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ABSTRACT

Algae pyrolysis in alkaline molten salt is a promising technology for hydrogen production, but the pyrolysis products transformation has not clearly been
described up-to-date. Moreover, the complex bio-oil especially heavy bio-oil fraction directly influences the products transformation pathways, while
limiting the hydrogen production yield and application. Both the light and heavy bio-oil fractions are investigated in detail and the effect of alkaline molten
salt on products transformation is obtained. Molten salt promotes the cyclization and aromatization of linear alkenes, thereby increasing aromatic compound
content and hydrogen production. The decarbonation of NayCOs and the deoxygenation of NaOH lead to the methane release, in turn reducing hydrogen
production. The heavy compounds tend to polymerize at higher temperatures into compounds with higher molecular weights and unsaturation, while
generating hydrogen. As the temperature rises, char reacts with molten salt to form hydrogen and disappears at 650 °C, while aromatics in light compounds
condense into heavy compounds, which then grow to form soot-like at 600 °C, accompanying hydrogen release. Based on the relationship between products
transformation, hydrogen release and alkaline molten salt effect, strategies to improve the hydrogen yield and purity of AMSP process are proposed.

1. Introduction

Promoting clean and sustainable energy is of great significance for
ensuring energy security and promoting environmental protection [1,2].
In recent years, biomass has been recognized as a prospective renewable
energy source to address these challenges, among which algae is
attracting increasing attention due to its fast growth rate, high photo-
synthetic efficiency and global distribution [3,4]. The production of
biofuels such as bioethanol and biohydrogen is the foremost option
when considering algae refining strategies [5,6]. For algae refining
processes, thermochemical processes are favored over biochemical
processes because of their advantages of high utilization rate, low cost
and fast kinetics [7]. As hydrogen is a clean-renewable energy carrier
with high energy density, many researchers have produced algae-based
hydrogen using pyrolysis, gasification and liquefaction, but these
methods are subject to high energy consumption, high operating pres-
sure, salt precipitation and low hydrogen yield etc. [8-11].

Molten salt has been widely used as an excellent catalytic and
heating medium for the thermochemical conversion of carbon-
containing materials to accelerate the reaction rate and regulate the
product composition [12,13]. It can also retain a certain amount of ash

in algae to prevent slagging or salt precipitation at high temperature [8].
Recently, our group investigated the potential of algae pyrolysis in
alkaline molten NaOH-NayCOs3 (referred to as AMSP, as shown in reac-
tion (1) for hydrogen production and obtained a stable high hydrogen
yield of 71.48 mmol/g-algae in continuous operation [8]. Algae not only
act as a hydrogen source, but also as a source of carbon and water source
(generated by algae pyrolysis [14]) to extract hydrogen from NaOH.
More importantly, the COx (CO and CO») product reacts with molten
NaOH to form NayCOs, significantly reducing the carbon footprint, and
the used salt can be subsequently regenerated by industrial waste cal-
cium carbide slag or used as valuable chemical in a wide range of ap-
plications [15]. Moreover, molten salt can be used to store solar heat and
heat released from biomass decomposition for algae pyrolysis [16],
saving the cost of energy consumption needed for heating.

C1H, 6900 56N0.1450.006 + aNaOH—bNa, CO; + cH, + salt + char + liquid + gas
(€)]

Studies have shown that the effects of component interaction of bio-
oil (light and heavy fraction) can affect the transformation and
composition of pyrolysis products [17,18]. And the transformation of
hydrogen-containing compounds further affects hydrogen production.



However, the pyrolysis products transformation (especially heavy bio-
oil) during the AMSP process has not clearly been described up-to-
date. Studies have explored the effect of molten alkaline salt (mostly
carbonates) during the pyrolysis of carbon contained feedstock [19-21],
but little research has been done on alkaline molten salt (hydroxides).
Although both molten carbonates and molten hydroxides are basic and
have similar alkali metal ions, they provide different effects during the
pyrolysis. For example, hydroxides can serve as a hydrogen donor for
hydrogen production and be used to destroy the original structure of
biomass [8,22].

