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Abstract

Subcritical water hydrolysis and carbonization of the biomass are an emerging green technology for seaweed biomass processing.
In this work, a novel approach for co-generation of two energy streams from seaweed biomass (fermentable sugars and solid
hydrochar) with subcritical water from a green macroalgae Ulva sp. was developed. It was found that for the released of glucose,
xylose, rhamnose, fructose, and galactose, the process temperature is the most significant parameter, followed by salinity, solid
load, and treatment time. For the formation of fermentation inhibitor 5-hydroxymethylfurfural (5-HMF), temperature also was
the most important parameter, followed by residence time, salinity, and solid load. The optimum parameters for maximal release
of total sugars under minimum formation of 5-HMF were 170 °C (800 kPa abs.), 5% solid loading, 40 min residence time, and
100% salinity. The hydrochar yield was 19.4% and hydrochar high heating value was 20.2 + 1.31 MJ kg '. These results provide
new detailed information on the subcritical hydrolysis and carbonization of Ulva sp. biomass and show co-production of
fermentable monosaccharides and hydrochar.

Keywords Macroalgae - Ulva sp. - Biorefinery - Subcritical hydrolysis - Biomass deconstruction - Hydrochar - Fermentable
monosaccharides

Introduction

Marine macroalgae, which contain very little lignin and do not
compete with food crops for arable land or potable water, can
provide a sustainable alternative source of biomass for food,
fuel, and chemical generation [1]. One of the pathways to use
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macroalgae feedstocks is to feed them as media for fermenting
microorganisms [2]. A key step in the macroalgae conversion
to chemicals and biofuels is the deconstruction of complex
carbohydrates to fermentable sugars [3]. To increase the fer-
mentation yields, pretreatment methods, which lead to the
release of extracellular compounds and break the seaweed
complex polysaccharides, are used. Various types of pretreat-
ment technologies, including mechanical treatment [4], ther-
mal treatment [5], chemical hydrolysis[6], electric fields [7,
8], enzymatic hydrolysis [9], and their combinations, were
reported [10]. Previous studies showed that macroalgae hy-
drolysates can be used to produce acetone [11], butanol [11],
ethanol [11], 1,2-propanediol [11], polyhydroxyalkanoates
[12], succinic acid [13], extracellular polysaccharides, and
biogas [14]. Although macroalgae complex carbohydrates
can be effectively hydrolyzed with acid [6] or enzymatic ca-
talysis [15] efficiently, these processes either require handling
of large volumes of chemical waste [16] or are too expensive
if the final products of fermentation are low-cost commodities
such as fuels [15]. An alternative, green chemistry—directed
solution for complex macroalgae carbohydrates deconstruc-
tion is subcritical thermal hydrolysis.
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Subcritical hydrolysis uses water at subcritical tempera-
tures (100-374 °C) as a solvent and a catalyst [17]. At tem-
peratures near the critical point (374 °C), water becomes a
poor dielectric, bad solvent for electrolytes, becomes com-
pressible, expandable, and dissolves organic molecules.
These new properties of water also make it a catalyst for bio-
mass hydrolysis. At each reaction temperature in this range,
the products of biomass hydrolysis include all three phases:
solids, liquid, and gases. Reaction temperature around 180 °C
leads to hydrothermal carbonization (HTC) with minimum
gas production [17]. In this process, water molecules are re-
leased from the carbohydrates, leaving a solid residue with
higher carbon fraction (hydrochar) and higher calorific value.
A further increase of the temperature leads to an increase in
the portion of liquid products and gases; above 374 °C gases
are the major fraction of the reaction products. In addition to
hydrochar, the breaking of biomass polysaccharides is expect-
ed to produce fragments with different lengths, including
monosaccharides [18] which can be used as carbon sources
for fermentation in the following steps. However, the released
monosaccharides can further degrade in the high-temperature
water environment into fermentation inhibiting products such

as formic acid, lactic acid, acetic acid, 5-
hydroxymethylfurfural (5S-HMF) [19], and levulinic acid
[18]. Thus, there is a need to determine the impact of each
process component on the fermentable monosaccharides re-
leased from the complex seaweed carbohydrates.

