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Abstract: Biomass pyrolysis and polypropylene (PP) pyrolysis in a stirred tank reactor exhibited
different heat transfer phenomena whereby heat transfer in biomass pyrolysis was driven
predominantly by heat radiation and PP pyrolysis by heat convection. Therefore, co-pyrolysis
could exhibit be expected to display various heat transfer phenomena depending on the feed
composition. The objective of the present work was to determine how heat transfer, which was
affected by feed composition, affected the yield and composition of the non-polar fraction. Analysis
of heat transfer phenomena was based on the existence of two regimes in the previous research in
which in regime 1 (the range of PP composition in the feeds is 0–40%), mass ejection from biomass
particles occurred without biomass particle swelling, while in regime 2 (the range of PP composition
in the feeds is 40–100%), mass ejection was preceded by biomass particle swelling. The co-pyrolysis
was carried out in a stirred tank reactor with heating rate of 5 ◦C/min until 500 ◦C and using N2 gas as
carrier gas. Temperature measurement was applied to pyrolysis fluid at the lower part of the reactor
and small biomass spheres of 6 mm diameter to simulate heat transfer to biomass particles. The results
indicate that in regime 1 convective and radiative heat transfers sparingly occurred and synergistic
effect on the yield of non-oxygenated phase increased with increasing convective heat transfer at
increasing %PP in feed. On the other hand, in regime 2, convective heat transfer was predominant
with decreasing synergistic effect at increasing %PP in feed. The optimum PP composition in feed to
reach maximum synergistic effect was 50%. Non-oxygenated phase portion in the reactor leading
to the wax formation acted as donor of methyl and hydrogen radicals in the removal of oxygen to
improve synergistic effect. Non-oxygenated fraction of bio-oil contained mostly methyl comprising
about 53% by mole fraction, while commercial diesel contained mostly methylene comprising about
59% by mole fraction
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1. Introduction

Biomass can be treated via pyrolysis to form bio-oil which may be used as an alternative fuel with
some modifications. High oxygen content in the bio-oil is a major constraint for its application as a fuel
because it leads to bio-oil instability, strong tendency to re-polymerize and low heating value [1,2].
Co-pyrolysis of biomass and polypropylene (PP) plastic can be applied to synthesize bio-oil with
lower oxygen content. PP as an olefinic plastic which has high H/C mole ratio, can be a potential
hydrogen source for oxygen removal and saturation of alkenes in bio-oil [3]. If co-pyrolysis were to
produce bio-oil with viscosity in the same order of magnitude as those of commercial fuels and the
non-oxygenated fraction in the bio-oil could easily be separated from the oxygenated fraction, the
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co-pyrolysis would expedite the utilization of the non-oxygenated fraction from biomass as biofuel.
Other applications of biomass are the manufacture of metal-matrix composites (MMC). Some biomass
materials such as rice husk, bagasse, ramie, and rattan can be used as reinforcements for MMCs, while
rice husk ash, maize stalk ash and palm oil fuel ash can be used as both matrices and reinforcements
for MMCs [4]. The utilization of biomass as reinforcements is possible due to the high cellulose
composition of the biomass.

The term of ‘synergistic effect’ has been commonly used to describe how thermal co-pyrolysis
improves the yield of bio-oil, not the yield of non-polar fraction of bio-oil. Abnisa and wan Daud [3] in
their review on co-pyrolysis of biomass noted that the synergistic effect gives two benefits: the first,
there is an increase of the liquid yield obtained from co-pyrolysis of equal-mass feeds compared that
obtained from pyrolysis of biomass alone, and the second, the calorific value of the co-pyrolysis bio-oil
is higher than that obtained from pyrolysis of biomass alone. Thermal co-pyrolysis of biomass and PP
leads to higher bio-oil yield due to the free radical interaction of both feed charges [3]. The hydrogen
transfer from PP as a hydrogen donor to biomass as hydrogen acceptor reduces the presence of
oxygenated compounds in bio-oil via dehydration, decarboxylation and decarbonylation by expelling
oxygen in the forms of water, CO2 and CO gases [5,6]. However, all research works under their
review which are undertaken at low heating rate do not study how much the non-polar fraction
portion is increased as a result of the synergistic effect of co-pyrolysis. Synergistic effect to acquire the
highest conversion from polar fraction to non-polar fraction is expectedly affected by heat transfer and
composition of plastics as hydrogen donor to the co-pyrolysis of biomass and plastics.

Supramono et al. [7] have produced bio-oil with separated non-oxygenated and oxygenated
compound fractions as a result of thermal co-pyrolysis using corn cobs and PP in a stirred tank reactor
at a low heating rate. This separation allows calculating how much portion of the bio-oil is separated
into non-oxygenated and oxygenated fractions and allows chemical analysis to be conducted on each
fraction. The separation was suspected to occur due to low formation of polyaromatic hydrocarbons
and low molecular weight compounds [8]. Oxygenated and non-oxygenated compounds tend to
separate [9]. With low molecular weight and consequently low average viscosity of the fluid, phase
separation occurs easily [10]. Rapid cooling (quenching) during condensation of vapor pyrolysis
product accelerated the phase separation [11]. Phase separation was not encountered in other
co-pyrolysis works both at low heating rate conducted in fixed bed reactor [12–14] and in an auger
reactor [15–17] and at high heating experiments conducted in a fluidized bed [18,19].

