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Valorization of algal biomass is often limited by its low lipid content. Here, different alcohols: ethanol, iso-
propanol, and glycerol, were studied as co-solvents to improve the conversion efficiency of a lipid-poor mi-
croalgae, Galdieria sulphuraria, by hydrothermal liquefaction. Bio-crude oil yield increases, from 13 to 73 wt%
(on dry algae basis), were attributed to the alcohols facilitating the transfer of algal protein-derived fragments
from the aqueous phase into the oil phase. A series of characterization results showed that bio-crude oil for-

mation was mainly the result of alcohols reacting with algal fragments via Maillard reactions, alkylation, and
esterification, respectively. Insights into the synergistic effect of low-lipid feed and alcohol provide mechanistic
support for choosing an alcohol-rich waste, crude glycerol, to improve bio-crude oil production from HTL of
wastewater-grown G. sulphuraria. Promising improvements in yield and energy recovery indicates competitive
economics for a low-lipid biomass waste-to-biofuel conversion technique.

1. Introduction

Inedible biomass, such as agricultural, forestry and municipal
wastes, have been frequently studied as desirable energy resources to
produce environment-friendly biofuels through different routes invol-
ving a range of thermal, chemical, and biological processes.
Hydrothermal liquefaction (HTL) is one of the promising thermo-
chemical conversion methods for wet biomass since HTL avoids the
costs for dewatering and drying (Peterson et al., 2008). As an en-
vironmentally-friendly and inexpensive solvent, water has been a
common reaction medium under subcritical conditions (180-370 °C,
5-21 MPa). HTL involves acid and based-catalyzed reactions of H" and
OH™ ions from water (Isa et al., 2018), which lead to degradation and
hydrolysis, decarboxylation, repolymerization, deamination, and Mail-
lard reactions to convert the macromolecules in biomass into oil mo-
lecules, water-soluble molecules, gas, and char (Peterson et al., 2008).

Microalgae can grow with simple requirements (light, CO,, water,
N, P and K) and provide large capacity for converting CO, into biomass
and liberating O, via photosynthesis (Demirbas, 2011). Galdieria sul-
phuraria is an acidophilic and moderately thermophilic red algae that is
regarded as a potential species for wastewater treatment and biofuel
energy recovery due to its high nutrient removal efficiencies from urban
wastewater (Selvaratnam et al., 2015). To enhance energy recovery, an
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algae-to-biofuel conversion platform through HTL has been studied.
Previous research on HTL of media-grown G. sulphuraria showed that
more severe conditions (350 °C, 60 min) are required to obtain the
highest yield of bio-crude oil (~31 wt%), while the yields of bio-crude
oil derived from wastewater-treatment G. sulphuraria (WWGS) were
lower (~18 wt%) at the optimized condition (Cheng et al., 2019). The
quality of bio-crude oils from G. sulphuraria is not favorable due to the
high protein contents in the algal biomass. Improvements in bio-crude
oil yield and quality are needed for WWGS HTL to be feasible.

Many studies have reported that alcohols (e.g. methanol, ethanol,
isopropanol, butanol and glycerol) improve the yield and quality of bio-
crude oil (Biswas et al., 2017; Yuan et al., 2007). Alcohols have several
advantages over water in the HTL process: they (1) provide milder re-
action conditions because of their lower critical points (the critical
conditions of methanol and ethanol are 239 °C and 8 MPa, and 241 °C
and 6 MPa, respectively, compared to water at 374 °C and 22 MPa), (2)
have better hydrogen donation ability to stabilize free radicals, (3) can
dissolve more molecules into the bio-crude oil phase, and (4) have high
reactivity with acidic components to form esters (Zhang and Zhang,
2014). Yuan et al. reported that the oil yield peaked (from 28 wt% to
40 wt%) at a ratio of 50 vol% for ethanol-water/isopropanol-water HTL
of rice straw (Yuan et al., 2007). Yu et al. observed the highest oil yield
at 40 vol% of ethanol-water for HTL of microalgae Dunaliella tertiolecta
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(Chen et al., 2012). Caporgno et al. reported that the highest oil yield
was obtained at 50 wt% ethanol-water for HTL of microalgae Nanno-
chloropsis oceanica (Caporgno et al., 2016). Feng et al. reported that the
oil yield increased significantly for HTL of microalgae when the
ethanol-water ratio reached 50 vol% and changed slightly between
50 vol% and 100%, whereas the conversion rate of algae was highest at
50 vol% (Feng et al., 2018). Although Cao et al. indicated the highest
oil yield of rice straw occurred at 100% glycerol, the product separation
was increasingly difficult, therefore, they concluded 50 vol% was a
more appropriate glycerol-water ratio (Cao et al., 2016). These studies
emphasized that there were synergistic effects between alcohols and
water, especially around a co-solvent/water around 40-50% regardless
other conditions for various feedstocks. From an economic perspective,
a much high co-solvent ratio is not favorable for the conversion of
wet algal feedstock. Hot-compressed water has stronger acidity than
ethanol at 200-350 °C, so the addition of water into ethanol enhances
the promotion of hydrolysis reactions (Cheng et al., 2012). The pre-
sence of some ethanol in water provides better solvation of cracked
compounds. Glycerol improved the yield and quality of bio-crude oils
from HTL of rice straw (Cao et al., 2016), animal wastes (Ye et al.,
2012), and algae (Lu et al., 2017). Lu et al. reported that crude glycerol
increased the bio-crude oil yield from 13.4% to 38.7%, and reduced the
N content from 3.8% to 1.0% for HTL of low-lipid macroalgae, En-
teromorpha prolifera (Lu et al., 2017). Only a few studies have provided
detailed chemical mechanisms for the interactions between alcohols
and biomass during HTL to explain the improvements.

