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The world grapples with identifying renewable replacements for fossil fuels. Ulva prolifera, a macroalgae
species that has caused green tides in China and Europe, represents a possible source of renewable
energy. Given its low lipid content, thermochemical conversion techniques such as pyrolysis may be
more suitable than biochemical techniques. We apply the Distributed Activation Energy Model to deter-
mine the activation energy of pyrolysis of U. prolifera from thermogravimetric data with combined

ﬁy words: evolved gas analysis via FTIR. Correlation coefficients for the DAEM were greater than 0.98 at each con-
Bi(g)?lfass version; the apparent activation energy ranged from 130 to 152 kJ/mol, in good accord with the litera-
Pyrolysis ture. Three stages of decomposition were noted over the entire temperature range; below 110 °C mass

loss due to moisture removal. The largest stage of pyrolysis occurred between 190 and 400 °C with peak
mass loss conversion rates up to 8.1 wt% per minute at 20 °C/min. The concentration of CO, in the evolved
gas peaked along with mass loss rate at 242.7 °C. Stage III of pyrolysis saw a slow mass loss rate and a
significant amount of methane from the macroalgae. Given its low energy, nutrient, land and mainte-
nance requirements to grow, tolerance to a variety of environmental conditions, and low pyrolysis acti-
vation energies (as compared to other macroalgae), thermochemical conversion via pyrolysis is a viable
way to extract energy from this seaweed species.

Distributed Activation Energy Model

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction some interest from such solid fuels as agricultural residues onto

the possibility of using algae for biofuel production [10,11].

A confluence of events in recent history - from unstable oil
prices and questionable supply chains, to a rising awareness among
the public of the consequences of global warming, to massive green
and red tides on multiple continents — have led researchers to
investigate the possibility of using various strains of micro- and
macroalgae as feedstocks for renewable fuels. Biomass currently
supplies upwards of 14% of the world’s energy consumption [1];
this number will increase as countries across the globe implement
renewable fuel standards in the coming decades [2-4]. There are a
multitude of carbonaceous sources from which we can extract
energy in many forms, including for power generation, liquid biofu-
els, and synthetic gas as well as for bio-renewable products such as
green chemicals and biochars [5-9]. However, a variety of technical
issues plaguing production efficiency, and logistical questions sur-
rounding second-generation feedstock management, have shifted
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The benefits of using algae as a source for bio-fuels include:
year-round production capability; no need for fertilizer or pesticide
application; cultivation in fresh or saltwater; no competition for
arable land; high photosynthetic capacity and high CO, capture effi-
ciency. This is in addition to its considerably higher growth rate and
mass productivity than terrestrial lignocellulosic biomass. As an
added environmental benefit, owing to its high adsorption capacity,
algae grown in wastewater can sequester environmental contami-
nants while still maintaining biofuel production. An emerging liter-
ature has explored the potential use of seaweeds for co-firing to
produce electricity, liquid fuel production via thermochemical con-
version, and biogas generation via fermentation. [12-17] However,
much of the early literature on the extraction of biofuels from algae
focused on biochemical conversion pathways, such as extraction
and transesterification of the lipids present, rather than thermo-
chemical conversion routes [14]. Given their relatively low amount
of fermentable sugars which limits bio-alcohol production, perhaps
a more appropriate use for macroalgae is the production of bio-oil
via pyrolysis, the thermal conversion of a solid fuel in the absence
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of oxygen to produce a high-energy-density liquid (bio-oil) and rel-
atively low-energy-density gas (bio-gas) [17]. While a plethora of
studies exist on the pyrolysis of microalgae, fewer investigations
exist on the production of bio-fuels from macroalgae species such
as Ulva prolifera, a common green seaweed with profusely branch-
ing tubular networks widely encountered in intertidal zones of
shores and estuaries [18].

Preparations for the 2008 Beijing Olympics were hampered by
20 million wet tons of U. prolifera covering over 30% of the area
used for the sailing competitions in an unprecedented green tide
event [18]. Such blooms are not uncommon; Hu et al. predicts sim-
ilar aquaculture efforts to be commonplace between May and July
in the Yellow and East China Seas [19]. This macroalgae can thrive
in a wide range of salinity, water temperatures, and light condi-
tions [20-22], which leads to its often overwhelming environmen-
tal presence, but also the facile ability to cultivate it for bio-energy
production.

