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Abstract

The formation of polycyclic aromatic hydrocarbons (PAHs) and soot from the pyrolysis
of the four butanol isomers: 1-butanol, 2-butanol, iso-butanol and tert-butanol, at three
reaction temperatures (1275, 1375 and 1475 K) has been studied. The identification and
quantification of the sixteen PAHs, classified by the Environmental Protection Agency
(EPA) as priority pollutants, were done using the gas chromatography-mass
spectrometry (GC-MS) technique. The soot formed was collected at the reactor outlet.
Light gases formed were also quantified. The harmful potential of the PAHs through the
benzo[a]pyrene equivalent, B[a]P-eq amount, has been evaluated. The main results
show that the highest formation of light gases was obtained from the pyrolysis of iso-
butanol at 1275 K. The formation of H: increases significantly as the temperature
increases, following the Hydrogen abstraction carbon addition (HACA) route that leads
to form PAHs which subsequently form soot. The tendency to soot formation, under the
experimental conditions of the present study, is ranked as follows: tert-butanol, 2-
butanol, 1-butanol and iso-butanol. The highest PAHs amount and the highest toxic
potential, expressed as B[a]P-eq amount, were found in the pyrolysis of all butanol

isomers at 1275 K.

Keywords: butanol isomers pyrolysis, polycyclic aromatic hydrocarbons, PAHs, soot,
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toxicity.
Highlights:

e The decreasing soot formation tendency is: tert-butanol, 2-butanol, 1-butanol and

1so-butanol.

e The pyrolysis of iso-butanol produced the highest gas yield at all temperatures

tested.

e The highest PAHs amount was found in the pyrolysis of tert-butanol at 1275 K.

e The highest toxic potential was found at 1275 K for all butanol isomers.

1. INTRODUCTION

Nowadays, fossil fuels are the main source of energy and cover a significant amount
of the world primary energy consumption, although it is important to consider that they
are one of the main promotors of global warming and pollution in urban areas. A
possible scenario could indicate that fossil fuels predominance may have a peak before
2025 and decline thereafter [1]. In this way, different efforts have to be done in order to
develop alternative energies that can satisfy our demand in the near future, and can be

sustainable for the next generations.

In this context, biofuels have been chosen as an alternative way due to their
multiple benefits in terms of providing secure energy, economic advantages and
environmental protection [2]. First and second generation of biofuels can be obtained
from biomass feedstock, but the second generation biofuels do not pose a threat to food
security because these biofuels can be produced from non-edible crops or biomass

wastes [3].
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I-butanol is a second generation biofuel, and could be produced through
fermentation [4] and nonfermentative synthesis [5], and it is very promising as
alternative transportation fuel or additive to conventional fuels, owing to its
physicochemical features such as: high energy density, low vapor pressure and low
hygroscopicity. Specifically, Wallner et al. [6] have analysed the properties of the
butanol isomers, and indicate that 1-butanol has physical properties similar to gasoline,
and it could be used as a substitute of gasoline. The same study points that 2-butanol is
not considered as a potential alternative engine fuel due to its low octane number. Tert-
butanol, at low volumetric fractions, can be used to improve the knock behaviour of
gasoline, but is not considered to be used as an alternative fuel at higher volumetric
concentrations, due to its high melting point. Iso-butanol can increase the octane
number of the gasoline in blends [7], it can also get lower brake specific fuel
consumption and increase the power and thermal efficiency compared to methanol and

ethanol blends [8].

Rakopoulos et al. [9] found that the use of butanol/diesel fuel blends reduced the
smoke, NOx and CO, emissions, but, on the contrary, the total unburned hydrocarbons
were increased. Specifically 1-butanol can significantly reduce soot and CO emissions

in diesel engines [10].

