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Microalgae are attractive feedstocks for biofuel production and are especially suitable for
thermochemical conversion due to the presence of thermally labile constituents—lipids,
starch and protein. However, the thermal degradation of starch and proteins produces
water as well as other O- and N-compounds that are mixed-in with energy-dense lipid
pyrolysis products. To produce hydrocarbon-rich products from microalgae biomass, we
assessed in situ and ex situ catalytic pyrolysis of a lipid-rich Chlorella sp. in the presence
of the HZSM-5 zeolite catalyst over a temperature range of 450-550°C. Results show
that product yields and compositions were similar under both in situ and ex situ conditions
with benzene, toluene and xylene produced as the primary aromatic products. Yields of
aromatics increased with increasing temperature and the highest aromatic yield (36.4% g
aromatics/g ash-free microalgae) and selectivity (87% g aromatics/g bio-oil) was obtained
at 550°C. Also, at this temperature, oxygenates and nitrogenous compounds were not
detected among the liquid products during ex situ catalytic pyrolysis. We also assessed
the feasibility of a two-step fractional pyrolysis approach integrated with vapor phase
catalytic upgrading. In these experiments, the biomass was first pyrolyzed at 320°C to
degrade and volatilize starch, protein and free fatty acids. Then, the residual biomass
was pyrolyzed again at 450°C to recover products from triglyceride decomposition.
The volatiles from each fraction were passed through an ex situ catalyst bed. Results
showed that net product yields from the 2-step process were similar to the single step
ex situ catalytic pyrolysis at 450°C indicating that tailored vapor phase upgrading can
be applied to allow separate recovery of products from the chemically distinct biomass
components—(1) lower calorific value starch and proteins and (2) energy-dense lipids.

Keywords: Chlorella, pyrolysis, zeolite, bio-oil, biochar, biofuels, HZSM-5

INTRODUCTION

Microalgae are primarily comprised of starch, proteins and lipids and are especially attractive
biomass resources for biofuel production due to presence of energy dense triglycerides and fatty
acids (Georgianna and Mayfield, 2012). Traditional approaches of lipid extraction or in situ
transesterification can produce fuel from only the biomass lipids (Yu et al., 2015; Skorupskaite et al.,
2016). Thermochemical methods, however, can convert all organic components of microalgae into
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fuels or their precursors. In pyrolysis, biomass is thermally
degraded in the absence of oxygen to produce gases, liquids
(bio-oil), and solids (biochar) (Babu, 2008; Wang et al., 2013).
Higher bio-oil yields are obtained when pyrolysis is performed
with short vapor residence times and fast heating rates—a process
termed fast pyrolysis (Huber et al., 2006; Bridgwater, 2012). In
large scale systems, fast pyrolysis is implemented using fluidized
bed, sprouted bed or ablative reactors (Bridgwater, 2012). In the
laboratory, fast pyrolysis behavior of biomass is often simulated
using Pyroprobe™ or similar instruments (Wang et al., 2014b,
2017; Mukarakate et al., 2015; Murugappan et al., 2016; Mullen
et al., 2017). High heat transfer, precise control of temperature
and short vapor residence time that are required for fast pyrolysis
can all be achieved in the Pyroprobe™ instrument (Babu, 2008).

Since starch, proteins and lipids are all highly thermally
labile, pyrolysis is a promising pathway to produce biofuels
from microalgae (Maddi et al., 2011, 2017; Rizzo et al., 2013).
However, bio-oil from microalgae biomass cannot be directly
used as liquid fuel due to high heteroatom (O and/or N)
content, water content, acidity and thermal/chemical instability
(Elkasabi et al., 2016; Sebestyén et al., 2016; Chiaramonti et al.,
2017). These undesirable properties of bio-oil are directly related
to microalgae constituents (Gong et al, 2014). For instance,
pyrolysis of the carbohydrate fraction from microalgae produces
oxygenated compounds such as aldehydes, ketones, carboxylic
acids, alcohol and water (Wang et al, 2013). Furthermore,
protein constituents from microalgae pyrolysis are converted
into N-compounds, and consequently the bio-oil may contain
high nitrogen concentrations depending upon the N content
of microalgae feedstock (Miao et al., 2004; Rizzo et al., 2013;
Wang et al., 2013). On the other hand, pyrolysis of triglycerides
produces bio-oil that is rich in hydrocarbons (Shirazi et al,
2016). Thus, if pyrolysis volatiles from protein and carbohydrate
constituents could be collected separately from triglyceride
pyrolysis products, it would allow the downstream processing of
each fraction to be tailored to the different chemical and physical
properties of these fractions (protein, carbohydrate, and lipid).

In recent work, we have observed that the biopolymer
components (protein, starch and triglycerides) volatilize
over narrow and distinct temperature regions (Maddi et al.,
2017). This allows recovery of N-containing compounds and
carbohydrate products from the biomass by first heating to
~320°C and holding temperature steady until a majority of
the protein and starch are thermally degraded or stabilized
via polymerization to biochar. The biomass remaining
after thermal decomposition of protein and starch can be
further pyrolyzed at higher temperature to recover bio-oil
from the triglycerides with much lower N- and O-content
(Maddi, 2014; Maddi et al., 2015a,b).

The bio-o0il produced from thermal deconstruction of
microalgae is typically upgraded through hydrotreating or
catalytic cracking to drop-in fuel molecules (Furimsky, 2013;
Jarvis et al., 2016). The hydrotreating process is conducted at
elevated temperature (300-450°C) and pressure (up to 20 MPa)
and requires Hy. The bio-oil quality is improved during the
hydrotreating due to a decrease in O and N and an increase
in H/C ratio. However, due to high pressure H, requirements,

hydrotreating can incur high capital cost. Furthermore, catalyst
deactivation and low catalyst lifetime (<200 h) is a challenge for
commercialization of the biomass hydroprocessing (Mortensen
etal., 2011). Alternatively, catalytic cracking can deoxygenate the
bio-oil to produce hydrocarbons that are compatible with petro-
fuels. The reaction is carried out at elevated temperature (400-
600°C, similar to pyrolysis temperatures) and near-atmospheric
pressure over solid acid catalysts (Thangalazhy-Gopakumar et al.,
2012). Zeolites such as ZSM-5, SAPO-34, zeolite Y and P are
widely used cracking catalysts due to their crystallinity, well-
defined pore structures, large surface area, strong acidity and
high thermal resistance (Huber and Corma, 2007; Jae et al., 2011;
Rezaei et al., 2014).