Though studies on the pyrolysis behavior and kinetics of terres-
trial biomasses are plentiful, the thermochemical conversion
parameters for seaweed biomasses are not as well documented.
While the methods used to describe pyrolysis reactions of
land-based biomasses are applicable to macroalgae, the differences
in composition and plant structure between these biomasses are
great, leading to different pyrolytic decomposition profiles
[15,23]. The development of efficient thermochemical conversion
technologies for biomass to biofuels is required to transform these
nascent technologies to commercial scale production [24].
Pyrolysis represents both a direct pathway for conversion of bio-
mass to biofuels, as well as the first step in combustion and gasifi-
cation reactions. Thus, an improved understanding of the pyrolytic
process may assist a variety of thermochemical system designs
[25]. For bio-oil production specifically, the relative rates of
decomposition, cracking, and repolymerization/condensation reac-
tions, as dictated by heating rates, temperatures and residence
times, influence the quantity and quality of the resulting product,
as well as the bio-oils’ long-term storage stability [26].

Thermogravimetric analysis (TGA) is widely employed in study-
ing the thermal conversion of biomass. TGA enables measurements
on the amount and rate of decomposition as a function of temper-
ature and/or time in a controlled atmosphere, providing useful
information for designing pyrolysis systems [27]. There are many
mathematical models available to describe the pyrolytic decompo-
sition of biomass using isothermal and nonisothermal TGA mea-
surements. The Distributed Activation Energy Model (DAEM),
originally proposed by Vand [28], and simplified by Miura [29],
assumes that the many heterogeneous chemical reactions occur-
ring during pyrolysis occur simultaneously as irreversible
first-order parallel reactions with different rates. The DAEM is
widely used to describe the pyrolysis of carbonaceous samples,
including studies of a variety of hemicellulosic materials [30], sew-
age sludge [31], and recently for the study of several aquatic bio-
masses [32]. Coupling Fourier Transform Infrared (FTIR)
spectroscopy to TGA enables measurement of the primary evolved
gas products from pyrolysis, which, when combined with mass loss
rate information and other kinetic parameters, allows for determi-
nation of the optimal pyrolysis temperature(s), heating rates and
residence times for targeted volatilization of specific compounds
of a given biomass [24].

Turkey owns abundant marine resources, in which seaweeds
such as U. prolifera are seemingly inexhaustible. This study pre-
sents the first pyrolysis analysis of U. prolifera using the DAEM.
The seaweed was pyrolyzed at three different heating rates, and
the DAEM used to estimate its activation energy. FTIR coupled with
TGA was employed to characterize the evolved gas products to
shed light on the mechanism of thermal decomposition of this pro-
lific strain of macroalgae.

2. Materials and methods
2.1. U. prolifera characteristics

The seaweed biomass used in these experiments, U. prolifera
(UP), was collected from harbor of Sinop, Turkye, situated on the
far northern edge of the Turkish side of the Black Sea coast. The
samples were rinsed with deionized water to remove surface dirt,
dried in a 60 °C oven overnight, crushed, and sieved to a particle
size of 63-125 um. It was shown that particles of this size and
smaller, with Biot numbers considerably less than 1, do not suffer
from heat and/or mass transfer limitations during pyrolysis [7].
Proximate analysis was performed on a TGA and the results pre-
sent in Table 1. The sample’s moisture was obtained after achieving
constant weight at 110 °C in an inert atmosphere. The volatile car-
bon content was determined by heating the sample to 950 °C in an
inert atmosphere. The carbon-mineral distribution was deter-
mined by heating the sample in air; the fixed carbon was repre-
sented by loss after an isothermal process at 550 °C and the ash
content was the amount remaining after high-temperature oxida-
tion at 550 °C. The ultimate analysis was carried out in a LECO
TruSpec CHN elemental analyzer.

