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Catalytic steam reforming of n-hexane, 1-hexene, tetradecane and toluene over a Ni commercial catalyst
has been carried out in a fluidized bed reactor at 700 °C. These compounds have been selected as model
compounds of the volatiles formed in the pyrolysis of waste plastics in order to study in detail the perfor-
mance of the catalyst in the pyrolysis-reforming of different plastic wastes. High carbon conversions and
hydrogenyields are obtained at zero time on stream, with peak values being 96.5% and 82.8%, respectively,
when n-hexane is used as model compound. Similar reactivity has been observed for tetradecane and

ﬁ%‘/:ggri;" 1-hexene, whereas lower carbon conversion (82%) and hydrogen yields (65%) are obtained for toluene.
Reforming Concerning catalyst stability, olefinic compounds (1-hexene) and aromatic compounds (toluene) cause
Ni catalyst faster catalyst deactivation than paraffinic compounds (tetradecane and n-hexane). These disparities are

Deactivation explained by the different nature of the coke deposited and the different potential of the compounds to
Coke block Ni active sites, with olefins and aromatics being encapsulating coke precursors (amorphous and

structured, respectively) and paraffins being filamentous and inert coke precursors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Plastic materials have contributed to the development and
progress of the society for the last 150 years. The annual increase
in plastic consumption has caused an increasingly environmen-
tal issue associated with their management. In 2014, 25.8 million
tonnes of post-consumer plastics waste were recovered in Europe,
of which 70% were treated by recycling and energy recovery pro-
cesses and 30% were still land filled [1].

Among plastic waste valorisation routes, thermochemical pro-
cesses have the best perspective for their large scale implantation in
order to recover fuels, chemicals, monomers and H,, with low con-
taminant emission [2-5]. Although gasification is the most usual
process, it is generally directed to syngas production and the con-
centration of H, obtained is reduced and depends greatly on the
gasifying agent used. The lower temperature used in the pyrolysis
strategy improves energy efficiency of the process [6] compared to
the gasification strategy. Besides, pyrolysis process is flexible and
can treat mixed plastics of municipal solid waste [7], automobile
recycling [8], electronics and computers [9] or construction [10].
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Pyrolysis of plastic waste has been widely studied using different
reactors such as batch reactors, fluidized beds, spouted beds, screw
kilns and son on [11]. Fluidized beds reactors have been largely
applied [12,13], but the vigorous movement of the solid in the con-
ical spouted bed reactor (CSBR) avoids the defluidization of the bed
by agglomeration of particles coated with fused plastic [14]. More-
over, pyrolysis in a CSBR was studied by feeding several plastic
materials, such as polyolefins [15], PET [16], PS [17,18] and PMMA
[19].

In the pyrolysis of different plastics, the circumstances and
composition of the volatiles are considerably different. Thus, in
the pyrolysis of polyolefins, which account for 62% of plastics in
municipal solid wastes, the volatile stream is greatly dependent
on pyrolysis temperature and residence time of the volatiles in the
reactor. Thereby, polyolefin pyrolysis can be directed to the pro-
duction of: i) waxes (low temperature and low residence time);
ii) BTX aromatics (high temperature and high residence time); iii)
light olefins (high temperature and low residence time) [15].

Polystyrene pyrolysis stream is mainly composed of aromatic
hydrocarbons (monomer, dimer and trimer and other mono and
polyaromatic hydrocarbons) and several studies have been car-
ried out optimizing operating conditions for maximizing styrene
recovery [18,20]. Regarding PET pyrolysis, the volatile stream is
heterogeneous and composed of CO, CO,, oxygenated compounds
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and aromatics [16,21]. It should be noted that PET pyrolysis gives
way to the formation of a sticky carbon residue remaining in the
pyrolysis reactor.

