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ARTICLE INFO ABSTRACT

Pyrolysis of raw and hydrothermally carbonized (HTC) Chlamydomonas debaryana with and without activated
carbon (AC) or fi-zeolite as the catalyst were studied. Monoaromatic hydrocarbon yields from the pyrolysis of
raw and HTC treated algae without a catalyst were relatively low at optimum yields of 11.2% and 12.0%
obtained at 600 °C, respectively. The maximum yields of monoaromatic hydrocarbons from the AC catalyzed
pyrolysis of raw and HTC treated algae were 43.8% obtained at 600 °C and 43.5% obtained at 800 "C, respec-
tively, compared to 32.3% and 32.7% for the maximum yields from the B-zeolite catalyzed pyrolysis at 500 °C
and 600 °C, respectively. However, (-zeolite catalyzed pyrolysis produced higher yields of total hydrocarbons
(aromatic + aliphatic) for raw and HTC algae compared to AC catalyzed pyrolysis. This means while p-zeolite
was more effective in producing total hydrocarbon content, AC was more effective in aromatization of oxyge-
nates. ‘I'he combination of HTC pretreatment and catalytic pyrolysis were effective in reducing nitrogen content
in bio-oil. The yields of nitriles and nitrogenous compounds were negligible for the AC catalyzed pyrolysis of
HIC treated algae at 600 "C, compared to 8.3% using the -zeolite at the same temperature. The AC catalyst had
a lower tendency towards coking.
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1. Introduction

A wide variety of biomass resources such as grass, wood, agri-
cultural crops and residues, animal waste, municipal solid waste and
aquatic plants have been studied for the production of liquid biofuels
[4,5]; Hawash et al. (22,27 34 44]. Microalgae that are one of the most
important aquatic organisms have been considered as a potential bio-
mass source for mass production of liquid biofuels due to their high
growth rate, ability to be cultivated on wastewater without the use of
arable land, and high lipid content [17]. Furthermore, as microalgae
have a high biological CO; fixation rate, they can be used to effectively
reduce the industrial CO, emission [9]. Therefore, the cultivation of
microalgae and utilization of microalgae as an energy source would be
of great economic and environment benefits [26].

Various technologies have been developed to convert algal biomass
into liquid fuels [8,13,38]. Pyrolysis and hydrothermal treatment are
two widely studied thermochemical processes to convert algal biomass

into liquid fuels commonly known as bio-oil {8,12,14.43]. Pyrolysis
decomposes dry algal biomass into condensable vapors under an inert
atmosphere at 450-600°C [14]. Hydrothermal treatment (HTT) in-
volves the application of heat to wet algae in a closed system to produce
an organic hydrophobic phase of oil, water soluble substances, non-
condensable gases and a solid residue [10,39]. HTT removes nitrogen
which can improve the bio-oil quality and quantity towards down-
stream processes for diesel-like biofuels [12]. Hydrothermal liquefac-
tion (HTL) and hydrothermal carbonization (HTC) are two major HTT
methods. HTL is considered as a promising technology to liquefy solid
biomass into bio-oil as a main product at various solid concentrations, a
temperature of 300-375°C and residence time of 5-15min
112,14,30,40,36]. HTC occurs at a lower temperature (e.g., 200 °C) and
longer residence time (e.g., several hours) to produce biochar as a main
product from waste sludge (23] and wet microalgae [24]. It was re-
ported that the higher heating value (HHV) of hydrochar produced by
HTC of microalgae under 200 °C and 20 bar for 1 h was 30 MJ/kg [361.
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Heilmann et al. [25] found that most of the fatty acids in microalgae
were retained in the hydrochar, about 55% of carbon stayed in the char
and the remaining 45% was transferred into the aqueous phase during
HTC [36]. As 80% N in algae was reported to be released into the
aqueous phase during HTC, HTC provides an effective approach to re-
cycle the N in the algal biomass into an aqueous phase for algal culti-
vation [24,25],

Catalytic pyrolysis using catalysts such as zeolites is one of the
promising technologies for improving the yield and quality of liquid
biofuel from microalgae [2,7,19,42,43]. The catalytic pyrolysis can
produce a mixture of hydrocarbons, mostly aromatic hydrocarbons via
the reactions of deoxygenation, decabonylation and decarboxylation.
Zeolites have different acidities and pore sizes, which can facilitate the
production of aromatic hydrocarbons and promote deoxygenation of
bio-oil. Zeolites have been widely studied in the catalytic pyrolysis of
lignocellulosic biomass [31,33,35] and algae [7,15]. As activated
carbon usually has imperfect aromatic sheets of carbon atoms, in-
completely saturated valences and unpaired electrons on its surface, it
has high adsorption capacity for polar or polarizable molecules [45].
The surface functional groups of activated carbon are formed as a result
of thermal or chemical treatments, which influence the acid-base
properties of carbon surface and could be considered as potential active
sites for catalysis [45].

Our previous research showed that Chlamydomonas debaryana (C.
debaryana) is a promising algal species for both swine waste treatment
and biofuel production [48,50,51]. The objective of this study was to
evaluate and compare the yields of aromatic compounds, the potential
of de-nitrogenation and the composition of the bio-oil during catalytic
pyrolysis of raw and HTC treated C. debaryana algae over B- zeolite and
activated carbon catalysts at different temperatures.

2. Materials and methods
2.1. Microalgae characterization

C. debaryana AT24 was isolated from a local swine wastewater la-
goon located at the farm of North Carolina Agricultural and Technical
State University [48]. The C. debaryana was cultured with swine was-
tewater [50]. The detailed experimental procedure of HTC was de-
scribed elsewhere [51]. Briefly, C. debaryana slurry with a 5.7 wt% solid
concentration was hydrothermally carbonized in a 75-ml Parr high-
pressure reactor (Parr Instrument, Moline, IL, USA). The temperature of
the reactor was increased to 200 °C at a heating rate of about 10 "C/min,
and was held at 200 °C for 6 h. The hydrochar was separated from the
aqueous fraction by filtration, then dried and milled to a size less than
150 pum. The hydrochar was kept in an air-tight container for this study.
The yields of hydrochar, aqueous fractions and non-condensable gases
from the HTC of C. debaryana were 28.3%, 68.6% and 3.1%, respec-
tively.