Catalytic cracking is often combined with pyrolysis in either
in situ or ex situ catalyst configurations and is commonly referred
to as “catalytic pyrolysis” (Venderbosch, 2015). While the in situ
approach provides intimate contact of catalyst with pyrolysis
vapors as soon as they are produced and results in high yields
of desired product (Wang et al., 2014a), a big challenge in this
process is the recovery of catalyst after reaction is complete since
the catalyst becomes co-mingled with char. Char combustion
allows catalyst recovery and is a viable option for lignocellulose
pyrolysis, but biochar from microalgae is N-rich and combustion
produces significant NOy. Biochar from microalgae is also a
valuable source of nutrients and, if recovered, is usable as a soil
amendment and fertilizer (Yu et al., 2017).

While previous studies have investigated catalytic pyrolysis
of microalgae (Kumar et al., 2017; Azizi et al., 2018), including
Chlorella sp. (Dong et al., 2013; Du et al, 2013; Wang and
Brown, 2013), most studies have used microalgae feedstocks
that are relatively lipid-lean (lipid content <25% w/w). Further,
comparative data on catalytic and non-catalytic pyrolysis under
identical feedstock and reactor conditions is also not well
reported. As such, the goals of this study were to (1) perform side-
by-side comparisons of catalyst-free, in situ and ex situ catalytic
pyrolysis of microalgae, (2) investigate the catalytic fast pyrolysis
behavior of lipid-rich microalgae (lipid content ~40% w/w) and
(3) investigate the use of catalysts in conjunction with our novel
pyrolytic fractionation method that is tailored for conversion of
lipid-rich algae. The pyrolytic fractionation approach provides
the opportunity to develop biopolymer-specific upgrading
strategies such that catalysts and/or operating conditions for
fatty acid-rich bio-oils (from triglyceride degradation) and N-
and O-rich bio-oils (from starch and protein degradation) may
be separately optimized. Experiments were performed with
Chlorella sorokiniana str. SLA-04 with HZSM-5 catalyst. Product
yields and compositions from the novel pyrolytic fractionation
coupled with ex situ catalytic upgrading were compared with the
more traditional single step catalytic pyrolysis approach.

EXPERIMENTAL

Materials

Chlorella sorokiniana str. SLA-04, a natural isolate (Vadlamani
et al.,, 2017), was mixotrophically cultivated in 750 L outdoor
raceway ponds (Vadlamani, 2016). Stationary phase cultures were
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centrifuged (2500xg), washed with deionized water and freeze-
dried (Labconco Freezone 2.5 L bench-top freeze drying system,
Kansas city, MO) to obtain the feedstock used in this study.

NH4-ZSM-5 powder with a SiO,/Al,O3 molar ratio of 2:3
was purchased from Zeolyst International, USA. The NHy-
ZSM-5 was calcined in a muflle furnace for 5.5h at 550°C to
obtain HZSM-5. The texture and acid properties of the HZSM-
5 are listed in Table S1 (supporting information) and a detailed
description of HZSM-5 characterization is provided elsewhere
(Shirazi et al., 2017).

Hexane, chloroform, methanol and sulfuric acid were
purchased from Fisher Scientific (Pittsburgh, PA, USA).
Analytical standards for fatty acids (oleic acid and palmitic acid),
glycerides (triolein, diolein, and monolein), fatty acid methyl
esters (FAMEs; mixtures of Cg-Cyz), indole, pyrrole, lauramide,
acetic acid, hexanoic acid, furfural, levoglucosan, pentanone,
phenol, alkanes (Cs, Cg, C;, Cg and mixtures of C;-Csp),
olefins-(Alphagaz PIANO), aromatics-(Alphagaz PIANO),
mixtures of benzene, toluene, ethylbenzene and xylene (BTEX)
and naphthalene were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Pyrolysis-GC-MS Using Pyroprobe™

In this study, pyrolysis experiments were performed on a
CDS Pyroprobe™ 5,200 unit (CDS Analytical, Oxford, PA)
connected to a Bruker 450 gas chromatograph (GC) equipped
with a 300 series mass spectrometer (MS) (Billerica, MA) and
flame ionization detector (FID). A schematic diagram of the
experimental set-up is shown in Figure 1. The sample was
loaded in a quartz tube that serves as a micro-pyrolysis reactor.
The quartz tube was placed in a platinum heating element to
rapidly heat up the sample. Furthermore, the heating element
was connected to a temperature controller to maintain the

micro-pyrolysis reactor temperature at the desired set point.
The volatiles produced from pyrolysis of biomass were swept
from the reactor (using helium as the carrier gas) and routed
to a trap packed with a Tenax® adsorbent material to adsorb
the volatiles from pyrolysis reaction. In pyrolysis experiments
performed with ex situ catalyst, the volatiles from the biomass
pyrolysis first passed through a catalyst bed (maintained at the
same temperature as the micro-pyrolysis reactor) and thereafter
the upgraded vapors were routed to the Tenax® adsorbent bed.
After completion of pyrolysis, the volatiles adsorbed on the trap
were desorbed (by increasing the trap temperature) and routed
to the GC-MS for analysis. A heated transfer line connected the
trap to the GC injector to prevent condensation of the volatiles.