In parallel with the release of sugars and other metabolites
from the biomass, residual organic is concentrated and trans-
formed through the HTC process [20]. Many studies have
been made in converting biomass and biomass waste [21] into
hydrochar and in recent years, studies have been made on
carbonization of macroalgae. These studies show that increas-
ing temperature, the HHV increases and the hydrochar yield
decreases. At 200 °C the high heat value (HHV) gain is 6—
10.7 MJ kg ' compared with the initial biomass. Comparing
the total heat that can be produced by combusting a biomass
unit with the hydrochar that was produced from this biomass
unit, a total of 33—-60% of the combustion heat is lost.
Although the total combustion heat is lost, the hydrochar en-
ergy density is increased, and most of the volatiles are re-
moved, which makes it more suitable for co-combustion with
coal than untreated biomass [22]. Table 1 summarizes studies
on macroalgae hydrothermal treatments in recent years.

Table 1 Published data on subcritical hydrothermal treatments on macroalgae

Species Parameters Results Reference
Ulva pertusa 100200 °C and reaction times of 2—-12 Maximum glucose yield of 8.5% (w/w) at 180 °C, Choi et al.
min 10.48 bar and 8 min reaction time (2013)
(23]
Codium fragile 100240 °C and 10 min of residence Soluble sugar production began at 170 °C and grew with Daneshvar
time[24] temperature until a maximum was reached at 210 °C et al.
where more than 50% (w/w) was converted into (2012)
soluble sugars. Further increase in temperature [24]
decreased soluble sugar yield with 7% (w/w) obtained
at 240 °C. High heat value (HHV) of the solid residue
increased constantly between 140 and 230 °C, until a
maximum of 22.6 MJ kg™, an increase of 6 MI kg '
compared with the HHV of untreated biomass
Laminaria digitate The batch reactor at temperatures of 200 The hydrochar yield (w/w) was 22-39% at 200 °C and Smith and
Laminaria hyperborean °C and 250 °C at the respective 18-32% at 250 °C. The char HHV increased from Ross
Alaria esculenta isobaric pressures of 16 and 40 bar 11-14 to 21-23 MJ kg " at 200 °C and to (2016)
22.6-26.5 MJ kg ' at 250 °C. [25]
Marine Ulva, Derbesia, Temperatures of 330-341 °C and pres- HHV of 4-20.5 MJ kg ' for the hydrochar and Neveux

Chaetomorpha, and Cladophora sures of 140—170 bar, for 5 min
fresh water Oedogonium and

Cladophora
Enteromorpha prolifera Temperatures of 220-320 °C
Laminaria japonica Temperatures of 220-280 °C
Pressures 23-60 bar
Residence time 28-42 min
Saccharina japonica Temperatures 180-260 °C,

with a ratio solid load of 4% (w/w)

32.5-33.8 MJ kg ' for the bio-oil. Highest hydrochar et al.
HHYV was measured for Chaetomorpha, while bio-oil (2014)
HHYV had no significant differences between species [26]

The bio-oil yield increased with temperature until a Zhou et al.
maximum of 20.4% (w/w) and HHV of 28.7 MJ kgf' (2010)
at 300 °C. [27]