Typically, the heavy components constitute over 50 wt% of the total
species in bio-oil [23,24]. However, the inherent properties of heavy
components (molecular weight > 200 Da) together with high boiling
points and complex structures make their investigation challenging
[25,26]. Recently, the advanced Fourier transform ion cyclotron reso-
nance mass spectrometer (FT-ICR-MS) equipped with electrospray
ionization (ESI) has been successfully applied to identify the heavy bio-
oil compounds derived from the pyrolysis of various biomass
[19,27-29]. Consequently, the bio-oil transformation, especially heavy
bio-oil fraction, during the AMSP process could be investigated in
insight.

In this work, the experiments were conducted in the temperature
range of 500-750 °C (thermal stabilization interval of alkaline molten
salt) to study the products transformation with emphasis on hydrogen
production [8]. A combination of GC-MS and FT-ICR-MS was used to
identify the light and heavy bio-oil compounds in depth. Based on the
detailed bio-oil composition, the transformation pathways of pyrolysis
products as well as strategies to further improve hydrogen yield and
purity were proposed.

2. Material and methods
2.1. Materials

Nannochloropsis sp. with particle size less than 0.6 mm was first
dried at 105 °C for 24 h and then pressed in a cylindrical mold to pro-
duce pellets (0.23 £ 0.005 g) with a diameter of 6 mm and a height of
6.5 mm. The purpose of pelleting is to reduce transportation costs caused
by the low volume and energy density of raw algae. The ultimate and
proximate analysis results of feedstock were presented in Table S1.
Details on chemical composition of algae, as well as the test methods of
ultimate and proximate analysis can be found in detail in our previous
studies [8,27]. Sodium carbonate and sodium hydroxide powder were
bought from the Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). The mixture of sodium hydroxide and sodium carbonate (mass
ratio 8:2, with a melting point of approx. 289 °C) was not pre-melted for
homogeneity, as it is strongly absorbent.

2.2. Experimental methods

The AMSP experiments of algae were carried out on the apparatus as
shown in Fig. S1, which mainly comprises a graphite crucible (carbon
content > 99.9, 250 mm height, 40 mm i.d. and 44 mm o.d.), an
enclosure (Hastelloy C276, 70 mm i.d.), a feeding unit, an electric
furnace with temperature control system and a volatile collection sys-
tem. The graphite crucible acted as a reactor to contain the molten salt,
and the feeding unit stored algae pellets, which were then fed through a
feed tube (Hastelloy C276, 10 mm i.d.) into the molten salt for pyrolysis.
N, was used to stir the molten salt through a bubble tube (Hastelloy
C276, 1.7 mm i.d.) to obtain homogeneous molten salt similar to that
achieved by pre-melting. The openings for the feed and bubble tubes
were placed 15 mm and 8 mm above the bottom of molten salt,
respectively, while the perforated plate was positioned 8-10 mm below
the uppersurface of the molten salt. It should be mentioned that the pore
size of the perforated plate was changed from 1.2 mm (previous work
[8]) to 0.5 mm for sufficient reaction of some small char particles. This

optimized design resulted in some changes in product distribution and
gas yield compared to previous work [8].

Prior to the AMSP experiment, Ny (250 mL/min) was introduced
through the feed tube for 30 min to exhaust the air in the enclosure.
Another N3 (200 mL/min) was introduced through the bubbling tube to
stir the molten salt as soon as the temperature reaches 400 °C. After the
target temperature (500 °C, 550 °C, 600 °C, 650 °C, 700 °C and 750 °C)
was reached, ten algae pellets were fed into 110 g of molten NaOH-
NapCOs3 to undergo pyrolysis, and the reaction lasted 25 min. Each
experiment was performed 3 times. The liquid product containing bio-
oil and water was condensed in the ice-water bath, the gases were
collected by a sample bag (Dalian Delin Gas Packing Co., Ltd), and the
remaining char in the crucible was soaked in deionized water, filtered
and collected. The methods for calculating the yield of each product was
described in a previous work [8]. In addition, Inconel series (Inconel
625) and Hastelloy-N (GH3535) are suggested to be used as the mate-
rials of reactor and pipelines to provide resistance to the corrosion of
alkaline molten salt in industrial applications [30,31].