The synergistic effect depends on the extent of the contact between materials and is more likely
to occur when pyrolysis is carried out in a fixed-bed reactor than in a fluidized-bed reactor [20]. The
co-pyrolysis work by Supramono [7] in a stirred tank reactor allows intimate contact between biomass
and PP. To improve the synergy between biomass and PP in co-pyrolysis, the formation of secondary
pyrolysis reaction products of biomass which contains mostly low molecular weight compounds
derived from lignin [21,22] is required, as implied by the work of Zhou et al. [23]. More secondary
pyrolysis reactions occur in pyrolysis undertaken at low heating rate which provide sufficient residence
time for further pyrolysis [24].

Heat transfer in co-pyrolysis at low heating rate should provide intense interactions between
the low molecular weight compounds of the biomass and plastic pyrolysis products to reach synergy.
During pyrolysis, cellulose undergoes swelling due to the interaction between cellulose and softening
lignin [25]. At low heating rate softening of lignin occurs over large span of temperature from 150
to 450 ◦C [26]. In a condition where biomass particles are enclosed with plastic melt in co-pyrolysis
of biomass-plastic, mass transfer of biomass pyrolysis products to plastic melt is inhibited. This
limited mass transfer extends the pyrolysis reactions toward secondary reaction including dehydration,
decarboxylation and decarbonylation and repolymerisation [24]. As the temperature increases during
slow pyrolysis, products of biomass pyrolysis are ejected to melting plastics in which high ejection
results in high interaction of biomass and plastic pyrolysis products favoring synergy. Serio et al. [27])
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suggested that lignin softening is hindered by crosslinking before bridge breaking of lignin which
affects the ejection.

In co-pyrolysis conducted in a stirred tank reactor, heat transfer is driven by radiation and
convection. In two extreme conditions, i.e., biomass pyrolysis and plastic pyrolysis, the former is
more affected by heat radiation due to the presence of moderate emissivity of biomass and the later by
heat convection because plastic melt induces high heat convection during its friction on the reactor
hot wall [28]. Therefore, co-pyrolysis involves both heat radiation and heat convection with different
proportions depending on the compositions of biomass-plastic feeds of the reactor.

It also has been found that before 300 ◦C there are two regimes in terms of mass ejection in which
co-pyrolysis using feed with PP content less than 50% (regime 1), biomass particles transport their
pyrolytic products to the surrounding plastic melt with slight mass ejection through large pores during
particle contraction, and that with PP content equal and more than 50% (regime 2) in which particle
swelling occurs before particle contraction where pyrolysis fluid comes out of biomass particles as jets
through small pores supposedly at high velocity [29]. According to Zonta and Soldati [30], expansion
of the fluid bulk enhances convective heat transfer. In the case of regime 2, the expansion occurs due
to biomass particle swelling and high velocity mass ejection. The ejection of mass must be preceded
by the cracking of biomass and influenced by heat transfer during co-pyrolysis to allow cracking of
biomass components. Baliga et al. [31] found that at low heating rate, lignin and xylan form melting
residue during early time of pyrolysis. Some researchers agreed that volatile formed during pyrolysis
pushes the melting material so that the material is swelling [32].

In authors’ best knowledge, no publication has addressed how feed composition influencing heat
transfer affects the yield and composition of non-polar fraction of bio-oil produced by co-pyrolysis of
biomass and PP at low heating rate. In order to analyze the effect of heat transfer and PP composition
in feed during co-pyrolysis, the presence of two separate fractions i.e., non-oxygenated (non-polar) and
oxygenated (polar) fractions is important to observe how much the portion of oxygenated fraction is
converted to non-oxygenated fraction as a result of co-pyrolysis compared to the portion of oxygenated
fraction as a result of biomass pyrolysis. The aim of the present research on synergistic effect to
improve the portion of non-polar bio-oil in co-pyrolysis of biomass-plastics is to investigate how
heat transfer affected by feed composition determines the hydrogen transfer from plastic to biomass
pyrolysis products to produce more non-polar fraction. The present work would be beneficial for other
biomass in herbaceous biomass group where they contain arabinoxylans as major polysaccharide in
hemicellulose, comprise similar composition of cellulose and contain all three phenylpropane units in
lignin, i.e., hydroxyphenyl, syringyl, and guaiacyl.

2. Material and Method

In each run, five thermocouples were inserted to the bottom of the reactor (see Figure 1a), three
of which can be used to measure temperatures of small biomass spheres pierced by the tip of the
thermocouples as well as to measure temperatures of pyrolysis fluid by exposing the tip of the
thermocouples to the pyrolysis fluid. Figure 1b shows the numbering of thermocouple positions.
Before being used, all thermocouples were calibrated to a thermocouple calibrator based on ASTM
standard E220-1986.

Corn cob particles of 8–50 mesh (300–2380 microns) were used as biomass feedstock, while PP
granules of 2.0 mm average size were of virgin PP type and used as plastic feedstock. Moisture content
of biomass feed for the experiment was adjusted to be between 9 to 10% dry basis.