2.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out using
Simultaneous Differential Thermogravimetric Analyzer (DTA)
equipped with a heat-flux type DTA and a TGA (Shimadzu,
DTG-60, Japan; with a precision of temperature
measurement +0.1 K, DTA sensitivity 0.1 uV and microbalance
sensitivity 0.1 pg) at heating rates of 5, 10, and 20 °C min~! under
a nitrogen atmosphere with a flow rate of 80 mL min~! with sam-
ples of approximately 10 mg. Once the sample was introduced in
the TGA, the temperature was raised from ambient temperature
to 110 °C and maintained for 20 min to ensure moisture removal.
Then the temperature was ramped to 1000 °C at the specified heat-
ing rate under continuous nitrogen. Non-isothermal TGA is widely
applied to obtain the kinetic parameters of the thermochemical
conversion of biomass. In comparison to isothermal TGA experi-
ments, non-isothermal experiments are considered to be more reli-
able to perform because there is a weight loss associated with
reaching desired isotherms, leading to erroneous calculations of
kinetic parameters [33].

2.3. TGA-FTIR analysis

The TGA-FTIR experiments were carried out in a thermogravi-
metric analyzer coupled with Fourier transform infrared spectrom-
etry (Perkin Elmer Pyris Simultaneous Thermal Analysis (STA)

Table 1
Proximate and ultimate analysis of Ulva prolifera (dry, ash-free basis).

Proximate analysis (% w/w)

Moisture 9.92
Volatile matter 57.87
Fixed carbon 7.77
Ash 24.46
Ultimate analysis (% w/w)

C 37.44
H 7.01
N 1.87
S 2.88
o° 50.8
H/C 0.19
o/C 1.14
Higher heating value (MJ/kg) 16.54

2 Calculated by difference.
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600). Approximately 10 mg of UP was loaded onto the sample
holder for each run. The samples were heated from ambient tem-
perature to 800 °C at a heating rate of 20 °C min~'. The flow rate
of the carrier inert gas (high purity nitrogen) was 50 mL min~'.
The spectral region of the FTIR was 4000-400 cm~! and spectrum

scan was conducted with 0.12 s intervals.
2.4. Kinetic analysis via distributed activation energy analysis model

The Distributed Activation Energy Model is generally regarded
as a convenient method to analyze the kinetics of biomass pyroly-
sis, showing excellent agreement with the experimental data at
lower heating rates. Therefore, these data are widely applicable
to a range of pyrolysis conditions to produce bio-oil, as well as in
studying the latter-stages of char burnout for industrial applica-
tions where reactivities in industrial boilers are in within Zone I
kinetic regimes [34,35].

The DAEM assumes the existence of an infinite number of par-
allel irreversible first order reactions that occur simultaneously,
each with different activation energies, E. The DAEM method
assumes that all the reaction activation energies have the same -
pre-exponential factor, ko, at the same conversion rate, and that
the activation energy has a continuous distribution. The DAEM rep-
resents the change in total volatiles of a solid as:

1=V = /0 Cexp (f%” /0 [ e*E/RTdT) f(E)dE (1)

where V is the volatile content at absolute temperature T with heat-
ing rate g, V* is the effective volatile content of the solid, kg is the
frequency factor corresponding to a given E value. f(E) is the distri-
bution curve of the activation energy that encapsulates the range
and variation in the activation energies of the simultaneous
first-order irreversible reactions and, is normalized as:

/ " F(E)E = 1 2)

The distribution function can be used to simplify Eq. (1), repre-
senting the normalized distribution of activation energies across
all possible irreversible reactions as:

v x Es
g1 [ JEdE= /O F(E)dE 3)

where Es is the activation energy at a given temperature. The
Arrhenius equation assumes the form [36]:

ﬁ - koR ES
In (F) =In ( E. ) +0.6075 — RT (4)

The values of the activation energy, Es, and corresponding fre-
quency factorin Eq. (4) are obtained from three separate TGA
curves, each with their own heating rate, by plotting the natural
log of (a/T?) versus inverse temperature at selected conversion
(V/V*) values for different heating rates. Thus, the activation energy
obtained from the Arrhenius plots of Eq. (4) represent different
levels of solid pyrolysis decomposition.