Experimental Procedure

For each pyrolysis experiment 5-7mg of dry and accurately
weighed microalgae biomass was used. For in situ catalytic
pyrolysis, microalgae samples were mixed with HZSM-5 at a
biomass/catalyst weight ratio of 1/5 and the mixture was loaded
into the Pyroprobe™ quartz tube and is similar to the biomass
catalyst ratios used in previous studies (Thangalazhy-Gopakumar
et al,, 2012; Dong et al., 2013; Du et al,, 2013; Wang and Brown,
2013; Wang et al,, 2014a,b). The same microalgae/catalyst weight
ratio was used for ex situ catalytic pyrolysis, in which the catalyst
was packed in the external reactor connected to the end of the
Pyrolyzer section. Each experiment was performed two times and
the average values are reported. In all cases, the difference in
results between the replicates was <10%.

In the fractional pyrolysis experiments (with in situ or ex situ
catalyst), the reaction conditions were chosen to be consistent
with our previously reported optimal settings (Maddi et al,
2018). The microalgae was first pyrolyzed at 320°C for 10 min.
The volatiles from this first step were passed through a catalyst

Ex-situ
catalyst bed

MS

Trap to collect

volatiles
_ AN ]

Transfer
line

FIGURE 1 | Pyrolysis micro-reactor set up with Pyroprobe-GC/MS. 1. Heating filament; 2. Quartz pyrolysis tube (placed inside the heating filament); 3. Quartz wool; 4.
Biomass (mixed with catalyst for in situ pyrolysis); and 5. Bypass valve. Catalyst was placed in the ex situ catalyst bed for the ex situ pyrolysis experiments. Flow
through the ex situ catalyst bed was bypassed for the in situ catalytic pyrolysis experiments.
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bed that was also maintained at 320°C. The bio-oil from the
first step was then transferred to the GC-MS for analysis. After
completion of first pyrolysis step, the reactor was cooled down
and the quartz tube that contained the solid residue was carefully
removed from the Pyroprobe™ and weighed to determine the
biochar mass. Thereafter, the solid residue was reloaded into
reactor and pyrolyzed again at 450°C (in the presence of the
same ex situ catalyst used in the first step) for 10 min and the
bio-oil from the second fraction was analyzed by GC-MS. At
the end, the residue from the second fraction was removed from
the Pyroprobe™ and weighed. The solid residue fractions were
weighed by an analytical balance (model XP6; Mettler Toledo,
USA) with £ 0.01 mg accuracy. These experimental conditions
were similar to our previously reported studies on pyrolytic
fractionation of microalgae (Maddi et al., 2018).
The yield of pyrolysis products were calculated as:

W e
Yhiool = ——2=9_ % 100 (1)
W AF—Biomass
W .
YBiochar = __Biochar x 100 (2)
W AF—Biomass

where, Wpi,_oi is the weight of bio-oil produced and was
calculated by adding the mass of all chemical compounds that
were detected by GC-MS (see section Gas Chromatography
(GC) Analysis). Waiochar is the dry, ash-free biochar weight
that measured gravimetrically and Wafp_Biomass is dry, ash-
free biomass weight. To avoid absorption of ambient moisture,
all gravimetric analyses were performed immediately after the
exposure of biomass and biochar to the ambient atmosphere.
Gas vyields can be estimated from a simple mass balance as
shown below:

YBiogas =100 — YBio—oil — YBiochar

Analytical Methods

Feedstock Characterization

Proximate analysis was performed using dried biomass to
measure volatile matter, fixed carbon and ash content of
biomass. Volatile matter content was determined using a thermo-
gravimetric analyzer (SDT Q600 series analyzer, TA Instruments,
Schaumburg, IL) by measuring weight loss after heating biomass
samples under an N, atmosphere from room temperature to
575°C at a temperature ramp rate of 10°C-min~! followed by
holding the biomass temperature constant at 575°C for 7 min.
Ash content (f,y) was measured by heating the oven dried
biomass at 575°C for 24 h in a muffle furnace. The fixed carbon
fraction was calculated by subtracting the volatile matter and ash
(in percentage) from 100.

Elemental analysis was performed using a Thermo Scientific
Flash 2000 Organic Elemental Analyzer equipped with an
autosampler to measure C, H and N. Elemental analysis was
performed on biomass and biochar samples.

Microalgae lipids (fjpiq) were quantified as fatty acid methyl
esters (FAMEs) using an in situ transesterification method
(Vadlamani et al., 2017). Protein content (fyrotein) Was calculated
by multiplying elemental nitrogen content by a factor of 6.25

(Dong et al., 1993). The carbohydrate mass fraction (f,,) was
obtained by Equation (3).

fcarh =100 _fljpid’ ﬁjrotein’ fash (3)

Analysis of the Pyrolysis Products

Gas chromatography (GC) analysis

GC-MS (Bruker, 450-GC equipped with 300-MS) analysis was
performed to identify and quantify the chemical compounds in
the pyrolysis products. An Agilent DB-5MS fused silica capillary
column (length: 30 m, ID: 0.25 mm, and film thickness: 0.25 pm;
Agilent Technologies, Santa Clara, CA) was employed. The
injector temperature was held at 300°C and a split ratio of 1:100
was maintained during the analysis. Helium was used as the
carrier gas and column flow was constant at 1.0 mL-min~!.
The column temperature was first held constant at 30°C for
10 min, then heated at a temperature ramp of 10°C-min~! to
300°C and finally held at this temperature for 10 min. The
transfer line, ion source, and manifold were maintained at 300,
150, and 40°C, respectively. Chemical compounds corresponding
to chromatogram peaks were identified using the NIST2008
mass spectral database. A minimum 70% confidence level was
used as a threshold for positive identification of IDs provided
by the spectral analysis software. Concentrations of positively
identified chemical compounds in the bio-oil were estimated
based on calibration curves developed using corresponding
external analytical standards. The chemicals in bio-oil that had
<70% confidence level were designated as “unidentified” and
their concentration was estimated using an average slope of the
calibration curves developed for the identified chemicals. It must
be noted that all or nearly-all product peaks were identified
(discussed later in the Results section) so that our approach
of quantifying unidentified peaks is unlikely to contribute to
large errors in the overall calculations of bio-oil yield. Further,
the bio-oil quantification approach used here is based on
methods previously reported in the literature for micro-pyrolysis
experiments (Wang et al., 2014b). It is also worth noting that
some protein and carbohydrate derivatives may not volatilize and
reach the MS.