The maximum yield of 814.10 mg reduced sugars/100 g Park et al.
raw dried algae sample at 200 °C, adding 1% acetic (2012)

acid as catalyst. [28]
Glucose recovery was highest at 180 °C where 1.11 Meillisa
(g glucose/100 g dried algae sample) was recovered et al.
and lowest at 260 °C with 0.55 (g glucose/100 g dried ~ (2015)
algae sample) glucose recovery. [18]
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Past work on subcritical hydrolysis of macroalgae has pro-
duced only a partial description of the process. The reaction
yield was presented for glucose [18, 23], xylose [23], and total
sugars [24, 28], but not other monosaccharides that may be
present as reaction products. The yield and properties were
also investigated for the solid hydrochar [24-26] and the lig-
uid biocrude [26, 27] products. However, to the best of our
knowledge, co-production of fermentable monosaccharides
and hydrochar was not reported. The degradation of sugars
into undesired by-products that may inhibit fermentation such
as 5-HMF was given only marginal consideration [23]. The
impact of reaction temperature was widely investigated in all
reported work, but other process parameters such as residence
time were investigated only in a few cases [23]. Studies on the
pH impact showed that the formation of organic acids de-
creases the pH but has no influence on the reaction rate [29].
The effect of biomass loading (mass fraction in water) was not
studied. The effect of salinity was not studied, and in some
cases, much of the naturally occurring salts were removed
before the reaction [24]. The published knowledge on subcrit-
ical hydrolysis of macroalgae is then incomplete, since the
impact and relative significance of various process parameters
are only partly understood, and only some of the important
reaction products were investigated.

The goal of this study was to develop a novel process for
co-production of fermentable monosaccharides and hydrochar
from macroalgae biomass with subcritical hydrolysis. To
achieve this goal, the relative impact of four process parame-
ters (temperature, treatment time, solid load, and salinity) on
the release of a broad range of fermentable monosaccharides
(glucose, xylose, thamnose, fructose, and galactose) was de-
termined in addition to the formation of the fermentation in-
hibitor 5-HMF. The study was done with Ulva sp., which is a
green cosmopolitan seaweed that can be grown in multiple
locations in the world [30]. Our previous work on Eastern
Mediterranean Ulva sp. showed that it contains mostly glu-
cose and rhamnose [31]. It is considered for multiple
biorefinery applications [11]. The amount and the caloric val-
ue of the formed hydrochar for the optimum hydrolysis con-
ditions were also determined. This study is significant as it
provides detailed information on the impact of process param-
eters on the released from Ulva biomass monosaccharides
coupled to the production of hydrochar. The detailed quanti-
fication of monosaccharides is important as it predicates the
fermentation outcome [2].

Materials and Methods
Macroalgae Biomass Production

Green macroalgae Ulva sp., collected from a shore in Haifa,
Israel, identified morphologically in ref [31], was grown under

controlled conditions using macroalgae photobioreactors
(MPBR) incorporated in a building’s south wall under day-
light conditions, from September 15 to November 3, 2016
(Fig. 1). The detailed description of the cultivation system
appears in ref [32]. Nutrients were supplied by adding ammo-
nium nitrate (NH4NOj3) and phosphoric acid (H;PO,4) (Haifa
Chemicals Ltd., IS) to maintain 6.4 g m ™ of total nitrogen and
0.97 g m > of total phosphorus in the seawater. The sole CO,
source was bubbled air. Other conditions such as pH (8.2),
salinity, and air flow rate (2—4 L/min) were maintained steady
in all the reactors. The biomass was dried at 40 °C to constant
weight.

Subcritical Thermal Hydrolysis Experimental Setup

The batch experimental system that was used for biomass
subcritical hydrothermal treatment is shown in Fig. 2. The
0.25-L batch reactor is heated by an electric heater (model
CJF-0.25 from Keda Machinery, China). The temperature is
measured with an MRC TM-5005 digital temperature gauge
using “Watlow 1/16” thermocouple type K. The heating rate
was ~ 5 °C min”'. The pressure is measured using “MRC PS-
9302” pressure gauge with “MRC PS100-50BAR” sensor. A
stirrer with water-cooled magnetic coupling drive was used to
mix the slurry inside the pressure reactor. The reactor has 2 gas
sampling ports and 1 liquid sampling line. The liquid line is
equipped with a water-cooled condenser and a cold trap, be-
fore entering the sampling tube. The gas line is connected to a
water-cooled condenser and a cold trap before reaching the
sampling bag. The cooling water is circulated from a chiller
(Guangzhou Teyu Electromechanical Co., Ltd. Cw-5200ai,
China). Vacuum pump (MRC ST-85) is used to evacuate the
air in the system before each experiment. The hydrolysate was
separated to liquid and solid phases by centrifugation, 10,000
RPM for 3 min (Hettich Rotanta 46 RSC, Switzerland). The
pH of the liquid phase was measured.