3. Results and discussion
3.1. Characterization of UP

The proximate and ultimate analysis and higher heating value
of UP are shown in Table 1, taken after drying the samples at
60 °C overnight. The volatile matter content was 57.87%, similar
to other macroalgae species, such as 55.6% for Chlorococcum humi-
cola [37], 57.99% for Enteromorpha clathrata, 44.85% for Sargassum
natans [23], 68.79% for Saccharina japonica [38], and 44.50% for A.

Sagarassum [39]. A high volatile matter content is desirable for for-
mation of gas and liquid products via pyrolysis. The higher heating
value of U. prolifera was higher than some other macroalgae
[38,39]. This can be attributed to higher C and H contents in U. pro-
lifera. The moisture content in UP was 9.92%. Such a high moisture
ratio is not desirable when transportation and heating values are
considered, though this is not dissimilar in magnitude to many bio-
mass source currently being considered for conversion to bio-oils
via pyrolysis. It is proposed that in a bio-refinery concept, waste
heat from pyrolysis gas combustion could be used to dry the
incoming biomass to reduce this moisture content if necessary.

High ash content, measured for UP as 23.51%, is common among
seaweeds due to their biosorption of mineral compounds, and can
reduce the efficiency of thermochemical systems [15]. Ash can
limit heat and mass transfer while creating problems such as
agglomeration, slagging, and fouling in boilers [40]. The nitrogen
content in UP was relatively low (1.87%), as compared to other sea-
weed strains such as E. clathrata and S. natans at 3.14% and 3.58%,
respectively, though not as low as observed concentrations in
Gracilaria cacalia at 0.83% [38] and S. japonica at 0.93% [38]. In bio-
mass pyrolysis, nitrogen leads to formation of NO, precursors (NH3
and HCN) [41,42]; lower N ratios are therefore favorable. However,
UP has a high S ratio, 2.88%, which can cause environmental prob-
lems and corrosion in reactors.

The FTIR spectrum of raw U. prolifera is shown in Fig. 1 with
bands assigned according to literature [43-46], summarized in
Table 2. The large peak at 3365 cm™! is attributed to the stretching
of primarily —~OH groups, but possibly also of N—H. However, given
its broad, strong nature, the former is more likely. The stretching
associated with the peak at 2925 cm ™' of C—H is suggestive of a
lipid’s methylene group [42]. However, the identification of this
peak is somewhat problematic due to the presence of the small
peak at 1223 cm™!, and the superposition of overlapping bonds,
possibly of ether, epoxide or phenolic structures [41]. Given the
known high lipid and phenolic content of algal biomass, we suspect
that these are overlapping contributors to the peaks at 2925 and
1223 cm™! [45]. The strong, intense peak at 1640 cm™! is thought
to correspond to C=0 amide stretching from proteins present in
algae [46]. The peak spanning 1425-1417 cm™! is likely indicative
of C—H stretching vibration in methyl, methylene and methyne
groups. The peak at 1324 cm™! is thought to be the C—O stretching
of organic acids. The twin absorbance peaks at 1035 cm~! and
1003 cm~! are likely the C—O and C—O—H deformation in sec-
ondary and primary alcohols or aliphatic ethers and, according to
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C-O-H |!

0.04
OH!

0.03 C-H!
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3500 2500 1500 500
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Fig. 1. FTIR spectra of Ulva prolifera prior to pyrolysis with primary peaks
corresponding to labels in Table 2.
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Table 2
Functional groups as assigned to specific wavenumbers for FTIR analysis of raw Ulva
prolifera and gases devolatilizing during pyrolysis [43-46].

Functional Wavenumber Assigned species

group (cm™)

Functional groups in devolatilized gases from Ulva prolifera pyrolysis

O—H 4000-3400 H,0

C—H 3000-2700 CH4

=0 2400-2250 CO,

c—0 2250-2000 Cco

=0 1900-1650 Aldehydes, ketones, acids

Cc=C 1690-1450 Aromatics

C—0, C—C 1475-1000 Alkanes, alcohols, phenols, ethers,
lipids

Fingerprint region of 1475-1000

C—H, (—C 1460-1365 Alkanes

c—0 1300-1200 Phenols

c—0 1300-1050 Lipids

c—0 1275-1060 Ethers

—0 1200-1000 Alcohols

=0 586-726 CO,

Functional groups assigned to peaks on solid Ulva prolifera surface
—OH, N—H 3365 Alcohol, amine

C—H 2925 Methylene group (lipids)

=0 1640 Aromatic conjugate

—CH3 1425-1417 Methyl, methylene, methyne
c—0 1324 Acid

C—0—H 1223 Phenols

C—0; C—0—H 1035-1005 Alcohols, esters, polysaccharides

Mahapatra and Ramachandra [46], the second of these may indi-
cate the vibrational stretching of C—O—H from polysaccharides.