In the production of H, from plastic wastes, two strategies
are of interest: i) steam gasification using a reforming catalyst
in situ or in-line [11,12]; ii) pyrolysis and in-line steam reform-
ing of the hydrocarbons produced [6,22]. The products obtained
in the pyrolysis-reforming strategy are greatly dependent on the
intermediates formed in the first step, which are conditioned by
the operating conditions, i.e., feed, catalyst used and so on [23,24].
H, production from HDPE pyrolysis-catalytic steam reforming was
studied in a previous work [25]. HDPE pyrolysis was carried out
in a CSBR and the volatiles formed were fed in-line to a flu-
idized bed reactor, where a Ni based commercial catalyst was
placed. Under the optimum conditions, i.e., 700 °C, space time of
16.7 gcar min gyppe ~* and steam/plastic ratio of 5, the H, yield was
92.5% of that corresponding to stoichometry, which accounts for a
H, production of 38.1 g per 100 g of HDPE in the feed.

These results are encouraging, but the technological devel-
opment of this strategy for plastic waste valorization involves
challenges, as are: i) valorization of heterogeneous plastic wastes
and ii) deactivation of the catalyst. These aspects have been
approached in this paper by conducting the steam reforming of
model hydrocarbons of pyrolysis volatiles corresponding to differ-
ent plastics in order to ascertain the effect the type of hydrocarbon
has on H; yield and catalyst deactivation.

In the steam reforming of fossil fuels, the catalyst is deactivated
not only by coke deposition but also by sulphur poisoning and metal
sintering [26-29]. In the case of hydrocarbons, the main cause of
Ni based catalyst deactivation is coke deposition and three types
of cokes have been distinguished, i.e., gum, whisker carbon and
pyrolytic carbon [30]. Several studies focus on the influence of oper-
ating conditions and prove that coke formation is minimized by
increasing reforming temperature and steam/carbon ratio [31-33].
Furthermore, the nature of the hydrocarbon in the feed has great
influence on the amount and type of coke deposited [34,35].

2. Materials and methods
2.1. Model compounds

Two paraffins (n-hexane and tetradecane), and one olefin (1-
hexene) have been chosen as model compounds for the volatile
stream formed in polyolefin pyrolysis. Thus, the effect of paraf-
fin chain length and hydrocarbon nature (olefins and paraffins) on
steam reforming has been studied (reactivity at zero time on stream
and catalyst deactivation by coke deposition). Besides, toluene has
been used as a model compound for the aromatic compounds in
the pyrolysis volatile stream, which are the main compounds in PS
and PET pyrolysis.

2.2. Catalyst

The catalyst used is a commercial Ni catalyst (G9OLDP catalyst)
for CH,4 reforming. This catalyst was used in previous papers for
hydrogen production from biomass and HDPE pyrolysis-reforming
[25,36]. The catalyst has been supplied by Siid Chemie and its chem-
ical formulation is based on NiO (14 wt.%), CaAl304 and Al,O3. This
catalyst was ground and sieved to 0.4-0.8 mm and, prior to the
reforming reaction, has been subjected to an in situ reduction pro-
cess at 710°C for 4h under a 10 vol.% H, stream in order to ensure
complete reduction of NiO.

Table 1 shows the metal content and physical properties of
the catalyst. The physical properties have been measured by
N, adsorption-desorption (Micromeritics ASAP 2010). The tem-

Table 1

Metal content and physical properties of the catalyst.
Catalyst NiO content, wt.% Sger, m2 g1 Vpore, cm?® g~ dpore, A
G90LDP 14 19 0.04 122

perature programmed reduction (TPR) of the catalyst has been
measured by AutoChem Il 2920 Micromeritics [37], which enables
to establish the catalyst reduction temperature prior to use.

2.3. Experimental equipment and conditions

A scheme of the bench-scale unit used for model compound cat-
alyticsteamreformingis shownin Fig. 1. The reforming reaction has
been carried out in a fluidized bed reactor with an internal diame-
ter of 38.1 mm and a total length of 440 mm. This reactor is located
inside a 550 W radiant oven which provides the energy needed to
maintain the reaction temperature, which is controlled by a ther-
mocouple placed in the catalyst bed. The effect of the operating
conditions in the reforming reactor was studied in a previous paper,
in which HDPE pyrolysis volatiles were reformed in a fluidized bed
reactor [25]. Thus, a reforming temperature of 700 °C has been cho-
sen in order to obtain a high conversion of model compounds and
avoid irreversible deactivation of Ni catalyst by sintering.