Calorific value

The higher heating values (HHV) of the biomass and biochar
were calculated using empirical Equations 4 and 5, that were
previously established from experimentally measured calorific
values of several biomass varieties (Friedl et al., 2005). In this
study, HHV of biomass and biochar were estimated from average
of the ordinary least squares (OLS) and partial least squares (PLS)
values (i.e., average of values estimated from Equations 4 and 5).

HHV(OLS) = 1.87C* — 144C — 2820H + 63.8CxH + 129N

+ 20147 (4)
HHV(PLS) = 5.22C? — 319C — 1647H + 38.6CxH + 133N
+ 21028 (5)

where, C, H and N denote the mass fractions (range of mass
fraction is 0-100%) of carbon, hydrogen and nitrogen within the
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TABLE 1 | Composition, proximate and ultimate analysis of lipid-rich Chiorella
sorokiniana str. SLA-04 and other Chlorella feedstocks reported in the
literature— Chlorella vulgaris (lipid-lean) (Du et al., 2013; Wang and Brown, 2013)
and Chlorella pyrenoidosa (moderate lipid) (Dong et al., 2013).

Properties Feedstocks

Composition  C. sorokiniana C. pyrenoidosa C. vulgaris® C. vulgaris?®

(wt. %)

Lipid 38.3 24.3 12.3 4.7
Carbohydrate 26.7 18.9 n.a 21.0
Protein 15.6 19.8 50.3 42,5
Proximate analysis* (wt. %)

Volatiles 74.5 n.a n.a 66.6
Fixed carbon 101 n.a. n.a 11.6
Ash 15.4 2.0 7.6 15.6
Ultimate analysis* (wt. %)

C 52.5 52.8 49.2 42.5
H 7.3 8.1 6.3 6.8
N 2.5 5.7 8.1 6.6
O 19.3 314 28.9 28.0
C/O 3.6 2.2 2.3 2.0
C/N 0.06 0.13 0.19 0.18

n. a., not available.

from Du et al. (2013).

2from Wang and Brown (2013).
*dry-basis.

sample, measured from the elemental analysis. Equations 4 and 5
estimate HHV values in kJ-kg~!.

RESULTS AND DISCUSSION

Feedstock Characterization

Table 1 shows the results from composition, proximate and
ultimate analysis of C. sorokiniana str. SLA-04 in comparison
with other Chlorella feedstocks reported in the literature—
Chlorella vulgaris (lipid-lean) (Du et al., 2013; Wang and
Brown, 2013) and Chlorella pyrenoidosa (moderate lipid) (Dong
et al,, 2013). Although all the listed species are Chlorella, their
biochemical and elemental compositions vary quite significantly.
This is not unexpected, since microalgae compositions are well-
known to be dependent on growth conditions (Williams and
Laurens, 2010). The SLA-04 strain used in this study contains
nearly 40% lipid, whereas the other strains have lower lipid but
higher carbohydrate and/or protein content. Ash content is also
significantly different. The biochemical composition differences
also reflect in the elemental analysis—SLA-04 has a higher
carbon content while the lipid-lean C. vulgaris has the lowest
C content. C/O ratio and C/N ratios of SLA-04 are also higher
due to the lower relative carbohydrate (O-rich) and protein
(N-rich) content.

Single Step Pyrolysis

In most previous studies, catalytic pyrolysis of microalgae has
been performed in the presence of an in situ catalyst (see Andrade
et al., 2018; Azizi et al., 2018; Gautam and Vinu, 2018; and

references therein), where catalyst and biomass were mixed. With
this approach, pristine biochar cannot be recovered and catalyst
reuse is possible only if the biochar is combusted. In the case of
microalgae, biochar is especially beneficial as a fertilizer and soil
amendment due to the high N content (2-10% by weight; Maddi
et al,, 2011, 2018; Chaiwong et al., 2013; Wang and Brown, 2013;
Wang et al.,, 2013) and thus it is desirable that pyrolysis processes
be able to recover this valuable co-product. In addition, while
combustion can provide heat, the microalgae biochar would
produce significant NOy in addition to complications in the
combustion systems due to the high ash content (Jayanti et al.,
2007). In contrast, pyrolysis of microalgae in the presence of
an ex situ catalyst can produce catalyst-free biochar that can be
readily recovered. As such, single step pyrolysis of microalgae in
the presence of ex situ catalyst was performed and product yields
and compositions were compared with in situ catalytic pyrolysis
and catalyst-free pyrolysis.

Product Yields

Figure 2 shows the bio-oil (Figure 2A) and biochar (Figure 2B)
yields from in situ and ex situ catalytic pyrolysis of microalgae.
It should be noted that in this report all the bio-oil yields are on
a water-free basis since the trap on the Pyroprobe™ instrument
only absorbs the organic compounds. Also the temperature
values correspond to the set point temperature rather than the
temperature within the sample. However, since experimental
runs were long duration (10 min), it is expected that the sample
temperature reached set point values. Bio-oil yield from catalyst-
free pyrolysis at 550°C was as high as 62%. Previously, in
non-catalytic fluidized bed experiments (fast pyrolysis) with
oleaginous biomass, we also observed that bio-oil yields increased
with increasing temperature and highest yields were obtained
between 550 and 600°C (Urban et al., 2017). However, compared
to previous studies with Lyngbya sp., Cladophora sp. (Maddi
et al,, 2011) and soybean flakes (Urban et al., 2017) the non-
catalytic pyrolysis yields were higher likely due to the significantly
higher lipid content of the Chlorella sp. feedstock (see Table 1)
used here. In the presence of HZSM-5 catalyst, the bio-oil yields
were lower, but expected due to higher cracking activities that
results in production of small molecules (e.g., C;-C4) that form
non-condensable gases. While these gases were not quantified
here, it must be noted that catalytic pyrolysis with HZSM-5
can also produce significant amounts of olefins that could be
of commercial interest (Dong et al., 2013). Previous studies
in a similar micro-pyrolysis reactor set-up (in situ pyrolysis
with HZSM-5, biomass to catalyst ratio of 1:5, and reaction
temperature of 550°C) with lipid-lean C. vulgaris (Du et al,
2013, Table 1) resulted in bio-oil yields of approximately 22%
on an ash-free dry weight basis. Our bio-oil yields under similar
conditions were significantly higher at nearly 42% likely due to
the much higher lipid content of the C. sorokiniana biomass
used in this study. Catalytic pyrolysis yields also increased with
increasing temperature withing the range of temperatures tested
here (450-550°C) and these results are consistent with previous
observations made by Brown and co-workers for catalytic
pyrolysis with HZSM-5 (Wang and Brown, 2013; Wang et al,,
2013, 2014a,b). It is interesting to note that the bio-oil yields

