 1. Schematic of the electrostatic precipitator (ESP).

For the initial testing, a bubble flask with water was attached at the exhaust of the ESP. It could
be easily observed if the outlet gas contained any uncondensed pyrolysis vapors as these would fill
the empty part of the flask with white "smoke". Argon (Ar, purity 99.99%, H,O < 20 ppm, O, < 20
ppm) and nitrogen (N», purity 99.999%, H,O < 3 ppm, O, < 3 ppm) obtained from AGA were used
as inert gases.

The ESP was operated by setting the central electrode at a positive potential ranging from 0 to
20 kV, and the V-I characteristics (Figure 2) were determined with pure inert gases and during
pyrolysis experiments with milled beech wood particles in FLiNaK at 500 °C. The voltage was
increased slowly until spark-over occurred, and the values of the output voltage and current were
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read directly from the power supply. The procedure was performed several times to assure
reproducibility.
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Figure 2. Current vs voltage characteristics for the electrostatic precipitator.

The two employed gases showed very different influence on the V-I characteristics, with the
point for spark-over being the most prominent. Sparking is a phenomenon occurring when a
conducting path is formed between the electrodes and electrons reach the grounded wall without
being captured by molecules or particles. This can happen when the voltage is too high or the inert
gas breaks down [25]. With pure inert gas streams, the spark-over occurred at 9.1 kV for Ar and
18.9kV for N,. Argon and molecular nitrogen have similar ionization energies (1520.6 and 1503.0
kJ/mol, respectively [26]), but the break down voltages are generally observed to be lower for
argon [27]. The different V-I behaviors could be caused by differences of impurities as well, an
observation also reported by Bedmutha et al. [19]. In the presence of pyrolysis vapors, the spark-over
voltage for Ar was increased to 11.9 kV, while no spark-over was observed for N, within the voltage
range of the power supply. This could be explained by the pyrolysis vapors absorbing the electrons
formed at the cathode and thus reducing the possibility for sparking.

It was visually observed that a minimum of 12 kV was required for separation of pyrolysis
vapors and the remaining gas stream. Since these conditions were not possible without experiencing
spark-overs using Ar, N, was chosen for the rest of the experiments in this study. Also, with N, as an
inert gas, the increase in current with applied voltage is slower (Figure 2). This indicates poor
conductivity of the gas, giving a more stable operation of the ESP.

2.2. Experimental procedure for pyrolysis of beech wood

Beech wood was used as feedstock in all the pyrolysis experiments. Beech wood is a hardwood
consisting of 48% cellulose, 28% hemicellulose, 22% lignin and 2% extractives [28]. Untreated
beech wood logs were milled and sieved, and a fraction of particle diameter of 0.5-2 mm was used.
The samples were dried at 105 °C for 24 h prior to the experiments in order to minimize the water
content.

AIMS Energy Volume 3, Issue 3, 284-296.
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The salts were obtained separately in their simplest form from Sigma-Aldrich (> 98.5% purity).
The salt mixtures as listed in Table 1 were prepared by direct mixing of the pure compounds before
every experiment by means of weighing. The mixtures were pre-melted at 500 °C and kept in a
drying cabinet (> 200 °C) for at least 24 h.

Table 1. Composition and properties of salts used in the experiments.

Molten salts composition (Wt%) Melting Experiment
point temperatures

LiF-NaF-KF (29.2-11.7-59.1) 454 € [15] 475-600 °C

Li,CO;3-Na,CO;3-K,CO3 (31.7-33.7-34.7) 397 °C[29] 450-600 °C

300 g of dried salt mixture was filled in a nickel crucible (H = 190 mm, ID = 52 mm) placed
inside a stainless steel reactor (H = 200 mm, ID = 62 mm) that was heated externally by a tubular
electric furnace (Figure 3). Nickel was chosen because it is more resistant to corrosion by molten
salts [30]. The height of the melt varied between 60 and 70 mm, depending on the type of salt
mixture and reactor temperature.