The proximate analysis was conducted to determine the moisture,
volatile matter, fixed carbon and ash content of raw and HTC treated
microalgae according to the ASTM D1762-84. Crude protein analysis
was determined by the Dumas method [28]. Crude fat content was
determined gravimetrically via extraction with 2: 1 chloroform-me-
thanol (v/v) co-solvent [48]. The carbohydrate content was estimated
by subtracting lipid, protein, ash and moisture contents. Ultimate
analysis was carried out to determine the element contents of C, H, N
and S contents using an elemental analyzer (Model 2400, PerkinElmer).
The oxygen content was calculated by subtracting C, H, N, ash and
moisture contents. High heating values (HHV) were calculated ac-
cording to the following equation [15]:

HHV(%] =355 x 0232 x C-2230 x H+ 512 x Cx H+ 131 x N

+ 20600 x 1073 (1)
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2.2. TGA analysis of the pyrolytic characteristics of raw and HTC treated
microalgae

The pyrolysis experiments of raw and HTC treated microalgae were
carried out in a TGA (SDT-Q600, TA Instruments) under a nitrogen
atmosphere (99.99% N,) at a flow rate of 60 mL min . Approximately
10 mg of sample was heated from 25 to 800 °C at heating rates of 10,
20, 30°Cmin .

2.3. Catalytic pyrolysis of raw and HTC treated microalgae

Fast pyrolysis of raw and teated microalgal samples with and
without a catalyst was conducted in a multi shot pyrolyzer system
(EGA/PY-3030D, Frontier Laboratories Ltd, Japan) connected with a
gas chromatography-mass spectrometry (GC/MS) (Model: 7890A GC
and 5978MSD, Agilent Technologies, CA USA). Approximately 3 mm of
quartz wool was first placed at the bottom of a stainless steel sample
cup (Eco-cup LF) with 8 mm length and 4 mm diameter to hold powder
sample and catalyst. Approximately 0.3 mg of microalgae and 3 mg
catalyst were then placed into the sample cup in series. Another 3 mm
of quartz wool was placed at the top of the catalyst layer. The sample
cup was dropped into the preheated furnace using the double-shot
sampler connected to the top of the multi shot pyrolyzer. The sample
temperature was instantly increased to a given final pyrolysis tem-
perature at a heating rate of approximately 1000 °C/s.

The temperatue of the valve connected between the pyrolyzer and
the GC, and the temperature of the GC front inlet were maintained at
300 °C to prevent the condensation of product volitales. The tempera-
ture of the GC oven was initially set at 40 'C and held at 40 "C for 2 min,
then ramped to 220 °C at a rate of 5°C/min and held at 220°C for
15 min. Helium at a flow rate of 1 mL/min was used as a carrier gas
with a split ratio of 50:1. MS detection was carried out under electro-
nimpact (EI) ionization conditions in full scan from m/z 30—400 with a
threshold at 300. This enabled the detection of the major products of
primary and secondary pyrolysis reactions. The yields of compounds
were semi-quantified as the area determined by the MS profile per unit
mass of the sample (area/pg of microalgace).

Non-catalytic flash pyrolysis of raw and HTC treated C. debaryana
was performed at a heating rate of approximately 1000 "C/s, tempera-
tures of 300, 400, 500, 600, 700 and 800 °C and at a residence time of
20s.

Two different catalysts of B-zeolite in anhydrous powder (Zeolyst
International) and activated carbon (Sigma Aldrich) were employed for
catalytic pyrolysis. The f-zeolite has a 5i/Al ratio of 38 and surface area
of 710m?/g and activated carbon has a 100 mesh particle size and
surface area of 600 m*/g. The zeolite catalyst was initially activated to
its protonated form in a furnace at 400 "C in air for 5 h. It was reported
that there was a significant increase in aromatic hydrocarbon yield
when a zeolite catalyst to biomass ratio was increased from 1:1 to 10:1
[7] Therefore, a catalyst to biomass ratio of 10:1 was used in this study.
The samples were catalytically pyrolyzed at four different temperatures
of 500 °C, 600 'C, 700 °C and 800 "C with a heating rate of 1000 ‘C/s
and held at the final temperature for 30 s. All experiments were done in
duplicate.

2.4. Analysis of the bio-oil compositions

A semi-quantitative procedure was used to determine the yields of
individual bio-oil compounds [42]. The concentration (wt%) of each
identified bio-oil compound was calculated as:

%wy = (wy/ W) x 100 (2)

where w; is the estimate weight of a single identified bio-oil compound
calculated by integrating the mass chromatogram of the selection ion
(SIM) peak area at the characteristic mass-to-charge ratio (m/z) as:
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(3)

where A; yy is the peak area of an identified bio-oil compound. W is the
total amount of bio-oil calculated by integrating all the detected MS
peaks in a total ion current as

Wi = A s

(4)

where A, is the summed area of all compounds in TIC mode. Overall
yield of pyrolysis products Y was calculated as

W= Ay

(5)

Y=W "f“’mmpk

where 1wy, is the initial weight of a sample.

2.5. Estimating total hydrocarbon yield, carbon yield and higher heating
value of pyrolysate from catalytic pyrolysis

The pyrolysates from the catalytic pyrolysis of untreated and HTC
treated C. debaryana were assumed to form the fuel. The elemental
composition (C, H, O and N) of the fuel was determined by the chemical
formula of each compound identified in the GC-MS peaks. The total
hydrocarbon content was estimated as the sum of aromatic and ali-
phatic hydrocarbon while the carbon yield was calculated from the
carbon composition of the simulated fuel yield from catalytic pyrolysis
of untreated and HTC treated C. debaryana. Higher Heating Value
(HHV) was estimated from elemental composition of simulated fuel
using Eq. (1) shown in Section 2.1