Although, among the butanol isomers, the most promising candidate as biofuel is 1-
butanol, it is interesting to analyse the behaviour of the rest of them when butanol is
used as possible fuel additive, since a mixture of isomers can be obtained during butanol
production. In this way, different studies have been performed in order to analyse the

behaviour of the different butanol isomers.
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Moss et al. [11] developed a detailed kinetic mechanism to describe the oxidation of
the butanol isomers and ignition-delay time measurements. These authors found that the
less reactive butanol isomers were tert-butanol and 2-butanol, because the formation of
alkenes through dehydration reactions was preponderant. The study of the four butanol
isomers combustion chemistry in flat, premixed laminar low-pressure flames presented
by Yang et al. [12], indicated a significant dependence on the fuel structure regarding to
formation of potential pollutants, especially oxygenated species such as acetaldehyde
and formaldehyde. Besides, the tert-butanol flame produces significantly low amount of

oxygenated intermediates, and high levels of hydrocarbon intermediates.

Camacho et al. [13] examined the evolution of particle size distribution function
(PSDF) of nascent soot in 1-butanol, iso-butanol, n-butane and iso-butane flames to
understand the impact of fuel bound oxygen and the fuel structure on the sooting
behaviour of the mentioned fuels. They found that, under the same C/O ratio, butanol
flames in fact nucleate soot earlier and give greater soot volume fractions than butane
flames, and this faster nucleation rate also propagates into the mass growth stage of soot
particles. Singh et al. [14] compared the soot formation for n-butane, iso-butane and the
four butanol isomers in a counterflow non-premixed sooting flame configuration at
atmospheric pressure. For the conditions studied, the sooting tendency ranking followed
was: n-butane > iso-butane > tert-butanol > 1-butanol > iso-butanol > 2-butanol. The
presence of the hydroxyl (-OH) group in butanol isomers affected the sooting
behaviour, as the butane isomers were found to produce more soot than the butanol

isomers for the conditions investigated.

Moreover, McEnally and Pfefferle [15] studied the fuel decomposition and
hydrocarbon growth processes from butyl alcohols in flames. The authors explained that

the decomposition of hydrocarbons in flames can take place by bimolecular H-
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abstraction (negligible for butanol isomers) or by unimolecular dissociation, and this
dissociation can occur by complex fission or by simple fission. The complex fission
consists of a four-center elimination that produces mainly alkenes and H20, while the

simple fission follows a scission to radicals to produce alkenes, aldehydes and ketones.

Each butanol isomer has different number of B H-atoms that are available to favour

the complex fission as it can be seen in Fig. 1.

P

; CH5 OH P CHs
H4C OH H .;\/J\/CHa Ho” N e OH
3 3 B 3 P
B f B HsC
CH5
tett hutanol 2 hutanaol 1 butatiol iz0 butanol

Fig. 1. B H-atoms of the butanol isomers.

In this way, the B H-atoms of each butanol isomer are: 9 H-atoms for tert-butanol, 5
H-atoms for 2-butanol, 2 H-atoms for 1-butanol, and 1 H-atom for iso-butanol.

Therefore, the complex fission for tert-butanol and soot formation are favoured.

The complex fission process for tert-butanol is shown in Fig. 2. The f C-atoms

release H-atoms to help in the water formation.

CH
; 3 HaC
P eh, H5C
terc butanol algueno agua

Fig. 2. Complex fission in tert-butanol.
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The complex fission is dominant for tert-butanol, while simple fission is dominant
for the other butanol isomers. Both processes contribute to the formation of

intermediates, such as propargyl radicals that could form nascent soot particles [16].

The formation of the polycyclic aromatic hydrocarbons (PAHs), both from butane
isomers and butanol isomers, was analysed by Singh and Sung [17] using the planar
laser-induced fluorescence (PLIF) technique in a counterflow non-premixed flame
configuration, and a chemical kinetic model, based on the experimental data and the
simulated results. The authors found that, at the inception stage, the dominance of the

propargyl radical pathways in the PAHs formation was important.

In a combustion process, PAHs formation is related to the soot formation
mechanism through the HACA route, H-abstraction-C2H> addition [18]. PAHs are of
important environmental concern, due to their carcinogenic and mutagenic character
[19]. These compounds can be found in the exhaust gases and can also be adsorbed on

the soot surface [20].