3.2. Kinetics of thermal decomposition

Samples of U. prolifera were pyrolyzed in an inert nitrogen
atmosphere at 5, 10 and 20 °C/min; the TG and DTG curves are pre-
sented in Fig. 2a and b, respectively. As seen throughout the liter-
ature on micro- and macroalgae pyrolysis, there are three primary
stages of pyrolysis as highlighted by the DTG [47-53]. The first,
from room temperature until 120 °C, is attributed to moisture
removal (both surface and entrained water) of the sample. The
sharp DTG peak, representing the primary pyrolysis or Stage II,
began between 196 and 208 °C and finished between 295 and
320 °C, as given in Table 3. Within Stage II, U. prolifera devolatilized
approximately 45 wt% of its total sample mass. The peak mass loss
temperature and rate of mass loss, as seen in Fig. 2b, increased as
the heating rate increased. Peak temperature and heating rate are
linearly correlated with a correlation coefficient of R%=0.9963,
whereas the peak mass loss rate follows a similar trend though
with a correlation coefficient of only R? = 0.8519. In previous stud-
ies, this shift in thermal profiles was attributed to heat and mass
transfer limitations that become exacerbated at higher heating
rates, when the reaction time of the samples decreases. At the
higher heating rate, the extent of the pyrolysis reaction at any
given temperature is lower than its slower counterparts. Given
the small particle size and sample size used, it is unlikely that there
is a large temperature gradient within each particle or sample (the
Bi < 1 and therefore lumped capacitance is a reasonable assump-
tion). A more likely explanation for the impact of heating rate is
the residence time at each temperature stage; the particles devola-
tilize more slowly but over a longer time at lower heating rates,
accounting for the same total mass fraction conversion, but vari-
ance in temperature and mass loss rates.

It is for these reasons that the Distributed Activation Energy
Model is often employed in biomass pyrolysis; by incorporating
data over a series of heating rates, we can “average out” the effect
of heating rate and obtain a global apparent activation energy for
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Fig. 2. Thermogravimetric data for pyrolysis of Ulva prolifera at different heating
rates 5 °C/min (@); 10 °C/min ([]); 20 °C/min (A).

Table 3

Thermal degradation characteristics of Ulva prolifera at different heating rates.
Heating rate, T, Tn  DIGmax Tmaxe  Ru x 103,
°Cmin~" °C °C  %min' °C % min~' °C"!
5 196 295 3.1 224 13.89
10 201 311 65 229 28.38
20 208 320 8.1 242 33.47

the material. Table 4 presents the correlation equations and coeffi-
cients obtained using Eq. (4) and the isoconversional plots of Fig. 3,
and the resulting activation energies and frequency factors at each
conversion level. As the correlation coefficients (R?) for each con-
version point are greater than 0.98, we are confident that the
DAEM and its assumption of multiple simultaneous first order
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Table 4

Fitted equations and correlation coefficients with resulting activation energies and
frequency factors for Ulva prolifera pyrolysis obtained by the Distributed Activation
Energy Model.