It should be noted that at temperatures above 550 °C, there was solid
products formed in the ice-water bath, referred to as soot-like in this
paper, and was also collected for subsequent analysis. In addition, for
comparison, the pyrolysis experiments (SP) were performed on this
apparatus under the same reaction temperatures. SPT and AMSPT are
used to represent the experimental conditions, where T represents the
reaction temperature.

2.3. Characterization

The gas products were analyzed by an off-line gas chromatography
(Panna A91, China) equipped with a 5A molecular sieve column, a
Porapak Q column and an Aly,03/KCl capillary column. CO, Hy, CH4 and
CO4 were detected by a thermal conductivity detector, while olefins and
alkanes (Cy,) were detected by a flame ionization detector. The columns
were first maintained at 80 °C for 4 min, then heated to 150 °C at 10 °C/
min, and finally held at 150 °C for 6 min.

The ultimate analysis of solid products and algae was measured using
an CHN/O elemental analyzer (Vario Micro Cube, Germany). For char
and soot-like, a field emission scanning electron microscopy (FE-SEM,
ZEISS Gemini 300, Germany) was used to investigate the morphology,
an X-ray diffraction spectroscopy (XRD, SmartLab-SE, Japan) with Cu
Ko radiation at A = 1.5406 A was used to analyze the microcrystalline
structure, and a Raman spectroscopy (inVia-Reflex, China) equipped
with Nd-YAG laser (wavelength 532 nm) was employed to characterize
the carbon skeleton with the spectrum integrated three times to improve
the signal-to-noise ratio. For both XRD and Raman tests, each sample
was tested three times in different zones to reflect the overall properties
of solid products.

The liquid products were first dehydrated using anhydrous magne-
sium sulphate and tested by a gas chromatograph-mass spectrometer
(GCMS, Agilent 7890 A series GC coupled with a 5975 MS detector) with
a capillary column (HP-5MS, 30 m x 0.25 mm i.d. x 0.25 um d.f.). The
detail settings of the GCMS were as follows: the injection temperature
was 280 °C, the split ratio was 20:1, and the carrier gas in the column
was set as 1 mL/min. The temperature in oven was first maintained at
40 °C (2 min), and then heated to 200 °C at 5 °C/ min (held for 5 min),
and finally heated to 300 °C at 10 °C/ min (held for 5 min). All the
compounds were identified using a National Institute of Standards and
Technology Library (NIST 14.L).

The heavy components in the bio-oil were analyzed using a FT-ICR-
MS (7.0 T Solarix, Germany) equipped with ESI in positive-ion mode.
The bio-oil samples were first dehydrated with anhydrous magnesium
sulfate and then diluted with methanol to 0.35 mg/ml. Before analysis,
the bio-oil solution was spiked with 0.5 vol% of formic acid to enhance
the ionization of organic compounds. The emitter voltage, capillary
voltage and end plate offset were set as 4.0 kV, 4.5 kV and — 0.5 kV,
respectively. The flight time was set as 0.5 ms and a total of 128 scans
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Fig. 1. Products distribution for: (a) SP and (b) AMSP at different temperatures.
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Fig. 2. Gas composition under different temperatures.

was applied. Finally, the obtained data was analyzed by a custom
MATLAB script. More detail information about the parameter settings of
instrument and the programming principles of the MATLAB script can be
found in our previous work [27]. All the results were calculated based on
the ash-free dry basis of algae.

3. Results and discussion
3.1. Pyrolysis products distribution

The products distribution for SP and AMSP of algae are presented in
Fig. 1. In the case of SP, as the temperature increases, the gas yield in-
creases steadily to 57.84 wt%, the char yield decreases continuously to
22.90 wt%, and the liquid yield reaches the peak of 50.06 wt% at 550 °C.
The variation of liquid yield is attributed to more proteins and lipids
decomposing into liquids at temperatures below 550 °C [32], while the
secondary cracking of volatile at temperature above 550 °C leads to a
reduction in liquid yield [14]. In the case of AMSP, the gas and liquid
yield decrease to 38.77 wt% and 2.99 wt% at 750 °C, respectively, due to
the reaction between COx and molten salt reaction (2-3) and the sec-
ondary cracking of volatiles promoted by molten salt [8,20,33]. The
total yield of char and soot-like is consistently below 5 wt%. With the
increase of temperature, char disappears at 650 °C due to the enhanced
reaction with molten NaOH-Na;COs reaction (3-4), while soot-like ap-
pears at 600 °C probably due to the recombination and polymerization
of volatile [9,34,35]. In addition, the remaining algae substance is
transferred to molten salt and its composition and transformation path
were described in our previous work [8].