In the present work, a stirred tank reactor was used to carry out co-pyrolysis reactions equipped
with a carrier gas of N2 and a stirrer. The reactions proceeded under conditions that heating rate was
5 ◦C /min from ambient temperature to 500 ◦C, holding time at maximum temperature was 10 min,
impeller stirring rotation was 100 rpm and flow of N2 was kept at 750 mL/min. The reactor of a vertical
cylindrical shape has height of 200 mm and inside diameter of 100 mm. On the outer sides of cylindrical
reactor wall and bottom of the reactor, a furnace with heating elements were installed. Temperature
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of pyrolysis material was sensed by a temperature controller to control power supply to the reactor
furnace. The tip of N2 gas pipe was positioned downward near the bottom of the reactor. Condensable
vapor and non-condensable gases flowed out of the reactor lid towards two condensers installed in
series where the condensable vapor was condensed to a bio-oil container, while the non-condensable
gas was allowed to go out to open air. Experiment has been carried out triplicate at feed compositions
of 0%, 50%, and 100%PP to verify the consistence of bio-oil yield. The standard deviations of bio-oil
yields derived from co-pyrolysis involving 0%, 50% and 100%PP in feeds respectively were 6.82%,
5.65% and 1.53%.

The present work involved bio-oil composition analysis using H-NMR spectroscopy. It was
used to analyze chemical bond compositions in non-oxygenated bio-oil and wax samples taken from
biomass pyrolysis and co-pyrolysis involving feed containing 12.5%, 25%, 50%, 75%, and 100%PP.
The H-NMR spectrometer manufactured by Agilent Technology worked at frequency of 500 MHz for
the non-oxygenated bio-oil and wax. Chloroform was used as solvent for non-oxygenated samples.
The 1H-NMR data of the non-oxygenated fraction can be used to determine branching index (BI)
calculated using formula proposed by Yan et al. [33] as shown in Equation (1):

BI =

[(
1
3

)
SCH3

](
1
2 SCH2 + SCH

) (1)

where SCH3 SCH2 and SCH are % amount of protons in CH3, CH2 and CH, respectively
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Figure 1. Inner schematics of the co-pyrolysis reactor (a), thermocouple configuration at the base of
reactor (b).

3. Results and Discussion

3.1. Non-Oxygenated Fraction in Bio-Oil

Figure 2a shows the portions of non-polar phase in bio-oil as the composition of PP in the
feedstock was increased. By increasing the composition of PP, the portion of non-polar phase was
also increased. Figure 2b, constructed based on data in Figure 2a, demonstrates the synergistic effect
of co-pyrolysis on the portion of non-polar phase, where at the composition of PP in the feed more
than 22%, the experimental portions of non-polar in the bio-oil were above the portions obtained
proportionally between portions of the non-polar phase obtained from pyrolysis of pure biomass and
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pure PP (proportionally-calculated portion). Co-pyrolysis undertaken using feedstock with 50%PP
attained the highest conversion of polar phase into non-polar phase.

Figure 2b also shows that when the composition of PP was less than about 22%, the co-pyrolysis
adversely reduced the portion of non-polar phase below proportionally-calculated portion of the
non-polar phase based on non-polar portions obtained from pure biomass and plastic pyrolysis.
Therefore, some portion of non-polar phase was converted into the polar phase. Figure 2b implies that
in terms of chemistry there may be three regimes in the co-pyrolysis as the PP composition in the feed
was varied, i.e., regime 1 covering %PP range from 0 to 22%, regime 2 from 22% to 50%, and regime 3
within %PP range from 50% to 75%.
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Figure 2. Experimental and theoretical fraction of non-oxygenated phase in bio-oil (a), the increase of
non-polar fraction obtained experimentally compared to that obtained theoretically (b).

Negative synergy at co-pyrolysis involving 12.5% PP may have occurred due to the presence of
high amounts of hydroxyl radicals as a result of cellulose pyrolysis in which the radicals behaved
as strong oxidizers [34]. In the oxidative environment in regime 1, the activation energy of PP
pyrolysis is significantly reduced [35] and its pyrolysis produces more non-condensable gas yield [36]
and consequently less yield of non-polar phase as indicated in Figure 2a,b. It seems that oxidative
pyrolysis of PP induces end-chain scission to produce small molecule compounds. By comparison,
for co-pyrolysis with equal portion of feed charges, Xue et al. [18] found that at high heating rate
co-pyrolysis between each of cellulose, xylan and lignin with polyethylene (PE) using fluidized beds
results in positive synergy on the yields of olefin and alkanes with the highest synergy occurring in
co-pyrolysis of PE and lignin. In this case, catalyst of HZSM5 is used to improve pyrolysis vapor.
Therefore, the existence of high composition of hydroxyl in co-pyrolysis involving biomass-rich feed
inhibits positive synergy to convert biomass into non-oxygenated compounds.