Frontiers in Chemistry | www.frontiersin.org

September 2020 | Volume 8 | Article 786


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Shirazi et al.

Catalytic Pyrolysis of Microalgae

>

80

Bio-oil yield (wt. % of ash-free
dry microalgae)
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Biochar yield (wt. % of ash-free
dry microalgae)
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bars denote the standard deviation from two experiments.

In-situ catalyst
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FIGURE 2 | (A) bio-oil and (B) biochar yields from single step pyrolysis of microalgae in absence and presence of HZSM-5 catalyst at tested temperatures. The error

m450 °C
m 500 °C
1550 °C

Ex-situ catalyst

m450 °C
500 °C
B 550 °C

Ex-situ catalyst

from ex situ and in situ catalytic processes were relatively similar.
These results suggest that an ex situ catalysis approach would not
compromise bio-oil production while simultaneously preserving
biochar and facilitating catalyst reuse.

The biochar vyields decreased by increasing reaction
temperature, which is similar to our previous study on pyrolysis
of soybean flakes in a fluidized-bed flash pyrolysis (Urban et al.,
2017). The low biochar (15-20%) and high bio-oil (50-62%)
yields confirm that Pyroprobe can be a reliable instrument to
simulate the fast pyrolysis conditions, where high rates of heat
transfer to the biomass and short vapor residence time result in
low biochar/coke formation and high bio-oil yields. Pyrolysis
with in situ catalyst showed higher biochar compared with the
experiments in the absence of catalyst, possibly due to strong
acidity of the catalyst that promotes biochar/coke formation.

However, in pyrolysis with ex situ catalyst where biomass was
not in contact with the catalyst, biochar yields were similar
to catalyst-free pyrolysis. After completion of the reaction,
the catalyst used in the ex situ pyrolysis was recovered and
combusted in the TGA instrument (at 600°C using ambient
air) to measure the coke deposited on the catalyst. The TGA
measurements confirmed that only small amount of coke (2-4
wt. % relative to biomass) were deposited on the catalyst. Low
coke formation on the HZSM-5, would increase the catalyst
lifetime and prevent frequent regeneration that would be
required for in situ catalytic pyrolysis. Previous studies have
shown that coke formation is the primary cause for deactivation
of HZSM-5 (Cordero-Lanzac et al., 2018) and catalyst activity
has been demonstrated to fully recover upon combustion of coke
(Cordero-Lanzac et al., 2018; Shirazi, 2018; Shirazi et al., 2019).
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Bio-Oil Compositions

Bio-oil compositions for the pyrolysis reactions without- and
with- catalyst are shown in Table2 [corresponding GC-MS
chromatograms are in Figure S1, Supplementary Information
(SD]. In the absence of catalyst, the bio-oil was comprised
of oxygenated compounds such as acetic acid, ketones,
aldehydes and furans that were likely produced from the
decomposition of carbohydrate constituents; N-compounds such
as pyrroles, indole, pyrazoles, oleoamides and fatty nitriles
produced from protein decomposition; as well as glyceride,
fatty ester, aliphatic and fatty acids (mainly octadecanoic,
hexadecanoic, heptanoic and octanoic acid) that are produced
from decomposition and/or volatilization of lipid constituents
in microalgae (Maddi et al, 2011, 2018). Moreover, by
increasing the pyrolysis temperature, glyceride yields decreased,
but carboxylic acid and aliphatic content increased, due
to more decomposition of glyceride at higher temperatures
(Shirazi et al., 2016).

In the presence of HZSM-5 (both in situ and ex situ),
the bio-oil was mainly comprised of aromatics such as
benzene, toluene and xylene (BTX), Co-Cjg alkylaromatics
and naphthalene, aliphatics (Cs-Cjg) and small amount of
oxygenated compounds such as phenol, aldehyde, furan and

fatty acids. N-compounds were not observed in the bio-oil
likely due to the formation of ammonia as has been previously
reported (Wang and Brown, 2013). Formation of aromatics
occurs due to Diels-Alder reaction and/or intramolecular
radical cyclization. In the Diels-Alder reaction, dienes and
alkenes react and form polysubstituted cyclohexenes which
then undergo dehydrogenation to produce polysubstituted
aromatics (Kubatova et al, 2011). The strong Brensted
acid sites in the HZSM-5 enable the oligomerization of
light olefins (produced for dehydration, decarbonylation,
decarboxylation and decomposition of microalgae volatiles)
to form C4-Cjp olefins which then dehydrogenate to form
dienes. As described recently (Kumar et al, 2017), each of
the microalgae components undergo various pathways to
olefins—(1) oxygenates from carbohydrate degradation undergo
deoxygenation followed by cracking, (2) proteins undergo
deamination followed by cracking to aromatics and (3) lipids
undergo decarboxylation and decarbonylation to long chain
hydrocarbons followed by cracking to shorter olefins. Thereafter,
dienes and olefins undergo cyclization and dehydrogenation to
form aromatics.

The aromatics’ yields were higher at higher reaction
temperature. In particular, the BTX yields increased from 15

TABLE 2 | Bio-oil composition from pyrolysis of microalgae at tested reaction temperatures.