ZNLIOH([) + CO(g)—>Na2C03(1) + Hyg) 2)
4Na0H<1) + C(s) + COz(g) —>2Na2CO3(1) + ZHz(g) 3)
C(‘y) + N02C03([) —>Na20<.\.> -+ ZCO(K) 4)

3.2. Properties of gas and solid products

The composition and content of gas products at different reaction
temperatures are presented in Fig. 2 and Fig. S2 respectively. Gas yield
per unit weight of algae was used to compare the gas composition
(especially Hy, CO and CO5) of different processes. In the presence of
molten NaOH-NayCOs, Hp yield increases sharply, CH4 and Cy yield
increase slightly, while CO and CO, production decrease sharply, which
is consistent with the previous work [8]. The reduction in the pore size
of the perforated plate reduces the incomplete reaction caused by the
floating of small char particles during the AMSP process. As a result, COx
is almost completely consumed by molten salt (reaction (3) and (5)) [36]
and its yield is less than 0.25 mmol/g-algae at the temperature studied
(the COx yield in Fig. 2 has been artificially increased to facilitate
reading). As the temperature rises, the Hy yield increases from 26.75
mmol/g-algae to 72.14 mmol/g-algae (750 °C), with H, accounting for
83.23 vol% of the total gas, CH4 for 11.36 vol% and Cy for 5.17 vol%.
Since CH4 and Cy, occupy a high proportion in gas products, it is
desirable to convert CH4 and Cy simultaneously by suitable means in
the subsequent bio-oil reforming process to further improve hydrogen
yield and purity.

2NaOH ;) + CO ) —>Na; CO5) + Hay ®



Table 1
The element composition and content of solid products produced from AMSP.

Sample Temperature(°C) Elemental content (wt.%) Molar H/C
C H N o~

Char 500 77.15 3.17 2.00 17.68 0.493

550 78.40 2.69 1.87 17.04 0.412

600 79.49 2.08 1.56 16.87 0.314
Soot-like 600 80.90 1.15 5.34 12.61 0.171

650 82.73 0.94 4.46 11.87 0.136

700 83.98 0.83 3.94 11.25 0.119

750 84.21 0.77 3.55 10.54 0.110

", by difference.

The elemental composition and content of char and soot-like pro-
duced from AMSP are listed in Table 1. Char has higher carbon content
than soot-like, because char reacts with molten salt for a longer time,
and Na' promotes the cleavage of C-C bond [37]. The hydrogen content
of soot-like is significantly lower than that of char, implying that soot-
like is formed by dehydrogenation of volatile, which is similar to the
mechanism of soot formation reported in the literature [38]. Both higher
temperatures and molten NaOH-NayCO3 promote the decrease of ni-
trogen content of char, and the decrease of nitrogen content in soot-like
may be related to the decrease of N-containing compounds in volatiles
[39,40]. In addition, the molar H/C of soot-like is in the range of
0.1-0.2, slightly higher than the molar H/C (0.05-0.01) of mature soot
from xylan, cellulose and lignin pyrolysis reported by Deng et al. [41].
The morphology of typical char and soot-like observed by SEM is shown
in Fig. 3. It is clear that char and soot-like have quite different mor-
phologies, char appears as irregularly stacked lamellae with broken
borders due to the reaction with molten salt, while soot-like is presented
as particles and spheres.

Fig. S3 shows the Raman spectrum of typical char and soot-like with
the D peak (1350 cm™ 1) and the G peak (1580 ecm™ 1) used to represent
certain properties. The Ip/Ig, calculated from the intensity ratio of the D
and G peaks, reflects the degree of graphitic disorder, and the results for
char and soot-like are given in Table 2. As the temperature rises, the Ip/
I values for both char and soot-like decrease, suggesting an increase in
graphitization, which matches well with the trend of molar H/C in
Table 1. In addition, char has a relatively higher degree of graphitization
due to its higher Ip/Ig values than those of soot-like. The crystalline
structure of typical char and soot-like is further revealed by the XRD as
displayed in Fig. S4. Only one broadened diffraction peak (21-25°)
appears on the spectrum, indicating that both char and soot-like are
amorphous carbon without a three-dimensional long-range ordered
structure. Compared to char, soot-like has a smaller peak angle and
larger crystal spacing (according to the Bragg equation) [42], and
therefore a relatively lower degree of graphitization, which is consistent

with the Raman results. More information about the differences of the
gas and liquid products derived from SP and AMSP as well as the related
reasons can be found in our previous work [8].