3.2. Comparison of Temperatures of Biomass Spheres and Pyrolysis Fluid

In order to relate the two distinct mass ejection phenomena already addressed elsewhere [29] to
the present work, the discussion of the present work is divided into two regimes of mass ejection.
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3.2.1. Co-Pyrolysis Using Feeds Containing 0 and 25% Weight of PP

In biomass pyrolysis, temperatures of biomass particles were very similar to that of biomass
vapor originating from biomass pyrolysis (see Figure 3). However, there were differences between
temperatures of biomass spheres and those of pyrolysis fluid for co-pyrolysis (see Figure 4). With
small proportion of PP in the feed in regime 1, the melting PP coated partly the biomass particle
surface with thin melting PP film to form fragments and the rest formed flocks with thick melting PP
(see Figure 5a,b). This possibly occurred when PP was melting in which by gravity biomass particles
in the lower part of reactor were immersed in melting PP and the rest were coated with melting PP.

In case of biomass pyrolysis described by Figure 3, heat radiation was predominant over heat
conduction because thermal conductivities of both biomass particles and melting PP were very
small [37]. Biomass particles were directly exposed to transparent N2 carrier gas and they possibly
underwent radiative heat transfer. Convective heat transfer was unlikely to occur considering that
average velocity of N2 gas was 1.6 mm/s. This value was much smaller than the fluidization velocity
(Umf) of 120 mm/s to obtain appreciable convective heat transfer [38]. Therefore, heat transfer in
biomass pyrolysis was dominated by heat radiation and pyrolysis fluid, which originated from biomass
pyrolysis, exhibited similar temperatures as that of biomass particles.

Processes 2020, 8, x FOR PEER REVIEW 6 of 17 

 

[37]. Biomass particles were directly exposed to transparent N2 carrier gas and they possibly 
underwent radiative heat transfer. Convective heat transfer was unlikely to occur considering that 
average velocity of N2 gas was 1.6 mm/s. This value was much smaller than the fluidization velocity 
(Umf) of 120 mm/s to obtain appreciable convective heat transfer [38]. Therefore, heat transfer in 
biomass pyrolysis was dominated by heat radiation and pyrolysis fluid, which originated from 
biomass pyrolysis, exhibited similar temperatures as that of biomass particles. 

 

  

(a) (b) (c) 

Figure 3. Comparison of temperatures of biomass spheres and biomass pyrolysis fluid taken at 
thermocouple #3 (a), thermocouple #4 (b), thermocouple #5 (c). 

 

 

 

(a) (b) (c) 

Figure 4. Comparison of temperatures of biomass spheres and co-pyrolysis fluid taken at 
thermocouple #3 (a), thermocouple #4 (b), thermocouple #5 (c). Co-pyrolysis used a feed containing 
25% weight of PP. 

Referring to the case shown by Figure 4, because the thin film of melting PP in upper part of 
biomass bed was transparent to heat radiation [39] from the reactor wall, the radiative heat went 
through the film to directly heat the biomass particles. Therefore, melting-PP coated biomass particles 
were directly exposed to N2 carrier gas and they possibly underwent radiative heat transfer.  

Convective heat transfer may have occurred in lower part of bed where biomass particles 
immersed in melting PP. With stirrer rotation speed of 100 rpm and the reactor radius of 50 mm in 
the present work, the tangential velocity on the inner wall of the reactor was estimated 520 mm/s. 
According to Sato et al. [28], the minimum velocity of melting PP on a hot solid surface to induce 
convective heat transfer on melting PP at temperatures between 200 to 250 °C is 0.078 mm/s. In 
comparison, the tangential velocity in the present work, i.e., 520 mm/s, was much higher than 0.078 
mm/s. Sato et al. [28] noted that with this high tangential velocity, the convective heat transfer 
coefficient was predominant.  

In Figures 3 and 4, there is a downward concave temperature curve starting from ambient 
temperature indicating there was heat absorption from biomass particles by water evaporation in 
biomass particles and dehydration [40]. In addition to that, in co-pyrolysis, the drop of temperature 
occurred in part due to heat absorption by PP melting. Brzozowska-Stanuch et al. [41] found that 
polypropylene has a melting point of 163 °C and it requires heat for melting. 

Figure 3. Comparison of temperatures of biomass spheres and biomass pyrolysis fluid taken at
thermocouple #3 (a), thermocouple #4 (b), thermocouple #5 (c).

Processes 2020, 8, x FOR PEER REVIEW 6 of 17 

 

[37]. Biomass particles were directly exposed to transparent N2 carrier gas and they possibly 
underwent radiative heat transfer. Convective heat transfer was unlikely to occur considering that 
average velocity of N2 gas was 1.6 mm/s. This value was much smaller than the fluidization velocity 
(Umf) of 120 mm/s to obtain appreciable convective heat transfer [38]. Therefore, heat transfer in 
biomass pyrolysis was dominated by heat radiation and pyrolysis fluid, which originated from 
biomass pyrolysis, exhibited similar temperatures as that of biomass particles. 

 

  

(a) (b) (c) 

Figure 3. Comparison of temperatures of biomass spheres and biomass pyrolysis fluid taken at 
thermocouple #3 (a), thermocouple #4 (b), thermocouple #5 (c). 