The catalyst mass used was 7.5 g, corresponding to a space time
0f 10 gcatalysy Min gcompound*1. Sand was used as an inert material to
obtain a catalytic bed of 25 g. The particle size of the catalyst was
0.4-0.8 mm and that of the inert sand 0.3-0.35 mm, which were
determined in a previous hydrodynamic as suitable sizes to ensure
a good performance in the reactor.

In order to avoid the condensation of steam, model compounds
and the volatile stream formed, the reactor is located within a
forced convection oven maintained at 270 °C. Moreover, inside the
forced convection oven a sintered steel filter (5 wm) is located with
the aim of recovering elutriated catalyst fines from the reactor.

Water and the model compounds are separately pumped into
the preheater at room temperature with constant pumping flow
rate. The model compounds are continuously fed by means of a PHD
4400 pump and have been vaporized using an electric cartridge
placed outside the forced convection oven. The model compounds
used have been n-hexane, 1-hexene and toluene purchased from
Merck Millipore and tetradecane from Acros Organics. The model
compound flow rate has been 0.75 gmin~—!.

Water has been fed by means of a Gilson 307 pump and vapor-
ized using an electric cartridge placed outside the forced convection
oven. The water flow rate used has been 3 mLmin~!, correspond-
ing to a steam flow rate of 3.73NLmin~! and a steam/feedstock
ratio of 4. The vaporized model compounds and steam are mixed
and jointly fed into the reforming reactor. Moreover, N is used as
fluidizing agent during the heating process preceding the reaction.

The volatile stream formed in the reforming reactor circulate
through a condensation system consisting of a condenser (cooled
with tap water), a peltier and a coalescence filter, which ensure
the total condensation and retention of the non-reacted steam and
model compound derived products.

Experiments at zero time on stream have been repeated at least
3 times to ensure reproducibility of the results and the mass balance
closure was between 95% and 105% in all runs.

2.4. Product analysis

As shown in Fig. 1, the volatile stream leaving the reform-
ing reactor has been analysed on-line by means of a GC Varian
3900 provided with and HP-Pona column and a flame ionization
detector (FID). The sample has been injected into the GC prior to
condensation by means of a line thermostated at 280°C in order
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Fig. 1. Scheme of the laboratory scale catalytic steam reforming plant.

to avoid the condensation of heavy hydrocarbon compounds. The
non-condensable gases leaving the condensation system (ensures
total condensation of volatile hydrocarbons) have been analysed
on-line in a micro GC (Varian 4900). This product analysis allows a
detailed quantification of the whole product stream.

The amount of coke deposited on the used catalysts has been
measured by temperature programmed oxidation (TPO), in a ther-
mobalance (TGA Q5000TA Thermo Scientific), connected on-line to
a Blazer Instruments mass Spectrometer (Thermostar), according
to the following procedure: (i) signal stabilization with He stream
at 100°C for 30 min, (ii) a ramp of 5°Cmin~! to 800°C in a stream
of O, diluted in He, with this temperature remaining constant for
30 min in order to ensure full coke combustion. The nature of the
coke deposited on the catalyst has been studied by TEM (trans-
mission electron microscopy) images and SEM (scanning electron
microscopy) images, obtained by means of Phillips CM20 and JEOL
JSM-6400, respectively.

2.5. Reaction indexes

In order to quantify the process results, the following reaction
indexes have been defined: i) model compound conversion (carbon
conversion efficiency), i.e., the moles of C recovered in the gaseous
stream as CO; and CO over those fed in the model hydrocarbon:

_ Cgas(co+co,)

X 100 (1)

Chydrocarbon

The moles of C converted to other gaseous compounds (CHy
and C,—C4 hydrocarbons) have not been included because these
compounds are formed by cracking reactions. In fact, its inclusion
would mask the real conversion of the hydrocarbons to reforming
products.
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Fig. 2. Conversions and H; yields obtained with each model compound.

ii) The yields of individual products based on the model hydro-
carbon in the feed:

Fi

Y; = 100 (2)

thdrocarbon

where F; and Fygrocarbon are the molar flow rates of i product and
model hydrocarbon given in C moles, respectively.
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iii) Hydrogen yield given as a percentage of the maximum
allowed by stoichiometry, Eq. (3), according to the stoichiometry
in Eq. (4):

YH

Fu
, = 2100 (3)

Fy,

where Fy; and FOy; are the actual molar flow rate of hydrogen and
the maximum corresponding to stoichiometry, respectively.