Biomassinlet

g Plug
Gas flow 3 Ball valve
controller Heated transfer
N, 7 Pt line
Condenser Cotton
Wire mesh —_ (ESP) filter
filter — T T T — — Gas
Electric
furnace L )
@ o
Molten salt of e o Pyrolysis oil
bath TP - o collector
L] OO
o5 °
[s]
 ——

Figure 3. Schematic representation of the experimental setup for pyrolysis of biomass in
molten salts.

A 9 um wire mesh filter was placed at the exit of the reactor to remove char and ash from the
hot pyrolysis vapors. This type of in situ vapor filtration prior to condensation has been shown to
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give yields comparable to those obtained when cyclones are used, but with less solids, alkali metals,
and ash in the pyrolysis oil [31]. The filter also ensures that possibly unreacted wood particles remain
in the hot reactor.

When the heating was started, inert gas (N,) was continuously flowed into the reactor through a
nickel tube (4 mm) to ensure an oxygen-free atmosphere. The salt temperature was monitored by a
submerged type K thermocouple. Once the salt was completely melted, the nickel tube was
submerged in the melt to give turbulent mixing and a homogeneous temperature throughout the
reactor. Turbulent mixing enhances the heat transfer from the salt to the wood samples in the
pyrolysis process. The heating was continued until the desired reactor temperature was reached. The
temperature ranges used in the experiments for the two salt compositions are listed in Table 1.

The samples were introduced to the reactor manually through a ball valve based feeding system.
The small particles were filled in a tube above the ball valve. The tube was then closed with a plug,
and the valve was opened to feed the wood to the reactor. No gas could escape to the environment in
this closed system. Due to problems with clogging of the feeding tube, the tube was kept 1-2 cm
above the molten salt bath and the particles were fed to the top of the melt with the aid of a push rod.
A total of 20-25 grams was added in small batches of 0.3—-0.5 gram every minute. In preliminary
experiments, the mixing of wood particles with a fluid bed (water-sugar solution to obtain similar
characteristics as molten salts) was studied visually in a cold-flow glass model. At room temperature,
the particles were mixed well in the fluid due to the turbulent bubbling of inert gas.

The flow rate of N, was set to 0.6 L/min during the experiments. This was a tradeoff between
relatively short vapor residence time in the order of a few seconds and to avoid extensive splashing
of the salt which could possibly clog the wire mesh filter at the top of the reactor. The vapors were
led out of the reactor through a 4 mm heated transfer line (450 °C) made of stainless steel. The
system was connected to the previously described ESP for collection of pyrolysis oil. The ESP was
operated at 12—15 kV and cooled externally with tap water at 7 °C. A tubular cotton gas filter
(filtration level 10 um) was attached to the exhaust of the ESP for capturing the remaining vapors,
and the non-condensable gases were vented off. After the experiments were completed, the power
was turned off, and the system was left under inert atmosphere until ambient temperature to prevent
corrosion.

The char yield was measured as difference between the reactor mass before and after
experiment. The total pyrolysis oil yield was determined by weighing the ESP condenser and the
cotton filter before and after the experiment. The water content of the oil was determined by Karl
Fischer titration, using Hydranal Composite 5 as titer.

3. Results and Discussion

Three identical experiments with beech wood in FLiNaK at 500 °C were conducted to assure
reproducibility of the experimental method. The remaining experiments were performed once. For
the successful experiments, no uncondensed pyrolysis vapors were observed at the outlet of the
condenser system consisting of the ESP and the cotton filter. The ESP contained between 92 and 97%
of the produced pyrolysis oil, with the remaining amount found in the cotton filter. Only the fraction
condensed in the ESP was analyzed further with respect to water content. The collected oil was in
one phase in the case of FLiNaK at 475 and 500 °C, while a two-phase oil was recovered for the rest
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of the experiments. The two-phase samples were heated slowly until good mixing was achieved
before the water content was determined.

3.1. Effect of salt mixture and temperature on product yields

The yields of pyrolysis oil and solid char as a function of reactor temperature are plotted in
Figure 4. Figure 5 shows the influence of reactor temperature and salt composition on the water
content of the pyrolysis oil.
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Figure 4. Yields of pyrolysis oil (a) and solid char (b) as function of the reactor
temperature in FLiNaK (black) and (LiNaK),COs3 (red).
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Figure 5. Water content of pyrolysis oil (collected from the ESP) as a function of
reactor temperature for pyrolysis of beech wood in FLiNaK (black) and
(LiNaK),COg (red).