Glycerol as a co-solvent may be more promising for biomass li-
quefaction because of its lower cost and easy accessibility from re-
newable sources. Crude glycerol is the major byproduct of the biodiesel
industry. In 2016, global production of biodiesel was estimated at 37
billion gallons with co-production of 4 billion gallons of crude glycer-
ol—well exceeding the market demand for glycerol (KumarGarlapati
et al., 2016). In 2018, crude glycerol sold at $0.40/kg for refining and
$0.11/kg for disposal, while the price of refined glycerol was
$1.04-1.10/kg (“Glycerine Market Report,” 2018). Current value-
added applications for crude glycerol are as animal feed, catalytic
chemical conversion, and biotransformation (Yang et al., 2012). Com-
bined, the surplus supply of crude glycerol and the positive outcomes of
early work on co-solvent HTL suggest that there is substantial potential
of crude glycerol for HTL conversion of wet biomass to liquid fuels.

In this study, we evaluated the effects of alcohol co-solvents
(ethanol, isopropanol and glycerol) on bio-crude oil production from
HTL of low-lipid wastewater-treatment microalgae, G. sulphuraria, in
terms of bio-crude oil chemistry. According to the critical temperature
and pressure properties of the co-solvent/water mixture, a co-solvent/
water ratio of 40 wt% at 310 °C was selected as the initial condition for
three co-solvents to keep the mixed solvent sub-critical. Higher tem-
peratures (330 °C and 350 °C) were tested for optimized co-solvent
mixtures. This study is providing a comprehensive oil chemistry for
clarifying the roles of different alcohol co-solvents on HTL performance
of this lipid-poor, protein-rich algae using multiple characterization
methods, in particular using a more sensitive, high-resolution analytic
instrument Fourier transform mass spectroscopy (FT-MS). To the au-
thors’ knowledge, detailed study of co-solvents with this wastewater-
grown lipid-poor algae species has not been reported earlier. A feasible
low-cost and energy-efficient pathway for low-lipid biomass and in-
dustrial wastes to energy-rich biofuel is presented here. The specific
objectives of this study were to: (1) evaluate the influence of different
alcohols on yield and chemistry of bio-crude oil from G. sulphuraria; (2)
elucidate possible mechanisms of alcohols for promoting bio-crude oil
formation; and (3) investigate the feasibility of an industrial real case:
HTL of wastewater algae with crude glycerol, in terms of bio-crude oil
yield and energy recovery, according to the synergistic mechanisms
between low-lipid algae and alcohols.
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2. Materials and methods
2.1. Algae feedstock and co-solvents

Both media-grown and wastewater-grown G. sulphuraria algae spe-
cies were used for HTL. The growth and harvest conditions of media-
grown algae G. sulphuraria are described in (Cheng et al., 2017). WWGS
was cultivated using a 700 L photobioreactor (PBR) fed with primary-
settled wastewater at the Jacob A. Hands Wastewater Treatment Plant
(Las Cruces, NM). A single PBR was initiated with 400 L of primary
wastewater and 300 L pre-adapted algal cultures, where the headspace
was filled with 2% CO,-enriched air (Henkanatte-gedera et al., 2016).
Ethanol (5% hydrous), isopropanol, and glycerol (ReagentPlus®,
=99.0%) were purchased from Sigma-Aldrich. Crude glycerol was
provided by Rio Valley Biofuels (El Paso, TX) and used as received.
Hexane and acetone were analytical grade (Pharmco-Aaper, Shelby-
ville, KY).

2.2. Co-hydrothermal liquefaction of microalgae with alcohols

HTL experiments were performed in a 1.8 L Model 4572 stainless
steel batch reactor with a Model 4848B controller unit (Parr Instrument
Co., Moline, IL). Algae slurries (500 g) with 5 wt% solids concentration
were converted at three temperatures (310, 330 and 350 °C) for 30 min
with an initial pressure of 1.38 MPa of nitrogen. The alcohols used here
included ethanol (EtOH), isopropanol (IPA), glycerol (GLY), and crude
glycerol (CGLY). For HTL incorporating ethanol, isopropanol, and gly-
cerol, the mass ratios of alcohol to water were 0 and 40 wt%. For HTL
with crude glycerol, the mass ratios were 0 and 100 wt%. Runs at each
condition were duplicated. After reaction, the headspace gas was
vented. HTL products: bio-crude oil, aqueous phase, and char, were
recovered using a hexane extraction procedure, followed by vacuum
filtration, Soxhlet extraction with acetone, and then solvent evapora-
tion at 50 °C using a rotary evaporator. The detailed product recovery
procedure is described in (Cheng et al., 2018). The hexane-soluble
product was designated as light bio-crude oil (LBO); the hexane-in-
soluble, acetone-soluble fraction was designated as heavy bio-crude oil
(HBO).

2.3. Calculation of product and elemental yields, and energy recovery

For HTL in water, ethanol, and isopropanol, product yield was
calculated by:

Y = L x 100%
Dry algae weight (@D)]
HTL with glycerol and crude glycerol achieved apparent yields >
100% by Eq. (1), indicating participation of the co-solvent in the re-
action. Considering the substantial amount of mass and energy con-
tributed by the co-solvent into the HTL products, an alternative yield
calculation was used:

= W". X 100%
Dry algal weight + W, 2

i

where Y; = yield of product fraction, W; = weight of product fraction,
W, = weight of organic compounds in glycerol/crude glycerol, and i
represents LBO, HBO, char, or non-volatile residue in the aqueous
phase.