3.3. Properties of light compounds in bio-oil

The light organic compounds in bio-oil derived from SP and AMSP
are divided into eight groups, as shown in Table 3 and Table 4 respec-
tively, and the trend of the five most abundant compounds as a function
of temperature is presented in Fig. S5. For SP, the light compounds
consist mainly of aliphatic hydrocarbons (3.20-29.20 area %), N-het-
erocyclic aromatic compounds (21.96-27.86 area %) and aromatic hy-
drocarbons (6.08-65.27 area %), with the most abundant compounds
being p-cresol, naphthalene, anthracene, pyrene and indole. For AMSP,

Table 2
The Ip/Ig values based on the Raman spectra of char and soot-like.
Sample Temperature(°C) In/Ig
Value Error (—) Error (4)
Char 500 0.884 0.018 0.013
550 0.851 0.024 0.015
600 0.834 0.022 0.017
Soot-like 600 0.916 0.017 0.025
650 0.905 0.018 0.020
700 0.895 0.014 0.015
750 0.884 0.019 0.009
Table 3
The main groups of light organic compounds for SP.
Classification Content (area %)
500 °C 550 °C 600 °C 650 °C 700 °C 750 °C
Aliphatic 29.20 22.83 20.78 12.57 7.34 3.20
hydrocarbons
Linear alkanes 10.68 7.52 5.61 2.37 1.07 0.60
Linear alkenes 18.53 15.31 15.16 10.20 6.27 2.40
Aromatic 6.08 9.70 19.50 45.20 56.64 65.27
hydrocarbons
Alicyclic 11.95 13.60 11.06 2.42 - -
hydrocarbons
N-heterocyclic 25.43 27.86 21.96 23.18 24.12 23.68
aromatic
compounds
Amines/amides 5.17 4.21 4.45 1.42 - -
Nitriles 8.99 9.31 8.29 5.69 5.50 3.55
Phenols 1.39 5.50 10.61 7.32 4.69 3.11
Oxygenated 11.80 6.99 3.36 2.21 1.71 1.19
compounds*

* consisting of alcohols, carboxylic acids, esters and aldehydes; -, not detected.

Fig. 3. FE-SEM images of (a) char obtained at 500 °C and (b) soot-like obtained at 750 °C.



Table 4

The main groups of light organic compounds for AMSP.

Classification Content (area %)
500°C 550°C 600°C 650°C 700°C  750°C
Aliphatic 36.60 27.56 10.69 2.57 2.13 1.11
hydrocarbons
Linear alkanes 12.39 8.13 6.51 2.57 2.13 1.11
Linear alkenes 24.21 19.43 4.18 - - -
Aromatic 19.99 26.15 55.44 59.36 63.40 64.06
hydrocarbons
Alicyclic 12.47 9.26 2.78 - - -
hydrocarbons
N-heterocyclic 8.71 7.93 2.80 - - -
aromatic
compounds
Amines/amides 5.49 4.32 - - - -
Nitriles 9.91 9.11 1.64 - - -
Phenols 2.07 8.32 18.30 20.65 29.33 31.44
Oxygenated 4.76 7.35 8.35 17.43 5.17 3.40
compounds™

* consisting of alcohols, carboxylic acids, esters and aldehydes; -, not detected.

aliphatic hydrocarbons (1.11-36.60 area %), phenols (2.07-31.44 area
%) and aromatic hydrocarbons (19.99-64.06 area %) are the major
components of light compounds, and the most abundant compounds are
2,2-methylenebi(4-methyl-6-tert-butylphenol),  2-methylnaphthalen,
naphthalene, cholesta-3,5-diene and dimethyl phthalate.