3. Results and discussion

3.1. Chemical and elemental compositions of raw and HTC treated
microalgae

C. debaryana is composed of mainly protein, carbohydrates, lipids
and ash. As given in Table 1, C. debaryana used in this study has a
protein content of 59.4 wt% and a carbohydrate content of 10.1 wt%.
The nitrogen content in C. debaryana was 9.5 wt%, which is much
higher than that of most lignocellulosic biomass such as 0.5% in sugar
cane bagasse, 0.3% in corn cob, 0.6% in corn stover and 0.62% in
Eucalyptus grandis [7]. HTC of C. debaryana at 200 °C increased the
carbon content from 50.8 wt% in raw C. debaryana to 72.7 wt% and
decreased the nitrogen content from 9.5 wt% in raw C. debaryana to
5.2 wt%. The increase in carbon of HTC treated C. debaryana algae is a
consequence of carbonization resulting from the removal of oxygen by
dehydration and decarboxylation which also resulted in increased HHV
[14]. The decrease in the nitrogen content can be explained by the
hydrolysis of proteins and nucleic acids while the nitrogen remaining in
the pretreated algae could be from hydrophobic peptides, amino acids
or Maillard reaction products, as the pretreated algae had a rich dark
brown color. The ash content of HTC treated C. debaryana was 13.5 wt
% compared to 7.9 wt% for raw C. debaryana. Biomass with a high ash
content can generally lower decomposition temperatures of

Table 1
Chemical and elemental compositions of raw and HIC treated C. debaryana
algae.

Raw C. debaryana algae HTC C. debaryana algae

Carbon (wt%) 51.2 72.7
Hydrogen (wt%) 7.2 9.7
Nitrogen (wit%) 9.5 5.2
Sulfur (wi%) 1.1 0.2
Oxygen (wti) 31 12.2
HHV 219 35.3
Moisture (wit%) 2.7 -~
Carbohydrates (wt%) 10.1 -
Protein (wi%) 59.4 =
Lipids (w1%) 19.9 -
Ash 7.9 13.5
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Fig. 1. (a) TG and DTG of raw and HTC algae at heating rate 10 °C (b} D'I'G of
raw algae at different heating rates (c¢) DI'G curves for HIC treated algae at
different heating rates for non-catalytic pyrolysis of C. debaryana microalgae.

polysaccharides in the biomass but may cause corrosion and slag for-
mation [29].

3.2. Thermogravimetric characteristics of raw and HTC teated C.
debaryana during pyrolysis

Fig. 1(a) shows the TG and DTG pyrolysis curves of raw and HTC
treated C. debaryana. As seen in Fig. 1(a), the pyrolysis process occurs
mainly in three stages of dehydration, volatilization and decomposi-
tion, which have also been reported in literature [6,37]. The first stage
starts from an ambient temperature to a temperature around 110 °C to
mainly vaporize bound moisture and small fraction of lipids in the
microalgae which ends ar a temperature of 190 °C. The second stage
from 110 to 550 °C volatilizes carbohydrates and protein into different
condensable and non-condensable gases. In the third stage from 550 to
800 °C, remaining lipids and non-volatile matter vaporize into CO and
CO;. The third stage shows a gradual mass loss by the slow decom-
position of lipids which finally leads to char formation [32]. There was
significant difference in the TGA curves between the raw and HTC

treated C. debaryana. The active decomposition of raw algae started at a
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Table 2
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Maximum mass loss rates and corresponding temperatures during non-catalytic pyrolysis of raw and HTC treated C. debaryana algae.

Heating rate ("C/min)  Zone 1 Temperature (‘'C) DTG (max.) (%/min)

Zone 2 Temperature (°C)

DTG {max.) (%/min)  Zone 3 Temperature ("C) DTG (max.) (%/min)

Raw algae

10 280 d.62 410
20 300 7.67 420
30 330 10.8 420
HTC treated algae

10 370 5.47 430
20 380 11.02 440
30 390 17.16 440

1.69 680 0.17
3.35 690 0.57
4.88 730 1.09
225 750 0.17
3.95 710 0.82
6.55 740 2.39

much lower temperature at 220 °C (Fig. 1a) than the decomposition of
HTC treated algac at 300 °C (Fig. 1a). Additionally, the decomposition
of the HTC treated algae showed two distinct peaks representing the
decomposition of carbohydrates and proteins as a main peak and the
decomposition of lipids as a shoulder peak while the decomposition of
raw algae only generated single broad peak showing slight distinction
between carbohydrates, proteins and lipids as shown in Fig. la. The
DTG profiles of the pyrolysis of raw and HTC treated C. debaryana at
different heating rates are shown in Fig. 1(b) and (¢), respectively. The
pattern of the curves was not affected by the increase of heating rate
during pyrolysis. However, the peaks obviously were shifted to higher
temperatures for both raw and HTC treated C. debaryana algae when
the heating rate was increased. The maximum mass loss rate (% weight
loss/min) increased with the heating rate for raw and HTC treated C.
debaryana. It can also be seen that the maximum mass loss rate and its
corresponding temperature of the HTC treated algae were slightly
higher than those of the raw algae as given in Table 2,

3.3. Effects of pyrolytic conditions on the compositions of bio-oil produced
from raw and HTC treated C. debaryana algae

Effects of pyrolytic temperatures of 300, 400, 500, 600, 700 and
800°C and HTC treatment on the yield and composition of bio-oil
produced from C. debaryana were analyzed. The volatiles that were
detected by the GC-MS include various organic compounds and CO.,,
but not including any other non-condensable gases such as H, and CO.
The yields of the volatiles were quantified as their MS peak areas per
unit mass of microalgae as shown in Fig. 2(a) and (c). For the simplicity,
we assumed all detected volatile compounds excluding CO, to be the
hypothetical bio-oil. The yields of detectable volatiles increased when
the temperature increased from 300 °C to 500 °C during the pyrolysis of
raw C. debaryana and from 300 "C to 600 “C during the pyrolysis of HTC
treated C. debaryana. However, when the temperature was further in-
creased to 800 "C, the yields of detected volatiles started to decrease for
the pyrolysis of both raw and HTC treated algae, which might be caused
by the decrease of detectable volatile compounds and the increase of
no-detectable gases such as H; and CO at a very high temperature,

Fig. 2(b) and (d) show the distribution of the major pyrolysates
produced at different pyrolysis temperatures. Aliphatic hydrocarbons
(C5—Cao), carboxylic acids, nitriles and nitrogenous compounds were
identified as the major components produced during the pyrolysis of
raw and HTC treated algae. In the range of the pyrolysis temperature
from 300°C to 800 °C, aliphatic hydrocarbons were from 11.8% to
22.2% of the overall volatiles for the raw algae and from 13.6% to
32.9% for the HTC treated algae. The carboxylic acids were dominant
compounds in the volatiles obtained from the pyrolysis of both raw and
HTC treated algae at 300 °C, which were 61.0%. When the pyrolysis
temperature increased to 800 °C, the carboxylic acid content was de-
creased to 18.1% and 0.3% in the bio-oil produced from the pyrolysis of
raw and HTC treated algae, respectively.

