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Highlights
e Experiments of acetylene pyrolysis at 1173 K and 8 kPa in a tubular reactor.
e Analysis of products including the 16 EPA-PAHS.
e PAH amounts increase with residence time at low acetylene concentration.
e PAH amounts slightly decrease with residence time for pure acetylene.

e Correct agreement with simulation results, especially for the main products.
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Abstract

Low-pressure carburizing involves hydrocarbon pyrolysis, which leads to a fast gas-phase
formation of polycyclic aromatic hydrocarbons (PAHs), some of which, such as
benzo[a]pyrene, are carcinogenic. Workers can be exposed to these PAHs during maintenance
and cleaning operations of carburizing furnaces. Experiments of acetylene pyrolysis were
carried out in conditions close to low-pressure gas carburizing processes, at 1173 K and
8 kPa, in tubular reactors. At the outlet of the reaction zone, the reactant and the reaction
products were analyzed by gas chromatography (TCD, FID and MS). Amongst other
products, 16 PAHs classified as priority pollutants by the United States Environmental
Protection Agency (US EPA) were observed and quantified. The study of the influence of
residence time and of inlet reactant concentration shows that amounts of PAHSs increase with
residence time at low acetylene concentration but slightly decrease with pure acetylene due to
the conversion of PAHSs into soot. Results were compared to simulation results obtained with

a detailed kinetic model of light hydrocarbon pyrolysis.
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1. Introduction

Processes of hydrocarbon pyrolysis and combustion lead to the formation of several species in
gas phase, particularly polycyclic aromatic hydrocarbons (PAHS), which are soot precursors
(Violi et al., 1999; Richter and Howard, 2000; Kuwana et al., 2006). PAHSs are toxic and some
of them are carcinogenic (Straif et al., 2005). Sixteen PAHs have been classified as priority
pollutants by the Environmental Protection Agency in the United States (EPA-PAHS):
naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene, benzo[a]anthracene (B[a]A), chrysene, benzo[b]fluoranthene (B[b]F),
benzo[k]fluoranthene (B[k]F), benzo[a]pyrene (B[a]P), indeno[1,2,3-cd]pyrene (1[1,2,3-cd]P),
dibenzo[a,h]anthracene (DB[a,h]A) and benzo[ghi]perylene (B[ghi]P) (Sanchez et al., 2013a).
Their structure is represented in supplementary data (S1). In particular, B[a]P is carcinogenic
to humans according to the International Agency for Research on Cancer (IARC) (IARC,
2017).

One of the processes which lead to PAH formation is low-pressure gas carburizing.
Carburizing is used to avoid wear of pieces subject to strong constraints (Yada and Watanabe,
2013). It is a heat treatment process used to harden surface of steel by enriching the metal
with carbon atoms. Carbon is obtained from hydrocarbons such as acetylene which react at
the surface of steel parts and diffuse into them. However, at the same time, hydrocarbon
pyrolysis occurs in the gas phase. PAHSs are formed and condense on the cold walls of pipes,
valves and vacuum pump downstream of the furnace. Thus, during maintenance and cleaning
operations of carburizing furnaces, workers can be exposed to particles or tar containing
PAHSs by inhalation and skin contact (Champmartin et al., 2017).

Different hydrocarbons are used as a reactant in low-pressure gas carburizing processes. The
most common are acetylene, ethylene and propane (Buchholz et al., 2010). This study focuses

on acetylene because it is an important intermediate in the growth of PAHs through the
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hydrogen abstraction C2H2 addition (HACA) mechanism. This mechanism proposed by
Frenklach et al. (Frenklach et al., 1984) consists in the elimination of a hydrogen atom from
the initial PAH by an H-atom abstraction reaction, followed by the addition of an acetylene
molecule on the obtained radical site. Otherwise, acetylene is one of the most efficient
hydrocarbons for surface reactions of carburizing and chemical vapor deposition (CVD)
(Lacroix et al., 2010). To study the parameters which impact PAH formation, experiments of
acetylene pyrolysis were performed in different operating conditions.

The first known pyrolysis of acetylene was performed in 1866 by Berthelot who highlighted
the formation of benzene (Berthelot, 1866). Afterward, three kinds of reactors were used to
study acetylene pyrolysis: static reactors, flow reactors and shock tubes (Rokstad et al., 2014;
Wu et al., 1987). In the present study, flow reactors, generally appropriate for temperatures
between 800 and 1500 K, are employed.

