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Abstract

Chlorine is one of the most undesirable elements in agricultural biomass which can cause
operating problems during its thermal conversion. Even in low-temperature pyrolysis,
chlorine is released in the gaseous phase. Therefare, in order to study the chlorine release
during pyrolysis, the following samples were analyzed: oat straw, oat straw doped with
char, oat straw doped with NH4ClI, and char doped with NH4ClI. The pyrolysis process of
these feedstocks was conducted at 400, 500 and 600 °C under an inert atmosphere, with
a short residence time (2 minutes) for a sample in the reactor. It transpired that the doping
of ammonium chloride into oat straw increased the char yield. Doping oat straw with char
as well as NH4Cl promoted biochar carbonization. Chlorine release was significantly
inhibited when increasing the pyrolysis temperature from 400 to 600 °C for samples of
oat straw, oat straw doped with char, and oat straw doped with NH4Cl. In addition, despite
the increase in pyrolysis temperature, the percentage of chlorine distributed into the gas
phase decreased. Doping oat straw with NH4Cl had a positive effect on increasing the
share of furfural (up to 12.9% at 400 °C) in non-condensed gases identified by pyrolysis

gas chromatography-mass spectrometry.
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1. Introduction

The average annual harvest of cereal straw in Poland has for many years exceeded
the demand resulting from agricultural production. Although statistics show a downward
trend in straw biomass surplus in recent years, 9.2 million tonnes of straw surplus is
forecast in 2030 [1]. Therefore, it is legitimate to search for an effective way to manage
waste straw. Straw biomass is an excellent alternative to solid fossil fuels, but it presents
several problems during thermal conversion processes (combustion, gasification, or
pyrolysis) [2-4]. Among other agricultural waste, straw is distinguished by a high content
of potassium and silicon (finely distributed in the organic matrix) [5]. It is worth
mentioning that the content of potassium and silicon in oat straw is almost identical. Ash
from straw combustion contains low-melting potassium-silicates, alkali metals phases
like chlorides, sulphates and carbonates which presents serious problems with sintering
and the fouling of heat exchangers [6]. Another source of concern for agricultural biomass
is the abundant presence of chlorine [7]. Chlorine in biomass occurs mainly in the form
of chlorine anion (CI7) and is easily soluble in water. Migration behaviours of chlorine
during biomass thermal conversion depends on feedstock type. Additionally, chlorine
evaporates during the drying and pyrolysis of biomass and forms chloride acid with water
vapour [8]. The combustion and pyrolysis of biomass, even at low temperatures (<
600 °C), causes the release of 50% of the initial chlorine content [6, 7]. Chlorine is
responsible for the corrosion of devices, where biomass is converted into energy, and for
the deactivation of used catalysts. Low-temperature chlorine release from biomass is
explained, among other clarifications, by the reaction of KCI with carboxylic groups
available in the hemicellulose [6, 8]. The addition of KCI (in the form of an aqueous

solution) to the chlorine-free biomass resulted in the release of 30 to 50% of chlorine by
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pyrolysis at 400 °C [11]. Furthermore, applying a high heating rate and a small sample
size favours chlorine release during a low-temperature pyrolysis [12]. In addition to the
heating rate, the sample residence temperature is also important. An increase in the
sample residence temperature has a negative effect on chlorine release [13]. Whereas, at
a moderate-temperature pyrolysis, oxygen doping into a nitrogen atmosphere promoted
HCI release [14]. The type of applied reactor also determines the release of chlorine and
its distribution to the pyrolysis products. The hybrid reactor (drop-tube / fixed-bed
reactor) allowed for the capture of more chlorine in the char than the fixed-bed reactor
[15]. Regardless of the reactor type, Cl-tar dominated the mass balance of chlorine.
Furthermore, the co-pyrolysis of inorganic chlorine (polyvinyl chloride) with the biomass
favours the enrichment of the oil with chlorine [16].

Another significant factor which determines chlorine release is the content of
alkali and alkaline earth metallic species (AAEM), predominantly K, Na, Ca, and Mg in
the biomass. Up to 70% of total chlorine can be captured in biomass char at 600 °C
because AAEM reacts with HCI [17]. The high efficiency of chlorine captured by char
was also confirmed by Knudsen et al. [18]. It was easier to achieve chlorine capture if the
biomass contained a lower percentage of chlorine. In the pyrolysis temperature range
from 400 to 800 °C, however, 600 °C was the optimal for the maximum captured chlorine
in char.

In addition, Wang et al. [19] found that secondary vapour-phase reactions (induced by a
higher temperature) led to the redistribution of released chlorine. In light organics, an
increase in chlorine content was noted, with a simultaneous reduction of HCI and tar-ClI.
Interestingly, the high solubility of HCI in water enables the production of a bio-oil

containing low chlorine [20]. When summarizing the literature cited above in Table 1, it



72 was observed that chlorine release was typically reported with long sample residence

73 times in the pyrolysis reactor of 10 to 50 minutes.