Energy recovery (ER) of LBO for co-HTL of algae and crude glycerol
was calculated by:

Mass of LBO x HHV of LBO
Malgae X HHValgae + MCGLY X HHVCGLY (3)

ER =

where, Mygq. and Mcgy were mass of dry algae and dry crude glycerol,
respectively, and HHV gq. and HHV gy were the higher heating values
obtained by bomb calorimetry.
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The yield of carbon and nitrogen in the products (LBO, HBO and
non-volatiles in the aqueous phase) were calculated by:

Carbon/nitrogen yield
Carbon/nitrogen weight in product

- Carbon/nitrogen weight in algae and co — solvent @

Yield increment ratios for LBO, carbon, and nitrogen, were calcu-
lated by:

Yield from co — solvent HTL
Yield from water — HTL (5)

Yield increment ratio =

The predicted yield of WW G. sulphuraria and crude glycerol was
calculated by:

Y X Gy + Yco X Ccg
Year =

X 100%

Cw + Ccg (6)
where Yy and Y are LBO yields when WWGS and crude glycerol were
processed by HTL independently, and Cy and Ccg is the solids con-
centration in WWGS and crude glycerol. The predicted energy recovery
(ER) of co-HTL of WWGS with crude glycerol were also calculated by
Eq. (6), where Yy, and Y¢g are replaced by ERy and ER¢g, which are
energy recoveries from HTL of WWGS and HTL of crude glycerol, re-
spectively.

2.4. Characterization of feedstocks and HTL products

The methods to measure lipid and carbohydrate contents were
mentioned in (Cheng et al., 2018). Methods of feedstock and HTL
product characterization were same as previous studies (Cheng et al.,
2018, 2017), including moisture content of feedstock and aqueous
phase, elemental CHNS content, total organic carbon (TOC) and total
nitrogen (TN) of the aqueous phase, higher heating values (HHV) and
thermogravimetric analysis (TGA) and chemical functional groups by
Fourier transfer infrared spectroscopy (FT-IR). Each sample was ana-
lyzed in duplicate or triplicate. Additional characterization method
details can be found in (Cheng et al., 2018, 2017).

Heteroatom compound distributions in the bio-crude oils were
analyzed by two different Fourier transform mass spectroscopy (FT-MS)
instruments as instrument availability allowed. Samples derived from
HTL at 310 °C were analyzed with an Orbitrap Fusion mass spectro-
meter (Thermo Scientific, San Jose, CA) equipped with an Advion
TriVersa NanoMate system (Advion, Ithaca, NY). The remaining sam-
ples were analyzed using a custom-built 9.4 T FT-ICR mass spectro-
meter (National High Magnetic Field Laboratory, Tallahassee, FL)
(Kaiser et al., 2011). These two instruments are both classified as FT-MS
because they use Fourier transform for converting the frequency of ion
motion into m/z. Sample preparation for positive ion electrospray io-
nization (ESI), data analysis, and visualization are described in (Cheng
et al., 2019; Jarvis et al., 2017).

Bio-crude oils were also characterized using gas chromatography-
mass spectrometry (GC-MS, Varian CP-3800, CA, USA) equipped with a
ZB-624 column (30 m X 0.25 mm L.D. X 1.4 um FT). Helium (100 kPa,
1 mL/min) was used as the carrier gas. The injection temperature and
interface temperature were 250 °C and 320 °C, respectively. The ion
source was adjusted to 230 °C. All chromatogram peaks were compared
with electron impact mass spectra from a NIST database. Samples were
directly diluted with dichloromethane. The column temperature was set
at 40 °C for 0 min, ramped at 5 °C/min to 150 °C for 1 min, then ramped
to 200 °C for 1 min, and to 260 °C for 10 min.

3. Results and discussion
3.1. Algae biomass and crude glycerol composition

Algal biomass and crude glycerol characteristics are shown in
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Table 1
Composition of algal feedstocks and crude glycerol.

Algae species G. sulphuraria WW G. sulphuraria ~ Crude glycerol

Proximate analysis

Moisture content, wt% b 69.0 = 0.3 839 = 0.3 141 += 0.1
Ash content, wt% * 10.3 = 0.4 140 = 04 6.2 = 0.3
HHV, MJ/kg ° 27.7 = 0.3 27.6 = 0.1 289 = 0.5
Elemental analysis, wt% *

Carbon 44.4 + 0.2 441 + 0.2 60.4 + 1.8
Hydrogen 6.1 = 0.1 59 = 0.1 9.6 = 0.3
Nitrogen 9.2 = 0.0 89 += 0.0 0.2 = 0.0
Sulfur 34 = 00 4.0 = 0.2 27 = 0.3
Oxygen © 26.5 * 0.5 232 + 0.5 209 += 1.9
Biochemical analysis, wt%

Lipid 6.3 = 0.1° 03 = 0.0° 295 + 0.1°
Protein * 57.5 55.6 -
Carbohydrate * 275 + 0.7 287 + 0.2 -

@ Dry basis.

> Wet basis.

c

d

By difference.
Calculated by multiplying N content by 6.25 (Mariotti et al., 2008). WW:
wastewater-grown.

Table 1. Media-grown G. sulphuraria and WWGS had similar elemental
and biochemical compositions, except that WWGS contained more ash
(14.0 wt% vs. 10.3 wt%) and less lipid (0.3 wt% vs. 6.3 wt%) on a dry
basis. The protein and carbohydrate contents were similar:
55.6-57.5 wt% and 27.5-28.7 wt%, respectively. The crude glycerol
was a thick, brown slurry containing 14.1 wt% moisture and methanol,
29.1 wt% lipids, and 6.2 wt% ash.