In 1929, Pease used a flow reactor to study acetylene pyrolysis in a continuous vessel. He
showed that the primary reaction, which involves two acetylene molecules, determines the
global reaction rate (Pease, 1929). Stehling et al. studied the formation of solid carbon during
acetylene pyrolysis (Stehling et al., 1957). In 1961, they analyzed the pyrolysis products at
different temperature from hydrogen to aromatic species containing ten carbon atoms
(Stehling et al., 1961). Other studies allowed to highlight the role of vinylacetylene (C4Ha) as
an intermediate in benzene and solid carbon formation (Hou and Anderson, 1963; Munson
and Anderson, 1963). In 2000, Krestinin et al. determined a threshold temperature for soot
formation during acetylene pyrolysis at 1200 K for a partial pressure of acetylene of 13.4 kPa
(100 Torr) and a residence time in the reactor of 0.17 s (Krestinin et al., 2000). Dimitrijevic et
al. (2000) studied acetylene pyrolysis at short residence times (between 3 and 50 ms)
(Dimitrijevic et al., 2000). They found vinylacetylene and benzene to be the primary products

with reaction orders of two and three, respectively. Later, other experiments were carried out.
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Twenty-four products were detected, including 15 primary products (Xu and Pacey, 2005). In
2014, Rokstad et al. confirmed that the main products of acetylene pyrolysis are
vinylacetylene and benzene at low conversion, but solid carbon and hydrogen at important
conversion (Rokstad et al., 2014).

Regarding the 16 EPA-PAHSs, few experimental data are available for acetylene pyrolysis.
During the period 2010 to 2013, Sanchez et al. quantified them at the outlet of a plug-flow
reactor (Sanchez et al., 2012a, 2012b, 2013b, 2010). The reaction was carried out at different
temperatures between 873 and 1473 K and at atmospheric pressure with a diluted reactant,
which were sooting conditions. The authors observed that the concentration of PAHSs
increases with the inlet concentration of acetylene. The study of the impact of temperature
showed that the total amount of PAHSs reaches a maximum around 1223 K, which is explained
by the increase of carbon amount involved in soot formation (Sanchez et al., 2013b). When
residence time increases, the amount of light PAHs (from two to four rings) increases while
the amount of heavier PAHs reaches a maximum (Sénchez et al., 2012). At low pressure
(between 2 and 15 kPa) and with pure acetylene as a reactant, Norinaga et al. (2006, 2009)
measured 13 EPA-PAHS in a plug-flow reactor (Norinaga et al., 2009, 2006). They worked in
chemical vapor deposition (CVD) conditions, at temperature between 1073 and 1373 K. They
observed that the main products of acetylene pyrolysis are hydrogen, methane, ethylene,
vinylacetylene, benzene and naphthalene. In addition to the EPA-PAHS, they also quantified
other PAHSs including up to seven aromatic rings. They found a global order of reaction of 2.7
with respect to the reactant. This value is higher than other values available in the literature,
which are closer to 2 (Hooker, 1958; Ogura, 1977; Silcocks, 1957). Finally, between 2007 and
2012, at the University of Tokyo, PAH formation was studied during acetylene pyrolysis but
also during the pyrolysis of aromatic species (benzene, toluene) in a plug-flow reactor (Shukla

et al., 2008, 2007; Shukla and Koshi, 2012). The authors highlighted the importance of the
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reactions between aromatic species in the process of PAH growth. They concluded that the
formation of heavy PAHs necessarily results from the combination of several reaction
pathways.

The aim of this study is to experimentally quantify the set of 16 EPA-PAHSs during acetylene
pyrolysis at conditions close to low-pressure gas carburizing processes without surface
reactions on steel parts. All of these species were not quantified in previous studies in the
literature (Norinaga et al., 2006, 2009). Whereas temperature and pressure are constraint by
the carburizing process (technical constraints, solid phase state of steel, etc.), the influence of
residence time and acetylene concentration were investigated. First investigations were done
in a spherical jet-stirred reactor (Matras and Villermaux, 1973; Herbinet et al., 2015), which
studied the formation of H2 to C7 during gas carburizing conditions and showed deviation
from ideal flow mixing under low pressure (Bensabath et al., 2019). The present study
implements a tubular flow reactor closer to ideality, which allows a better kinetic analysis
(Norinaga et al., 2006, 2009; Li et al., 2018). Experimental results are compared to simulation

results obtained with a detailed kinetic model of hydrocarbon thermal decomposition.