 

 

 

(a) (b) (c) 

Figure 4. Comparison of temperatures of biomass spheres and co-pyrolysis fluid taken at 
thermocouple #3 (a), thermocouple #4 (b), thermocouple #5 (c). Co-pyrolysis used a feed containing 
25% weight of PP. 

Referring to the case shown by Figure 4, because the thin film of melting PP in upper part of 
biomass bed was transparent to heat radiation [39] from the reactor wall, the radiative heat went 
through the film to directly heat the biomass particles. Therefore, melting-PP coated biomass particles 
were directly exposed to N2 carrier gas and they possibly underwent radiative heat transfer.  

Convective heat transfer may have occurred in lower part of bed where biomass particles 
immersed in melting PP. With stirrer rotation speed of 100 rpm and the reactor radius of 50 mm in 
the present work, the tangential velocity on the inner wall of the reactor was estimated 520 mm/s. 
According to Sato et al. [28], the minimum velocity of melting PP on a hot solid surface to induce 
convective heat transfer on melting PP at temperatures between 200 to 250 °C is 0.078 mm/s. In 
comparison, the tangential velocity in the present work, i.e., 520 mm/s, was much higher than 0.078 
mm/s. Sato et al. [28] noted that with this high tangential velocity, the convective heat transfer 
coefficient was predominant.  

In Figures 3 and 4, there is a downward concave temperature curve starting from ambient 
temperature indicating there was heat absorption from biomass particles by water evaporation in 
biomass particles and dehydration [40]. In addition to that, in co-pyrolysis, the drop of temperature 
occurred in part due to heat absorption by PP melting. Brzozowska-Stanuch et al. [41] found that 
polypropylene has a melting point of 163 °C and it requires heat for melting. 

Figure 4. Comparison of temperatures of biomass spheres and co-pyrolysis fluid taken at thermocouple
#3 (a), thermocouple #4 (b), thermocouple #5 (c). Co-pyrolysis used a feed containing 25% weight of PP.

Referring to the case shown by Figure 4, because the thin film of melting PP in upper part of
biomass bed was transparent to heat radiation [39] from the reactor wall, the radiative heat went
through the film to directly heat the biomass particles. Therefore, melting-PP coated biomass particles
were directly exposed to N2 carrier gas and they possibly underwent radiative heat transfer.

Convective heat transfer may have occurred in lower part of bed where biomass particles immersed
in melting PP. With stirrer rotation speed of 100 rpm and the reactor radius of 50 mm in the present
work, the tangential velocity on the inner wall of the reactor was estimated 520 mm/s. According
to Sato et al. [28], the minimum velocity of melting PP on a hot solid surface to induce convective
heat transfer on melting PP at temperatures between 200 to 250 ◦C is 0.078 mm/s. In comparison, the
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tangential velocity in the present work, i.e., 520 mm/s, was much higher than 0.078 mm/s. Sato et al. [28]
noted that with this high tangential velocity, the convective heat transfer coefficient was predominant.

In Figures 3 and 4, there is a downward concave temperature curve starting from ambient
temperature indicating there was heat absorption from biomass particles by water evaporation in
biomass particles and dehydration [40]. In addition to that, in co-pyrolysis, the drop of temperature
occurred in part due to heat absorption by PP melting. Brzozowska-Stanuch et al. [41] found that
polypropylene has a melting point of 163 ◦C and it requires heat for melting.
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Figure 5. Fragments of biomass particles in melting PP with feed containing 0% weight of PP
(a), combined flocks and fragments of biomass particles in melting PP from a sample taken when
co-pyrolysis with feed containing 25% weight of PP (b). Samples were taken when co-pyrolysis
achieved 300◦C.

Figure 4 shows that there was a large curve bump within the range of about 200–350 ◦C on biomass
spheres. Within this range, high mass loss rates of hemicellulose and cellulose occurred [42] with
secondary char may have concurrently formed. In biomass pyrolysis at low heating rate, the secondary
char is mostly formed by repolymerization of lignin and hemicellulose pyrolysis products [43]. The
secondary char formation is always followed by emanating exothermic heat [44]. The phenomenon of
increase of biomass particles which were blanketed by melting PP film was similar to that found by
Anca-Couce and Scharler [44] who performed biomass pyrolysis experiments at low heating rate using
a micro TGA-DSC with a lid to increase the residence time of the pyrolysis vapor. They found that
this experimental arrangement results in enhancing secondary reactions and promoting exothermic
secondary charring. Exothermic heat during char formation was responsible for a large increase of
temperature in the curve bump. The presence of the large curve bump whose temperatures were
measured at the base of the reactor indicates that char was trapped by melting PP film and secondary
char emanated exothermic heat within the melting PP film because of low mass ejection from biomass
particles before PP underwent high mass decomposition above 400 ◦C. This finding supported the
finding by Supramono et al. [29] that in this regime, mass ejection from biomass pores is not strong.
Because the biomass spheres in co-pyrolysis involving 25% weight of PP were installed near the base
of the reactor where the convective heat was predominant, then the biomass pyrolysis in lower part of
feedstock most likely was driven by heat convection in addition to radiation, while in upper part by
heat radiation. Additionally, secondary char in co-pyrolysis gave more heat to pyrolysis fluid and
improved the fluid temperature as seen by comparing fluid temperatures in Figures 3 and 4 which was
favorable in PP pyrolysis to supply more hydrogen radicals.