Conversion  Equation Correlation  E, kJ/mol ko, s~

0.1 y=-15664x +19.488 R?>=0.9972 130.23 2.48E+12
0.2 y=-15797x+19.012 R?*=0.9823 131.33 1.55E+12
0.3 y=-16220x+18.961 R?>=0.9807 134.85 1.52E+12
0.4 =-17548x+23.671 R>=0.9986  145.89 1.82E+14
0.5 y=-17460x+23.870 R?>=0.9999 145.16 2.21E+14
0.6 y=-18782x+26.778 R?*=0.9997 151.51 4.36E+15
0.7 y=-18224x+25969 R?>=0.9988 152.41 1.88E+15
0.8 y=-16759x +23.474 R?>=0.9990 139.33 1.41E+14

decomposition reactions is a reasonable model for the prediction of
activation energies of pyrolysis of U. prolifera. The activation
energy for pyrolysis ranges from 130 to 152 k]/mol, with an aver-
age value of 141.34 £ 8.71 kJ/mol. The apparent activation energy
values vary with conversion as the pyrolytic decomposition pro-
ceeds, underscoring the complex mechanisms of pyrolysis that
change as the composition of the material changes. However, as
Fig. 4 demonstrates, we find good agreement between TG curves
calculated using the kinetic parameters obtained from the DAEM
and the measured data at each heating rate. As such, we are confi-
dent in the applicability of the DAEM to describe the complex
pyrolysis reactions of UP degradation.

The activation energy measured here compares favorable to
activation energies of pyrolysis of micro- and macroalgae species
seen throughout the literature, as detailed in Table 5. The
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Fig. 3. Isoconversional plot for determination of activation energy of pyrolysis of
Ulva prolifera via the Distributed Activation Energy Model.
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Fig. 4. Simulated versus experimental data for 5 (Q), 10 ([J) and 20 (A) °C/min
pyrolysis of Ulva prolifera.

activation energy measured for U. prolifera is quite similar to
another macroalgae within the same genus, Ulva pertusa, a recent
introduction to - and potentially invasive species in - the
Mediterranean Sea as a result of oyster transfers from the Pacific
Ocean [57]. The activation energy of U. pertusa was calculated
to be 148.7 kJ/mol via an average of the Flynn-Wall-Ozawa, Kis
singer—-Akahira-Sunose and Popescu methods [50]. Some microal-
gae have activation energies as low as 46 k]J/mol [52], others, such
as Spiruline plantensis, have activation energies upwards of
100 kJ/mol. The majority of the macroalgae species with data in
the literature have activation energies of pyrolysis upwards of
140 kJ/mol, some reported as high as 228.09 (Enteromorpha
prolifera) [55], making U. prolifera a reasonable candidate for
bio-fuel production via pyrolysis, as compared to many other
species. Given its kinetic potential for use as a bio-fuel, we turned
our attention next to an analysis of the evolved gas from
pyrolysis as monitored by FTIR to guide discussion of the
changing nature of the pyrolysis reactions as a function of
temperature, important to understanding how to optimize the
process for fuel recovery.

3.3. Evolved gas analysis

Volatile compounds evolved during the thermal decomposition
of UP were analyzed in real time by FTIR. Fig. 5 presents the IR
spectra taken at peak temperatures as observed in the DTG curve
obtained at 20 °C min~!; the assigned peaks correspond to the
functional groups detailed in Table 2 according to the literature.
The split plots — one at the low temperature points of 242.7 and
487.7 °C, the second at the higher temperatures of 684.0 and
800.0 °C - provide a semi-quantitative description of the reaction
coordinate. At lower temperatures we see weaker absorbance sig-
nals with the most significant peaks between 2400 and 2270 cm ™.
These, as noted in Table 2, are ascribed to the C=0 stretching of
CO,. The absorbance between these wavenumbers is considerably
less than other species at higher temperatures. Ma et al. noted sim-
ilar behavior during the pyrolysis of palm kernel shell [43], and
Meng et al. found such behavior during the pyrolysis of corn cob,
sugar cane bagasse, and tree root [58].

At each measurement temperature we see the characteristics
signals of water between 4000 and 3400 cm™!; the absorbances
are actually slightly higher for higher temperatures (between
0.004 and 0.01 at 800 °C) than lower temperatures (less than
0.002), though given the scale of Fig. 5 this is not immediately
obvious. The surface-bound and entrained moisture were likely
removed at the isothermal hold at 110°C. The mass loss at
242.7 °C is likely a function of devolatilization and further removal
of entrained water, as opposed to the ring-opening, depolymeriza-
tion, recondensation and repolymerization, reactions occurring at
higher temperatures. Such reactions occurring at higher tempera-
tures explain both the presence of more water at higher tempera-
tures, and the increase in activation energy as conversion increases
as such reactions require more energy to overcome the barrier to
reaction [47].