Compound Catalyst-free pyrolysis Pyrolysis in presence of catalyst
l in situ ex situ

T (°C) > 450 500 550 450 500 550 450 500 550
Benzene 0.8 1.5 1.7 2.8 4.9 5.2 3.8 6.8 7.6
Toluene 0.5 0.5 0.8 7.3 9.8 11.8 9.2 13 14.2
Ethylbenzene - - - 1.6 1.8 1.9 0.2 0.4 0.5
Xylene 0.2 0.1 0.2 5.3 7 7.8 5.2 6.1 7.4
C8+ aromatics - - - 4.2 4.8 4.8 1.3 0.5 0.5
Naphthalene - - - 4.5 3.9 4 2.3 4 5.1
Aliphatic hydrocarbons 9.3 14.8 241 5.8 4.3 3.8 4.8 3.1 2
Acetic acid 2.4 1.6 1.1 - - - - - -
Fatty acids 7.9 13.9 8.1 1.3 0.6 - 0.9 - -
Furans 0.7 1.4 3.7 0.1 0.5 1.3 0.4 0.6 -
Other ketones/aldehydes 4.5 4.2 3.6 0.6 0.6 0.3 0.5 0.1 -
Indane - - - 0.4 0.5 0.4 - - -
Indene - - - 0.4 0.6 0.6 - - -
Other N-compounds 1.1 2.1 3.5 - - - - - -
Alcohols 1.9 1.7 2.3 - = - = - -
Fatty esters 1.5 1.3 2.9 - - - - - -
Glycerides 15.4 10.5 4.3 - - - - - -
Unidentified 4.2 4.5 5.4 - - - - - -
Total liquid products 50.4 58.1 61.7 34.3 39.3 41.9 28.6 34.6 37.3
BTX* 1.5 2.1 2.7 15.3 21.7 24.7 18.2 25.9 29.2
Total aromatics 1.5 21 2.7 26.4 33.3 36.4 221 30.7 35.3
Aromatic carbon yield 38.3 48.3 52.8 32.1 44.5 51.2

#Benzene, toluene and xylene.

The values are average of two experiments and are reported as weight percentage relative to dry, ash-free biomass (i.e. % wt. product/wt. ash-free biomass).
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to 25% with the in situ catalyst and up to 29% (relative to
dry, ash-free biomass) with the ex situ catalytic process when
temperature was increased from 450 to 550°C. Interestingly, total
aromatic yields were higher during in situ pyrolysis but BTX
yields were higher when ex situ catalyst was used and there
was no measurable evidence of oxygenated compounds under
these conditions at 550°C. Figure S2 (SI) shows the selectivity
of benzene, toluene and xylene from the in situ and ex situ
catalytic reactions at the temperature range of 450-550°C. As
observed, selectivity of benzene and toluene is higher when an
ex situ catalyst configuration was employed. Our observations are
similar to the previous report by Wang et al. (2014a) where in situ
and ex situ pyrolysis of lignocellulosic biomass was compared in
a micro-pyrolysis reactor like the Pyroprobe used in this study.
Wang et al. (2014a) attributed the lower total aromatics, but
higher BTX, yields to more rapid desorption of products in the
ex situ configuration where the catalyst bed was smaller (due
to absence of biomass) than the in situ reactor and possibly
allowed better flow of carrier gas. In the in situ configuration,
however, greater contact time (due to more flow resistance)
between product vapors and catalyst could have allowed greater
cyclization that formed more but larger aromatics. Further, in
the ex situ catalyst configuration, HZSM-5 is expected to remain
active for a longer period since the biochar and catalysts are in
separate reactors. Under these reaction conditions, the catalyst
acid surface and inner pores are likely more accessible and active
for reaction with the volatiles that are produced from the thermal
decomposition of biomass, whereas during in situ catalysis, the
biochar formation could potentially occlude the catalyst surfaces.
Our results (Table2) showed that BTX yields were higher
during ex situ reactions. BTX contribute greatly to the world
market for commodity chemicals and have diverse uses across
several industries. For instance, benzene is used as precursor
for styrene, phenol, nylon and aniline production; toluene is
blended into unleaded gasoline to improve the octane number;
and xylene is used to produce polyethylene terephthalate (PET)
and resins.

In addition to bio-oil and total aromatic yields, it is also
common in the literature to report aromatic carbon yields, i.e.,
moles of C in the aromatic products relative to the moles of C
present in the feed. For our catalytic pyrolysis experiments, the
aromatic carbon yields are shown in the last row of Table 2 and
were calculated using Equation (4).

Y Waromatics WAF—Biomass WBiomass
aromatic—C =
WAF—Biomass WBiomass WBiomass—C
WAromaticsfc
X —————— (4)

Waromatics

Where, Wyromatics is the mass of aromatics produced during
pyrolysis, Whaiomass is the mass of biomass, Waiomass—c is the
carbon mass of the feed and Wa,omarics—c is the aromatics carbon
mass of the product. When written out as the ratios shown
in Equation (4), the first term represents the aromatic yields
from pyrolysis on an ash-free biomass basis (values given in
the bottom part of Table 2). The second and third terms can
be estimated from biomass ash content and carbon content