2. Experimental setup

2.1. General description

Experiments of acetylene pyrolysis are carried out in the experimental setup shown in
figure 1. It consists of a gas feeding system, a reaction system, an on-line gas analysis system
and a product collection system. Low pressure is reached by means of a rotary vane pump
(Edwards E1IM18 Atex 3) and controlled thanks to a solenoid control valve (MKS 0248A)
and absolute pressure transducers (MKS Baratron® 622B). Gases (acetylene and nitrogen) are
taken from gas cylinders (Air Liquide and Air Products®) and flow rates are adjusted by mass

flow controllers (Brooks® SLA 5850S). Two controllers are used for acetylene depending on
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the flow rate: they allow reaching flow rates up to 600 NmL.min* and 12 000 NmL.min™,

respectively, to study the influence of gas residence time (from 0.5 to 3 s).

GC ®

Furnace

\

H ) Quartz tube reactor }V _______ ; B & Pump

Cold
trap

-/
Liquid nitrogen

Figure 1: Experimental set-up ( --------- heating flex; 77777 insulation; T: temperature

sensor; P: pressure sensor; M: mass flow controller; F: filter)

Reaction takes place in a fused silica tube reactor of 1200 mm length. Two internal diameters
are used: 80 mm and 16 mm, in order to vary gas residence time. Tubular reactors can be
considered as ideal plug-flow reactors in the studied conditions. The Péclet number calculated
in the different studied conditions lies between 80 and 220 in the case of the 16 mm diameter
reactor and between 39 and 52 for the 80 mm diameter reactor. A value above 50 allows to
neglect the dispersion and validate the ideal plug flow hypothesis (Hiblot et al., 2016). The
reactor is placed horizontally in a tubular three-zone furnace (Carbolite® HZS 12/600) and
only 600 mm length are heated. Radiant panels on each side of the heated area prevent edge
effects. Measurements made with thermocouples (type K) along the reactor showed that the
relative difference between the actual temperature in the reactor and the setpoint temperature
(1173 K) does not exceed 1% (around 10 K) for the reactor of 80 mm diameter. At the outlet
of the reactor, two methods are used to sample and analyze the products of pyrolysis,

depending on the molecular weight of the products.
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2.2. Light product analysis

Light products (hydrogen and hydrocarbons up to seven carbon atoms) are analyzed on-line
by a gas chromatograph (PerkinElmer, Clarus 580 GC adapted by the company Antelia). The
GC contains two sampling loops. They fill up simultaneously during the sampling of the gas.
This sampling is performed under vacuum by means of a pump located downstream of the
GC. Before the analysis, a nitrogen plug-flow compression system allows to bring the
pressure to 1.1 bar into the sampling loops. The aim of this operation is to be sure that mole
amount in the loops is the same for each analysis, regardless of the operating conditions of the
process. Volume and temperature of the loops are constant.

At the beginning of the analysis, the gas is sent in two parallel circuits simultaneously. The
first leads to a thermal conductivity detector (TCD) and the second leads to a flame ionization
detector (FID). Only hydrogen is quantified by the TCD and molecules quantified by the FID
are methane, ethylene, acetylene, 1,3-butadiene, propyne, vinylacetylene, benzene and
toluene. Another peak is observed, which may correspond to cyclopentadiene. The peak of
allene is mingled with the peak of acetylene. The error induced on the amount of acetylene is
negligible because the amount of allene is very low compared to the amount of acetylene (the
reactant) in the studied conditions. The accuracy of analyzes is evaluated at 10% for major
species and at 20% for minor species.