The absorbance bands between 1750 and 1650 cm™! with peaks
at 1710 (242.7 and 487.7 °C) and 1740 (684.0 and 800.0 °C) corre-
spond to the C=0 carbonyl stretching of carboxylic acid, ketones,
or aldehyde groups. It is most likely that these signals represent
carboxylic groups. Carboxylic acids are commonly identified in
macroalgae, However, further evidence is the peak at 1740 cm™!
observed at higher temperatures, likely indicative of ester species,
which form from the combination of carboxylic acids and alcohols,
observed in the fingerprint region between 1200 and 1000 cm™!
[22].

At 487.7 °C we see a relatively large peak at 1250 cm™ ', absent
from the other temperatures, which lays in the fingerprint region

1
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Table 5
Survey of activation energies of marine biomass pyrolysis available in the literature.
Marine biomass Activation energy, kJ/mol Kinetic analysis method Reference
Chlorella protothecoides 46.2 Average of Freeman-Carroll at 15, 40, 60, 80 °C/min [52]
Chlorella pyrenoidosa 77.02° Iso-conversional [47]
Chlorella pyrenoidosa 100.06 Distributed Activation Energy Model [12]
Chlorella sorokiniana 108.63 Distributed Activation Energy Model [32]
Chlorella spp. 71.3-79.2 Freeman-Carroll [51]
Chlorococcum humicola 189.99 Distributed Activation Energy Model [37]
Corallina pilulifera 247.7 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [54]
Dunaliella tertiolecta 146.07 Average of Isoconversional: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose [27]
Dunaliella tertiolecta 186.46" Iso-conversional [53]
Dunaliella tertiolecta 171.85° Iso-conversional [53]
Enteromorpha prolifera 228.09 Average of Freeman-Carroll at 10; 20; 50 °C/min [55]
Enteromorpha prolifera 178.89" Iso-conversional [53]
Laminaria japonica 207.7 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [56]
Plocamium telfairiae 249.1 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [54]
Pophyra yezoensis 157.3 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [54]
Saccharina japonica 168.3 Average of nonlinear least-squares of first order kinetics (Arrhenius) [38]
Sargassum pallidum 202.9 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [56]
Sargassum thunbergii 140.1 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [49]
Spirulina platensis 91.56" Iso-conversional [47]
Spirulina platensis 100.11 Average of first order Arrhenius equation, 5; 10; 20; 30 °C/min [48]
Spirulina platensis 83.1 Average of Freeman-Carroll at 15, 40, 60, 80 °C/min [52]
Ulva pertusa 148.7 Average of: Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose; Popescu [50]
Ulva prolifera 141.34+8.71 Distributed Activation Energy Model This work

2 Average of multiple conversion values supplied by authors.
b Representative of Zone 2 conversion, primary mass loss regime.

of C—O stretching, indicating the presence of either phenols or
lipids; we imagine this is more likely attributable to both species,
though macroalgae are known to have a comparably high phenolic
versus lipid content [59]. Finally of note is the characteristic peak
of CH; associated with C—H stretching between 3000 and
2860 cm ™! observed at the two highest temperatures, with orders
of magnitude less observed at lower temperatures.