74  Table 1. Summary of experimental works on chlorine release during the pyrolysis process

Residence Feedstock Chlorine Pyrolysis Chlorine release Ref.
time contentin  temperature
(min) feedstock  (°C)
(%)
10 Corn straw 0.75 300-700 At 500 °C, 75% of the [14]

chlorine is released, and
at 700 °C, four percent
more.

10 Mallee bark  0.41 400-900 Almost all of the [15]
chlorine was released in
the fixed-bed reactor.
However, in the hybrid
reactor (a drop-
tube/fixed-bed with
continuous feeding) only
50% of chlorine is

released at 600 °C.

15 Wheat straw  0.41 200-1050 60% of chlorine is [12]
released at 400 °C. In
the 400-700 °C range,
there was no significant
release of chlorine to the

gas phase.
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temperatures higher than

400 °C, 55 to 75% of
chlorine was present in
the gas phase.

Around 50% of the
chlorine was released
below 500 °C.

At 500 °C, the chlorine
release decreased from
90% to 25% after an
increase of KCI (from
0.4 to 3.45%) loaded to

the cellulose.

All feedstocks lost
between 20-50% of all
chlorine at 400 °C. At
400-700 °C, only small
changes in the chlorine
release occurred.

The release of chlorine
to the oil and gas phase

was enhanced by
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increasing the addition

of PVC to the wood.
30-40 Char+0.16 3.2 400-800 The char exposed to
HCI hydrochloric acid

[18]
retained nearly 90% of

chlorine at 600 °C.
30 Wood loaded 0.3 300-500 Use of a two-stage fixed
with KCI reactor confirmed the
redistribution of the
chlorine released to light  [19]
organics and tars as well
as 77.5% Cl released

into volatiles at 400 °C.

50 Pine wood - 300-850 The release of chlorine  [13]
doped with can be inhibited by
2% KCI reducing the residence

time of the biomass
particles at temperatures

below 500 °C.

The main goal of this study is to determine the chlorine release under a short
residence time (2 minutes) for a sample in the fixed-bed pyrolysis reactor. To the best of
the authors' knowledge, such a short sample residence time of 2 min has not yet been

analyzed by scientists. Accordingly, a research hypothesis was put forward suggesting
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that a short residence time for a sample in the reactor may reduce the release of chlorine
to the gas phase. Chlorine release will be investigated at 400, 500 and 600 °C. Four
variants of samples will be pyrolysed: i) oat straw (OS), ii) oat straw doped with char, iii)
oat straw doped with ammonium chloride, and iv) char doped with ammonium chloride.
The addition of chlorine (in the form of ammonium chloride) will enable a better
understanding of the influence of inorganic chlorine present in agricultural biomass on its
release from both biomass and char. By contrast, the doping of char to biomass will allow

for the analysis of the influence of metals on chlorine capture in biochar.

2. Materials and methods

2.1. Feedstocks

Eight types of samples were prepared for pyrolysis. The abbreviated names of the
samples used in this work are listed in Table 2. The basic material for this research was oat
straw (OS) from a farm located in the Swietokrzyskie Voivodeship (Poland). The oat straw
applied for the laboratory pyrolysis experiments was initially dried at room temperature and
next ground in the ball mill. The inter-sieve fraction (100-200 pum) was employed for the
experiments. A short residence time for the sample in the pyrolysis reactor necessitates the
use of small-sized biomass particles. The first variant of the investigations was the pyrolysis
of oat straw. The chars, collected at temperatures of 400, 500 and 600 °C (marked as C_400,
C_500 and C_600), were used to prepare the next set of samples. Samples for the second
variant of the study were obtained by mixing 50% mass of OS and 50% mass of char. These
types of samples were prepared to verify the possibility of capturing chlorine from the
biomass by char. The addition of char to raw biomass increases the ash content in the sample.

The third group of samples was oat straw (96.3% mass) doped with ammonium chloride,
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NH4CI (3.7 mass %). The mass of added NH4Cl was selected to obtain a 10-fold increase of
chlorine content compared to the oat straw. Pure ammonium chloride (white powder) used

for the analysis was manufactured by Chempur (Poland).

Table 2. List of prepared samples for pyrolysis

Sample No Name of sample Feedstock

I OS Oat Straw

la OS+C_400 50% OS + 50% Char_400

lb OS+C_500 50% OS + 50% Char_500

lic OS+C_600 50% OS + 50% Char_600

I OS+Cl 96.3% OS + 3.7% NH4CI

IVa C_400+Cl 96.3% Char_400 + 3.7% NHCI
IVb C_500+Cl 96.3% Char_500 + 3.7% NH4CI
IVc C_600+Cl 96.3% Char_600 + 3.7% NH4CI

The last group of samples were the resulting char from oat straw pyrolysis (first sample)
doped with 3.7% mass of ammonium chloride. In the later part of the work, the following
names were adopted for the chars: i) a feedstock in samples Il and IV are chars, and ii)

biochars are solid pyrolysis products for all variants.