Microalgae grown in wastewater usually have a high content of
proteins, which generate undesirable nitriles and nitrogenous com-
pounds in the bio-oil during pyrolysis. The pyrolysis of algae with an
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HTC treatment might significantly reduce the formation of nitriles and
nitrogenous compounds. The contents of the nitriles and nitrogenous
compounds were reduced to from 0.2% to 11.6% for the pyrolysis of
HTC treated algae at a temperature from 300 °C to 800 °C, compared
with 10.7% to 32.4% in the bio-oil for the raw algae pyrolysis. When
comparing at the same pyrolysis temperature of 500 °C, the contents of
the nitriles and nitrogenous compounds in the bio-oil from the pyrolysis
of the HTC treated algae and the raw algae were 10.2% and 21.5%,
respectively. The content of the nitriles and nitrogenous compounds
could be further reduced to 0.2% for the HTC treated algae when the
temperature was further increased to 800°C. A similar trend for ni-
trogenous compounds during the pyrolysis of Spirulina had been re-
ported in the literature [7].

The content of the monoaromatics and cyclic organic compounds
increased with temperature for the pyrolysis of both raw and HTC
treated algae. The contents of the monoaromatics in the bio-oil from the
pyrolysis of raw and HTC treated algae at 800°C were 10.8% and
10.0%, respectively, compared to traceable amount for both raw and
HTC treated algae at 300 °C.

The content of polyaromatic hydrocarbons (PAHs) were negligible
for the pyrolysis of both raw and HTC treated algae at the temperature
from 300°C to 800°C. The HTC treatment increased the content of
sugars and anhydrosugars with a maximum content of 4.6% obtained at
500°C, compared to a traceable amount in bio-oil from the pyrolysis of
the raw algae.

3.4. Catalytic pyrolysis of raw and HTC treated C. debaryana algae

The HTC treatment prior to pyrolysis significantly could reduce the
content of nitrogenous compounds in the bio-oil produced from algae.
On the other hand, the content of aromatic hydrocarbons from the non-
catalytic pyrolysis of algae, which are very important high-value che-
micals, was very low as discussed in Section 3.3. A catalytic pyrolysis
process using [(-zeolite and activated carbon as catalysts was thus stu-
died to improve the quality of the bio-oil by further reducing the ni-
trogen content and increasing the aromatic hydrocarbon content in the
bio-oil produced from raw and HTC treated C. debaryana algae.

3.4.1. Infiuence of catalysts and pyrolysis temperature on bio-oil yields

Fig. 3. Shows the semi-quantified yields (represented by the MS
peak areas) of total volatiles, bio-oil and CO, from non-catalytic, and B
zeolite and activated carbon catalyzed pyrolysis of raw and HTC treated
C. debaryana algae at different temperatures. As shown in Fig. 3(a), the
overal yields of the volatiles from the pyrolysis of raw C. debaryana
algae over both p-zeolite and activated carbon increased when the
temperature increased from 500 to 800 °C.

As shown in Fig. 3(b), the catalytic pyrolysis of HTC treated C. de-
baryana over the activated carbon also increased the yields of volatiles
as temperature increased. However, the maximum yield of volatiles
during the catalytic pyrolysis of HTC treated C. debaryana over B-zeolite
was obtained at 600 °C and the yield of the volatiles then declined as
the temperature further increased higher than 600°C. As shown in
Fig. 3(c) and (d), for both raw and HTC treated algae, the hypothetical
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Fig. 2. Semi-quantified yields (MS peak area) of total volatiles and contents of selected volatile compounds from the non-catalytic pyrolysis of raw and HTC treated C.
debaryana algae at different temperatures (‘C). (a) Yield of volatiles for raw algae (b) Contents of selected volatile compounds for raw algae (c) Yield of volatiles for
HTC treated algae (d) Contents of selected volatile compounds for HTC treated algae.

bio-oil fraction in the volatiles from the pyrolysis over f-zeolite was
comparable to that of the non-catalytic pyrolysis but about 5% to 20%
higher than that over activated carbon depending on the temperature.

As shown in Fig. 3(e) and (f), the the activated carbon catalyzed
pyrolysis of both raw and HTC treated algac significantly increased the
fraction of CO,, compared to the non-catalytic pyrolysis. The f-zeolite
catalyzed pyrolysis of raw algae significantly increased the fraction of
CO,, compared to the non-catalytic pyrolysis. However, the B-zeolite
catalyzed pyrolysis of the HTC treated algae significantly decreased the
fraction of CO, at a temperature below 700 °C, compared to the non-

catalytic pyrolysis

3.4.2. Influence of HTC treatment on major hydrocarbons and nitrogenous
compounds from catalytic pyrolysis

3.4.2.1. Aliphatic hydrocarbons. Aliphatic hydrocarbons in this study
consisted of the total contributions of all Cs to Cs; straight and
branched chain alkanes, alkenes and alkynes. As shown in Fig. 4(a)
and (b), the non-catalytic pyrolysis of raw and HTC treated C.
debaryana at 500°C produced 20.2% and 23.8% of aliphatic
hydrocarbons in the volatiles, respectively. At 500°C, the B-zeolite
catalytic pyrolysis slightly increased the contents of aliphatic

hydrocarbons to 24.5% for the raw algae and 24.1% for the HTC
treated algae. At 500°C, the activated carbon catalyzed pyrolysis
significantly decreased the content of aliphatic hydrocarbons to 0.5%
for the raw algae and 1.9% for the HTC treated algae. The maximum
contents of aliphatic hydrocarbons were 13.2% for the catalytic
pyrolysis of raw C. debaryana algae over activated carbon obtained at
600 °C, and 20.4% for HTC treated C. debaryana obtained at 700 °C. If
the temperature increased further, the contents of aliphatic
hydrocarbons decreased in both [-zeolite and activated carbon
catalyzed pyrolysis. A similar trend of temperature effect on aliphatic
hydrocarbons has been reported for catalytic pyrolysis of biomass over
a zeolite [46] and activated carbon [11].