The differential thermogravimetry (DTG) curves for the feedstocks
showed few differences between media-grown G. sulphuraria and
WWGS, which is consistent with (Cheng et al., 2018). Both had a weight
loss maximum between 220 and 320 °C due to the decomposition of
protein content. Crude glycerol showed three main stages of weight
loss. The first stage at 120-220 °C had a weight loss of approximately
40 wt%, attributed to the decomposition of pure glycerol (Delgado
et al., 2013). The second stage (approximately 20 wt% loss) happened
at 300-380 °C, which corresponded to the degradation of impurities
such as fatty acids methyl esters (Dou et al., 2009). The third stage at
420-460 °C (approximately 10 wt%) was attributed to the continuous
degradation of residual impurities, coke, and ash (Dou et al., 2009).

3.2. Effects of alcohols on HTL of media-grown algae

3.2.1. Product yield

The product yields from HTL using the different alcohol co-solvents
are shown in Table 2 calculated by Eq. (1). LBO yields were sig-
nificantly higher (23.7-24.9 wt%) for co-solvent HTL than for water
alone (12.9 wt%). This trend in yield is similar to that observed by Ji
et al.: bio-crude oil yield increased from 32 wt% to 62 wt% when 50 vol
% ethanol-water solvent was used for HTL of Spirulina (Ji et al., 2017).
No significant difference among yields for the three different co-sol-
vents was found. For GLY-HTL, sticky, “asphalt-like”, oily compounds
mixed with char were observed after hexane filtration and prompted
extraction with acetone to yield HBO. This indicates that more large
molecules with higher aromaticity were produced in GLY-HTL. HTL
char yields decreased from 18.0 wt% without co-solvent to 8.0, 11.2,
and 6.2 wt% with ethanol, isopropanol, and glycerol, respectively. This
suggests that alcohols act as hydrogen donors to stabilize free radicals
from algal biomass to suppress condensation, cyclization, and re-poly-
merization (Hu et al., 2018). The yields of non-volatiles in the aqueous
phase of GLY-HTL exceeded 100% when calculated on a dry algae mass
basis, indicating that glycerol derivates are incorporated into the aqu-
eous phase. Yields calculated on a dry algae + glycerol mass basis (Eq.
(2)) were 59.4-82.1 wt% (Table 2). This indicates that the weight of
added co-solvents should be included when calculating product yields
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Table 2
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Product yields from HTL of media-grown G. sulphuraria with water and 40% EtOH/ IPA/ GLY.

Conditions (Solvent, Temperature ° C) Product yield (wt%) by Eq. (1)

Product yield (wt%) by Eq. (2)

LBO HBO AP? Char LBO HBO AP? Char
Water, 310 129 = 1.2 - 279 = 09 18.0 = 0.2
EtOH, 310 237 = 23 P 371 £ 0.1 8.0 = 0.0
IPA, 310 249 = 0.0 P 349 = 0.1 11.2 = 0.9
GLY, 310 249 + 0.6 276 = 1.4 705.8 = 0.6 6.2 = 0.0 29 = 0.0 3.2 = 0.1 82.1 + 0.1 0.7 = 0.0
GLY, 330 31.6 = 4.3 43.0 = 0.0 643.6 = 2.8 10.0 = 0.0 37 = 04 5.0 = 0.0 749 = 0.3 1.2 = 0.0
GLY, 350 73.2 = 0.1 231 = 1.8 5109 = 0.3 4.0 = 0.6 88 = 0.2 3.1 = 04 59.4 + 0.0 0.5 + 0.1

2 Non-volatile residue in aqueous phase. EtOH: ethanol. IPA: isopropanol. GLY: glycerol. LBO: light bio-crude oil. HBO: heavy bio-crude oil. AP: aqueous phase.

> No HBO produced.

for alcohols in HTL. With increasing temperature, yields of non-vola-
tiles in the aqueous phase decreased from 82.1 to 59.4 wt%, indicating
that compounds initially dissolved in the aqueous product were con-
verted into the oil phase with increasing temperature (Gai et al., 2015;
Han et al., 2019).

Based on the highest LBO and HBO yields (on a dry algae basis),
glycerol was the most effective HTL co-solvent. As the temperature
increased to 350 °C, LBO yield from GLY- HTL increased from 24.9 to
73.2 wt% on a dry algae basis (Table 2), and from 2.9 to 8.8 wt% on dry
algae + glycerol basis. This is consistent with a previous observation
that high temperature favors bio-crude oil formation from pure glycerol
(Maglinao and He, 2009).

3.2.2. Carbon and nitrogen recoveries in HTL products

Table 3 shows the carbon and nitrogen yields in the oil, aqueous
phase, and char phases calculated by Eq. (4). The higher carbon yield in
the aqueous phase from co-solvent HTL (48.5-90.1 wt% vs. 37.9 wt%
for water alone) suggests that much of the added co-solvent contributes
to the aqueous phase. Carbon yield in the char phase decreased to
0.1-0.2 wt%, supporting the hypothesis that co-solvent inhibits the
formation of char. Nitrogen in HTL products was expected to derive
exclusively from the algae feedstock, therefore, any N-containing
compounds found to increase in the LBO phase were considered evi-
dence of how alcohols improve bio-crude oil yield. Here, the N content
in LBO from co-solvent HTL did not change substantially (3.1-5.9 wt%)
from the 4.7 wt% N content in the LBO from water HTL. In terms of
yield, N was enriched in the LBO with co-solvent (7.1-14.4 wt%)
compared to that without co-solvent (6.0 wt%) at 310 °C. Simulta-
neously, N fractionation into the aqueous and char phases decreased as
co-solvent was used compared to water used alone. The increase in N
yield for GLY-HTL (from 11.7 wt% to 37.7 wt%) was attributed to the
more severe reaction conditions. When Eq. (5) was used, there was a
strong polynomial relationship between mass yield of LBO and N yield
in LBO, suggesting that the increase in bio-crude oil yield was from the
greater participation of protein-derived amino acids participation with
co-solvent during HTL rather than co-solvent reacting alone and
transferring into the oil phase.