3.2.2. Co-Pyrolysis Using Feeds Containing 50%, and 75% Weight of PP in Regime 2

Samples of co-pyrolysis using feeds containing 50% and 75% weight of PP taken from a
swelling-contraction reactor [29] exhibited big flocks of biomass particles in melting PP with no
fragments of biomass particles (see Figure 6a,b). This suggested that all biomass particles were
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immersed in melting PP in the stirred tank reactor and convective heat transfer was predominant.
For co-pyrolysis involving feed containing 50% weight of PP, Figure 7 shows that at temperature less
than 400 ◦C, temperature of biomass particles was very similar to that of pyrolysis fluid. Additionally,
Figure 7 exhibits a curve bump starting around 300 ◦C and reached the highest bump at about 400 ◦C.
The temperature of 300 ◦C was the end of biomass swelling where biomass pyrolysis vapor started to
release [29] and that of 400 ◦C was the starting temperature of high mass decomposition of melting PP
pyrolysis in short time [45]. Jouhara et al. [46] concluded that most of biomass pyrolysis occurs above
300 ◦C, which is the end of the biomass particle swelling, where large release of depolymerisation and
cracking of biomass in co-pyrolysis in vapor phase started to occur in melting PP. Attinger et al. [47]
suggested that the phase change of fluid improved convective heat transfer. Consequently, it also
improved heat flux from the hot reactor wall to the melting PP resulting in higher pyrolysis fluid
temperature as described by the presence of a curve bump.
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feed containing 50% weight of PP: (a) Thermocouple #3, (b) Thermocouple #4, (c) Thermocouple #5.

The temperature profiles of pyrolysis fluid and biomass particles in co-pyrolysis involving 50%
weight of PP in feed shown in Figure 7 are similar to those involving 75% weight of PP in feed described
by Figure 8. The difference is that in Figure 8, there was noticeable difference between these profiles
within a temperature range of about 275–420 ◦C with the pyrolysis fluid exhibiting large bump. This
indicates that convective heat transfer from the hot reactor wall to the melting PP was larger than in the
case of co-pyrolysis involving 75% weight of PP in feed and as a result the formation of biomass and PP
pyrolysis vapor was larger compared to those in the case of co-pyrolysis involving 50% weight of PP in
feed. This argument is accordance with the fact that that in regime 2 the higher the PP composition in
the feed, the higher is the bio-oil yield [3]. In both cases, in the mixture of biomass particle-melting PP
with thicker melting PP, the radiative heat to the biomass particles was attenuated, and heat is more
absorbed by biomass particles by heat convection through the melting PP [43]. Figure 8 also indicates in
comparison to Figure 4 that the secondary char on the biomass particles was absent which means that
mass ejection from biomass particles occurred at high velocity as suggested by Supramono et al. [29].
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Elucidation of both cases in this section suggests that higher composition of PP induced more
formation of pyrolysis vapor as well as promoted higher convective heat transfer as indicated by the
presence of large bump of pyrolysis liquid temperature profile. Results in Sections 3.1 and 3.2 indicate
that convective heat transfer, which was predominant in regime 2 rather than in regime 1, possibly
improved heat flux which produced more pyrolysis vapor.

3.3. Comparison of Temperatures of Pyrolysis Fluid at Different Feed Compositions in Regime 2

All pyrolysis fluid temperature profiles in Figure 9 show that co-pyrolysis using feed containing
PP 87.5% exhibited higher fluid temperature than those using less PP in the feeds. Temperature profiles
measured using thermocouples 1 and 3 can represent the profiles in all thermocouple positions because
they had very similar curve fashions. Experiment on swelling-contraction in this regime using the
same feed composition at low heating rate suggested that co-pyrolysis using PP of 87.5% posed the
highest swelling among other co-pyrolysis using less PP in the feed [29]. The swelling started from
200 ◦C and the maximum swelling was reached at around 300 ◦C. Therefore, within the temperature
range 200–300 ◦C, co-pyrolysis received high heat flux because particle swelling making the whole bed
in the stirred tank reactor expanding and as the stirring was maintained at 100 rpm, the expansion
allowed higher friction between melting PP and the hot reactor wall to induce higher convective heat
flux to the reactor feedstock. This phenomenon was similar to that found by Zonta and Soldati [30]
who worked on fluid thermal expansion to improve convective heat transfer.