The reactor temperature showed a strong effect on the pyrolysis oil yield in FLiNaK, with a
maximum of 34.2 wt% at 500 °C, followed by a decrease with increasing reactor temperature. The
yield of pyrolysis oil in (LiNaK),COs; was nearly constant with temperature, with values between
19.0 and 22.5 wt%. For the char yield, only a minor temperature dependence was observed in both
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salt mixtures for reactor temperatures above 500 °C. The water content varied greatly between
pyrolysis in FLiNaK and (LiNaK),COs, but the same trend with lower water content for higher oil
yields are observed.

According to the Broido-Shafizadeh model, pyrolysis starts with an intermediate pre-reaction in
which an active substance i1s formed [32]. The formation of a liquid intermediate has been
experimentally confirmed both for pyrolysis of cellulose [33,34] and lignin [35], the main
constituents of lignocellulosic biomass. This pre-reaction is followed by two competing first-order
reactions: dehydration and depolymerization. Dehydration is usually associated with lower heating
rates and lower temperatures (< 300 °C), and the primary products are char, water and CO,.
Depolymerization is favored for faster heating rates and higher temperatures, and the primary
products are vapors that may condense as pyrolysis oil [32]. If the molecules cannot escape from the
primary products, secondary reactions will occur, leading to secondary char, oils, and gases [35].
These reactions could be intra- or extra-particle reactions, and they could occur either
homogeneously in the vapor phase or heterogeneously by reaction with formed char or unreacted
wood [36]. The liquid intermediate from the pre-reaction is also found to be a reactive medium for
reactions such as dehydration and cross-linking [37]. The rate of volatiles mass transport within and
away from the particle will influence the extent of the secondary reactions [36].

In this study, the pyrolysis oil yields are for the most part higher than those reported in molten
chloride pyrolysis by Jiang et al. [4], where cold trap condensers were utilized for oil collection. This
indicates that the use of ESP is a better solution for separation of pyrolysis oils from the remaining
gas stream in molten salt pyrolysis. On the other hand, the oil yields are generally lower and the char
yields higher compared to typical values reported for other fast pyrolysis technologies [2]. These
results, in addition to the high water contents of the pyrolysis oils (Figure 5), point towards the
occurrence of secondary reactions. In our previous studies [21,23], we have confirmed high heating
rates for single beech wood particles in FLiNaK and (LiNaK),COs3, indicating that depolymerization
towards condensable vapors should be the dominant pathway. It was also confirmed experimentally
that the reaction temperatures were in the range of fast pyrolysis conditions rather than slow
pyrolysis (carbonization) conditions. Secondary cracking inside the particles should also be
unimportant in the present study due to the small particles involved [2].

Extra-particle reactions could on the other hand occur if the primary products are not able to
escape from the hot reactor, resulting in the formation of secondary char, non-condensable gases and
water. Even though the inert gas should bring the vapors out of the reactor within a few seconds, the
vapors could experience mass transfer resistance in the melt leading to longer vapor residence time at
elevated temperatures. However, several researchers have stated that the oil yield is much less
dependent on vapor residence times than originally assumed. Wang et al. [38] did not observe any
effect on the product yields for vapor residence times between 1 and 6 seconds, while Scott et al. [39]
found no significant influence up to 10 seconds. Hoekstra et al. [40] stated that pyrolysis vapors can
be exposed to elevated temperatures for a long time, given that these are poor in mineral content,
since minerals containing alkali elements such as Na and K promote the formation of gaseous species
and char on the expense of pyrolysis oil. Taking this into account, we propose that the presence of
minerals in the molten salts play an important role in the pyrolysis process, and that the lower yields
of pyrolysis oil are caused by a combination of longer vapor residence times and prolonged contact
between the salts and the formed vapors.
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Another possible explanation is insufficient mixing of wood and salt leading to slower heating
than assumed based on our previous work [21,23], and thus dehydration and carbonization reactions
could take place at lower temperatures on the expense of depolymerization to condensable gases.
This could explain the high water contents observed. However, turbulent bubbling and splashing of
the molten salt should ensure the same contact between the hot melt and the wood particles giving
heating rates typical for fast pyrolysis. Nevertheless, for further studies, the reactor setup should be
redesigned to enhance the mixing of milled wood and molten salt by mechanical stirring in addition
to inert gas bubbling. Continuously feeding of the feedstock by e.g. a mechanical screw would also
give smoother feeding and ensure better mixing.