Taguchi Orthogonal Methodology for Subcritical
Hydrolysis Optimization

The goal in these experiments was to determine the effects of
subcritical water hydrolysis process parameters (temperature,
treatment time, salinity (controlled by adding the required
amount of sea salt (Red Sea Salt, Cheddar, UK) to the deion-
ized water)) and solid loading on the release of monosaccha-
rides from the Ulva sp. biomass. Pressure was excluded as
previous studies already showed that it plays an insignificant
role compared with other tested parameters [33]. The possible
range of process parameters and their combinations is large.
Therefore, to decrease the number of experiments, but still be
able to evaluate the impact of each parameter independently,
the Taguchi Robust Design method for the experimental de-
sign [34] was applied. This approach has advantages as it is a
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Fig. 1 Macroalgae Ulva sp. a
cultivation in MPBR. a
Schematic design of a single
cultivation sleeve. b Digital
image of the 29 cultivation
sleeves. ¢ Digital image of the
produced Ulva sp. biomass
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for early process development phase or validation phase.
Previous works verified the use of Taguchi approach for the
optimization of process engineering parameters [35].

A key feature of the Taguchi method is the design of the
experiment where process factors are tested with orthogonal
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arrays. This design allows for the follow-up analysis that pri-
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the yields. The tested parameters and their levels are shown in
Table 2.
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Fig. 2 Subcritical hydrolysis reactor. a Process flow diagram. b Digital image of the system. Major components are indicated
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shown in Table S1. The experiments were conducted in two
separate experimental blocks.

In Taguchi design of the experiment algorithm, the best
parameter setting is determined using the signal-to-noise ratio
(SN). In the experiments, the algorithm of “the larger the
better” type was used. The ratio SN is determined indepen-
dently for each of the process outcomes (OUT_max) that are
optimized. In this study, the process outcomes are concentra-
tions of glucose, rhamnose, galactose, xylose, fructose acid,
and total sugars. In the current context, maximizing SN corre-
sponds to obtaining the maximum concentration and extrac-
tion yields of monosaccharides. The ratio SN of a specific
process outcome OUT in experiment j was calculated by:

SN()UT_max (]) —-10

1 #Reps 1

x log >
#Reps pop—1 (mRep)z

] 1</<K (1)

where K is the number of experiments (in our case, K = 9;
#Reps is the number of experiment repetitions, in our case,
#Reps = 2) and myg,, is the measurement of the process out-
come (OUT) in the specific repetition Rep of experiment ;.

When the process condition is optimized for reducing the
concentration of produced toxic substances (OUT min), for
example, 5S-HMF, “the smaller the better” type algorithm is
used. In this case, the ratio SN of a specific process outcome
OUT in experiment j was calculated by:

SNOUT_min (]) =-10

1 1 #Reps ) L<i<K (2
* 108 #Reps Regzl (ker) s/<k (@)

Considering a process parameter P (temperature, treatment
time, salinity, and solid loading as appears in Table 1) and
assuming that P has a value of L in n(P,L) experiments (i.e.,
temperature = 170 appears in 3 experiments: P = temperature,
L =170, and n = 3). Let J (P, L) be the set of experiments in
which process parameter P was applied at level L. Let:

SNOUI(P,L) = > SNOYT()) (3)
n(Pa L) jeJ(P,L)