CnHum + 2nH,0—nC0; + (20 + m/2) H, (4)

3. Results
3.1. Conversion of the model compounds

Fig. 2 displays the conversion and H, yield obtained in the
reforming of each model compound at zero time on stream. It can
be observed that high carbon conversions (higher than 92%) are
obtained for n-hexane, 1-hexene and tetradecane, whereas car-
bon conversion is lower (82%) for toluene. It is well-known that
aromatic compounds are less reactive than linear hydrocarbons,
which is attributed to a higher C—C bond energy of the aromatic
hydrocarbons [38].

In order to ascertain the products in Fig. 2, the following reaction
have been considered:

Hydrocarbon steam reforming : Cn,Hm +nH,0 — nCO + (n + m/2) H, (5)
Water gas shift (WGS) : CO+ Hy0 < COy + Hy (6)
Methane steam reforming : CH4 + H,0« CO + 3H, (7)

Cracking (secondary reaction) : ChyHmy — paraffins + olefins (8)

Regarding linear hydrocarbons, although high conversions are
observed for all compounds, small differences can be observed
depending on the chain length and the paraffinic or olefinic nature
of the hydrocarbon. Thus, as the carbon atom number of the paraf-
fin is higher, the conversion observed is lower (97% for n-hexane
and 94% for tetradecane), which is explained by the slower reaction
kinetics of long-chain hydrocarbons. Furthermore, although the
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Fig. 4. Effect of time on stream on conversions (a) and H; yields (b).

same mass flow rate is in the feed for both compounds, the partial
pressure of n-hexane is higher than that of tetradecane, which also
enhances reaction kinetics. Reforming reactions take place by irre-
versible adsorption of the hydrocarbons on the nickel surface and
the subsequent breakage of terminal C—C bonds until the hydro-
carbon is converted into C; hydrocarbon [39]. Thus, as the chain
length of the hydrocarbons is higher, the reforming rate is lower.
According to the nature of the hydrocarbons, 1-hexene conver-
sion (92%) is lower than that of n-hexane (97%) because olefins are
more liable to thermal cracking than paraffins. Above 600-650°C,
thermal cracking reactions begin to compete with steam reform-
ing reactions [39], and therefore a lower reforming reaction rate is
observed for 1-hexene.

Regarding the H; yield obtained in the steam reforming of dif-
ferent model hydrocarbons, similar trends are observed, with the
H, yield obtained for linear hydrocarbons (>76%) being higher
than that obtained for toluene (65%). Furthermore, although lin-
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Fig. 5. Effect of time on stream on the remaining gaseous product yields in the reforming of n-hexane (a), 1-hexene (b), tetradecane (c) and toluene (d).

ear hydrocarbons undergo similar conversion, with the one for
1-hexene being slightly lower, the difference between the H, yield
obtained for 1-hexene (76%) and n-hexane (83%) is more pro-
nounced. Nevertheless, a comparison based on the carbon atom
number does not seem to reveal significant differences in the H,
yield obtained.

It should be noted that, apart from the different reactivity of
the compounds, the carbon content per mass unit of the dif-
ferent compounds may have an influence on the conversions
and H, yields observed. The space time used in all runs is the
same (10 gcac min gmmrm;,oumi‘1 ), but the effective space time used
(grams of catalyst per carbon flow rate) is not the same. Thereby,
the effective space time used is as follows, according to a decreasing
order: n-hexane > n-hexene > tetradecane > toluene. Therefore, the
lower carbon conversion observed for toluene compared to linear
hydrocarbons, as well as for tetradecane compared to n-hexane,

is also a consequence of the lower effective space-time used with
these compounds.