values given in Table 1. The fourth term is the carbon content
of the aromatic products and an approximate average value of
0.9 was used. From Table 2, our aromatic carbon yields varied
between 32-53%, with higher yields at higher temperatures.
Wang and Brown (Wang and Brown, 2013) reported a highest
aromatic carbon yield of 23% from in situ pyrolysis in a micro-
pyrolyzer at 700°C and a biomass to catalyst ratio of 1:20.
At conditions similar to the experiments reported here (500°C
and a biomass to catalyst ratio of 1:5), their aromatic carbon
yields were lower at 15%. Du et al. (2013) reported aromatic
carbon yields of 30% from in situ micro-pyrolysis experiments
at 550°C using a biomass to catalyst ratio of 1:5. Under similar
conditions, we observed much higher aromatic carbon yields of
nearly 53% (Table 2), but it must be noted that the feed used
in studies by Du et al. and Wang and Brown were lipid-lean
(Table 1). Other experiments with Chlorella sp. and HZSM 5
have been performed in larger fixed-bed reactors with higher
biomass loadings. Experiments reported by Dong et al. (2013)
were performed with 5g biomass at 600°C with a catalyst to
biomass ratio of 1:20. Relatively low aromatic carbon yields
were observed in this study (20% under ex situ catalysis), in
spite of the feed containing moderate amounts of lipid (Table 1)
likely due to the low heating rates (10°C/min) used which
suggest slow pyrolysis. Thangalazhy-Gopakumar et al. (2012)
reported aromatic carbon yields of 15-16% at 500°C from in situ
catalytic fixed bed experiments (5g biomass and biomass to
catalyst ratio between 1:4 and 1:9) with lipid-lean biomass. By
comparing our results with previously reported studies, it is
apparent that high lipid content coupled with fast pyrolysis
conditions are essential for high yield production of aromatics
from microalgae.

Biochar Elemental Analysis

Biochar elemental composition from ex situ catalytic pyrolysis
experiments is shown in Table 3. Biochar properties from
catalyst-free experiments is nearly identical to the ex situ
catalytic pyrolysis (since reaction conditions for the biomass
are the same) and is not shown. Biochar from the in situ
process was not analyzed since it is mixed with the catalyst
and difficult to separate. The N content in biochar was
lower at higher temperature possibly due to cracking of
the C-N bonds and release of ammonia (Wang and Brown,
2013; Wang et al, 2013). The N mass balance indicates
that 16-37% (16% at 550°C and 37% at 450°C) of the N
content in microalgae was fixed in biochar, possibly as high
molecular weight N-heterocyclic compounds (Wang et al,
2013). Moreover, there was no evidence of N-compounds
in the bio-oil, indicating that a large fraction, if not all,
of the remaining N formed the non-condensable ammonia
as was previously reported (Wang and Brown, 2013). The
biochar from ex situ catalytic process is catalyst-free and
in addition to high N, potentially contains high amounts
of other nutrients (e.g, P, K, N, S, and Ca) due to its
high ash content. The C/N ratio ranges from 17-27% and is
appropriate for biochar use as soil amendment or fertilizer
(Verheijen et al., 2009; Trinh et al., 2013).
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TABLE 3 | Elemental analyses of biochar was obtained from microalgae pyrolysis
in presence of the ex situ catalyst.

Ultimate analysis Temperature (°C)

(wt. %)
450 500 550

Dry Dry, ash-free Dry Dry, ash-free Dry Dry, ash-free

32.3 66.1 31.1 69.0 271 72.9
H 1.2 2.4 0.9 2.1 0.5 1.3
N 2.2 4.4 1.9 41 1.2 3.2
C/N 17.4 17.4 19.5 19.5 26.8 26.8
H/C 0.4 0.4 0.4 0.4 0.2 0.2
HHV (MJ/kg) 16.4 241 16.5 24.7 16.7 24.9

“Dry-basis” values were obtained directly from elemental analysis. “Dry, ash-free basis”
values were calculated by using “dry-basis” values, and ash content. Calorific values (HHV)
were calculated using Equations 4 and 5. All values are reported as mass fractions (%).

Fractional Pyrolysis of Microalgae

The primary components of microalgae—starch, protein
and lipids volatilize over distinct temperature ranges.
Starch, protein and free fatty acids volatilize/deconstruct
at temperature ranges of 160-340°C, however, microalgae
triglycerides volatilize/degrade at higher temperature (see
Figure S3A and previous work Maddi et al, 2017, 2018).
These distinct volatilization temperatures of microalgae
constituents allows collecting the products from starch/protein
degradation separately from triglyceride pyrolysis products.
Thereafter, each fraction can be upgraded separately via
ex situ catalysis. To demonstrate this pyrolytic fractionation of
microalgae coupled with ex situ upgrading, a two-step thermal
treatment of Chlorella sorokiniana str. SLA-04 microalgae
was performed in presence of ex situ HZSM-5 catalyst (see
section Experimental Procedure). In brief, the microalgae
volatiles produced from each fraction were passed through a
catalyst bed that was also maintained at the same temperature
as the pyrolysis reactor. A microalgae/HZSM-5 weight ratio
of 1:5 was also used for these experiments. For a control
experiment, the 2-step treatment was performed in the absence
of external catalyst.

Products Yields

Figure 3 shows the product yields from catalyst-free fractional
pyrolysis (Figure 3A) and fractional pyrolysis with ex situ
conversion of bio-oil vapors (Figure 3B). From catalyst-free
pyrolysis, nearly 56% biochar and 15% bio-oil was produced
from the first fraction (320°C). A similar residue weight fraction
(~60%) was observed when the microalgae samples were
pyrolyzed on a TGA instrument under similar conditions (see
Figure S3B). However, when temperature increased to 450°C
(2nd fraction), the biochar yield decreased to 23% and the
bio-oil increased to ~32%. From first and second fractions,
a total 47% bio-oil was produced (sum of first and second
fraction bio-oil yields since both are reported on a per gram
ash-free biomass basis), which is close to the amount of bio-
oil (~50%) achieved from single step microalgae pyrolysis at
450°C (see Figure 2A). Fractional pyrolysis with ex situ catalyst
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FIGURE 3 | Products yields from microalgae fractional pyrolysis (A)
catalyst-free and (B) with ex situ catalyst. The error bars denote the standard
deviation.

achieved a similar biochar yield as the one without catalyst, as
expected. Moreover, 11 and 20% bio-oil was obtained from the
first and second fractions, respectively. Overall, ~31% bio-oil
was obtained from microalgae fractional pyrolysis in presence
of ex situ catalyst. This total bio-oil is similar to the single
step pyrolysis with ex situ catalyst (see Figure 2A). Thus, the
fractional pyrolysis does not compromise net bio-oil yields
and in presence of ex situ catalyst would provide a flexible
downstream upgrading process, where each fraction can be
upgraded separately.