Table 2 Tested factors that affect biomass hydrolysis
Parameter Level

1 2 3
Temperature (°C) 170 187 205
Residence time (min) 20 40 60
Solid loading (% dry algae weight/total mixture weight) 2 5 8
Salinity (% of sea water, 100% = 38 g/L sea salts) 0 50 100

be the average ratio SN for concrete level L of parameter P.
The sensitivity (A) of each outcome (OUT) with respect to the
change in a parameter P is calculated as:

AT (P) = Max{SNV" (P, L) }=Min{SN° (P.L) } (4)

Ranking (on the scale of 1-4, where 1 is the highest) was
assigned to the process parameters according to the ranges
obtained. The optimum parameter set was chosen according
to maximal S/N

Severity Factor Calculation

The severity factor logR, (which incorporate temperature and
time into one parameter) was also calculated for all experi-
ments (Table 5) using the following correlation [36]

! T-100
Ry = —_—
logRy loggexp( 1475 )dt (5)

where 7 'is the reactor temperature (°C) and ¢ (min) is the time
of the experiment including the pre-heating period and the
residence time.

Analysis of the Released Carbohydrates

For monosaccharide and 5-HMF analysis in hydrolysates, an
aliquot was diluted 20 times in ultrapure water and filtered
through a 0.22-pum syringe-filter (Millipore, USA) in HPIC
vials (Thermo Fischer Scientific, MA, USA). Monosaccharide
and 5-HMF content in the hydrolysates were monitored by
HPAEC-PAD (High-Pressure Anion-Exchange
Chromatography coupled with Pulsed Amperometric
Detection) using a Dionex ICS-5000 platform (Dionex,
Thermo Fischer Scientific, MA, USA) with an analytical col-
umn (Aminopack 10) and its corresponding guard column. An
electrochemical detector with an AgCl reference electrode
was used for detection. The analysis was performed using an
isocratic flow of 4.8 mM KOH generated by the Eluent
Generator technology (Dionex, Thermo Fischer Scientific,
MA, USA) for 20 min. Then the column was washed with
100 mM KOH between each run and re-equilibrated with
4.8 mM KOH prior to injection. The column temperature
was kept at 30 °C, and the flow rate was set to 0.25 mL
min . Calibration curves were produced for each sugar with
internal standards (Sigma, Israel). In this work, we quantified
5-HMF, rhamnose, galactose, glucose, xylose, and fructose.

The Mass Balance on the Hydrolysate Products
For mass balance analysis, first, the hydrolysate (H) was dried

at 40 °C leading to solid matter (Z) that contained hydrochar,
salts, and soluble solids. The mass of the evaporated water (E)
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was measured gravimetrically. Second, the liquid phases (X)
were sampled from the whole hydrolysate and dried at 40 °C
(the mass of evaporated liquid (K) was measured gravimetri-
cally as above). The resulted solids (7) contained salts and
water-soluble organic matter. The total soluble solids (S) are
calculated for the total hydrolysate volume. As the %salinity
for the experiments is known, the total soluble ash-free solids
(AFS) can be calculated as below.

H = Hydrochar + E + T
T=X-K
S=(T/X)x (X+E) (6)
AFS = S—(E + K) x %salinity
Hydrochar = Z-S

Elemental and Caloric Value Analysis

Elemental analysis was done at the Technion, Chemical, and
Surface Analysis Laboratory using a Thermo Scientific
CHNS Analyzer (Flash2000). The oxygen content was deter-
mined by the difference

%0 = 100%—(%C + %H + %N + %S + %Ash) (7)

For caloric value and ash analysis, 2 g (DW) of untreated
algae and residual carbonized material was dried at 40 °C to
constant weight and was analyzed for energy content in HHV
according to ASTM D5865-13 (Standard Test Method for
Gross Calorific Value of Coal and Coke) and for ash according
to D5142 standard by a certified laboratory of Israel Electric
company. The adjusted HHV (same ash content as initial bio-
mass) for the hydrochar was calculated according to:

Adjusted HHV = HHV (measured)

1—(%ash untreated Ulva,/100) ()
1—(%ash after washing/100)

Starch Analysis

The algae were grounded to a fine powder using a mortar and
pestle with the help of liquid nitrogen and starch content was
determined using a total starch assay kit (K-TSTA-100A,
Megazyme, Ireland) according to AACC Method 76-13.01.