Within the fluid temperature range 300–420 ◦C, primary biomass pyrolysis products existed in
the mixture with melting PP after the accomplishment of biomass particle swelling at about 300 ◦C.
The next stage above 300 ◦C was dependent on composition of PP in the feed in which higher PP
composition in the feedstock induced enhanced convective heat and produced more bio-oil. At lower
compositions of PP in feeds of co-pyrolysis, the increase of temperatures was not as large as the increase
at co-pyrolysis using 87.5% PP. According to the work by Supramono et al. [29], co-pyrolysis using
less PP in the feed posed less biomass particle swelling, which reduced pyrolysis vapor produced.
Consequently, the heat flux received by co-pyrolysis using feed containing PP less than 87.5% was less
than that by co-pyrolysis using feed containing 87.5% PP. The closeness among temperature profiles
attributed to co-pyrolysis using 75%, 67.5% and 50% PP was more likely due to combined effects of
convective heat flux from the reactor wall to melting PP and exothermic heat by char formation. It has
been explained that co-pyrolysis involving higher PP composition in feed was attributed to higher
heat flux and lower exothermic heat due to less char formation (see Figure 10). Similarity of summed
heat flux and exothermic heat may have resulted in similarity in temperature profile curves within the
range of 300–420 ◦C. Therefore, higher composition of PP in feed was favorable for PP pyrolysis to
produce more hydrogen radicals.
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Figure 9. Temperature profile of pyrolysis fluid in regime 2 measured by Thermocouple #1 (a),
Thermocouple #3 (b).
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Figure 10. Average water content in polar fractions of bio-oil.

3.4. H-NMR of Non-Oxygenated Fraction of Bio-Oil and Wax

Figure 11 shows that %abundance of H attributed to chemical bonds produced by co-pyrolysis of
PP at different feed compositions was nearly irrespective of the feed composition. In hydrogen balance
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perspective, this indicates that volatiles generating wax of PP rather than those generating non-polar
bio-oil behaved as a hydrogen source. Therefore, the hydrogen transfer attributed to Figure 2 was not
analyzed via pyrolysis attributed to the non-polar phase.

Figure 11 also shows that composition of H attributed to methyl groups was larger than those
attributed to methylenes and methines, which indicates that carbon chains in the non-polar phase
contained large amounts of branching [45]. The result was in accordance to that obtained by
Sojak et al. [45] who found that PP pyrolysis produces mostly branched carbon-chain hydrocarbon
structure. However, their structures contained highly unsaturated carbon chains in contrast to the
structure obtained by the present work which contained only about 6% unsaturated carbons. This low
unsaturated carbon composition may have been satisfied by donation of hydrogen not only by PP
pyrolysis, but also by pyrolysis of lignin and cellulose. Kawamoto [48] suggested that the conversion
of monolignols derived from lignin pyrolysis may involve dehydrogenation which releases hydrogen.
Cleavage of weak ether bonds during lignin pyrolysis forms either of three monolignols of lignin,
i.e., synapil, coniferyl or p-coumaryl alcohols, respectively, derived from three major aromatic ring
substituents (units) differing in the degrees of methoxylation of their carbon rings, i.e., S (syringyl)-,
G (guaiacyl)- and H (p-hydroxyphenyl)-units [48,49]. Sinapyl, coniferyl and p-coumaryl alcohols
respectively contains 2, 1 and no methoxy moieties. The proportions of S-, G- and H-units in feed
depend on type of biomass origin, whether hardwood, softwood or herbaceous biomass [48,50].
Corncobs as an herbaceous biomass used as the feedstock in the present work contains mainly S-unit
which less susceptible to undergo condensation and repolymerisation [50]. Another source of hydrogen
is the dehydrogenation reaction of alcohols to aldehydes and ketones [51] in which the alcohols are
obtained by reaction between PP and hydroxyl radicals from cellulose pyrolysis.
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Figure 11. Effect of % weight of PP in feed mixture on %amount of H in non-polar fraction of bio-oil.

In co-pyrolysis, reactions are dominated by hydrogen, hydroxyl and methyl abstractions, in which
biomass pyrolysis abstracts hydrogen and methyl from PP pyrolysis [19]. Figure 12 shows that as the
composition in the feed was increased from 12.5% to 25% PP in feed in regime 1, H abundance bound
to allyl increased and that bound to methyl content in wax decreased. Hydrogen donation provided
by wax through the formation of more allyl in wax was possible because H at α position to the double
bond has the lowest bond dissociation energy (BDE) to cleave to form H radicals [52].

Figure 12 shows that increasing PP composition from 50 to 75%PP in feed in regime 2 reduced the
H abundance attributed to allylic C in wax and increased H abundance bound to methyl in wax. In this
regime, it is expected that there was excess of H and methyl radicals from wax due to smaller proportion
of biomass in feed composition as %PP in feed was increased. This excess reached equilibrium between
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H and methyl abstractions from wax in radical recombination [53], which can be achieved in pyrolysis
undertaken at low heating rate in the present work [54].Processes 2020, 8, x FOR PEER REVIEW 13 of 17 
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3.5. Water Content in Oxygenated Fraction of Bio-Oil