The GC analysis provides the composition in the gas phase entering the GC sampling loops,
whereas the heaviest products were condensed and filtered before the inlet of the GC. The
error due to this variation of the total molar flow is supposed to be small since gas products

represent most of products in molar amounts.
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2.3. Heavy product analysis

To analyze heavy products, all species, except the lightest, are condensed on the walls of a
cold trap (KGW Isotherm) by liquid nitrogen (Linde group). Analyses of the stream at the
outlet of the trap were performed with the on-line gas chromatograph. They showed that the
amount of product that is not condensed and goes through the trap is negligible, except for the
lightest products, such as hydrogen and methane which are not quantified this way. During
experiments with the highest gas flow rate (reactor of 80 mm diameter), gas analyses by GC
at the exit of the trap showed that 3 to 20% of benzene and 2 to 10% of toluene (depending on
the reactant concentration and the residence time) were not condensed into the trap. It is then
possible to neglect the amount of heavier products, especially PAHSs, that goes through the
trap.

After the sampling, the cold trap is removed from the setup and washed with a known volume
of dichloromethane. Samples are analyzed off-line by gas chromatography. Light aromatic
species are separated in a column Rxi-624 Sil/MS (0.32 mm diameter, 60 m length and
containing a film of 1.8 um thick) and PAHs are separated in a column Rxi-17 Sil/MS
(0.25 mm diameter, 30 m length and containing a film of 0.25 pum thick), which is specifically
appropriate for PAHs. The sixteen EPA-PAHSs are quantified by a mass spectrometer detector
(MS). 1]1,2,3-cd]P and DB[a,h]A cannot be separated and are considered together. Other light
aromatic species: phenylacetylene, styrene and indene, are quantified by a FID. For these
species, the detection threshold is 1 pg.mL* and, for PAHs, detection thresholds vary from
0.1 to 1.5 pg per sample (on a basis of 120 mL per sample) according to the species. They are
gathered in supplementary data (S2).

This analysis method leads to uncertainties because of the different steps between sampling
and analysis: potential evaporation of dichloromethane, errors due to successive dilutions

before analysis, etc. Losses of products by evaporation can also occur when heating from
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liquid nitrogen temperature up to room temperature. However, it can be assumed that they
mainly concern light products. Moreover, experiments of reproducibility were performed.
Note that when the on-line gas chromatograph is used, the cold trap is removed from the set-

up and replaced by a pipe.

2.4. Operating conditions

All experiments were carried out at 1173 K and 8 kPa. The feed consisted of acetylene, pure
or diluted with nitrogen. Residence time t is the ratio between the volume of the reactor and

the volumetric flow rate.

Table 1: Operating conditions — All experiments were performed at 1173 K and 8 kPa

Acetylene Acetylene
ng:gl fraction in Residence '?f;\}vxﬁlgge flowrate at
diameter (mm) |  nitrogen time (s) (NL.min) | 1173 Kand8kPa

(molar %) : (L.min)
15 0.44 24
2.1 0.32 17
20 2.4 0.28 15
2.7 0.25 13
80 3 0.22 12
1.5 1.11 60
2.1 0.79 43
50 2.4 0.69 38
2.7 0.61 34
3 0.55 30
0.5 0.27 14
1 0.13 7.2
16 100
15 0.088 4.8
1.75 0.076 4.1
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Three molar concentrations of acetylene were tested: 20%, 50% and 100%. Dilution allowed
investigating different concentrations under the same total pressure. Furthermore, diluted
reacting mixture permitted to reach longer residence time with limited soot formation.
Residence time was set between 0.5 and 3 s. In the case of diluted mixtures in the 80 mm
diameter pipe, the minimum residence time was conditioned by the range of mass flow
controllers to 1.5 s. Shorter residence times have been studied in the case of pure acetylene,
but long residence times leading to significant conversions have been omitted to avoid
massive soot formation and reactor fouling. Solid deposits were observed on reactor wall:
pyrolytic carbon in the hot part of the reactor and soot at the exit of the reactor where
temperature drops. After each experiment, reactors were cleaned by oxidation of carbon at
1173 K with an air inlet into the reactor. This cleaning avoids heterogeneous effects on next
experiment. Table 1 summarizes the tested operating conditions. Each experiment was
performed two to four times to test the reproducibility. Thereafter, for the presentation of the
results, an average is used for each case and the range between the lowest and the highest

values is represented by an error bar.