3.2. Possible formation of HF in FLiNaK pyrolysis

Hydration of metal halides can result in formation of HX, where X represents a halide ion.
Given the hygroscopic nature of FLiNaK, formation of HF gas (Eqgs. 1-6) is a possible concern when
this salt is utilized in pyrolysis where water is one of the species formed in the process. The HF gas
could contaminate the pyrolysis products and also lead to extensive corrosion of metal elements
found in process equipment [41].

2LiF(1) + H,0(g) © Li,0(1) + 2HF(g) (1)
2NaF (1) + H,0(g) © Na,0(l) + 2HF(g) )
2KF (D) + H,0(g) © K,0() + 2HF(g) 3)
LiF() + H,0(g) © LiOH(l) + HF (g) (4)
NaF(l) + H,0(g) < NaOH(l) + HF (g) (5)
KF() + H,0(g) & KOH(l) + HF (g) (6)

The hydration reactions were simulated in HSC Chemistry software [42]. This is a chemical
reaction and equilibrium software with extensive thermochemical database and flowsheet simulation.
We have used the software to calculate Gibbs free energy as a function of temperature for each
reaction, with the results plotted in Figure 6. According to the simulations, hydration will not occur
for FLiNaK pyrolysis due to positive Gibbs free energies in the experimental temperature ranges of
this study. It should be noted that the Gibbs free energies are well above zero for temperatures
relevant for gasification processes as well.

The modeling results were verified experimentally by analyzing the outlet gas by means of a
FTIR gas analyzer (Thermo Scientific, Nicolet 6700). No significant amounts of HF were detected
during pyrolysis of milled beech wood in FLiNaK.
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Figure 6. Gibbs free energy versus temperature for possible hydration reactions in
FLiNaK.

4. Conclusion

The aim of this work was to design and test an electrostatic precipitator (ESP) for oil collection
in molten salt pyrolysis of milled beech wood. The voltage-current (V-I) characteristics of the ESP
were studied with the inert gases N, and Ar, and N, was found to give the most stable operation. This
was attributed to higher break down voltages, lower concentrations of impurities, and lower
conductivity of the inert gas. The minimum voltage required for separation of pyrolysis vapors from
the remaining gas stream was found to be 12 k'V.

Beech wood particles (0.5-2 mm) were pyrolyzed in FLiNaK and (LiNaK),COj5 at temperatures
between 450 and 600 °C. The ESP worked well, and no uncondensed vapors were observed at the
gas outlet. The pyrolysis oil yields were generally higher than those reported in chloride pyrolysis by
Jiang et al. [4], with a maximum of 34.2 wt% for FLiNaK at 500 °C. The pyrolysis oil yields were
lower and the char yields higher compared to other fast pyrolysis technologies. The oils were also
high in water content. These results were somewhat unexpected, since the employed molten salts
have been found to give very high heating rates and typical fast pyrolysis reaction temperatures for
beech wood particles in our previous work [21,23]. We propose that the main reason for this is a
combination of mass transfer resistance leading to longer vapor residence times at elevated
temperatures and at the same time giving prolonged contact with alkali elements (Na/K) found in the
melts catalyzing extra-particle secondary reactions into char, non-condensable gases and water.

A possible concern when using FLiNaK as a reaction medium in thermochemical conversion of
biomass is the reaction between the salt and produced water to form HF gas. According to both
simulations and FTIR measurements of the outlet gas, no significant amounts of HF are produced
during beech wood pyrolysis in FLiNaK.

AIMS Energy Volume 3, Issue 3, 284-296.
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