Owing to the importance of the carcinogenic potential of the PAHs, the US
Environmental Protection Agency (EPA) has classified sixteen PAHs as priority
pollutants [21], being usually considered for several studies about the toxic risk of
airborne that contains PAHs [22-24]. The list of these 16 priority PAHs compounds,
analysed in the present work, with their abbreviations, can be found as Supplementary

material, Table S1.

In this context, this work aims to study the behaviour of the four butanol isomers,
due to their growing importance in the combustion field, by analysing the soot, gases

and 16 priority PAHs formation under pyrolytic conditions. The experiments have been
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performed in a tubular flow reactor at atmospheric pressure, using different reaction

temperatures.

2. EXPERIMENTAL METHODOLOGY

The experiments have been carried out in a tubular flow reactor, under well
controlled laboratory conditions, in a facility suitable for soot and PAHs collection, and
all the experimental details are described elsewhere [25]. The analytical methodology,
developed by our research group [26], has been used with success in previous works
addressing the quantification of PAHs [27-29], and has demonstrated recoveries higher
than 80 % in most cases [e.g. 30, 31]. A more detailed explanation of this methodology

can be found as Suplementary material.

The butanol isomers: 1-butanol, 2-butanol, iso-butanol and tert-butanol were fed to
the reaction system in a constant concentration (22500 ppmv), at three different reaction
temperatures (1275, 1375 and 1475 K). The feed of the butanol isomers was done
through an isocratic pump, with a thermally heated line with a temperature higher than
the boiling point of all butanol isomers. A nitrogen atmosphere was used in each
experiment to get a total flow rate of 1000 mL (STP)/min. Table 1 shows the

experimental conditions used in the present work.
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Table 1: Experimental conditions. Total flow rate is 1000 mL (STP)/min. N2 is used to

balance.
Set | Butanol Reaction Residence
isomer temperature (K) | time (s)

1 1-butanol

2 2-butanol

3 | Iso-butanol 1275 3.27

4 | Tert-butanol

5 1-butanol

6 2-butanol

7 | Iso-butanol 1375 3.04

8 | Tert-butanol

9 1-butanol

10 | 2-butanol

11 | Iso-butanol 1475 2.83
12 | Tert-butanol

3. RESULTS AND DISCUSSION

The study consists of the analysis of the formation of soot, gases and 16 priority
PAHs from the pyrolysis of the four butanol isomers, with a fixed concentration (22500

ppmv), using different reaction temperatures (1275, 1375 and 1475 K).

The butanol isomers present high conversion values, higher than 90 % at the
temperatures tested. The analysis of the yield to soot, gases, and PAHs as a function of
temperature is performed in order to understand the evolution of outlet products
obtained in the pyrolysis experiments. The values of the yields are shown in Fig. 3. The
yields are defined as the carbon amount in soot, gases and PAHs found in the outlet of
the reactor, respectively, referred to the amount of carbon fed to the reactor, in

percentage.

The yields for repeated experiments were measured. For example, for iso-butanol

pyrolysis at 1275 K, the yield to gases is 64.90+5.55 %, the yield to soot is 13.83+1.30



176

177

178

179

180

181

182

183

184

185

186

187

%, and the yield to PAHs is 2.12+0.28 %, and for iso-butanol pyrolysis at 1375 K, the

yield to gases is 41.1448.61 %, the yield to soot is 32.77+0.05 %, and the yield to PAHs

is 1.48+0.16 %. The values are expressed as average + standard deviation (two

replicates).
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Fig. 3. a) Soot yield, b) gas yield and ¢) PAHs yield, obtained in the pyrolysis of the

four butanol isomers at 1275, 1375 and 1475 K.

In Fig. 3a, it can be seen that the soot yields increase as temperature does for any

alcohol isomer. The highest sooting tendency was found in the pyrolysis of tert-butanol,

and follows the sequence: 2-butanol, 1-butanol and iso-butanol. The highest soot

tendency of tert-butanol agrees with the results reported by Singh et al. [14], in a study



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

of the analysis of sooting tendency of n-butane, iso-butane and the four butanol isomers,

using a counterflow non-premixed flame configuration.