2.2. Characterization of feedstocks and products

Before pyrolysis, OS was milled and dried in a laboratory dryer based on the
applicable European Standard 1SO 18134-2:2017-03. Other parameters, including the
proximate and ultimate analysis of OS were determined on the basis of the following
European Standards: 1SO 18122:2016-01 — ash content (A), 1SO 18123:2016-01 — volatile

matter (VM), ISO 16948:2015-07 — carbon (C), hydrogen (H), and nitrogen (N); ISO

10
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16994:2016-10 — sulphur (S), and chlorine (Cl). The extended uncertainty of measurement
(k=2) for the determination of the total chlorine in OS was 7%. Additionally, the oxygen
content was calculated by difference. The results of the proximate and ultimate analyses of
oat straw are shown in Table 3.

Inorganic elements of the studied feedstocks and biochars were detected using the
X-ray fluorescence spectroscopy technique (XRF). The measurement was performed by
WD-XRF ZSX Primus Il Rigaku spectrometer (Rh lamp). Qualitative spectrum analysis was
carried out to identify spectral lines. Quantitative analysis was conducted using the SQX
Calculation program (Fundamental Parameter Method). The analysis was carried out in the
range from fluorine to uranium (F-U), and the content of determined elements was
normalized to 100%.

Microstructural and morphological studies were implemented using scanning
electron microscopy (SEM), (FEI Inspect S50 device). Studied feedstocks and biochar
samples were mounted on metal stubs by double-sided carbon adhesive discs. SEM images
were acquired using the secondary electron (SE) detector in the high-vacuum mode. The
applied acceleration voltage was 10 keV. Additionally, the microanalysis of the chemical
composition was performed using the energy-dispersive X-ray spectroscopy method (EDS)

to analyze element distribution.

Table 3. Proximate and ultimate analyses of oat straw

Parameter Value

Proximate analysis (%, ad ?)
Moisture (M) 6.03

Volatile Matter (VM) 76.90

11
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Ash (A) 5.64

Fixed Carbon (FCP) 11.43

Ultimate analysis (%, d ©)

C 49.94
H 6.77
N 0.69
Cl 0.27
S 0.11
oh 36.58

3Air-dried basis. °FC = 100 — M — VM - A. *Dry. 9By difference.

The chlorine content in the liquid pyrolysis products obtained from the fixed-bed
reactor was analyzed by the inductively coupled plasma optical emission spectroscopy
(ICP-OES) method. An ICP-OES spectrometer Spectro Arcos SOP (SPECTRO Analytical

Instruments, Kleve, Germany) was employed for these investigations.

2.3. Thermal analysis

The preliminary investigations of the pyrolysis process of feedstocks were
performed by thermal analysis (TGA). The simultaneous thermal technique was applied to
obtain thermogravimetric (TG), differential thermal (DTG) and differential scanning
calorimetry data (DSC) (curves). For this purpose, the Mettler Toledo STA apparatus was
implemented. The process parameters were as follow: alumina crucible (Al.Os), 5 mg of
mass sample, atmosphere: nitrogen with flow rate of 50 mL/min, heating rate: 10 °C /min
and temperature range: 25-600 °C. The moderate heating rate of 10 °C /min was selected in

accordance literature recommendations [21,22].

12
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2.4. Pyrolysis at the fixed-bed reactor

Laboratory-scale pyrolysis experiments were conducted in an electrically heated
fixed-bed reactor, as shown in Fig. 1. Each sample, 1 gram of mass, was pyrolyzed in a
nitrogen atmosphere with a volume flow rate of 300 mL/min. The nitrogen flow rate was
controlled by digital multiparameter mass flow meter manufactured by AAlborg. For this
volumetric nitrogen flow rate, the residence time of the vapours in the reactor was 5 seconds.

The short residence time of the pyrolysis vapours in the heating zone promotes oil

production.
gas bag sample cooling jacket mass flow
l controller
3w
= =
h:l
drier /

thermocouple

temperature
Ej o

Fig. 1. Schematic diagram of the laboratory-scale fixed-bed reactor

N2

The use of pre-programmed curves shown in Fig. 2, made it possible to carry out the
pyrolysis process. In this investigation, the samples were pyrolyzed by heating them to 400,
500, 600 °C, with a constant residence time of 2 minutes in the reactor. The temperature of
the sample was measured with a K-type thermocouple inside the feedstock. As shown in
Fig.2, the pyrolysis process is preceded by a two-minute nitrogen purge of the reactor and
the biomass sample is deposited in a water cooling jacket zone. When the sample is placed
into the heated reactor, the pyrolysis begins. Pre-programmed curves for heating the samples

from approximately 18 °C to 400, 500, 600 °C were characterized by a high heating rate of

13
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274, 343, and 419 °C/min, respectively (average integral calculated as the area under the
heating curves related to the heating time). After two minutes, the pyrolyzed sample was
moved into a water cooling jacket and then removed and placed under a nitrogen

atmosphere for 9 minutes (up to 40 °C).