Figure 10 shows the effect of PP composition in feed on water content in oxygenated fraction of
bio-oil. According to Antal and Gronli [55] and Scheirs et al. [56], in biomass pyrolysis there are two
dehydration reactions in cellulose pyrolysis, i.e., intramolecular formation of anhydrocellulose and
intermolecular formation of glucose cross-link toward the char formation. Lignin is more difficult to
dehydrate than cellulose and hemicellulose, whereas most of char is contributed by repolymerisation of
lignin [22]. Water may also be released as a result of interaction between cellulose and PP in co-pyrolysis.
Sharypov et al. [57] found that the presence of olefinic polymer promotes hydrogen abstraction reaction
between long chain polymer species and free radicals produced from biomass intermediates. Olefinic
polymer decomposes via a cascade of free radical reactions [58]. More specifically, Ojha and Vinu [59]
found that reaction between hydroxyl radical abstracted from cellulose with propylene trimer to
represent long carbon chain PP readily forms propylene trimer radical with the liberation of water.
The Arrhenius activation energy of this reaction is low, i.e., in the range of 11–14 kcal/mol. Propylene
trimer radicals readily react with water to form alcohols with an Arrhenius activation energy of
10–14 kcal/mol. This later reaction competes with the reaction between propylene trimer with hydroxyl
radicals with much lower Arrhenius activation energy. However, the presence of hydroxyl radicals
is restricted by high activation energy for their abstraction from cellulose. They concluded that the
plausible pathway to form long-chain alcohols is the reaction between PP radicals with water formed
by cellulose dehydration.

Comparing the water content in polar fraction of bio-oil resulting from co-pyrolysis in regimes 1
and 2, it seems that co-pyrolysis in regime 1, which occurred in hydroxyl-rich environment, preferred
reaction between PP radicals and water to produce long-chain alcohols and consequently bio-oil
contained less water. On the other hands, co-pyrolysis in regime 2, which occurred in hydrogen-rich
environment, preferred reaction between PP radicals and hydroxyl radicals with the excess of hydrogen
reacting with hydroxyl radicals to form water. The abstraction of hydroxyl radicals from cellulose
during cellulose dehydration is mediated by free radicals in β-position of tertiary carbon in any of first
to fifth position in the cellulose structure [19]. Zhou et al. [60] found that the presence of hydrogen
radicals obtained from PP pyrolysis, which is concomitant to condition in regime 2, induces hydroxyl
radical formation. As a result, water composition in bio-oil obtained from co-pyrolysis in regime 2
was larger than that in regime 1 as indicated by Figure 10. Higher water production in co-pyrolysis
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with increasing PP composition in feed (see Figure 10) occurred due to promotion of hydroxyl radicals
which incurred the less yield of non-oxygenated fraction as described by Figure 2b.

3.6. Chemical Properties of the Non-Polar Fraction of Bio-Oil and Diesel Fuel

Table 1 shows that in general there were similarities in branching indices (BIs), compositions
of methyl, methylene, methine, allylic C and vinylic C among non-oxygenation fractions of bio-oil
obtained from co-pyrolysis with different feed compositions. Diesel fuel has BI of only 0.4, while
non-polar fractions between 0.57 to 0.60. The indices were calculated using Equation (1) based on the
data given in Figure 11. To upgrade the bio-oil into biofuel, it needs to modify its chemical structure
to have lower branching. The introduction of acetylene in PP pyrolysis may be an option to adjust
between carbon chain scission and crosslinking to achieve a certain BI [61]. To be used as diesel fuel,
the vinyl content in non-polar phase should be reduced because double bonds are not favorable during
combustion as it affects ignition delay time and combustion emission [62]. Methyl composition was
predominant chemical bond in non-oxygenated fractions and comprised about 53% by mole fraction
and methine was the second most chemical bond. By comparison, commercial diesel contained mostly
methylene and methyl comprising about 35% and 59% by mole fractions, respectively.

Table 1. H-NMR analysis results of non-polar fractions of bio-oil obtained from co-pyrolysis at various
PP compositions.

25%PP in Feed 50%PP in Feed 75%PP in Feed 100%PP in Feed Diesel Fuel

%H at methyl 53.61 52.87 52.79 52.93 34.90
%H at methylene 14.73 14.39 14.04 13.99 58.61

%H at methine 22.63 23.26 23.67 23.40 0
%H at allylic C 3.84 3.85 3.82 3.81 0

% H at vinylic C 5.01 5.58 5.68 5.87 0
% H at aromatic ring 0 0 0 0 1.93

%H at benzylic C 0 0 0 0 4.56
Branching Index (BI) 0.60 0.57 0.57 0.58 0.40

4. Conclusions

Some conclusions arising from the present work are as follows

(1) Comparison of temperatures of pyrolysis fluid and biomass spheres indicates that in regime 1
convective and radiative heat transfers sparingly occurred and synergistic effect on the yield
of non-oxygenated phase increased with increasing convective heat transfer at increasing %PP
in feed, while in regime 2, convective heat transfer was predominant with the synergistic effect
reducing at increasing %PP in feed. In the later regime the reduction of synergistic effect occurred
at increasing %PP composition in the feed due to more disappearance of H radicals to form water.
The optimum PP composition in the feed to reach maximum synergistic effect was 50%.

(2) In co-pyrolysis, non-oxygenated phase portion in the reactor leading to the wax formation acted
as donor of methyl and hydrogen radicals in the removal of oxygen in the synergistic effect.
Maximum donation occurred at optimum PP composition in the feed.

(3) The non-oxygenated fractions of bio-oil contained mostly methyl groups comprising about
53% by mole fraction irrespective of the PP composition employed in the co-pyrolysis.
By comparison, commercial diesel contains mostly methylenes comprising about 59% by mole
fraction. Non-oxygenated fractions exhibited branching indices about 50% higher than that of
commercial diesel.
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