3. Modeling

The model used for simulations were presented in a previous study (Bensabath et al., 2016). It
is a detailed kinetic model which describes the reactions of light hydrocarbon pyrolysis and
the formation and growth of PAHSs up to seven aromatic rings (Frenklach et al., 1984; Rota et
al., 1994; Dai et al., 1999; Norinaga and Deutschmann, 2007; Norinaga et al., 2009). It is
mainly focused on the formation of the sixteen EPA-PAHSs at low pressure. It contains 363
species and 1255 reactions. The model was previously validated with experimental data from

the literature, especially with data of Norinaga and Deutschmann (Norinaga and
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Deutschmann, 2007) for acetylene and ethylene pyrolysis at low pressure. Flux and sensitivity
analyses were achieved to better understand reaction pathways of benzene and PAH
formation (Bensabath et al., 2016). Simulations were performed using the PSR (Perfectly
Stirred Reactor model) module in the Chemkin software suite. Tubular reactors, considered as
plug-flow reactors, were modeled as a succession of fifty continuous small well-stirred

reactors, which ensured grid independent results.

4. Results and discussion

4.1. Generalities

All experimental results compared to simulation results are available in supplementary data
(Figures in S3 and mole fractions in S4). Some results are presented in molar fractions (light
species, analyzed on-line) and others are presented in mass fractions (heavy species, analyzed
off-line). The units are different because of the different kinds of analyzers. The total mole
flow varies between the inlet and the outlet of the reactor due to reactions and the mole flow
at the outlet of the reactor is unknown. So, it is not possible to make conversions in order to
have all the results expressed in the same way. For the same reason, acetylene conversion
cannot be precisely calculated and results for acetylene are expressed in mole fractions.
Experiments at 20% and 50% acetylene at the inlet of the reactor were carried out with the
tube reactor of 80 mm diameter. The shortest residence time of 1.5 s led to a somewhat
important conversion of acetylene in the present conditions, so results at low conversion are
not available. With pure acetylene, the reactor of 16 mm diameter was used and experiments
at lower residence times were performed. Nevertheless, results are more heterogeneous
because of the important conversion of acetylene which leads to the formation of soot and
solid deposits and generates experimental complications. It is therefore hard to distinguish

clear trends with this small reactor, especially for PAHSs.
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Regardless of the operating conditions, some general results are highlighted. They can be
observed in figures 2 to 7, detailed further, and in S3. Amongst the light species, acetylene is
not completely converted and remains always predominant. Then, hydrogen is produced in
large amount because PAH formation leads to an increase of the C/H ratio in heavy products
and to Hz formation. Methane, ethylene, vinylacetylene and benzene are also formed in
important amounts but there are less propyne and 1,3-butadiene. Regarding aromatic rings
with linear branches, phenylacetylene is the main product. That can be explained by the large
amount of acetylene and the fact that phenylacetylene is produced through the HACA
mechanism from benzene (Bensabath et al., 2016). Amongst PAHSs, naphthalene and
acenaphthylene are predominantly formed. The relative importance of heavier PAHs depends
on the operating conditions. However, phenanthrene and pyrene are always formed in big

amount; B[b]F and B[K]F are always very little formed.

Page 13



4.2. Reactant and light products

Figure 2 presents the evolution of the normalized acetylene mole fraction at the outlet of the
reactor with respect to acetylene mole fraction at the inlet as a function of the residence time.
Results for the three inlet concentrations are represented. Acetylene is the reactant, so its
fraction decreases when residence time increases, except for 20% acetylene at the inlet. In this
last case, the profile suggests that the results are distorted by errors in the experiments,

especially for the point at 1.5 s of residence time.

=
o

-| ®20% acetylene
- W 50% acetylene
1 A 100% acetylene

outlet mole fraction of acetylene /
inlet mole fraction of acetylene

©C 0000 o000 o0 0o
Ok N w kU N ©©
1
|
|

T T T T T

0 0.5 1 15 2 25 3 35
residence time (s)

Figure 2: Comparison of acetylene mole fractions at the outlet of the reactor divided by the

inlet concentration as a function of the residence time between different inlet concentrations

The only residence time for which experiments are available for 20%, 50% and 100%
acetylene is 1.5 s. At that time, it appears that the higher the acetylene concentration, the more
acetylene is consumed. This trend is confirmed because the rate of decrease of the mole
fraction as a function of the residence time increases with the concentration (considering the
uncertainty of the profile at 20%).