700 :

pre-programmed pyrolysis curves
-—------ 600 C

600 |-

500

400

300

T(C)

200

100

0 F N,  pyrolysis cooling

purge
1

0 2 4 6 8 10 12 14
Time (min)

Fig. 2. Pre-programed pyrolysis curves in the fixed-bed reactor

2.5. Pyrolysis at micro scale reactor

Thermal decomposition of OS and OS+CI samples was performed using Py-GC-MS
(Pyroprobe, CDS Analytical: model 5200, connected to a Gas Chromatography Agilent
Technologies: model 7890B, equipped with Mass Spectrometry Agilent Technologies:
model 5977 A). Prior to the pyrolysis process, the sample weighing 1.0 +/- 0.1 mg, was
purged from the air with helium for c.a. 10 min. Pyrolytical investigations were conducted
indirect mode at three temperatures, 400, 500, and 600 °C with a heating rate of 100 °C/min
and a residence time of 20s. The experiments were conducted twice for each sample to
ensure that the composition of the product could be validated. The Agilent HP-5MS capillary
column with dimensions of 60 m x 0.25 mm x 0.25 um was used for separation. The GC

oven temperature programme was as follows: (i) 40 °C with a hold time of 7 min; (ii) heating

14
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ramp from 40 °C to 300 °C at a rate of 4 °Cxmin’; (iii) isothermal held at 300 °C for
10 min. The MS spectra were interpreted based on the reference MS library (chemical base

G1034C).

3. Results and discussion

3.1. Thermal analysis of feedstocks

The pyrolysis of the studied samples was first investigated using thermal analysis.
Figure 3a) shows the thermal analysis of pure NH4CI(s), OS, and OS+Cl. The
insignificant mass loss of pure ammonium chloride up to the temperature of 198 °C can
be attributed to the evaporation of moisture. The thermal decomposition of pure
ammonium chloride started at 198 °C, and the decomposition products are NHz(g) and
HCI(g). The maximum sublimation peak on the DTG curve was visible at 258 °C. The
TG curve showed the end of sublimation at 329 °C, with a total mass loss of 99.9%. The
final sublimation temperature of pure NH4Cl is consistent with the results of the literature
[23,24]. The NH4CI sublimation process occurs simultaneously with the decomposition
of the OS sample, which consisted of 41.07% cellulose, 24.62% hemicellulose and 5.16%
lignin. Zhao et al. [25] reported that maximum decomposition peaks for cellulose,
hemicellulose, and lignin were found at 335 °C, 295 °C, and 395 °C, respectively. As the
OS sample decomposes, HCI can interact with metal ions in the char matrix.
At 600 °C, approximately 1% more char with OS than OS+ClI remained. On the DTG
curves, the maximum peak for OS (-0.82%/°C) falls at a lower temperature of 330 °C
than for OS+Cl

(-0.66%/°C).
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Pyrolysis of OS doped with chars from pyrolysis at 400, 500 and 600 °C are shown in

Fig. 3b). The effect of doping OS to chars was an increased content of pyrolysis residues

(48.1, 52.5 and 57.3% for OS+C_400, OS+C_500 and OS+C_600 samples, respectively).

For all samples, the maximum weight loss was observed at a similar temperature of

325 °C, slightly lower than for pure OS. The DTG peak corresponded to the thermal

decomposition of the cellulose [22]. The maximum mass loss during the pyrolysis of the

OS+C_500 sample was a surprising result. As shown in the following sections on the

basis of XRF and SEM-EDS analyses, sodium, magnesium, and calcium were also

present in the samples. These elements have a catalytic effect on the biomass pyrolysis

process [26,27]. The local increase in the concentration of these elements could have

caused the maximum mass loss for the OS+C_500 sample.
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Fig. 3. Thermal analysis of the pyrolysis process under a nitrogen atmosphere for: a)
ammonium chloride, oat straw and oat straw doped with NH4Cl, b) oat straw doped
with char from pyrolysis at 400, 500 and 600 °C, and c) char from pyrolysis at 400, 500

and 600 °C doped with NH4Cl

Fig. 3c) indicates that after the evaporation of moisture for all samples, the sublimation
of ammonium chloride occurred. Additionally, the pyrolysis temperature determines the
content of volatiles in char. The C_400+Cl sample contained the highest content of
volatiles, thus, as a result of its re-pyrolysis, the maximum mass loss was obtained at a

temperature of approximately 440 °C.