3.4.2.2. Monoaromatic hydrocarbons. As shown in Fig. 4(c) and (d), the
monoaromatic hydrocarbon contents from the non-catalytic pyrolysis of
raw and HTC treated C. debaryana were very low. Their maximum
contents were 11.2% for the raw algae and 12.0% for the HTC algae
obtained at 600 “C. The catalytic pyrolysis increased the monoaromatic
hydrocarbon content. It was also observed that the aromatization in
activated carbon catalyzed pyrolysis was higher than that of the B-
zeolite catalyzed pyrolysis for both raw and HTC treated algae. For the
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Fig. 3. Semi-quantified yields (MS peak areas) of total volatiles, and contents of bio-oil compunds and CO: in the volatiles from the pyrolysis of raw and HTC treated
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(f) Content of CO, in the volatiles from HTC treated algae.

catalytic pyrolysis of raw algae over the activated carbon, the maximum
content was 43.8% that was obtained at 600 °C. If the temperature
increased to 800°C, the content decreased to 31.6%. The B-zeolite
catalytic pyrolysis of the raw algac produced a maximum content of
monoaromatic hydrocarbon of 32.3% that was obtained at 500 °C and
the content decreased to 21.2% if the temperature increased to 800 "C.
A similar trend has been reported in the literature [41,49]. The HTC
pretreatment had no significant effect on monoaromatic hydrocarbon
content.

3.4.2.3. Nitriles and nitrogenous compounds. As shown in the appendix,
several nitrogen-containing compounds were found in bio-oil including
amides, nitriles, and aromatic amines. HTC treatment of C. clebaryana
algae significantly reduced nitriles and nitrogenous compounds in the
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bio-oil during the subsequent pyrolysis. This suggests that many nitriles
and nitrogenous compounds were released in the aquous fraction
during HTC treatment.

During catalytic pyrolysis of raw and HTC treated C. debaryana
algae, the contents of nitriles and nitrogenous compounds generally
decreased in both fi-zeolite and activated carbon catalyzed pyrolysis at
a high temperature as seen from Fig. 4(e) and (f). However, as shown in
Fig. 4(f), we saw an increasing content of nitriles and nitrogenous
compounds for activated carbon catalyzed pyrolysis of HTC treated
algae as the temperature increased, and the maximum content of ni-
triles and nitrogenous compounds was 5.2% that was obtained at
800 ‘C. The p-zeolite was more effective in reducing the nitriles and
nitrogenous compounds during the catalytic pyrolysis of raw C. debar-
yana algac than activated carbon as seen in Fig. 4(e). For the HTC



E. Ansah et al

c —~ 30
o =
0 T 25
8 £ 20
c w
3 F 15
> O
£ n 10
vz
= c 5
T ':J
s8¢ ©
- Y
= O 500
“Pyro ys:s Eempe aturri CJ
m No cataly mB-zeglite m Actwated carbon
50

r=t 40 (C) I -

5 i L
Ao < l
e & 2 30 | § :
c U om Il
S c 020 i !
= 03 B : S
o= x10 Eal 5 1
Xkl | N IHIINI]
g O :L C: = e %= B

g_ 500 600 700 300

=

== | No catalyst mB-zeclite Activated carbon

30
£
n oo @20 z
a3 ¥ 1
£ 'S o 1 b
g g Z1o 2
oo & i :
o S a | i =
e G ST | 't ’
= 5 | ;
28§
b=t 600 700
5 . -
™ Pyrolysis temperature (°C)
m No catalyst ®B-zeolite Activated carbon
25

E = 20 (SL :

EXR 2 T

. -

s 815

W e

w o 10

. o
£ 8 A B & <
0 [ | = i - bl m |

500 600

Pyrolysis temperature (°C)

m No catalyst mWB-zeclite ® Activated carbon

Fuel 228 (2018) 234-242
50

C —

£ %40 | (b)

> 0

o

T ® 20

=

S S0

=

c 3o

o C

= 0 500 600 700 . 800

& ¥ Pyrolysis temperature (°C)

m Nocatalyst ®mB-zeolite m Activated Carbon

o 2
5§
2 8
g 8
2 &
° 3
Z 35
z 500 600 700 300
Pyrolysis temperature (°C)
m No catalyst ®B-zeohte = Actwvated Carbon
__15 G
W $10
2 T ©
U C
cC 285 I
v e i - !
S g g0
z " = 500 600
o . .
< Pyrolysis temperature (°C)
mNocatalyst mB-zeolite m Activated Carbon
30
ez [
z 'j 20
S & 15
M
T B A
'EF -~ -
C‘ ] A L4 E

Pyrolysis temperature (o()

B No catalyst mB-ze0lte m Activated Carbon
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treated algae.

treated C. debaryana algae, activated carbon was better than f-zeolite in
reducing nitriles and nitrogenous compounds at rather lower tem-
peratures of 500 "C and 600 °C as shown in Fig. 4(f).