The aliphatic hydrocarbons are divided into linear alkanes (e.g.,
pentadecane) and linear alkenes (e.g., 1-octadecene). With the increase
of temperature, the linear alkanes and linear alkanes decrease contin-
uously in content, possibly because higher temperatures promote their
cracking to non-condensable gases (e.g., CoHy) or their aromatization to
form aromatics [43,44]. Molten NaOH-Na;COj3 contributes little to al-
kanes conversion, but promotes alkenes conversion dramatically at
temperatures higher than 550 °C, due to the fact that alkenes are more
reactive than alkanes. Since only the content of aromatic hydrocarbons
and oxygenated compounds increases above 550 °C, it is presumed that
molten salt intensifies the aromatization or oxidation of linear alkenes.

The content of N-heterocyclic aromatic compounds (e.g., indole) for
AMSP is significantly reduced (dropping to zero above 600 °C)

compared to that for SP. Studies have shown that the N-heterocyclic
aromatic compounds in bio-oil are mainly derived from the cracking of
amino acids, as well as the secondary cracking of pyridine-N and
pyrrole-N in char [45,46]. Reactions between molten NaOH-Na;CO3 and
amino acids may be the main reason for the decrease in the content of N-
heterocyclic aromatic compounds [47]. In addition, the above reactions
are also responsible for the conversion of nitriles and amines/amides at
temperatures above 600 °C, as nitriles and amines/amides are mainly
derived from the conversion of protein fragments (amino acids and
peptides) and the dehydration of amides [46,48].

The higher content of aromatic hydrocarbons for AMSP implies that
molten NaOH-NayCOs3; promotes the hydrogen formation from the
aromatization of light compounds. According to the number of benzene
rings, the aromatics hydrocarbons are further categorized as one/two/
three/four/five-rings aromatics to show the relationship between the
composition of aromatics hydrocarbons and the hydrogen yield at
different temperatures (Fig. 4). In the presence or absence of molten salt,
the main compounds are essentially the same, such as naphthalene, 2-
methylnaphthalene, anthracene and pyrene. At 550 °C, the one-ring
aromatics (e.g., toluene) can be formed from the long-chain fatty acids
by C-C bond breaking, cyclization and aromatization [14], and the two-
ring aromatics (mainly naphthalene) may be evolved from benzene
through the fusion of alicyclic hydrocarbons [49]. As temperature rises,
the aromatization of aromatics with fewer rings intensifies to form ar-
omatics with more rings and release large amounts of hydrogen [20].
Compared with SP, the content of aromatics with fewer rings (one and/
or two rings) from AMSP decreases, while that of aromatics with more
rings (three, four and five rings) increases at temperatures above 600 °C.
The aromatics with more rings in the volatile tend to condense (forming
condensed aromatics in heavy compounds, refer to 3.4) and grow to
form soot-like eventually at higher temperatures. On the other hand,
Na™ in molten salt can promote the conversion of small aromatic ring
systems to large aromatic ring systems, while the high heating rate
provided by molten salt has the opposite effect [26,50].

For the phenolic compounds, molten salt significantly increases the
relative content of phenol especially at higher temperatures, and the
content of phenols reaches 31.44 area % at 750 °C, including 30.45 area
% for 2,2-methylenebis(4-methyl-6-tert-butylphenol) and 0.99 area %
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for 3,5-bis(tert-butylphenol). The existing studies have shown that the
decarbonation by carbonate promotes the formation of methox-
yphenols, and OH™ can further promote the deoxygenation of methox-
yphenols to form alkylphenols or phenols [51,52]. Moreover, it has
found that methoxyphenols can be completely converted to alkylphe-
nols in molten salt (monomer of 2,2-methylenebis(4-methyl-6-tert-
butylphenol)) at temperatures above 450 °C in our previous study [20].
Therefore, large quantities of 2,2-methylenebi(4-methyl-6-tert-butyl-
phenol) with high purity was produced by the polymerization of alkyl-
phenols (3,5-bis(tert-butylphenol)) with the effect of molten NaOH-
NayCOs, while releasing a certain amount of CHy [53,54].