3.2. Biochar characteristics

Collected biochars (solid pyrolysis product) from experiments performed using a
fixed-bed reactor were successively analyzed by ultimate, XRF, and SEM-EDS methods.
XRF spectroscopy was sensitive to interactions between elements in the sample and irregular
shapes of surfaces. The relative standard error for chlorine measurement in biochars was
better than +6% (typically £3%).

The results of the ultimate biochar analysis are depicted in Fig. 4a) for carbon,
Fig. 4b) for hydrogen and Fig. 4c) for nitrogen. As expected, the carbon content of
biochars showed a positive correlation with the pyrolysis temperature. For the OS,
according to Table 3, the carbon content was almost 50%. After pyrolysis OS, the carbon
content of biochar was 58.4, 59.0, and 61.5% at temperatures of 400, 500 and 600 °C,
respectively. Conversely, chars doped with OS slightly improved the carbon content
compared to OS biochar. Char doping to OS provided biochar with added value regarding

C-conversion efficiency. The addition of ammonium chloride to OS led to similar effects.

17
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Ammonium chloride was a carbonization promotor. Hence, ammonium chloride added to
biomass can be an alternative to the popular methods of biomass pre-treatment by washing
with acids (hydrochloric acid, acetic acid, sulphuric acid, perchloric acid, nitric acid, etc.)
[28,29]. As reported by Pajarito et al., NH4Cl doped into cellulose as a solid powder was as

effective as impregnation with an aqueous solution of NH4Cl [24].
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Fig. 4. The content of: a) carbon, b) hydrogen, and c) nitrogen in biochars obtained from
pyrolysis

The pyrolysis temperature plays an important role when char doped with ammonium
chloride is pyrolyzed. In the case of samples C_400+Cl and C_500+Cl, there was no
improvement in carbonization. However, at 600 °C (C_600+CI sample), the carbon content
increased slightly from 61.5% to 62.9%.
Figure 4b) indicates that the short residence time of the sample and the low pyrolysis
temperature (400 °C) of OS doped with NH4Cl favours an increase in the hydrogen content
of the sample. The hydrogen content increased in the biochar from 3.99% to 4.87%. The
increase of pyrolysis temperature promoted the release of hydrogen into the gas phase for
all the prepared samples. A very interesting tendency was observed for the nitrogen content
shown in Fig. 4c). Biochar obtained from the OS+CI pyrolysis was clearly enriched in
nitrogen. When the temperature increased, the nitrogen content in biochar also increased.
Due to NHa(g) released during the thermal decomposition of NH4CI(s), nitrogen was bound
in the biochar. Chen et al. [30] found that biochar could react with NHz(g) and form
numerous N-heterocyclic groups. Generally, to obtain valuable N-containing biochar
materials, nitrogen is deliberately fixed in biochar [31]. Biochar’s enriched nitrogen values
are considered as suitable material for catalysis, energy storage, and CO; capture processes
[32]. When analyzing the results for samples C_400+Cl, C_500+Cl, and C_600+Cl, it
transpired that biochars were not enriched in nitrogen at 500 and 600 °C.

The biochars obtained can be applied as a soil amendment or as a pollutant adsorbent
material. The atomic ratios of C:N and H:C in biochars ranged from 25.5 to 51.6 and 0.47
to 1.0, respectively. If the C:N ratio was higher than 20 in biochar or soil, nitrogen was used

to support microbial immobilisation in soil [33]. On the other hand, when the H:C values
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were in the range of 0.5 to 1.0, the surface active groups played a key role in the adsorption
process. As suggested by Wei et al. [34], surface acid groups were positively correlated with
the H:C ratio. The growth of such acid groups on the surface of adsorbents promotes the
adsorption of metal ions.

Based on the XRF analysis, the contents of chlorine, potassium and silicon in
biochars are presented in Fig. 5a-c). When analyzing samples OS+C_400, OS+C_500 and
OS+C_600, it can be observed that the addition of the char did not effect chlorine capture in
biochar. The most visible changes in chlorine content were in the OS samples doped with
NH4CI. Increasing the pyrolysis temperature from 400 to 600 °C for the OS+Cl sample
significantly improved the chlorine retention in the char, i.e. from 1.43 to 3.27% CI.
However, this is only a preliminary conclusion as it does not take into account the mass of
formed biochar. Therefore, a full analysis on the influence of sample type and pyrolysis
temperature will be presented taking into account the mass of biochar. The mass of biochar

was determined in relation to a 1 gram sample of the feedstock.
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286 Fig. 5. The content of a) chlorine, b) potassium, and c) silicon in biochars
287 As shown in Fig. 6, as the pyrolysis temperature increases, the mass of biochar is

288  reduced. Whereas, OS doping with NH4CIl (OS+CI) increases the mass of biochar. The
289  previously discussed nitrogen fixed in biochar could be responsible for increasing biochar