Table 3
Carbon and nitrogen yields in HTL products.

At the lower temperature (310 °C), GLY-LBO C and H contents in-
creased (78.7 vs. 78.5 wt%, 10.4 vs. 9.7 wt%), and N and O contents
decreased slightly (4.4 vs. 4.7 wt%, 3.5 vs. 3.6 wt%) compared with
water-LBO. With more severe conditions, the C and H content decreased
while N and O were enriched in GLY-LBO. GLY-HBO had much lower C
and H contents (53.4 vs. 70.7 wt% and 7.0 vs. 7.6 wt%) and higher O
content (15.3 vs. 34.0 wt%) compared to GLY-LBO. GLY-HBO had a
significantly high viscosity and was hard to collect as a liquid, prop-
erties that would make it more difficult to upgrade to high-quality li-
quid biofuel than LBO.

3.2.3. Bio-crude oil composition by FT-MS and GC-MS

Heteroatom class distribution in LBO (positive-ion ESI mode FT-MS)
from HTL with and without co-solvent at 310 °C are shown in Fig. 1(a).
Generally, N;, N;O;, N,, and N,O; were the dominant species for all
four bio-crude oils, which total relative abundance (RA) was > 50%.
Isoabundance-color contour plots of double bond equivalent (DBE) vs.
carbon number for positive-ion ESI are shown in Fig. 2. The distribution
of peak areas from different compound classes by GC-MS is shown in
Table 4. The combination of GC-MS and FT-MS enable more insight
into the mechanisms of co-solvent effects in HTL by allowing compar-
ison of both the low-molecular-weight volatile compounds and the non-
volatile compounds in LBO.

3.2.3.1. Effects of ethanol and isopropanol. Water-LBO, EtOH-LBO, and
IPA-LBO have similar color-coded abundance-contoured plots
(Fig. 2(a)). N; species in these three LBO vary widely from C;. 40 and
DBE of 0-16. The most abundant N; species have carbon numbers of
9-11 and a DBE of 1, which most likely correspond to alkyl amines and
cyclic secondary amines from the degradation of amino acids
(Sudasinghe et al., 2014). The N;0; species, with carbon numbers of
16-22 and DBE of 0-4, are most likely fatty acid amides; the species
with high DBE correspond to aromatic amides and heteroaromatic
structures such as pyrrole, indole, and carbazole (Sudasinghe et al.,
2014). Although the total relative abundance of the N;0; class in EtOH-
LBO was less than that of the water-LBO, the relative abundance of
N;0; species with carbon numbers of 16-22 and DBE of 0-4 in EtOH-

Condition (Solvent, Temperature °C) Carbon yield, wt%

Nitrogen yield, wt%

LBO HBO AP Char Gas & Loss * LBO HBO AP Char Gas & Loss *
Water, 310 20.7 b 37.9 4.9 36.6 6.0 b 72.5 4.1 17.4
EtOH, 310 3.1 P 64.7 0.1 321 7.1 P 13.3 1.6 78.1
1PA, 310 3.8 P 48.5 0.2 47.8 14.4 P 13.3 2.2 70.0
GLY, 310 5.6 4.1 90.1 0.1 0.1 11.7 8.7 17.2 1.1 61.3
GLY, 330 7.7 8.5 81.1 0.1 2.5 23.0 25.0 31.3 1.6 19.1
GLY, 350 15.5 4.4 72.0 0.1 8.0 37.7 10.4 43.4 2.5 6.0

@ By difference. LBO: light bio-crude oil. HBO: heavy bio-crude oil. AP: aqueous phase. EtOH: ethanol. IPA: isopropanol. GLY: glycerol. CGLY: crude glycerol.

> No HBO produced.
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Fig. 1. Heteroatom class distribution of (a) LBOs obtained from HTL with water
alone, 40 wt% EtOH, 40 wt% IPA, and 40 wt% GLY at 310 °C; (b) LBOs from
CGLY and WWGS-CGLY at 350 °C. All samples were derived from positive-ion
ESI FT-MS. EtOH: ethanol, IPA: isopropanol, GLY: glycerol, WWGS: wastewater-
treatment G. sulphuraria, CGLY: crude glycerol.

LBO (3.6%) was higher than that in water-LBO (2.6%). These
compounds are most likely to be fatty acid amides formed by the
condensation of fatty acids and ammonia (Sudasinghe et al., 2015).
Ammonia is produced from the deamination of amino acids under
hydrothermal conditions (Sato et al., 2004). The “hotspot” of N;0,
species from EtOH-LBO (Fig. 2(a)) is C;gH3,N;0; with a DBE of 1,
which is expected to be octadecanamide from the reaction of
octadecanoic acid with ammonia. N;O, species with carbon numbers
of 21-24 and DBE of 2 are more concentrated in EtOH-LBO and IPA-
LBO than in water-LBO, and likely represent unsaturated alkyl-chain
amides. This suggests that the alcohol accelerates the formation of
alkylated fatty acid amides. The most abundant formula of the N;O,
class in EtOH-LBO was C,oH33N; 0, with a DBE of 5 (0.95% of the total
RA). Interestingly, water-LBO had a “hotspot” for the N;0, class at a
carbon number of 18 with a DBE of 5 (C;gH39N;0,). This represents
compounds with the same DBE but a shift in carbon number by + 2,
indicating that CooH33N70, in EtOH-LBO is likely the ethyl-alkylated
version of C;gH,9N; 05 from water-LBO. At a DBE of 4, the “hotspots” in
water-LBO for the N, and N,O; classes are CgH;,N», C;oH;¢N204, and
C11H18N504, respectively, while the “hotspots” for EtOH-LBO are again
higher in carbon number by 2 (CjoH;6N2, Ci2H20N20; and
C13H22N20,), which are likely alkyl-pyrazines and oxygenated alkyl-
pyrazines (Sudasinghe et al., 2014). This may indicate that CgH;,N,,
C10H16N201, and C;1H;gN>0; are alkylated by ethanol. Ethanol has
been used as a capping agent to stabilize intermediates by alkylating
aromatic rings to suppress repolymerization (Huang et al., 2015).