This soot formation trend could be explained by the fact that each butanol isomer
has different number of B H-atoms that are available for the four-center elimination
during the complex fission process. In this way, the soot tendency ranking agrees with
the highest number of B H-atoms available to the complex fission process of each
isomer as it was pointed previously [15]. Thus, tert-butanol could form more alkenes
necessary for the HACA route through complex fission process, producing subsequently

more soot formation.

On the other hand, the gas yield decreases as temperature increases for a given
isomer, Fig. 3b, since as the soot formation processes are enhanced, the availability of
carbon to take part in the formation of gas products decreases. Thus, the gas yield
decreases as the soot yield increases. Moreover, the evolution of the gas yield for each

butanol isomer agrees with the evolution of the corresponding soot yield.

As it can observed in Fig. 3c, the PAHs yield decreases as the temperature
increases. At the lowest temperature tested, 1275 K, the highest soot and PAHs
formation is found in the pyrolysis of tert-butanol. At 1375 and 1475 K, differences
among the yields to PAHs of the different isomers tested are smaller, in particular at

1475 K.

The formation of gases is an important issue in the pyrolysis of butanol isomers. In
most of the cases, the gas yield is higher than 30 %. For this reason, it is interesting the
identification and quantification of the gases formed during the process. Fig. 4 shows
the concentration of the major gases from the pyrolysis of the four butanol isomers at

1275, 1375 and 1475 K.
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The formation of CO and CO: in the butanol isomers pyrolysis is due to the
presence of oxygen in the alcohol molecules. The formation of CO, Fig. 4a, from the
pyrolysis of tert-butanol is lower than from the rest of butanol isomers. In general, CO
shows a slight increase as the temperature increases. On the other hand, the formation of
COgz is very similar for the four isomers, Fig. 4b, showing also a significant increase of
CO2 concentration as the temperature increases. The formation of CO and CO: is
important because, for the formation of these compounds, the carbon is removed from
the reaction pathways that would lead to the soot formation, especially in the pyrolysis

of alcohols [32, 33].

The formation of C2H4 is observed in Fig. 4c, where the pyrolysis of tert-butanol
shows the lowest formation of ethylene at all temperatures tested. The same behaviour
is observed in the formation of C2Hz, Fig. 4d, and in the formation of CHa4, Fig. 4e. In

general, the concentration of C2H4 and CH4 decreases as the temperature increases.

On the other hand, the trend of C2Hz is different in the pyrolysis of each butanol
isomer. C2H2 is one of the most important soot precursors, and could be very reactive to
form other soot intermediates such as propargyl radicals, or other cyclic compounds
[34]. It is important to point that C2Hz is an intermediate compound in the pyrolysis of
organic compounds, and it could follow different reaction pathways according to the

experimental conditions employed.

The formation of Hz, Fig. 4f, increases as the temperature increases, being similar in
the pyrolysis of all butanol isomers. Richter and Howard [35] explained that H2 is
released during the formation of soot intermediates such as cyclohexadiene and
benzene, in the well-known HACA mechanism, and therefore the increased amount of

H: and soot are related as the temperature increases.

11
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The concentration of benzene decreases as the temperature increases, Fig. 4g.
Moreover, it is appreciable that pyrolysis of tert-butanol forms lower concentration of
benzene than the rest of the isomers. This could be attributed to the fact that most of the
tert-butanol carbon continues its reaction pathways, through different intermediates, up

to the formation of soot [35], more quickly than the rest of the butanol isomers.

Fig. 5 shows the formation of minor gases in the pyrolysis of the butanol isomers at
1275, 1375 and 1475 K. It can be seen that the concentration of most of the minor gases
decreases as the temperature increases. On the other hand, CsHs (1,3-butadiene) slightly
increases as the temperature increases (Fig. 5d). This behaviour was also observed in
flames where a further dehydrogenation of the linear butenes can lead to 1,3-butadiene

[36].
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soot particles, it is important to show the PAHs speciation obtained, in the different
pyrolysis experiments. Fig. 6 shows the individual total PAHs concentration at the
different temperatures studied, that refers to the concentration of each individual PAH,
determined as the sum of each individual compound found either in the XAD-2 resin,

adsorbed on soot and stuck on the reactor walls in each experiment.
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Fig. 6. Concentration of individual total PAHs as a function of reaction temperature in

the pyrolysis of the butanol isomers: a) 1275 K, b) 1375 K and c) 1475 K.