290  mass. However, the thermal analysis shown in Fig. 3b) indicates that the mass of OS+Cl
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biochar was lower than OS at temperatures of 400, 500 and 600 °C. This result indicates that
the heating rate and residence time of the sample had an effect on the mass of biochar. It can
be seen in Fig. 6 that samples C_400+Cl, C_500+Cl, and C_600+ClI after pyrolysis at 400,
500, and 600 °C had similar masses of biochar. The concentration of silicon and potassium
presented in Fig. 5b) and Fig. 5¢) as well as the biochar mass (Fig. 6) were the input data for

determining the chlorine release in the next section.
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Fig. 6. Mass of biochars at different temperatures

Figures 7a-d) show microphotographs of scanning electron microscopy analysis for
biochars obtained under 500 °C. The biochar from OS has a characteristic frayed
structure, with irregular shapes. The dark grey surface represents the organic matrix. Two
elements of elongated biomass residues stand out in the biochar microphotograph in Fig.
7b), while the white spots in Fig. 7b, Fig. 7c, and Fig. 7d) are separate grains of salt and
minerals. The EDS analysis for the micro-area, containing white spots in Fig. 7c)

confirmed that it was rich in potassium and chlorine.
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Fig. 7. SEM images of biochars for: a) OS, b) OS+C_500, ¢) OS+CI (with EDS analysis),
and d) C_500+ClI

A stoichiometric excess of potassium to chlorine indicates the presence of KCI. This may
signify that chlorine migrating through the biochar reacts with potassium bound in the
biochar matrix to form KCI. Finely ground OS increases the dispersion of potassium in the
organic matrix and provides a high reaction surface, which promotes the reactivity of the
char in relation to chlorine. The presence of the larger micrometre-range KCI grains,
resulting from the reaction of chlorine with potassium contained in the organic matrix, was
confirmed by researchers [12,18,35].

In Fig. 7d), the biochar obtained from C_500+ClI has cavities with channels which are visible
indicating that the structure of the sample contains many free spaces. Moreover, the
inorganic chlorine (from NH4Cl) can lead to the destruction of the carbon structure in biochar

and the inhibition of pore formation [36].
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3.3. Chlorine release

Based on a mass balance of chlorine during pyrolysis, the relative release of chlorine

to the hot gas phase was calculated by the equation:

Re = {1 - (—mb'%’”a“ “b)} -100%

mf-%mass le

1)

In equation (1), the mass of feedstock (mf) equals 1 gram, and the mass of biochar (mp) is
consistent with the data in Fig. 6. The mass percentage of chlorine in feedstock samples was
determined on the basis of the experimental results and calculations when mixing
components. Chlorine content in biochar was taken from Fig. 5a). The verification of the
experimental results was carried out using tracer, including two components such as

potassium and silicon, according to equation (2)[12]:

RK/si _ {1 _ (%mass Kp/%mass Sib)} -100%

%mass K g/%mass Sif

(2)

The data for equation (2) was the result of XRF analysis in feedstock and biochar. The
percentage contents of potassium and chlorine in biochar are consistent with Fig. 5b) and
Fig. 5¢). The results of the relative chlorine release calculations are depicted in Fig.8a), while
the ratio of potassium to silicon (as tracer) is shown in Fig. 8b). Almost 95% by mass of the
chlorine contained in OS was released during pyrolysis at the temperature of 400 °C,
whereas 50-77.5% has been reported in the literature [5,11,12]. The inter-sieve fraction
(100-200 um) of the OS used for pyrolysis contributed to a high level of chlorine release.
OS pyrolysis performed at 600 °C, significantly reduced the Rci to 77%. This observation

confirmed that chlorine released as HCI, and CHsCl was captured by char via secondary
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342  reactions [13]. As reported by Knudsen et al. [18], HCI was most effectively captured in the
343  char when the temperature was 600 °C. Inherent metal elements (mainly potassium) at

344  biomass determined the capture of HCI at biochar.
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346 Fig. 8. Relative release of: a) chlorine, and b) potassium/silicon (as tracer), to the hot gas

347 phase

348  Accordingly, to maximize the chlorine capture in biochar, the pyrolysis process should be
349  conducted at 600 °C. OS doped with chars (OS+C_400, OS+C_500 and OS+C_600)
350 significantly improved the chlorine capture in biochars, because the Rci dropped from 82%
351 at400 °C to 56.7% at 600 °C, i.e. by as much as 25.3%. The chlorine capture was improved
352 by doping the OS sample with AAEM-rich char. As a result, AAEM species existing as