The most abundant compound for the N;0, class in IPA-LBO had a
carbon number of 21 and a DBE of 5 (C,;H3sN;0,), three carbons more
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than C;gH59N70, from water-LBO. This may indicate a similar me-
chanism of alkylation of N;O, species by isopropanol. N,O; species
with carbon numbers > 40 and DBE of 0-3 were observed in EtOH-
LBO and IPA-LBO but not in water-LBO. This suggests that long-chain,
non-aromatic compounds accumulate in LBO in the presence of ethanol
and isopropanol, which may be the result of intramolecular condensa-
tion of amino acids (Chiavari and Galletti, 1992). The RA of N5Oq.3 and
N30g.3 classes in IPA-LBO were higher than those in water-LBO. Wu
et al. found that the presence of alcohols accelerate Maillard reactions
and favor the formation of imidazoquinolines (Wu et al., 2011). Such an
acceleration was observed here for the N3Og.3 classes in EtOH-LBO and
IPA-LBO. The proposed molecules within the N3Oy classes are alkylated
amino-imidazopyridines and amino-imidazoquinoline (Wu et al,
2011).

Esterification of ethanol and isopropanol with fatty acids was ob-
served in the GC-MS spectra. This has been reported by others (Yuan
et al., 2007). The peak area fraction for fatty acid esters in EtOH-LBO
and IPA-LBO were 41.8% and 16.1%, respectively, higher than the
5.1% for water-LBO (Table 4). Hexadecanoic acid ethyl ester
(C18H3602, 10.0%) and octadecanoic acid ethyl ester (C5oH4002, 3.5%)
were identified in EtOH-LBO. Hexadecenoic acid isopropyl ester
(C19H3g05, 3.5%) was identified in IPA-LBO. None of these were ob-
served in water-LBO. This indicates that esterification of alcohols with
fatty acids occurred in HTL.

3.2.3.2. Effect of glycerol. The heteroatom distribution in GLY-LBO
were quite different from those found in EtOH-LBO or IPA-LBO,
suggesting different mechanisms during HTL. The degradation
pathways of glycerol in sub/supercritical water follow a series of
ionic and free radical reactions, whose main products are methanol,
ethanol, acetaldehyde, acrolein, allyl alcohols, formaldehyde, and
hydrogen (Biihler et al., 2002). The RA for N;0;, N5, and N,O;
classes in GLY-LBO were much higher than those in water-LBO
(Fig. 1(a)). The four most abundant compounds were CgH;sNj,
CoH14N5, C;H1oN>, and CqoH16N> (1.25%, 0.92%, 0.73% and 0.73 %
RA, respectively), which could correspond to alkylated pyrazines.
According to GC-MS results reported by Gai et al. and Lojzova et al.,
C8H12N2, C9H14N2, C7H10N2, and C10H16N2 are diethyl—pyrazine,
methyl-isobutyl-pyrazine, ethyl-methyl-pyrazine, and dimethyl-
isobutyl-pyrazine from Maillard reactions (Gai et al., 2015). These
compounds represent nitrogenous organic compounds in the aqueous
phase from HTL of low-lipid algae (Gai et al., 2015). This suggests that
co-solvent helps in the transfer of water-soluble compounds into the oil
phase. Cerny et al. reported that a proportion of glycerol carbon is in
the form of pyrazines (Cerny and Guntz-dubini, 2006). The oxidation
products of glycerol, such as 2-oxopropanal and hydroxy-2-propanone,
are important precursors that react with amino acids to produce
pyridines and pyrrolines through Maillard reactions (Smarrito-
menozzi et al., 2013). Such reaction products correspond to the
higher abundance of N;0; compounds with carbon numbers of 9-12
and DBE of 2-3 in GLY-LBO. The abundance of N;0, species with DBE
of < 4 was higher in GLY-LBO than in water-LBO, indicating that
formation of unsaturated fatty acid amides was favored in the presence
of glycerol. The N,O; class of GLY-LBO showed a high abundance of
species with a DBE of 4-7, whereas species with DBE of 7 were not as
prominent in the water-LBO. The N,0; species with DBE of 7 are most
likely quinazolinone derivatives (Jarvis et al., 2017). The presence of
glycerol provides an efficient way to form quinazolinone derivatives
from aminobenzamides condensed with aldehydes and ketones (Reza
et al., 2013). These mechanisms may explain the higher RA of N;0;, No,
and N,O; classes in GLY-LBO compared with those in water-LBO.