The highest formation of the different PAHs was found at 1275 K. At this
temperature, Fig. 6a, NAPH and ACNY were found in higher concentrations. Other
PAHs, such as PHEN, FANH and PYR were also obtained in significant concentrations.
High molecular weight PAHs were found in very low concentrations, except B[a]P,
I[123-cd]P and B[ghi]P which were found in higher concentrations. The same PAHs

trend is shown. At higher temperatures, Figs. 6b and 6¢, but in lower concentrations.
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The influence of each butanol isomer on PAHs speciation is analysed at 1275 K in
Fig. 6a, temperature at which the high PAHs concentration is obtained. The formation
of the different PAHs from tert-butanol is higher in most of the cases. The highest
formation of PAHs from the pyrolysis of tert-butanol at 1275 K could be related with
their highest formation of soot, Fig. 3a, and it could be due to a greater trend to form

alkenes and aromatics, through the complex fission, of these butanol isomers [15].

In order to determine the PAHs speciation in each phase (resin, soot or reactor
walls), Figs. 7, 8, 9 and 10 show the individual PAHs distribution found in each phase
analysed, at different reaction temperatures, from the pyrolysis of iso-butanol, 1-

butanol, 2-butanol and tert-butanol, respectively.

The PAHs formed from the pyrolysis of iso-butanol are shown in Fig. 7. It can be
seen that NAPH has the highest concentration at 1275 K in the resin, but it decreases as
the temperature increases, Figs. 7b and 7c, being ACNY the compound with the highest
concentration on soot at 1375 and 1475 K. Low molecular weight PAHs, such as
PHEN, FANTH and PYR, were found in greater concentration than high molecular
weight PAHs at all temperatures tested. High molecular weight PAHs were found in
significant concentrations in soot and reactor walls phases at 1275 K, Fig. 7a. Above
this temperature, these high molecular weight PAHs decrease their concentration as the

temperature increases.
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Fig. 7. Individual PAHs distribution on the soot, reactor walls, and resin in the pyrolysis

of iso-butanol: (a) 1275 K, (b) 1375 K and (c) 1475 K.

Fig. 8 shows the PAHs formed from the pyrolysis of 1-butanol. As it can be
observed, PAHs concentration decreases as temperature increases. ACNY is the
compound found adsorbed on the soot in the highest concentration at all temperatures
tested. The reactor walls phase shows the lowest amount of PAHs. The resin phase
shows significant concentrations of NAPH and ACNY. In addition, the formation of
PAHs with higher molecular weight were principally found at 1275 K, Fig. 8a, and it

coincides with the lowest amount of soot obtained at this temperature, Fig. 3a.
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Fig. 8. Individual PAHs distribution on the soot, reactor walls, and resin in the pyrolysis

of 1-butanol: (a) 1275 K, (b) 1375 K and (c) 1475 K.

Fig. 9 shows the PAHs found in the pyrolysis of 2-butanol, where PAHs found on
soot were the highest at all temperatures. ACNY is the PAH that shows the highest
concentration found on soot, as in 1-butanol pyrolysis, at all temperatures tested.
Furthermore, NAPH, PHEN, ANTH and PYR (low molecular weight PAHs) were
obtained in significant concentrations. On the other hand, PAHs with high molecular

weight were found in low concentrations at all temperature tested.
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Fig. 9. Individual PAHs distribution on the soot, reactor walls, and resin in the pyrolysis

of 2-butanol: (a) 1275 K, (b) 1375 K and (c¢) 1475 K.