Experimental results and simulations obtained for light species with pure acetylene are
presented in Figure 3. Graphs represent the evolution of mole fractions plotted as a function

of the residence time into the reactor for acetylene, hydrogen, methane, ethylene, propyne,
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Figure 3: Mole fraction profiles of light species with pure acetylene (® experiments; =

simulation) — Comparison with experimental data of Norinaga and Deutschmann with an inlet

composition of 98% acetylene, 0.2% methane and 1.8% acetone (Norinaga and Deutschmann,

2007) (4)

On the contrary, hydrogen, methane, ethylene and benzene fractions increase. 1,3-butadiene

was not detected with 20% acetylene at the inlet. With 50% and 100% acetylene, its fraction

increases when residence time decreases. The model simulates very well the reactant

conversion. The profiles of the main products, i.e. ethylene, and benzene, are in good

agreement with experimental results, as well as vinylacetylene and 1,3-butadiene. Hydrogen

is underestimated for longer residence times. This can be due to the formation of soot and
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solid pyrocarbon during experiments leading to hydrogen released in gas phase. Soot
formation is indeed not included in the model. This analysis is supported by the increasing
gap between experimental and simulation results with residence time and, therefore, with the
progress of pyrolysis reactions. Methane is underestimated by a factor 5. The formation of
methane during the pyrolysis of an unsaturated species such as acetylene is difficult to predict
precisely because of the low C/H ratio of the reactant and some reaction channels may be
missing. Among minor light products, propyne is also underestimated by the model and
toluene is overestimated. Evolution as a function of the residence time for light species is

similar regardless of the inlet acetylene concentration (S3).

4.3. Comparison with the literature

Experimental data obtained in conditions close to experiments with the reactor of 16 mm
diameter were carried out by Norinaga and Deutschmann (Norinaga and Deutschmann, 2007).
Pyrolysis of acetylene was realized in a tube reactor at 1173 K and 8 kPa. The inlet feed was
composed of 98% acetylene, 0.2% methane and 1.8% acetone. Figure 3 presents results of
Norinaga and Deutschmann compared to results of this work for light species available in
both cases: acetylene, hydrogen, methane, ethylene, propyne, vinylacetylene, benzene and
toluene. Acetone came in Norinaga’s work from acetylene bottle, in which it is used to
stabilize the hydrocarbon. GC analyses of fresh acetylene at the outlet of the bottle did not
show any acetone in our work. So, simulations did not consider this impurity.

The orders of magnitude of mole fractions are identical for both sets of points: 10 for
hydrogen; 102 for methane, ethylene, vinylacetylene and benzene; 10 for propyne and
toluene. A good agreement is observed between the results of the two studies. It is particularly
true for acetylene and methane, but also for vinylacetylene for which the decrease with

residence time, following an important production at low residence time, appears in both
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cases. The growing trend of mole fractions with residence time for hydrogen, methane,
ethylene and benzene of Norinaga and Deutschmann experiments is also observed in the
current study. Nevertheless, it appears that these species reach a plateau (for hydrogen) or
begin to decrease (for methane, ethylene and benzene) at large residence times (experiment at
1=1.75 s). Regarding profile shapes, the only differences between the two sets of experiments
are observed for species formed in small amount: propyne and toluene. For toluene, the
profile shape appears to be decreasing for experiments of this study and increasing for
experiments of Norinaga and Deutschmann. However, only the last experiment of Norinaga
and Deutschmann (at residence time 1.2 s) clearly shows a growing mole fraction. The three

other points seem to be moving toward a stabilization.

4.4, PAHs

Figure 4 presents a comparison of the results obtained for the 16 EPA-PAHS at the three inlet
acetylene concentrations, for a residence time of 1.5 s. PAH mass flows at the outlet of the
reactor are normalized with respect to acetylene mass flow at the inlet of the reactor. This
representation makes possible not to take into account the inert and thus to make comparable

the amount of PAHSs obtained at each acetylene concentration.
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Figure 4: Comparison of PAH mass fractions between different inlet concentrations at 1.5 s of
residence time

Figure 4 allows comparing the relative amounts of each PAH. By classifying PAHs by
decreasing abundance, the order obtained is independent of the initial acetylene concentration,
so reaction pathways of PAH formation do not depend on acetylene concentration. The
following orders of magnitude are for pure acetylene because fractions represented in figure 4
for this case correspond to mass fractions. The most abundant PAH is always naphthalene
(fraction around 1072 at 100% acetylene). The second is acenaphthylene (fraction around 10°3%).
Other important PAHs are fluorene, phenanthrene, fluoranthene and pyrene (fractions around
10%). They are the lightest PAHSs, except for acenaphthene and anthracene (fractions around
10°). Heavier PAHSs are less produced (fractions around 10 — 10°) but, amongst them, B[a]P
is still present in significant amounts, more than B[a]A, chrysene, B[b]F and B[k]F (lighter).