Fig. 3 shows CO,, CO, CH4 and other gaseous hydrocarbon yields
obtained in the steam reforming of the model compounds. The
results obtained confirm the trend observed for conversion and H,
yield. A comparison of linear hydrocarbons with toluene shows that
a lower CO, yield is observed for toluene (59-62% for linear hydro-
carbons and 47% for toluene), which is a consequence of the poorer
reactivity of aromatic hydrocarbons. Regarding linear hydrocar-
bons, a lower CO yield (29%) is obtained for 1-hexene compared
to the two paraffins (35%). This effect is explained by the higher
cracking reactivity of olefins compared to paraffins and the lower
reforming rate due to the competence of both reactions at reform-
ing temperatures. The higher hydrocarbon yields obtained with
1-hexene (6%), insignificant for n-hexane, indicate that cracking
reactions take place more extensively for olefins.
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3.2. Catalyst stability

Fig. 4 shows the evolution of conversions (Fig. 4a) and H,
yields (Fig. 4b) with time on stream for different model com-
pounds. The results obtained reveal the significant effect of the
composition in the reaction medium on catalyst stability. Thus,
the following order of catalyst deactivation rate is observed:
toluene > 1-hexene > tetradecane > n-hexane. The main cause of
Ni catalyst deactivation is coke deposition, in which carbon is
deposited on the catalyst surface, hindering contact between reac-
tants and the catalyst active sites and decreasing the reforming
reaction rate. Coke formation and its evolution throughout reform-
ing takes place by the contribution of the following steps [40,41]:

Olefin polymerisation :

nCyH4 — oligomers — encapsulanting coke — filamentous coke

9)

Dehydrogenation of methane : CHy <> C (filamentous coke) + 2H,

(10)

Boudouard reaction : 2CO <« C(filamentous coke) + CO, (11)
Aromatic polycondensation :

Aromatics — polyaromatics — highly structured coke (12)

In order to explain the effect of the hydrocarbon type on the
catalyst deactivation rate, the difference in the distribution of
byproducts (Fig. 3) and their role as precursors for coke formation
(Egs. (9)-(12)) should be considered. Furthermore, catalyst deac-
tivation is attributed mainly to the blockage of Ni active sites by
the adsorbed coke (mainly amorphous coke), whereas filamentous
coke contributes to a lesser extent to deactivation because it has
minor relation with Ni active sites and grows towards the outside
of catalyst particles [40,41].

Although 1-hexene leads to high conversion and H, yield at zero
time of stream, a fast deactivation rate is observed (Fig. 4). Thus,
carbon conversion and H; yield decrease from 92% and 76% at zero
time on stream to 64% and 53% for 120 min, respectively.

157

The fast deactivation observed in 1-hexene reforming (Fig. 4) is
consistent with the coke formation role of light olefins (especially
ethylene), which are obtained by cracking reactions and are consid-
ered the main coke precursors, with high oligomerization activity
to form firstly encapsulating coke and then evolve to filamentous
coke (Eq. (9)) [42].

Fast catalyst deactivation is also observed when toluene is used
as model compound (conversion and H; yield decrease from 82%
and 65% to 53% and 38% for 120 min), which evidences the trend
of aromatic compounds to form coke (Eq. (12)). Apart from the
high capability of aromatic compounds to condense and form coke
[43-45], the low reactivity of these compounds enhances coke for-
mation. Thereby, as more coke is formed, catalyst activity is lower
and coke formation rate is higher.

Furthermore, Fig. 4 shows that paraffin chain length has a sig-
nificant effect on catalyst deactivation rate. Although n-hexane and
tetradecane have similar conversion at zero time on stream, cata-
lyst deactivation is more pronounced for tetradecane, for which
conversion decrease from 94% to 61% for 240 min, whereas for
n-hexane conversion decrease from 97% to 75% for 360 min. As
aforementioned, thermal cracking at the reforming temperatures
competes with reforming reactions, with the reaction rate for the
latter being lower for long chain hydrocarbons [19]. Therefore,
more thermal cracking products (CHy, light hydrocarbons and so
on) are formed for tetradecane, which are coke precursors and
responsible for a faster catalyst deactivation (Eq. (8)). Moreover,
an autocatalytic effect is observed due to the enhancement of ther-
mal cracking reactions when the catalyst is being deactivated, i.e.,
a higher concentration of coke precursors (especially CHy) in the
reaction medium and so a faster catalyst deactivation.