Products Compositions

The bio-oil composition from each pyrolysis fraction is shown
in Table4 and the corresponding GC-MS chromatograms
are shown in Figure S4 (catalyst-free) and Figure S5 (ex situ
catalyst). Bio-oil from first fraction (320°C) of catalyst-free
pyrolysis was mainly comprised of oxygenated compounds
(e.g., acetic acid, ketone, aldehyde and furan), N-compounds
(e.g., indole and pyrrole) and small amount of hydrocarbons.
However, bio-oil from the second fraction contained mostly
chemical compounds that were derived from triglyceride
degradation/volatilization such as carboxylic acid (Ci6-Cys
fatty acids), glyceride and hydrocarbons. This indicates
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TABLE 4 | Bio-oil composition from fractional pyrolysis.

TABLE 5 | Elemental analyses of biochar obtained from fractional pyrolysis of
microalgae in presence of ex situ catalyst.

Compound Catalyst free In presence of
ex-situ catalyst Ultimate analysis (wt. %) 1st fraction 2nd fraction
1st fraction 2nd fraction 1st fraction 2nd fraction Dry Dry, ash free Dry Dry, ash free
Benzene 0.2 0.3 1.1 3.1 C 48.2 70.7 31.0 56.6
Toluene - 0.3 2.2 5.9 H 4.3 6.2 1.1 2.1
Ethylbenzene - - 0.4 0.6 N 3.1 4.5 2.4 4.3
Xylene - 0.1 1.2 3.9 C/N 18.4 18.4 16.3 16.3
C8+ aromatic - - 1.3 1.7 H/C 1.1 1.1 0.4 0.4
Naphthalene - - 0.9 2.4 HHV (MJ/kg) 191 31.2 16.4 20.8
Aliphatic hydrocarbons 0.7 3.7 2.7 0.9
Acetic acid 2.2 0.8
Fatty acids 0.7 6.2 0.1 0.4
Other ketones/ 35 10 _ _ fractional pyrolysis with downstream ex situ catalytic upgrading
aldehydes allows carrying out the desired reaction chemistries on the vapor
Furans 1.2 0.3 0.1 0.3 produced from each fraction.
Indane - - 0.3 0.5 Table 5 shows the ultimate analysis of the biochar from
Indene _ _ 0.1 03 fractional pyrolysis of microalgae in presence of ex situ catalyst.
Other N-compounds 0.9 0.8 _ _ As observed, the biochar from the first fraction has higher
Alcohol 0.9 0.8 0.4 0.3 HHYV than the second fraction due to higher C content. The
Fatty ester 0.4 18 - - biochar from the first fraction contained most of the C and
Glycerides 0.7 12.0 _ _ N in the microalgae. C and N content after the second step
Unidentified 33 3.43 0 0 remained similar to the one-step pyrolysis at 450°C (Table 3)
showing that the fractional pyrolysis approach did not negatively
Total liquid products 14.7 315 10.8 20.3 impact the biochar composition, but allowed sperate recovery
BTX* 0.2 0.8 4.5 12.9 and upgrading of vapor fractions from energy dense lipids and
Total aromatics 0.2 0.8 7.4 18.3 O-/N- rich carbohydrates and starch.
Aromatic carbon yield n. a. n. a. 10.7 26.5

#Benzene, toluene and xylene.

n. a., not applicable.

The values are average of two experiments and are reported as weight percentage relative
to dry, ash-free biomass.

majority of the lipid degradation products are collected in the
second fraction.

Bio-oil from fractional pyrolysis in presence of ex situ catalyst
primarily contained Cg-Cj, aromatics, in particular benzene,
toluene, xylene and naphthalene. The chemical compounds
in first and second fractions were relatively similar, but
the aromatic yields increased in the second fraction. Two
contributing factors for the higher yields in the second step
are possible. The first reason is the higher temperature of the
second step which would increase catalyst activity. The second
reason is the distinct reactants and reaction mechanisms in
the two steps. In the first step HZSM-5 was likely converting
oxygenates (such as aldehydes, ketones, furans, and alcohols)
to aromatics whereas in the second step, the catalytic reactions
were primarily with carbon-rich fatty acids and glycerides from
lipid degradation/volatilization. In addition to the higher total
aromatics in the second step, the BTX selectivity in the bio-oil
from the second fraction was higher than the first fraction (see
Figure $6). From first and second fraction, more than 17% BTX
(relative to ash-free dry microalgae) was produced. A similar
BTX yield was also achieved from the single-step pyrolysis with
ex situ catalyst (Table 2). This demonstrates that integration of

CONCLUSION

Microalgae pyrolysis experiments with in situ and ex situ
HZSM-5 catalyst showed similarly high bio-oil yields suggesting
that it was not necessary to intimately contact the catalyst
with biomass. Rather, a close coupling of the pyrolysis vapors
with the catalyst was sufficient to achieve high bio-oil yields
and would allow easy recovery, regeneration and reuse of
the catalyst as demonstrated in other studies with HZSM-5
(Cordero-Lanzac et al., 2018; Shirazi, 2018; Shirazi et al., 2019).
A two-step fractional pyrolysis of microalgae integrated with
ex situ catalyst was performed to upgrade the volatiles from
microalgae’s constituents separately. In absence of catalyst, the
bio-oil from first fraction (pyrolyzed at 320°C) was mainly
comprised of O-containing compounds from starch and protein
degradation, while the bio-oil from the second fraction was
rich in longer chain glycerides, fatty acids and aliphatics that
were likely produced from degradation and/or volatilization
of microalgae lipids. When the volatiles from each fraction
were upgraded with an ex situ HZSM-5 catalyst, bio-oils
from both fractions produced to aromatics (Cs-Ci2) such as
benzene, toluene, xylene and naphthalene with bio-oil yields and
aromatics’ selectivity similar to a single step catalytic pyrolysis
at 450°C. These results indicate that when integrated with
appropriate ex situ catalysts, oxygenates from starch degradation
and higher calorific products from lipid degradation can be
independently upgraded.
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