0.3

Fig. 6 presents the relative peak concentrations of C=0, and
C—0 groups, along with H,0 and CH, as a function of temperature,
along with mass fraction converted. The absorbance, which is of
course directly related to concentration in the gas phase, is pre-
sented on a log scale such that we can easily differentiate orders
of magnitude of each component evolved at a given temperature
and decomposition stage. The primary devolatilization of the UP
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in terms of overall mass conversion occurred above 242.7 °C and
below 684.0 °C - between these two temperatures the mass frac-
tion converted goes from approximately one quarter to three quar-
ters. However, the composition of the evolving gases clearly
changes over this temperature range. Despite only loosing 10% of
the mass between 684 and 800 °C, the concentrations of water
and CH4 evolved increase by orders of magnitude above the lower
temperature measurements. This may seem, initially,
counter-intuitive; how can gaseous products evolved be high when
the overall conversion is in fact slowing down? The FTIR analysis is
focused only on the pyrolysis gases, and not the liquid (condens-
able) bio-oils, nor on any tars condensing within the structure of
the remaining UP char, or the char itself. As temperature increases,
the solid residue decomposes slowly, forming a porous residue
[54], which in the case of UP will involve the condensing of carbon
into the mineral matter naturally present in the macroalgae.
Maximum liquid yields from pyrolysis are known to occur around
500 °C under limited vapor residence times conditions to prevent
secondary reactions [60,61]. As has been noted for both terrestrial
and aquatic biomasses, above this point gaseous yields increase
and solid char yields decreases, accompanied by the release of
gases such as CO and CO,; the dominance of CO, over CO is know
to differentiate algae from lignocellulosic biomass pyrolysis [61-
67]. As such, the peak concentrations of pyrolysis gas species such
as CH4 occur at higher temperatures, whereas the condensable lig-
uid species would be maximized between the highest conversion
temperatures.

While macroalge lack the lignocellulosic structures of terrestrial
biomasses, instead characterized by their protein, carbohydrate
and lipid components, along with higher contents of alkali earth
metals, halogens, carbonates and other inorganics [68,69], the pyr-
olytic behavior of both types of biomasses are quite similar.
Though the concentrations of metals in the seaweeds lead to
higher ash contents, the trade-off to their presence is their poten-
tial catalytic activity during pyrolysis. The presence of inorganic
materials has been shown to promote secondary cracking reactions
in the gas phase, and that the presence of minerals in biomass
decreases the peak decomposition temperatures and volatile yields
[70-72]. It is also because of this relatively high mineral matter
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composition that the renewable energy conversion of macroalgae
such as U. prolifera via combustion or gasification is less desirable,
due to slagging and fouling issues, than pyrolysis to produce liquid
and/or gaseous bio-fuels.

4. Conclusions

The Distributed Activation Energy Model was used to determine
the activation energy of pyrolysis of U. prolifera from thermogravi-
metric data at three different heating rates (5, 10, 20 °C/min). The
model assumes the decomposition mechanism takes a large num-
ber of independent, parallel reactions with different activation
energies reflecting variations in the bond strengths of species
whose activation energies can be continuously distributed as a
function of conversion. Correlation coefficients for the DAEM were
all greater than 0.98 at each conversion level, and resulting values
of the apparent activation energy ranged from 130 to 152 kJ/mol,
in good accord with the literature. Three stages of decomposition
were noted over the entire temperature range; below 110 °C mass
loss was due primarily to moisture removal. The largest stage of
pyrolysis occurred between 190 and 400 °C with peak mass loss
conversion rates up to 8.1 wt% per minute at 20 °C/min pyrolysis.
Above 400 °C we see slow a slow mass loss rate of less than 10%
of the total sample mass.

The peak conversion rate at 20 °C/min occurred at 242.7 °C. At
this temperature, evolved gas analysis via FTIR showed significant
quantities of CO, present, as well as signatures of C=0 stretching
likely associated with carboxylic acid presence. This peak dimin-
ishes slightly at 487.7 °C, where we see evidence of phenolic spe-
cies devolatilizing. At higher temperatures, during Stage III of
pyrolysis (slow mass loss rates, likely a result of cracking and con-
densation reactions) a significant absorbance between 3000 and
2860 cm~! indicated a large amount of methane devolving from
the macroalgae. This peaked around 800 °C, when CO, was at a
minimum.

Overall, the potentially invasive seaweed species that has
caused newsworthy green tides in Asia and Europe, U. prolifera,
may well be a potential source of bio-renewable fuels. Given its
low energy, nutrient, land and maintenance requirement to grow,
tolerance to a variety of environmental conditions, its low pyroly-
sis activation energies (as compared to other macroalgae), thermo-
chemical conversion via pyrolysis is a viable way to extract energy
from this species. Results indicate that maximum conversion tem-
peratures occur as low as 240 °C, and the composition of the gas
produced can be altered via pyrolysis temperature. Further studies
on the analysis of bio-oil obtainable from pyrolysis of U. prolifera
are recommended.
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