By GC-MS, fatty acid esters were not observed in GLY-LBO. One
possibility is that fatty-acid-glycerol esters could not be detected due to
the limitations of GC-MS based on compound volatility/stability at
analysis temperatures. The N yield (Table 3) showed that many algae-
derived fragments were transferred into the oil phase during co-solvent
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Fig. 2. (a) Color-coded abundance—contoured plots showing double bond equivalent (DBE) vs. carbon number for heteroatom classes (a) in LBOs from water alone
and from 40% co-solvents under 310 °C; (b) in LBO of WWGS (Cheng et al., 2019) and WWGS-CGLY under 350 °C; (c) in crude glycerol (no HTL) and LBOs of CGLY
and WWGS-CGLY under 350 °C. All samples were derived from positive-ion ESI FT-MS. EtOH: ethanol, IPA: isopropanol, GLY: glycerol, WWGS: wastewater-treatment
G. sulphuraria, CGLY: crude glycerol.

Table 4
GC-MS peak area distribution in light bio-crude oils from water alone and 40 wt% co-solvent HTL of G. sulphuraria at 310 °C.

Conditions (Solvent type) Peak area, %

Fatty acid esters Hydro-carbons N-containing N&O-containing Alcohols & phenols Ketones & aldehydes Acids & acetates

Water 5.1 30.4 16.4 2.5 18.4 17.8 5.0
EtOH 41.8 18.3 12.1 4.5 12.6 9.0 2.0
IPA 16.1 28.8 16.9 6.0 19.5 10.9 2.2
GLY 0.0 19.4 15.7 7.6 36.4 14.7 3.2

EtOH: ethanol, IPA: isopropanol, GLY: glycerol.
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HTL, which would decrease the concentration of such esters. Also, es-
terification of glycerol may not possibly occur due to the competition
between fatty acids and protein-derived compounds for reaction with
glycerol. The peak area fraction for other O-containing compounds in
GLY-LBO, such as derivatives of alcohol, phenol, ketone, aldehyde,
acid, and acetate, was 54.3%, much higher than for the other three LBO
samples. This may be the result of degradation of glycerol, followed by
dehydration and condensation with small fragments from algae
(Tendam and Hanefeld, 2011).

3.2.4. Bio-crude oil characterization by FT-IR

Peaks for N—H stretching (3400-3200 cm™Y), C—H stretching
(2957, 2924 and 2854 cm ™ '), C=0 (1710-1671 cm~}), C—H bending
(1456 and 1379 cm™'), and C(aromatic)-H out-of-plane bending
(803-700 ¢cm ™) were found in all spectra for LBO and indicate the
presence of hydrocarbons, fatty acids, amides, and N&O-heteroatom
aromatic compounds. The typical carbonyl group (C=O) stretching
vibration between 1739 and 1665 cm ™! indicates the presence of es-
ters, ketones, or carboxylic acids (Yang et al., 2016). In the spectrum of
LBO obtained from EtOH-HTL, the peak around 1739 cm ™! is attrib-
uted to fatty acid esters, whereas the peak between 1703 cm ™' and
1667 cm~ ! in all four spectra may be due to ketones or fatty acid
amides (Biswas et al., 2017). In the spectra for IPA-LBO, the strong peak
at 1667 cm~ ' most likely indicates cyclic amides and/or carbonyl
compounds produced by amination, rearrangement, and Maillard re-
actions of proteins and carbohydrates in G. sulphuraria (Zhang et al.,
2016). The bands for C—O stretching (between 1300 cm~! and
1000 cm ™ ') were much stronger in EtOH-HTL than for the other three,
implying the formation of ether groups in EtOH-LBO by dehydration
and condensation between ethanol and biomass fragments (Chen et al.,
2012). Water-LBO, IPA-LBO, and EtOH-LBO have stronger intensities at
the peaks between 800 cm ™! and 700 ecm ~ !, indicating the presence of
more aromatic rings (Chen et al, 2012). The strong peak for
trans=C—H out-of-plane bending (955 cm ~ ') appears in the spectra for
IPA-LBO and GLY-LBO, but it is barely detectable in water-LBO and
EtOH-LBO. This may indicate that the addition of glycerol or iso-
propanol favors the production of unsaturated aliphatic compounds
over aromatic compounds. The peak at 1510 cm ™' disappears in the
GLY-LBO spectrum, which suggests a decrease in C=N from imines
and/or C=C from aromatic structures (Cao et al., 2016). Overall, LBO
composition by FT-IR varies only slightly with and without co-solvents.
Ethanol promotes formation of more ethers, esters, and para-aromatic
structures (Biswas et al., 2017), while glycerol and isopropanol produce
more ketones and trans-alkene structures.

Compared with GLY-LBO made under the same conditions, the
spectrum for GLY-HBO showed a boarder peak for O—H/N—H
stretching (3400-3200 cm™') and stronger peaks for C=0 stretching
(1709 cm-1), C—C stretching (1605-1551 cm™Y), and C—0O stretching
(between 1300 cm~! and 1000 cm ™ 1). This indicates that HBO had a
greater abundance of heteroatom-containing compounds.

3.2.5. Discussion of reaction mechanisms

A possible mechanism for the increased yield of bio-crude oil from
HTL of low-lipid algae with alcohol co-solvents is described in Fig. 3
based on (Gai et al., 2015). Compounds highlighted by gray-dashed
lines indicate organic compounds that accumulated in the bio-crude oil
in the presence of alcohols in HTL. Esterification of fatty acids is the
primary reaction for ethanol and isopropanol co-solvent (from GC-MS
results). Ethanol, isopropanol, and glycerol show similar mechanisms
for accelerating Maillard reactions to form more hydrophobic com-
pounds that enter the oil phase. Ethanol can act as a capping agent to
stabilize aromatic rings and suppress repolymerization. Glycerol has a
more complex mechanism because its degradation products can parti-
cipate in Maillard and condensation reactions with algae fragments,
such as pyrazines and oxygenated-pyridines. Dehydration and con-
densation of glycerol with protein fragments introduce more O-
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containing and oxygenated N-containing compounds into LBO.