3.4.2.4. Polyaromatic hydrocarbons (PAH's). PAHs are compounds with
large molecular weights formed during catalytic pyrolysis. As shown in
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the appendix, some examples of PAH compounds are the napthalenes,
alkyl naphthalenes, indenes, alkyl indenes, flourenes, anthracene,
phenanthrenes. Polyaromatics are commonly viewed as indicators of
coke formation that may lead to catalyst deactivation during catalytic
fast pyrolysis [47]. As seen from Fig. 4(g) and (h), the activated carbon
catalyst showed lower selectivity towards polyaromatic hydrocarbons
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Fig. 5. Total hydrocarbon content, carbon yields and heating value of bio-oil
from catalytic pyrolysis of raw and HTC treated C. debaryana algae.

than the (-zeolite catalyst, i.e., the activated carbon catalysts had a
lower tendency towards coking. The lower catalytic reactivity of
activated carbon than p-zeolite could be attributed to its lower
acidity. HTC treatment did not significantly affect the generation of
PAHs during the catalytic pyrolysis of algae. However, if the
temperature increased, the content of PAHs decreased in both B-
zeolite and activated carbon catalyzed pyrolysis, which means that
more large molecules such as PAHs were cracked at high temperatures.

3.5. Comparison of hydrocarbon yield and heating value of raw and HTC
algae during catalytic pyrolysis

The maximum total hydrocarbon (aromatic and aliphatic) content
and carbon yield were obtained by the catalytic pyrolysis of raw and
HTC treated algae at 600 °C and 700 °C, respectively, and then de-
creased at 800 'C (Fig. 5). Higher temperatures generally tend to de-
crease the total hydrocarbon yields [3]. It probably occurred due to the
fact that high temperatures are more suitable for the formation of non-
condensable gases such as CO and CO; via the deoxygenation process.
Also, it can be seen that total hydrocarbon content and carbon yield for
the pyrolysis of C. debaryana algae over B zeolite were generally higher
than the pyrolysis of C. debaryana over activated carbon. This means
that the P zeolite catalyst was more effective in producing total hy-
drocarbons (aromatic and aliphatic) than the activated carbon catalyst.
In terms of energy content, greater values of HHV for bio-oil occurred at
the optimum yields of total hydrocarbons (Fig. 5). It can be seen from
Fig. 5 that B zeolite produced bio-oil with greater HHV than the AC for
the pyrolysis of HTC algac. Similar trend of greater HHV for p zeolite
compared to AC was observed for raw algae at temperatures from 600
to 800 °C while at 500°C, the AC pyrolysis of raw algae produced
greater HHV compared to J zeolite pyrolysis.

3.6. Reaction mechanism during catalytic pyrolysis of C. debaryana algae

Due to the complex structure of the microalgae, a wide range of
complex organics were produced at various temperatures. To properly
evaluate the pyrolytic products, the organic products were classified
into functional groups based on chemical structure and chemical
property. During catalytic pyrolysis of C. debaryana microalgae, light
organics, including alcohols, acids and carbonyls from carbohydrates
fraction of the algae are cracked and deoxygenated into C2-C6 olefins.
These olefins undergo aromatization at the acive sites of the catalyst to
produce benzene followed by alkylation and isomerization to produce
other aromatics [1,20,211). Similarly, the catalytic pyrolysis of lipids
produce heavy oxygenated hydrocarbons, such as long chain fatty
acids, ketones, esters, etc., which are then converted to heavy hydro-
carbons by deoxygenation, cracked to olefins, which subsequently un-
dergo a series of oligomerization, cyclization and aromatization to form
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aromatics [1,20,21]. Catalytic pyrolysis of some amines from protein
fraction of microalgae produces olefins through deamination reactions
which can subsequently undergo aromatization. Indole derivatives are
relatively stable and they are not considered as the major source of
aromatics [16],

4. Conclusions

The active pyrolysis of HTC treated algae started at 300 "C which
was much higher than 220 “C for that of the raw algae. The maximum
mass loss rate and its corresponding temperature for the pyrolysis of
HTC treated algac were slightly higher than those for raw algae. The
yields of volatiles from the pyrolysis of both raw and HTC treated C.
debaryana increased with temperature and reached optimum at 500 °C
and 600 °C respectively. The carboxylic acids were maximum at 61.0%
in the bio-oil obtained from the pyrolysis of both raw and HTC treated
algae at 300°C, and decreased to 0.3% and 18.1% respectively as
temperature increased to 800°C. The monoaromatic hydrocarbon
contents from the non-catalytic pyrolysis of raw and HTC treated C.
debaryana were very low and its maximum content were 11.2% and
12.0% obtained at 600 °C, respectively. The catalytic pyrolysis could
significantly increase the content of total hydrocarbon (aliphatic and
aromatic). The activated carbon could achieve higher aromatization
than the f-zeolite for the pyrolysis of both raw and HTC treated algae
while p-zeolite catalyzed pyrolysis produced higher yields of total hy-
drocarbons (aliphatic + aromatic) than the AC catalyzed pyrolysis. The
combination of hydrothermal carbonization and catalytic pyrolysis
were effective in reducing nitrogen content in the bio-oil. The activated
carbon was better than the B-zeolite in reducing nitriles and ni-
trogenous compounds during the catalytic pyrolysis of the HTC treated
algae at low temperatures of 500 "C and 600 °C. As the activated carbon
catalyst showed lower selectivity towards polyaromatic hydrocarbons
than the p-zeolite catalyst, the activated carbon catalyst had a lower
tendency towards coking.

Acknowledgements

A contribution of North Carolina Agricultural and Technical State
University, supported by funds provided by U.S. Department of
Agriculture-Narional Institute of Food and Agriculture (awards: NC.X-
314-5-18-130-1) and U.S National Scientific Foundation (Grant #:
HRD-1242152). Mention of a trade name, proprietary products, or
company name is for presentation clarity and does not imply endorse-
ment by the authors or the university.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.fuel.2018.04.163.

References
[1] Adjaye J, Bakhshi N. Production of hydrocarbons by catalytic upgrading of a fast
pyrolysis bio-oil. 2. Comparative catalyst performance and reaction pathways. Fuel

Process Technol 1995;45:185-202.

Anand V, Sunjeev V, Vinu R. Catalytic fast pyrolysis of Arthrospira platensis (spir-
ulina) algae using zeoliles. J Anal Appl Pyrol 2016;118:298-307.