3.4. Properties of heavy compounds in bio-oil

Fig. 5 presents the molecular weight distribution of heavy compo-
nents in bio-oil at different temperatures. Overall, the heavy compo-
nents show a bimodal distribution (as shown as the red lines
representing AMSP550) in molecular weight, and the components with
molecular weight greater than 500 Da are more abundant, especially at
higher temperatures. As the temperature increases, the molecular
weights of the left and right peaks of SP increase slowly from 250 to 300
Da and 550-600 Da to 300-350 Da and 600-650 Da, respectively. And
for AMSP, the molecular weight of the left peak increases sharply from

250 to 300 Da to approximately 500-550 Da, and that of the right peak
remains roughly unchanged (500-550 Da). Molten salt enhances the
polymerization (which is also promoted by higher temperatures) of
heavy components with smaller molecular weight, while promote the
decomposition of heavy components with larger molecular weight,
which is attributed by the integrated effect of Na™, high heating rate and
soot-like formation [26,35,50].

The distributions of carbon atoms and double bond equivalents
(DBE) of heavy components are presented in Fig. 6 to evaluate the core
structure of detected species. DBE is an essential index used to evaluate
the unsaturation of compounds, and its calculation method was reported
elsewhere [55]. It can be noticed that most of the heavy compounds
(from the 10 % line and 90 % line) have carbon atoms number (CN) and
DBE mainly distributed between 13 and 47 and 2-50, respectively, for
both SP and AMSP. There is an overall upward trend (as illustrated by
the 50 % line) in both CN and DBE as the temperature rises, suggesting a
stronger condensation associated with unsaturated carbon bonds occurs
at higher temperatures. The addition of molten salt reduces the growth
rate of CN and DBE at temperature higher than 650 °C, suggesting that
molten NaOH-NayCOs can inhibit the condensation of heavy compo-
nents at higher temperatures (this result can also be illustrated by the
Van Krevelen diagrams below).

CHO compounds and nitrogen-containing compounds (both present
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Fig. 7. Van Krevelen diagrams of heavy components in bio-oil.

at high levels in bio-oil) could affect the catalyst activity in the bio-oil
reforming process [56,57], so the content of CHO compounds as well
as the average nitrogen number (ANN) in heavy components are
calculated (the method can be found in [27]) with the results listed in
Table S2. Obviously, SP and AMSP share a similar trend in CHO content
and ANN. With the increase of temperature, the ANN increases, while
the CHO content remains basically unchanged. Overall, molten NaOH-

NayCO3 contributes slightly to the removal of nitrogen, as well as the
formation of CHO compounds, suggesting that the available catalysts for
bio-oil (derived from SP) reforming can be referenced for AMSP process
when only the heavy compounds are considered.

The heavy components are further plotted in the Van Krevelen dia-
gram based on their elemental composition (O/C and H/C value), with
the size of circles representing the abundance of each compound, as
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Fig. 8. Transformation pathways of pyrolysis products in molten NaOH-Na,CO3,

shown in Fig. 7. With reference to the existing literatures [27,58], the
heavy components are mainly divided into lipids, unsaturated hydro-
carbons, peptides, lignin, condensed aromatics and carbohydrates.

For SP, the major compounds are composed of lipids, unsaturated
hydrocarbons and lignin at 550 °C and 650 °C, and more condensed ar-
omatics are formed at 750 °C due to the aromatization (e.g., hydrocar-
bons aromatization, refer to the line of O/C = 0), which is promoted by
high temperature. Besides, a large number of new compounds are pro-
duced at 750 °C, which is linearly distributed on the Van Krevelen dia-
gram, as shown as the green lines. It is speculated that these compounds
are formed by a combination of the deoxygenation of carbohydrates (due
to the presence of a diffusion points with O/C = 1, H/C ~ 1.6) and the
oxidation of nitrogen-containing polycyclic compounds (e.g., CesHagNs5
and CsoHyoN5) at higher temperatures.

For AMSP, the addition of molten salt seems to facilitate the pyrolysis
process, as AMSP650 and SP750 share a very similar Van Krevelen di-
agram, especially the region where the green lines are located and the
disappearance of stretching lines associated with the diffusion point (O/
C =0, H/C = 1). This is because molten salt accelerates the heat transfer
from the surface to interior of the algae pellet, greatly reducing the
temperature gradient inside the pellet. It is clear that there are more
heavy compounds belonging to the region of lipids, which was reported
to mainly consist of fatty acids, resin acids and other wood extractives
[59]. The main conversion pathways for heavy fatty acids are chain-
breaking and cyclization [14], but the acid content detected by
GC-MS for both SP and AMSP is low, suggesting that molten NaOH-
NayCOs inhibits the cyclization rather than chain-breaking of large fatty
acids.