Fig. 5 shows the evolution of gaseous products yields with time
on stream for n-hexane (Fig. 5a), 1-hexene (Fig. 5b), tetradecane
(Fig. 5¢) and toluene (Fig. 5d). Considerable differences in the evo-
lution of gaseous products are observed in the reforming of these
model hydrocarbons.

A low deactivation rate is observed for n-hexane reforming at
low times on stream (Fig. 5a), for which the yields of CO (32%) and
CO, (59%) are almost constant until 120 min, with CH4 and light
hydrocarbon yields being almost insignificant. As time on stream
is increased the yield of CO, and CO decreases due to coke depo-
sition on the catalyst, which lowers catalyst activity and increases
the yield of CH4 and light hydrocarbons (thermal cracking prod-
ucts). Catalyst deactivation rate increases with time on stream due
to the increase in CH,4 and light hydrocarbon concentrations in the
reaction medium, which affects more significantly the reforming
reaction than the water gas shift reaction and so decreases prefer-
entially the yield of CO.

Regarding the evolution of gaseous product yields in 1-hexene
reforming (Fig. 5b), high deactivation rate is observed at a low time
on stream due to high CH4 and light hydrocarbon yields even at
zero time on stream. The presence of these coke precursors in the
reaction medium causes a sharp decrease in CO and CO, yield, from
29% and 59% at zero time on stream to 17% and 44% for 120 min,
respectively. This similar decrease in CO and CO, yields evidences
that catalyst deactivation has the same influence on reforming and
water gas shift reactions. Besides, given that deactivation affects
reforming and water gas shift reactions, thermal cracking reactions
are enhanced and a significant increase in CH4 and light hydrocar-
bon yields is observed with time on stream, reaching a value of 8%
and 22%, respectively, for 120 min.

Tetradecane (Fig. 5¢) shows an intermediate trend between n-
hexane and 1-hexene, with catalyst deactivation rate being faster
than for n-hexane reforming and lower than for 1-hexene reform-
ing. When the catalyst is deactivated, CO and CO, yields decrease
to 26% and 41%, respectively, for 240 min, and therefore the yield of
light hydrocarbons increases, reaching 9%. An autocatalytic effect
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Fig. 8. TEM images of the coke deposited on the catalyst in the reforming of n-hexane (a), 1-hexene (b), tetradecane (c) and toluene (d).

is observed, with deactivation rate being faster as time on stream
is increased, which is due to an increase in coke precursor concen-
tration in the reaction medium.

According to the evolution of gaseous product yields with time
on stream in toluene reforming (Fig. 5d), a sharp decrease in CO and
CO,, yield is observed as time on stream is increased, from 35% and

47% at zero time on stream to 22% and 36% for 120 min, respectively.
However, neither CH,4 nor light hydrocarbons are formed due to the
low cracking reactivity of aromatic compounds [42], i.e., their yield
is insignificant even for 120 min. Therefore, the fast deactivation
rate observed for toluene is caused by the coke deposited from non-
reformed aromatic compound condensation [43-45].
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3.3. Characterization of the coke deposited

In order to analyze the amount and nature of the coke deposited
on the catalyst in the reforming of different model hydrocarbons
and its effect on catalyst deactivation, temperature programmed
oxidation (TPO) of the coke deposited on the deactivated cata-
lyst has been carried out. As observed in Fig. 6, TPO profiles show
great differences. Thus, the coke amounts deposited for n-hexane,
tetradecane, 1-hexene and toluene are as follows: 1.65% gcac~! for
360 min, 16.15%gcac~! for 240 min, 13.00% g, ! for 120 min and
13.70% gcar ! for 120 min, respectively.