Andrade LA, Batista FRX, Lira TS, Barrozo MAS, Vieira LGM. Characterization and
product formation during the catalytic and non-catalytic pyrolysis of the green
microalgae Chlamydomonas reinhardtii. Renewable Energy 2018;119:731-40.
Ansah, E., Eshun, J., Wang, L., Shahbazi, A., Reddy, G., 2016. Experimental Study of
MSW Pyrolysis in a Fixed Bed Reactor, in: Uzochukwu, G.A., Schimmel, K., Kabadi,
V., Chang, 5.-Y., Pinder, T., Ibrahim, S.A. (Eds.), Proceedings of the 2013 National
Conference on Advances in Environmental Science and Technology. Springer
International Publishing, pp. 223-231.

Ben Hassen-Trabelsi A, Kraiem T, Naoui §, Belayouni H. Pyrolysis of waste animal
fats in a fixed-bed reactor! Production and characterization of bio-oil and bio-char
Waste Manage {Oxford) 2014;34:210-8,

Campanella A, Muncrief R, Harold MP, Griffith DC, Whitton NM, Weber RS.
Thermolysis of microalgae and duckweed in a CO2-swept fixed-bed reactor: Bio-oil

[2]

3

(4]

51

6




E. Ansah et al.

71

8]
9]

[10]

f11)

12]

[13]

[14]

[15]

(18]

171
(18]

[19]

[20]

[21]

[22

fui=]

123

—_—

[24]

[25]

[26]

(271

28]

[291

[30

—

yield and compositional effects. Bioresour Technol 2012:109:154-62.

Chagas BME, Dorado C, Serapiglia MJ, Mullen CA, Boateng AA, Melo MAF, et al.
Catalytic pyrolysis-GC/MS of Spirulina: Evaluation of a highly proteinacecus bio-
mass source for production of fuels and chemicals. Fuel 2016;179:124-34.

Chen W-H, Lin B-J, Huang M-Y, Chang J-S. Thermochemical conversion of micro.
algal biomass into biofuels: A review. Bioresour Technol 2015;184:314-27,

Chen J, Li Q, Chang C, Bai J, Liu L, Fang 5, et al. Techno-economic analysis of
biodiesel production from microalgae: a review. Trends Renew. Energy
2017:3:141-52.

Chen Y, Mu R, Yang M, Fang L, Wu Y, Wu K, et al. Catalytic hydrothermal ligue-
faction for bio-oil production over CNTs supported metal catalysts. Chem Eng Sci
2017;161:299-307.

Chizramonti D, Buffi M, Rizzo AM, Lotti G, Prussi M. Bio-hydrocarbons through
catalytic pyrolysis of used cooking oils and fatty acids for sustainable jet and road
fuel production. Biomass Bicenergy 2016;95:424-35.

Chiaramonti D, Prussi M, Buffi M, Rizzo AM, Pari L. Review and experimental study
on pyrolysis and hydrothermal liquefaction of microalgae for biofuel production.
Applied Energy 185 Part 2017;2:963-72,

Damartzis T, Zabaniotou A. Thermochemical conversion of biomass to second
generation biofuels through integrated process design — a review. Renew Sustain
Energy Rev 2011;15:366-78.

Du Z, Mohr M, Ma X, Cheng Y, Lin X, Liu Y, et al. liydrothermal pretreatment of
microalgae for production of pyrolytic bio-oil with a low nitrogen content.
Bioresour Technol 2012;120:13-8,

DuZ MaX, LiY,Chen P, Liu Y, Lin X, et al. Production of aromatic hydrocarbons by
catalytic pyrolysis of microalgae with zeolites: catalyst screening in a pyroprobe.
Bioresour Technol 2013;139:397-401.

Du Z, Hu B, Ma X, Cheng Y, Lin X, Liu Y, et al. Catalytic pyrolysis of microalgae and
their three major components: carbohydrates, proteins, and lipids. Bioresour
Technol 2013;130:777-82.

Duan P, Jin B, Xu Y, Wang F. Co-pyrolysis of microalgae and waste rubber tire in
supercritical ethanol. Chem Eng J 2015;269:262-71.

Fried| A, Padouvas E, Rotter H, Varmuza K. Prediction of heating values of biomass
fuel from elemental composition. Anal Chim Acta 2005;544:191-8.

Gao L, Sun J, Xu W, Xiao G. Catalytic pyrolysis of natural algae over Mg-Al lavered
double oxides/ZSM-5 (MgAl-LDO/ZSM-5) for producing bio-oil with low nitrogen
content. Bioresour Technol 2017;225:293-8.

Gayubo A, Aguayo A, Atutxa A, Aguado M, Bilbao J. Transformation of oxygenate
components of biomass pyrolysis oil on a HZSM-5 zeolite. [. Alcohols and phenols.
Ind Eng Chem Res 2004,43:2610-8,

Gayubo A, Aguayo A, Atutxa A, Aguado R, Olazar M, Bilbao J. Transformation of
oxygenate components of biomass pyrolysis il on a HZSM-5 zeolite. H. Aldehydes,
ketones, and acids. Ind Eng Chem Res 2004;43:2610-8.

Hawash, S.1., Farah, J.Y., El-Diwani, G., Pyrolysis of Agriculture Wastes for Bio-vil
and Char Production. Journal of Analytical and Applied Pyrolysis.

He C, Giannis A, Wang J-Y. Conversion of sewage sludge to clean solid fuel using
hydrathermal carbonization: Hydrochar fuel characteristics and combustion beha-
vior. Appl Energy 2013;111:257-66.

Heilmann SM, Davis HT, Jader LR, Lefebyre PA, Sadowsky MJ, Schendel FJ, et al.
Hydrothermal carbonization of microalgae, Biomass Bicenergy 2010;34:875-82.
Heilmann SM, Jader LR, Harmed LA, Sadowsky MJ, Schendel FJ, Lefebvre PA, et al.
Hydrothermal carbonization of microalgae 1. Fatty acid, char, and algal nutrient
products. Appl Energy 2011;88:3286-90.

Hu Z, Ma X, Li L, Wu J. The catalytic pyrolysis of microalgae to produce syngas.
Energy Convers Manage 2014:85:545-50.

Hu Z, Zheny ¥, Yan F, Xiav B, Liu 5. Bio-oil production through pyrolysis of blue-
green algae blooms (BGAB): Product distribution and bio-oil characterization.
Energy 2013:52:119-25.