353  carbonates or char-bound forms reacted with the chlorine [17,37].
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On the contrary, in the OS samples doped with NH4Cl, chlorine was partially captured in
the biochar (at the temperature increased from 400 to 600 °C, the Rcy value was the lower).
Although the OS+CIl sample represents a 10-fold higher concentration of Cl compared to
pure OS, the Rci was significantly reduced. The most favourable Rc value, 24.2%, was
obtained for the C_400+CIl sample. Chlorine release was observed, despite increasing
temperature pyrolysis of chars doped with NH4Cl (samples C_400+CI, C+500+Cl and
C_600+ClI). To explain this phenomenon, it is necessary to compare the concentrations of
chlorine in the samples before and after pyrolysis (Fig. 5a)). Before pyrolysis, the samples
contained 0.04, 0.09 and 0.22% chlorine (in the sample before doping with NH4Cl), while
after pyrolysis in C_400+Cl, C_500+Cl and C_600+ClI chars, the chlorine contents were
1.86, 1.84, 1.81% respectively. Chlorine may have been associated with KCI and char-Cl,
and it has reached the saturation state at these temperatures. As a result, the least chlorine
amout from the doped NH4Cl was retained at 600 °C.

The tracer values Rksi presented in Fig. 8b) for only three samples exceeded 10%, which is
considered a good result. Higher values of tracer Rxssi calculated by equation (2) may result

from the positive correlation of temperature increase with potassium release [38,39].

3.4. Distribution of chlorine

The concentration of chlorine in liquid pyrolysis products collected during the
experiment, which was conducted on a fixed-bed reactor, was determined by the ICP-
OES method. The liquid phase was gravimetrically separated into an aqueous phase and
oil.

The uncertainty of chlorine measurement was determined according to the
recommendations contained in the EURACHEM/CITAC Guide CG4 [40]. The expanded

uncertainty at the confidence level of 95% and the expansion factor k=2 for the aqueous
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378  phase was less than 14% and for the oil phase less than 32%. The liquid phases were
379  weighed to determine the yields with the yield of the gas phase (Y,,,) estimated as a
380 difference of up to 100%.
381 Ygas =100% — Y, — You — Yaq.phase
382 3)
383  The biochar yield was calculated using equation (4).
384 Y, = —2-100%
mg
385 4)
386 Based on the chlorine content in pyrolysis products and their yields, the influence of
387  temperature on chlorine distribution is shown in Fig. 9a-f).
a) 0S 400 5.3 CI b) 0S+CI 400 26.5% CI
in biochar in biochar
13.0% ClI
in oil 3.4% Cl
in oil
100% Cl _9'4% CL 100% Cl 17.4% CI
in OS " aq. phase in OS+Cl in ag. phase
72.3% Cl 52.7% Cl
in gas in gas
¢) 0S 500 10.0% CI d) 0S+CI 500 _32»?% cl
i biochar in biochar
9.9% CI 5.0% CI
in oil in oil
100% ClI 12.6% CI 100% ClI 15.1% CI
in OS in ag. phase in OS+Cl in aq. phase
67.5% ClI 47.2% Cl
in éas in gas
€) 0S 600 i‘ZS(“)/;Er f) 0S+CI 600 41.3% CI
in biochar
9.3% ClI
in oil 2.6% Cl
10.9% ClI in oil
100% CI . 100% ClI
inoS in aq. phase in 0S+Cl 10.5% ClI
in ag. phase
57.1% Cl 45.6% Cl
in gas in gas
388
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Fig. 9. Distribution of chlorine in pyrolysis products during OS and OS+ClI pyrolysis at a-

b) 400, c-d) 500, and e-f) 600 °C

Analyses were performed for two samples OS and OS+Cl. In the case of C_400+Cl,
C_500+CI and C_600+Cl samples, the liquid phase was absent, and for the samples
0OS+C_400, OS+C_500, and OS+C_600, a very low liquid phase yield was observed. As
depicted in Fig. 9a) to Fig. 9f), the reduction of chlorine distribution to the gaseous phase
is favoured by higher pyrolysis temperatures. Chlorine was then more easily captured in
the biochar, and its percentage increased from 5.3% at 400 °C to 22.8% at 600 °C for the
OS sample, while OS doped with NH4Cl was characterized by a higher percentage of
chlorine in the biochars. The percentage of chlorine present in the oil was higher for OS
samples (9-13%) compared to OS+Cl (2.6-5.0%). Simultaneously, no correlation was
observed between the pyrolysis temperature and the chlorine content in the oil. Only some
data from the literature is focussed on the distribution of chlorine to the oil phase [8,41].
As reported by Du et al. [8], the oil contained 10 to 20% of total chlorine. Although,
between 14 to 34% of chlorine was for oil in the case of sewage sludge pyrolysis [41].
According to Rahim et al. [15], the dominant percentage of chlorine (~75%) was found
in tars from the pyrolysis of bark in a fixed-bed reactor. A high chlorine distribution to
tar (up to 64%) was promoted by a low pyrolysis temperature and a high heating rate
(600 °C/min) [42].