Regarding the comparison between the different inlet acetylene concentrations at 1.5 s of
residence time, for all PAHs except acenaphthene, fractions present an increase between 20%
and 50% reactant, together with the increase of acetylene conversion (Figure 2). A decrease is
observed between 50% and 100%, although the conversion is yet more important at 100%
than at 50%, but these results are obtained in a different reactor. This evolution can be
explained by the conversion of PAHs into heavier species and soot, which were not
quantified. As more soot is produced at important acetylene conversion, it is also possible that
the decrease of PAH amount during neat acetylene pyrolysis is due to losses of PAHs by
adsorption on soot particles. Experiments with pure acetylene were performed in the 16 mm
diameter tube instead of the 80 mm diameter. The strong increase of the ratio between wall
surface and reactor volume favors the loss of heavy products at the wall and in the cooler

section of the reactor before the trap used for the analyses.
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Figure 5 presents the evolution of mass fractions of the 16 EPA-PAHSs plotted as a function of
the residence time at 50% acetylene at the inlet, compared with simulation data. To compare,
figures 6 and 7 present the profiles obtained for six PAHs of different sizes: naphthalene (two
rings), phenanthrene (three rings), fluoranthene, pyrene (four rings), B[a]P (five rings) and
B[ghi]P (six rings), at 20% and 100% acetylene at the inlet, respectively. Profiles for other
PAHs are available in S3, while numerical data are gathered in S4 in the Supplemental
Material. Unlike for light species, differences in PAH profiles are observed depending on
reactant concentration. The evolution of mass fractions seems to increase with residence time
when acetylene concentration is 20% and 50%, with a slight decrease at 50% for important
residence times (experiment at 3 s). With 100% acetylene, PAHs seem to have reached a
plateau, or even to show a certain decrease (not considering the point at 1 s of residence time).
These trends are not clear because of quite significant experimental gap observed in a same
condition.

Regarding the comparison between experiments and modeling, at 20% acetylene at the inlet,
all PAHs are underestimated by the model. Nevertheless, results are close to experimental
points for naphthalene, acenaphthylene and phenanthrene. Orders of magnitude for PAHSs are
better reproduced by the model at 50% and 100% acetylene, even if many PAHS, especially
the heaviest, are still underestimated. At 100% acetylene, the model does not reproduce
slightly decreasing trends of PAHs with residence time. So, most of PAHSs are underestimated
at low residence time (under 1s) and overestimated at important residence time (over 1 ).
Exceptions are acenaphthylene and phenanthrene, always overestimated, and acenaphthene,
B[ghi]P and the sum of 1[1,2,3-cd]P and DBJ[a,h]A, always underestimated (S3). The
difference observed for trends for pure acetylene pyrolysis between experiments and

modeling is certainly due to a higher conversion in these conditions.
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Figure 5: Mass fraction profiles of PAHs at 50 mol% acetylene at the inlet (® experiments;

==simulation)

A part of PAHs may be consumed to form heavier species, such as soot, which are not

considered in the model (Yan et al., 2012).
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simulation)

Moreover, the amount of adsorbed PAHs on soot increases with the amount of soot.

Underestimation of heavier PAHs (B[ghi]P, 1[1,2,3-cd]P, DB[a,h]A) can eventually be due to

some missing reaction pathways in the model.
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These results highlight the influence of residence time and inlet concentration on PAH
formation but also on soot formation. To limit the formation of these toxic compounds,
processes of low-pressure gas carburizing alternate a feed of hydrocarbon (acetylene) and a
feed of inert. These cycles allow to stop pyrolysis reactions in gas phase during the time of
carbon diffusion into steel parts. Results proposed here could lead to an optimization of the

duration of cycles.