In the pyrolysis of tert-butanol, Fig. 10, most of the PAHs were found on soot, and
ACNY was found in the highest concentration in this phase. The same trend was
observed previously in 1-butanol pyrolysis, Fig. 8, and in 2-butanol pyrolysis, Fig. 9.
The same low molecular weight PAHs: NAPH, PHEN, ANTH, and PYR were found in
significant concentrations. On the other hand, it is notable that B[a]P, a high molecular

weight PAH, was found in a comparatively high concentration at 1275 K, Fig. 10a.
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321 N
322 Fig. 10. Individual PAHs distribution on the soot, reactor walls, and resin in the
323 pyrolysis of tert-butanol: (a) 1275 K, (b) 1375 K and (c¢) 1475 K.
324 As it can be noticed in the above analysis, the same PAHs evolution was found

325  from the pyrolysis of all butanol isomers, except for slight differences. In summary, 1-
326  butanol, 2-butanol and tert-butanol showed higher concentrations of ACNY than
327 NAPH, which could be explained by the reaction of 1-naphthylacetylene up to the
328 formation of ACNY at high temperatures [37], and could also be attributed to the
329  structural configuration of these isomers that allows them to release more 3 H-atoms

330 than iso-butanol [15], facilitating the occurrence of the HACA route.

331 In the pyrolysis of all butanol isomers, the same low molecular weight PAHs:
332 NAPH, ACNY, PHEN, ANTH, and PYR, were found in significant concentrations at all

333  temperatures analysed.
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The concentrations of PAHs found on reactor walls were low. The same behaviour

was found on resin, except for high amounts of NAPH and ACNY.

PAHs are well-known for their mutagenic and carcinogenic properties, especially
B[a]P. In this way, the benzo[a]pyrene equivalent amount (B[a]P-eq) was taken as a
reference [38-40], for comparing the cancer risk attributed to the inhalation of PAHs
airborne. The toxicity equivalent factor (TEF) is used to express the toxicity of each
PAH in terms of B[a]P, the reference compound. In this work, the TEF values proposed

by Nisbet and Lagoy [40] were taken, Table S1.

The value of B[a]P-eq, in mg, is calculated from the Eq. (1), where i corresponds to

each PAH amount, in mg, and its corresponding TEF value.

B[a]P—eq:Zn:(TEFi)x(PAHi) (1)

i=l

The comparison between B[a]P-eq amount values obtained in the pyrolysis of the

four butanol isomers as a function of the temperature is shown in Fig. 11.

It is observed that B[a]P-eq amounts decrease as the temperature increases. The
highest values of B[a]P-eq amount at 1275 K was found in the pyrolysis of tert-butanol.
On the other hand, at 1375 and 1475 K there was no significant differences, for B[a]P-

eq amounts, among the pyrolysis of the different isomers tested.
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Fig. 11. B[a]P-eq amounts from the pyrolysis of the four butanol isomers as a function

of the temperature.

The comparison of the PAHs and B[a]P-eq amounts in each phase analysed:

adsorbed on soot, stuck on reactor walls and adsorbed on resin, is shown in Fig. 12.

In Fig. 12a, the iso-butanol pyrolysis shows that the PAHs amounts found on soot
are higher than the ones found on the resin and reactor walls at all temperatures tested,
and this trend decreases as the temperature increases. Although the amount of PAHs
found on the resin was high at 1275 and 1375 K, the B[a]P-eq amounts found in the

resin were low. The highest B[a]P-eq amount was found on soot at 1275 K.

In Fig. 12b, the 1-butanol pyrolysis shows that the highest PAHs and B[a]P-eq

amounts were obtained adsorbed on soot, being at 1275 K the highest ones.

In Figs. 12b, 12c and 12d, PAHs and B[a]P-eq amount values from the pyrolysis of
1-butanol, 2-butanol and tert-butanol, present similar trends. The highest values for both

parameters analysed were found from the pyrolysis of tert-butanol at 1275 K on soot.