3.5. Transformation pathways of pyrolysis products

The transformation pathways of pyrolysis products related to
hydrogen-containing gases release in molten NaOH-NayCO3 are pro-
posed based on the above discussions (shown in Fig. 8). The light
compounds in bio-oil consist mainly of aliphatic hydrocarbons, phenols
and aromatic hydrocarbons, and the content of phenols and aromatic
hydrocarbons reaches up to 95.5 % at 750 °C. Linear alkenes of aliphatic
hydrocarbons tend to form aromatics with Hj release through cycliza-
tion and aromatization above 550 °C. Alkylphenols (3,5-bis(tert-butyl-
phenol) are produced by the decarbonation of NayCOs; and the
deoxygenation of NaOH, and are subsequently converted into 2,2
methylenebi(4-methyl-6-tert-butylphenol) by polymerization with CH4
release. Besides, molten salt promotes the cracking of protein fragments

(e.g. amino acids) into NHs, substantially reducing the nitrogen-
containing compounds derived from these protein fragments.

The heavy compounds consist mainly of lipids, peptides, lignin and
unsaturated hydrocarbons. As temperature rises, the heavy compounds
undergo polymerization to form compounds with higher molecular
weights and higher unsaturation, leading to an increase in CN and DBE.
Char reacts with molten salt to form Hy and disappears at 650 °C, while
aromatics in light compounds condense into heavy compounds, which
then grow to form soot-like and release Hy at 600 °C. Moreover, molten
salt promotes the cleavage of C-C bonds in char, leading to a lower
carbon content in char than that in soot-like, while higher temperatures
enhance the dehydrogenation of soot-like, resulting in a decrease in
molar H/C and Ip/Ig values.

3.6. Future development of AMSP

In order to further improve the hydrogen yield and purity production
by the AMSP of algae, impurity gases and bio-oil vapors entrained in the
hydrogen-rich gas need to be removed or converted as much as possible.
In terms of gas composition, despite the high hydrogen yield and purity
(72.14 mmol/g-algae and 83.23 vol%) obtained, 11.36 vol% CHy4 and
5.17 vol% Co are still contained in the gas product. Therefore, it is
desirable to convert CH4 and Cy; simultaneously during the AMSP
process to further improve hydrogen yield and purity, such as steam
reforming. In terms of bio-oil composition, the higher aromatic and
phenolic content (95.5 %) allows Ni-based catalysts (e.g., Ni-ZrOg, Ni-
MgO, etc.) suitable for bio-oil steam reforming, because these Ni-
based catalysts have significant capacity for C-C,C-H and O-H bond
cleavage [60,61]. In addition, the content of active CHO compounds and
nitrogenous compounds in the heavy bio-oil obtained from ASMP
changes little compared to that obtained from SP, suggesting that con-
ventional catalysts considering carbon deposition or poisoning are
applicable for the bio-oil cleaning process of AMSP.

4. Conclusion

Algae pyrolysis in molten NaOH-NayCO3 produces 72.14 mmol/g-
algae of Hy at 750 °C with a purity of 83.23 vol%. As the temperature
rises from 500 °C to 750 °C, char reacts with molten salt and disappears
at 650 °C, while aromatics in light compounds condense into heavy
compounds and then grow to form soot-like at 600 °C, both processes
releasing large amounts of Hy. Molten salt promotes the cyclization/
aromatization of linear alkenes and the cracking of protein fragments



into NHs. Alkylphenols are produced via the decarbonation by Na;CO3
and deoxygenation by NaOH, and then further polymerized to release
CHy4. The heavy bio-oil compounds, with CN and DBE mainly in regions
of 18-44 and 2-41. As the temperature increases, these components tend
to polymerize into compounds with higher molecular weights and
unsaturation, leading to an increase in CN and DBE. Based on the
products transformation, the ex-situ steam reforming processes using Ni-
based catalysts are proposed to further improve the hydrogen yield and
purity.
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