Chlorine is one of the elements that dissolves rather well in water. For this reason, the
distribution of chlorine to the aqueous phase was stronger for the pyrolysis of OS+CI
samples. In this case, the increased chlorine distribution to the gas phase showed a

positive correlation with the chlorine distribution to the aqueous phase.
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3.5. Pyrolysis at micro scale reactor

The identification of compounds and the calculation of their relative share was
determined by the implementation of the deconvolution algorithm. This was particularly
important because of the highly volatile halogenated compounds. Compounds with low
molecular weights had a very similar retention time, which, in the case of the integration
method, made it impossible to separate them and recognize the compounds.

The main compounds detected during pyrolysis OS and OS+Cl are summarized in
supplemental materials Table S1. Table 4 depicts a simplified version of Table S1, including
groups of compounds identified during Py-GC-MS. The main mechanism of OS and OS+Cl
decomposition was based on decarboxylation reactions, as evidenced by the high share of
carbon dioxide ranging from 20.92% (for OS+Cl at 600 °C) to 31.38% (for OS at 400 °C).
The total area of the carbon dioxide content was favoured by both the increase in pyrolysis
temperature and doping with NH4CI. The largest group of non-condensing products were
various types of oxygen compounds: i) ketones, ii) carboxylic acids, iii) furan derivatives,
Iv) other oxygenated compounds, and v) phenolic derivatives. Ketones had the largest share
(about 19% for all studied temperatures) in the OS pyrolysis product. Doping OS with
NH4ClI reduced the share of ketone compounds for each studied temperature. This doping
also had a positive effect on the share of furan derivatives, i.e. dehydration products of

polysaccharides made of pentoses such as xylose

Table 4. Identified compounds released during the pyrolysis of oat straw and oat straw

doped with ammonium chloride by Py—GC-MS cumulative at 400, 500, and 600 °C.

Sample 0S OS+ClI

T (°C) 400 500 600 400 500 600
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434

435

436

437

438

439

440

441

442

443

444

445

Groups of chemicals / compounds  Area (%)

Carbon dioxide 31.38 29.28 27.14 2555 2143 20.92
Ketones 19.14 1890 1891 6.65 10.70 9.31
Carboxylic acids 8.00 7.10 702 795 794 8.64
Furan derivatives 6.71 6.00 230 1850 16.19 13.71
Others oxygenated 6.70 7.76 710 214 235 527
Hydrocarbons 478 7.13 994 348 453 7.68
Phenol derivatives 331 474 402 216 222 270
N-containing compounds 1.01 249 139 27.16 27.84 23.86
Cl-containing compounds 052 0.36 318 579 551 457

% of sum area - identified peaks 8156 83.78  81.00 99.39 98.71 96.67

and arabinose. The relative share of furan derivatives indicated a negative correlation with
an increase in the pyrolysis temperature. The highest shares were at 400 °C with 6.71%
and 18.5% for OS and OS+Cl, respectively. Furfural (12.9% — according to Table S1)
was the main component of furan derivatives identified during the pyrolysis of the OS+Cl
sample conducted at 400 °C. Furfural, produced from biomass, is a valuable feedstock
for the chemical industry [43,44]. Table 4 also shows that the higher decomposition
temperature of OS and OS+Cl samples promoted the formation of hydrocarbons. The
nitrogen contained in ammonium chloride contributed to a strong increase in the content
of heterocyclic nitrogen compounds in pyrolysis products. The last group are chlorine-
containing compounds. In all temperature conditions, the presence of chloromethane was
found for OS and OS+CI. Non-condensing gases from OS+CI pyrolysis were richer in
chlorine-containing compounds and, in addition to chloromethane, they also contained

chloroacetaldehyde.
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Conclusion

In this study, the results of experimental investigations of the release of chlorine from: oat

straw, oat straw doped with char, oat straw doped with NH4Cl, and char doped with NH4Cl

during pyrolysis are presented. The novelty of this work was the application of a short

residence time (2 minutes) for samples in the pyrolysis reactor. Based on experiments

conducted at temperatures of 400, 500 and 600 °C, it was found that:

Almost 95% of the chlorine was released at 400 °C. The chlorine release was lower
when the pyrolysis temperature increased to 600 °C and for the oat straw samples
doped with chars.

Chlorine captured in biochar was confirmed by the presence of KCI.

NH4Cl doped with oat straw increased the mass of biochar when the experiment was
performed with a short sample residence time. Conversely, the opposite effect was
found on the basis of the thermal analysis of a long residence time for the sample.
The biomass doped with NH4CIl promoted the fixation of nitrogen in biochar. In
addition, biochar yields and carbonization have improved. Another added value of
doping oat straw with NH4Cl was the promotion of furfural production in non-
condensable gases.

A lower percentage distribution of chlorine to oil was noted in the case of the
pyrolysis of oat straw doped with NH4CI than with oat straw alone.

The main gaseous Cl-compound detected during Py-GC-MS analysis was

chloromethane.
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