22



366

367

368

369

370

371

372

373

374

375

376

377

r20

200+ r20 4004
a) I PAHs soot b I PAHSs soot
[ PAHSs reactor walls ) [ PAHSs reactor walls
B PAHs resin B2 PAHSs resin
_ 1504 —O— B[a]P-eq soot r15 __ 300+ —O— B[a]P-eq soot 15
g —{J— B[a]P-eq reactor walls S g’ —{1 B[a]P-eq reactor walls =)
= —/\— B[a]P-eq resin IS = —/\— B[a]P-eq resin g
12} ~ 12} o
<Ii 10 g E 2004 +10 o
Q a o a
= © T s
o o =] m
~ +5 = 1004 +5
L0 0- ; & ; 0
1275 1375 1475
Temperature (K) Temperature (K)
4004 r20 400+ r20
I PAHs soot I PAHSs soot
c) [ PAHs reactor walls d) [ PAHSs reactor walls
BZZZ PAHS resin B9 PAHS resin
~ 3004 Bla]P-eq soot +15 ~ 3004 —O— B[a]P-eq soot +15
S —O-B[alP-eq S
e —{- B[a]P-eq reactor walls > £ —{1-B[a]P-eq rea_ctor walls S
=~ —/\— B[a]P-eq resin £ = —/\— B[a]P-eq resin £
Z 200 108 Z 200 li0 §
o o o a
g ) el )
o o o m
F 1001 5 = 1001 L5
04 0 o0 0

1275 1375 1475

Temperature (K)

Temperature (K)

Fig. 12. Total PAHs and B[a]P-eq amount distribution in the different phases analysed,
from the butanol isomers pyrolysis at different reaction temperatures: a) Iso-butanol, b)

1-butanol, ¢) 2-butanol and d) Tert-butanol.

In general, PAHs were found predominantly on soot, especially at 1275 K. The
highest PAHs amount was found on soot from the pyrolysis of tert-butanol at 1275
K, Fig. 12d. The highest toxic potential, evaluated through the B[a]P-eq amount,
was also found on soot at 1275 K in the pyrolysis of tert-butanol, shown in Fig. 12d.
Although the B[a]P-eq amounts on the reactor walls were low in the pyrolysis of 1-
butanol, 2-butanol and tert-butanol for all temperatures tested, only in the case of

the pyrolysis of iso-butanol at 1275 K a significant B[a]P-eq amount is found on the

reactor walls.
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The toxic potential, analysed in the present study, shows that the soot formed from
the pyrolysis of butanol isomers, at low temperatures, increases the toxicity risk of the

effluent.

4. CONCLUSIONS

The present work analyses the formation of soot, gases and PAHs from the
pyrolysis of the four butanol isomers: iso-butanol, 1-butanol, 2-butanol and tert-butanol.
The experiments were performed with a given inlet concentration of butanol isomer,

22500 ppmv, and a temperature range from 1275 to 1475 K.

In this temperature range and for all the butanol isomers, an increase of the
pyrolysis temperature produces an increase of soot formation, while the gas and PAHs

yields decrease.

The soot formation tendency increases according to the importance of the complex
fission process, in the decomposition of butanol isomers, which depends on the number
of B H-atoms that are available to the four-center elimination. In this way, the tendency
to soot formation was ranked, under the experimental conditions of the present study, as
follows: tert-butanol, 2-butanol, 1-butanol and iso-butanol. This same trend was found
in the formation of PAHs at 1275 K, where the tert-butanol was the isomer with the

highest formation of PAHs.

The formation of high amounts of CO and CHa4 is important due to their role to
remove carbon from the typical pathways leading to PAHs and soot formation. The
formation of H: increases significantly as the temperature increases, according to the

HACA route that leads to form PAHs which subsequently form soot.
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The PAHs analysis in each phase showed that most of the PAHs were found on the
soot phase, at all the temperatures tested. In this phase, the PAHs with the highest
concentrations are: NAPH, ACNY, PHEN, FANTH and PYR, while the PAHs with
higher molecular weight were found in low concentrations. There is a relationship
between the amount of PAHs and B[a]P-eq. The higher is the formation of PAHs, the
higher are the values of B[a]P-eq found at 1275 K in the pyrolysis of all butanol

isomers.
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