Jung S, Rickert DA, Deak NA, Aldin ED, Recknor J, Johnson LA, et al. Comparison
of kjeldah! and dumas methods for determining protein contents of suybean pro-
ducts, J Am 0il Chem Soc 2003;80:1169.

Kebelmann K, Hornung A, Karsten U, Griffiths G. Intermediate pyrolysis and pro-
duet identification by TGA and Py-GC/MS of green microalgae and their extracted
protein and lipid components, Biomass Bioenergy 2013;49:38-—48.

Lamoolphak W, Goto M, Sasaki M, Suphantharika M, Muangnapoh C, Prommuag C,
et al, Hydrothermal decomposition of yeast cells for production of proteins and

242

311

321

[33]

[34]

[35]

136]

371

(38]

[39]

[40]

141}

142]

143]

[44]

[45]

Fuel 228 (2018) 234-242

amino acids. J Hazard Mater 2006;137:1643-8.

Lazdovica K, Liepina L, Kampars V. Catalytic pyrolysis of wheat bran for hydro-
carbons production in the presence of zeolites and noble-metals by using TGA-FTIR
method. Bioresour Technol 2016;207:126-33,

Marcilla A, Gémez-Siurana A, Gomis C, Chipuli E, Catald MC, Valdés FJ.
Characterization of microalgal species through TGA/FTIR analysis: Application to
nannochloropsis sp. Thermochim Acta 2009;484:41-7.

Mihalcik DJ, Mullen CA, Boateng AA. Screening acidic zeolites for catalytic fast
pyrolysis of biomass and its components. J Anal Appl Pyrol 2011,92:224-32,
Mohammed 1Y, Abakr YA, Yusup S, Kazi FK. Valonization of Napier grass via in-
termediate pyrolysis: Optimization using response surface methodology and pyr-
olysis products characterization. Journal of Cleaner Production 142, Part
2017;4:184B-66.

Nagvi SR, Uemura Y, Yusup 5, Sugiur Y, Nishiyama N, Nagvi M. The role of zeolite
structure and acidity in catalytic deoxygenation of biomass pyrolysis vapors. Energy
Procedia 2015;75:793-800.

Patel B, Guo M, lzadpanah A, Shah N, Hellgardt K. A review on hydrothermal pre-
tr hnologies and envir | profiles of algal biomass processing.
Bioresour Technol 2016;199:288-99.

Peng W, Wu Q, Tu P, Zhao N. Pyrolytic characteristics of microalgae as renewable
energy source determined by thermogravimetric analysis. Bioresour Technol
2001;80:1-7,

Raheem A, Wan Azlina WAKG, Taufig Yap YH, Danguah MK, Harun R
Thermochemical conversion of microalgal biomass for biofuel production. Renew
Sustain Energy Rev 2015;49:990-9,

Ruiz HA, Rodriguez-Jasso RM, Fernandes BD, Vicente AA, Teixeira JA.
Hydrothermal processing, as an alternative for upgrading agriculture residues and
marine biomass according to the biorefinery concept: a review. Renew Sustain
Energy Rev 2013;21:35-51.

Sereewatthanawut 1, Prapintip S, Watchiraruji K, Goto M, Sasaki M, Shotipruk A.
Extraction of protein and amino acids from deoiled rice bran by subcritical water
hydrolysis. Bioresour Technol 2008;99:555-61.

Sun L, Zhang X, Chen L, Zhao B, Yang S, Xie X. Comparision of catalytic fast pyr-
olysis of biomass to aromatic hydrocarbons over ZSM-5 and Fe/ZSM-5 catalysts. J
Anal Appl Pyrol 2016;121:342-6.
Th lazhy-Gopab S, Adhikari §, Chattanathan SA, Gupta RB. Catalytic
pyrolysis of green algae for hydrocarbon production using H+ ZSM-5 catalyst.
Bioresour Technol 2012;118:150-7.

Torri C, Fabbri D, Garcia-Alba L, Brilman DWF. Upgrading of oils derived from
hydrothermal treatment of microalgae by catalytic cracking over H-ZSM-5: a
comparative Py-GC-MS study. J Anal Appl Pyrol 2013;101:28-34.

Torr 1DV, Paasikallio V, Faccini CS, Huff R, Caramao EB, Sacon V, et al. Bio-oil
production of sofiwood and hardwood forest industry residues through fast and
mtermediate pyrolysis and its chromatographic charactenization. Bioresour Technol
2016;200:680-90.

Tsyntsarski B, Stoycheva [, Tsoncheva T, Genova I, Dimimov M, Petrova B, et al.
Activated carbons from waste biomass and low rank coals as catalyst supports for
hydrogen production by methanol decomposition. Fuel Process Technol
2015;137:139-47.

[46] Xue Y, Kelkar A, Bai X. Catalytic co-pyrolysis of biomass and polyethylene in a

[47]

[48]

[49]

[50]

[51]

tandem micropyrolyzer. Fuel 2016;166:227-36.

Yang Z, Kumar A, Apblett A Integration of biomass catalytic pyrolysis and methane
aromatization over Mo/HZSM-5 catalysts. J Anal Appl Pyrol 2016;120:484-92.
Zhang, B., Wang, L., Hasan, R., Shahbazi, A., 2014. Characterization of a Native
Algae Species Chlamydomonas debaryana: Strain Selection, Bioremediation Ability,
and Lipid Characterization.

Zhang B, Zhong Z, Ding K, Song Z. Production of aromatic hydrocarbons from
catalytic co-pyrolysis of biomass and high density polyethylene: analytical Py-GC/
MS study. Fuel 2015;139:622-8,

Zhang B, Wanyg LI, Riddicka B, Li R, Able J, Shuhbazi A, Sustainable production of
algal biomass and biofuels using swine wastewater in North Carolina, US.
Sustainability 2016,8(5):477-88.

Zhang B, Wang L, Li R, Rahman QM, Shahbazi A. Catalytic conversion of chlamy-
domonas to hydrocarbans via the ethanol-assisted liguefaction and hydrotreating
processes. Energy Fuels 2017;31(11):12223-31.