Apart from the differences observed in the coke amount
deposited, it is also observed that the nature of the coke deposited
on the catalyst varies depending on the model compound used.
A prevailing peak is observed at 570 °C for n-hexane, tetradecane
and 1-hexene, which is related to the combustion of the fila-
mentous carbon formed by evolution of the amorphous coke (Eq.
(9)), methane dehydrogenation (Eq. (10)) and Boudouard reaction
(Eq. (11)) [32,46,47]. Besides, a significant shoulder is observed at
lower temperatures (450 °C) indicating the combustion of amor-
phous carbon formed preferably by olefin polymerization (Eq. (9))
[46,48-50]. As observed, the peak related to the filamentous car-
bon is higher for tetradecane than for 1-hexene, whereas that for
amorphous carbon is higher for 1-hexene. Thus, the faster catalyst
deactivation observed for 1-hexene should be attributed mainly
to the amorphous coke deposited on Ni active sites, which causes
their blockage. According to the coke deposited in toluene reform-
ing, its combustion shows a main peak at 540°C, indicating the
different nature of the coke formed from aromatic compounds by
their polymerization and condensation reactions (Eq. (12)).

Fig. 7 shows SEM images for the catalysts deactivated in the
reforming of n-hexane (a), 1-hexene (b), tetradecane (c) and
toluene (d). As observed, although some fibres are formed in the
case of 1-hexene, mainly amorphous coke is deposited on the cat-
alyst surface. However, the coke deposited in the steam reforming
of tetradecane is mainly filamentous coke, which is not deposited
on the Ni active sites and so its deactivating effect is not as severe
as that of the amorphous coke [51]. Concerning the coke formed in
toluene reforming, it is not filamentous coke. The higher combus-
tion temperature of this coke ascertained from the TPO analyses
is related to a more structured coke formed from aromatic com-
pounds, whose combustion requires higher temperatures, even
though it is deposited close to combustion activating Ni active sites.

Fig. 8 shows TEM images for the catalysts deactivated in the
reforming of n-hexane (a), 1-hexene (b), tetradecane (c) and
toluene (d). Consistent with SEM images, the reforming of the
olefinic compound leads mainly to the formation and deposition of
amorphous carbon, which is responsible for the fast deactivation
of the catalyst. Nevertheless, reforming of paraffins leads mainly
to filamentous coke, whose effect on catalyst activity is not as pro-
nounced as amorphous coke because it is not deposited on Ni active
sites. Regarding toluene reforming, the coke formed is not of fila-
mentous structure so its high combustion temperature should be
attributed to the highly structured nature of the coke formed from
aromatic polymerization and condensation reactions. Based on the
fast deactivation observed in toluene reforming, this condensed
coke has a high capacity for blocking Ni sites because it is not a
filamentous matter growing towards the outside of the catalyst
particles.

4. Conclusions
Steam reforming of different model compounds (n-hexane,

1-hexene, tetradecane and toluene), representative of plastic pyrol-
ysis volatiles, has shown that the composition in the reaction

medium has great influence not only on the conversion and H
yield obtained at zero time on stream but also on the amount and
nature of the coke formed, and therefore on catalyst deactivation.

Although slight differences are observed, high carbon conver-
sion and H, yields are obtained at zero time on stream (>92%
and >76%, respectively) for linear hydrocarbons. As the paraffin
molecule is longer the reforming rate is lower, but a comparison
of the paraffin (n-hexane) with the olefin (1-hexene) shows that
olefin susceptibility to thermal cracking leads to a decrease in the
reforming reaction rate. Besides, lower conversion and H; yield is
observed for toluene, 82% and 65%, respectively, which evidences
a lower reactivity of aromatic hydrocarbons compared to linear
hydrocarbons.

Catalyst deactivation is highly dependent on the composition
in the reaction medium due to its effect on the nature of the coke.
The presence of light olefins leads to the formation of amorphous
carbon, which is deposited on Ni active sites and causes fast cata-
lyst deactivation. Thus, the high amount of light olefins in 1-hexene
reforming due to its thermal cracking causes faster catalyst deac-
tivation than in paraffin reforming. Furthermore, as the paraffin
molecule is longer, the reforming rate of the compound is lower
and the thermal cracking rate is higher, with the latter leading to
products causing catalyst deactivation. These products form prefer-
ably filamentous carbon, which is not deposited on Ni active sites,
and therefore cause slow catalyst deactivation. Besides, aromatic
compounds have high capability for condensing and forming a
structured coke deposited on the catalyst surface, which is respon-
sible for fast catalyst deactivation.
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