3.3. Hydrothermal liquefaction of wastewater-grown G. Sulphuraria with
crude glycerol

The predicted and experimental LBO yield and energy recovery for
HTL of WWGS and crude glycerol are compared. LBO yields for HTL at
350 °C for 30 min of 5 wt% WWGS in water and of crude glycerol
(CGLY) alone were 10.8 wt% (Cheng et al., 2019) and 58.1 wt%, re-
spectively. HTL of a 5 wt% algae and crude glycerol mixed slurry
produced 66.2 wt% LBO—higher than the predicted value if algae or
crude glycerol were processed independently (Eq. (6)). Energy recovery
(calculated by Eq. (3)) for HTL of WWGS with crude glycerol was also
higher than predicted (84.5% vs. 69.3%). This indicates a synergetic
effect as more organics from algae and crude glycerol are converted
into the oil phase. The synergistic yield and energy recovery effects
observed for HTL of WWGS with crude glycerol are important to the
feasibility of implementation. The high bio-crude oil yields from WWGS
and CGLY suggest a promising outlook for these two abundant and low-
cost raw materials for more economic biofuels.

N content in the LBO was as low as 0.9 wt%, while the N yield was
as high as 71.3 wt% (Eq. (4)). The lower N content in the bio-crude oil
may have been caused by dilution with abundant organic compounds
derived from the crude glycerol. Oxygen content for LBO from CGLY
alone or from WWGS-CGLY were much higher (13.2-14.6 wt%) than
for LBO from HTL with purified glycerol, resulting in a HHV as low as
36.8 MJ/kg. The high O content was attributed to the fatty acids in the
crude glycerol.

From GC-MS, crude glycerol contains abundant fatty acid methyl
esters: 88.1% of the total peak area was from hexadecanoic acid methyl
ester (C;17H3405), 9-octadecenoic acid (Z) methyl ester (C;9H3605), and
octadecanoic acid methyl ester (C;9H3g05), besides methanol and gly-
cerol. The distribution of heteroatom classes also showed that the re-
lative abundance of O-containing species (O and O,Na; species,
where x ranged from 1 to 15) occupied 64.0% in crude glycerol. The
high number of O atoms in these species indicates that crude glycerol
contained abundant polymerized O-containing compounds. Fig. 1(b)
shows the high relative abundance distribution of O-containing classes
(O species 14.8% and O,Na; species 50.8%) in LBO from HTL of CGLY
alone at 350 °C for 30 min for positive-ion ESI. LBO from co-HTL of
WWGS and CGLY showed several N-containing species which were
common in algae-derived bio-crude oil, as well as abundant O-sub-
stituted compounds (O, species 5.9% and O,Na; species 19.6%,
where x ranged from 1 to 10) derived from crude glycerol, which were
hardly observed in LBO from HTL of wastewater algae alone (Cheng
et al., 2019, 2017). The color-coded abundance—contoured plots of DBE
vs. carbon number for several heteroatom classes in LBO from WWGS
alone and WWGS-CGLY, generated under the same reaction conditions,
are shown in Fig. 2(b). The data of LBO from WWGS were collected on
an Orbitrap Fusion mass spectrometer (Cheng et al., 2019), whereas the
WWGS-CGLY were collected on a FT-ICR mass spectrometer. The N;_
2002 classes in LBO from co-HTL of WWGS and CGLY had larger
compositional spaces than those from HTL of WWGS alone. The greater
diversity of O-substituted, N-containing compounds (carbon number
10-70 and DBE of 0-27) observed in LBO of co-HTL of WWGS and
CGLY indicates an alkylation reaction occurred between long-chain
compounds from crude glycerol and N-containing compounds from
algae.

Fig. 2(c) provides the color-coded abundance—contoured plots of
DBE vs. carbon number for several O,Na; (x = 4, 6 and 8) compound
classes in crude glycerol before HTL, LBO from HTL of CGLY alone, and
LBO from co-HTL of WWGS and CGLY. In each class, the compositional
spaces and “hotspot” areas look similar between two the LBO, which
suggests that these species did not change during HTL with algae.
Comparing the “hotspot” of C3;He404Na; in crude glycerol before HTL
with C40H70OgNa; in LBO from HTL of CGLY alone and co-HTL of
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Fig. 3. Possible reaction pathways of algae and alcohols in HTL.

WWGS and CGLY, the first formula has the same DBE (6) of the second
formula with differences of 3 C and 2 O atoms. Similar shifts were also
observed for C21H4006Na1, C37H6606Na1, C57H10006N31 in crude gly'
cerol and C,4H460gNa;, C40H720gNa;, and CgoHi960gNa; in the two
LBO. This shift may predict that the condensation or esterification of
glycerol occurs during HTL (Lu et al., 2017) to generate the compounds
in the OgNa; class, simultaneously removing H,O to form compounds in
the OgNa; class during HTL.

4. Conclusion

Alcohol co-solvents improve bio-crude oil production from algae
through promotion of the transfer of N-containing organic compounds
into the oil phase. Ethanol and isopropanol promote esterification and
Maillard reactions. Glycerol plays an important role as both a co-solvent
and as a reactant with algal fragments in Maillard reactions. Crude
glycerol acts as a high-lipid additive and an extractant to improve
conversion of low-lipid algae feedstock into liquid fuels. Further un-
derstanding of the synergistic effects between low-lipid algae and al-
cohols, and results from co-HTL of two waste streams, crude glycerol
and wastewater-grown algae, provide evidence for the technical feasi-
bility of a comprehensive low-cost and high-energy recovery system for
low-lipid biomass to biofuels.
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