4.5. Reaction pathways of PAH growth

To better understand the link between the 16 EPA-PAHS, flux analyses were carried out with
the kinetic model at 1173 K and 8 kPa. Figure 8 summarizes the grow-out of PAHs from first
rings. Only the very major pathways are represented and pathways through intermediate
radicals are not detailed. The figure allows highlighting the predominance of two PAH growth
mechanisms: the HACA mechanism (arrows in broad dots) and reactions between aromatic
species (arrows in small dots). It is also possible to notice the role of naphthalene and
phenanthrene, from which most of other PAHSs are formed. This information is useful because
these two species are formed in important amount (Figure 4) and their formation is well
represented by the model, at least at 20% and 50% acetylene at the inlet (Figures 5 and 6). To
find optimal conditions for a low formation of heavy PAHSs, it may be interesting and easier to

focus on decreasing the formation of these two species.
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Figure 8: PAH growth during acetylene pyrolysis ( - - - HACA mechanism; ....» reactions
between aromatic species) — Percentages are related to the weight of the reaction in the

formation of products (obtained at 1173 K, 8 kPa and 1 s of residence time)

5. Conclusion

A new experimental setup was developed to study the pyrolysis of acetylene in low-pressure
gas carburizing conditions. The aim is to understand the operational parameters which impact
the formation of toxic PAHs. Emphasis is on the sixteen EPA-PAHSs. Reaction takes place in
tubular reactors and products are analyzed by gas chromatography with different detectors.
Several residence times and reactant concentrations were studied at 1173 K and 8 kPa.
Comparison of analyzed light species with data from the literature allowed to validate the

experimental protocol. However, at our knowledge, these are the first experimental results
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reported for the sixteen EPA-PAHSs in carburizing conditions, i.e. for low pressure acetylene
pyrolysis.

Results show that light PAHs are the most formed in the studied conditions. Amounts of
PAHSs seem to increase with the residence time at low acetylene concentration but to slightly
decrease with pure acetylene. This decrease can be explained by the conversion of PAHSs into
heavier products, notably into soot. These results highlight the link between acetylene
conversion and PAH concentration. So, it seems preferable to work at low conversion in the
gas phase. A high conversion allows to decrease PAH concentration, but favors heavier PAH
and soot, which toxicity need to be assessed. An optimization of the operating conditions
must also consider constraints required for a good carburizing of steel parts.

If trends and orders of magnitude obtained are reliable, significant uncertainties on the results
remain, especially for heavy species. They could be reduced by improving the evaluation of
losses during the sampling and by quantifying the formation of soot.

Experimental results are in agreement with simulation data for reactant and main primary
products of acetylene pyrolysis, except methane, which is underestimated. Regarding PAHS,
orders of magnitude are globally predicted, except for the heaviest PAHs, which are
underestimated by the model. Differences observed in some PAH profiles and for hydrogen
and methane can be due to heterogeneous reactions, which are not considered by the model.
For the future, further experiments are planned with an iron part into the reactor to get closer
to the gas carburizing process conditions and to show the influence of surface reactions on the
generation of PAHs. This study can also allow optimizing the feeding conditions in

carburizing processes.

Supplementary data

Supplementary data associated with this article can be found in the online version.
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Nomenclature

F

M

PAHSs
Bla]A
B[a]P
B[b]F
B[ghi]P
BIKIF
DB[a,h]A

I[1,2,3-cd]P

Acronyms

CVvD
EPA
GC
HACA
IARC
MS
PAH

TCD

FID

filter
mass flow controllers

pressure

temperature

Benzo[a]anthracene (CAS: 56-55-3)
Benzo[a]pyrene (CAS: 50-32-8)
Benzo[b]fluoranthene (CAS: 205-99-2)
Benzo[ghi]perylene (CAS: 191-24-2)
Benzo[Kk]fluoranthene (CAS: 207-08-9)
Dibenzo[a,h]anthracene (CAS: 53-70-3)

Indeno[1,2,3-cd]pyrene (CAS: 193-39-5)

chemical vapor deposition

(United States) Environmental Protection Agency
gas chromatograph

hydrogen abstraction C2H2 addition mechanism
International Agency for Research on Cancer
mass spectrometry

Polycyclic Aromatic Hydrocarbon

thermal conductivity detector

flame ionization detector
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