Fourier-Transform Infrared Spectroscopy

FT-IR spectroscopy analyses were performed on a Bruker
Tensor 27 FT-IR spectrophotometer, equipped with standard
Pike ATR attachment. FT-IR spectra of vacuum-dried Ulva
algae biomass and corresponding biochar samples were mea-
sured in the spectral range of 4000400 cm ' (at 4 cm™
resolution).

@ Springer

Differential Scanning Calorimetry
and Thermogravimetric Analyses

Differential scanning calorimetry (DSC) and thermogravimet-
ric (TG) analyses were performed in alumina ceramic pans on
Netzsch STA 449 F5 Jupiter DSC-TG simultaneous analyzer,
under flow of pure nitrogen gas (N, 99.99%) and separately,
under flow of a synthetic air (comprised 15% oxygen of
99.5% purity and 85% N, of 99.99% purity) at a flow rate
of 70 mL min ' (dynamic atmosphere). Typical samples of 3—
4 mg were heated from 30 to 800 °C, at a heating rate of 10 °C

min .

Scanning Electron Microscopy

Samples were mounted on aluminum stubs and sputter-coated
with gold (SC7620, Quorum). Images were captured on the
scanning electron microscope (SEM) (JCM-6000, JEOL).

Statistical Analysis

Statistical analysis was performed with Excel (ver. 13,
Microsoft, WA) Data analysis package and MATLAB soft-
ware (ver. R2017a., MathWorks, Boston, MA). Standard de-
viation (= STDEV) is shown in error bars. At least two tech-
nical replicates were done for each experimental condition.

Results and Discussion

Green macroalgae Ulva sp. biomass major polymer composi-
tion includes cellulose (with glucose monomers), hemicellu-
lose (xylose, galactose, rhamnose, and sometimes other
monosaccharides as monomers), starch (with glucose mono-
mers), ulvan (with rhamnose/glucuronic acid monomers), and
proteins (with amino acids as monomers) [31]. Therefore,
hydrolysis of whole Ulva sp. biomass is expected to release
these monomers to the hydrolysate solution. Further dehydra-
tion of hexoses and pentoses leads to the formation of HMF
and furfurals, respectively [37]. These are interesting by-
products if separated downstream of the reactor, but can play
anegative role as a fermentation inhibitor, if produced and not
separated. The temperature/time plots for all experiments are
shown in Fig. S1 (Supplementary Information). The reactor
cooling down time was between 2 and 2.5 h until it reached
room temperature. The actual treatment parameters for all 18
experiments are shown in Table S2. The pH of the hydroly-
sates was 3.

Glucose was the major released monosaccharide from Ulva
sp. biomass under the tested conditions. The maximum yield
achieved was 4.92 + 0.73 mg glucose/g dry algae (Table 3 exp
nos. 4 and 13), when 187 °C, 2% solid loading, 40 min resi-
dence time, and 100% salinity were used. Taguchi analysis
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(Fig. 3(a), Table S3) showed that treatment temperature was
the most important factor for maximum glucose yield, follow-
ed by salinity, then solid loading and residence time. In previ-
ous studies, at lower temperatures (100-134 °C) with acid
catalyst, it showed that acid was the major factor that affected
glucose release, followed by solid loading and then by time
and temperature, which almost did not play a role in glucose
release [3]. Comparing this result with an Ulva thermal hydro-
lysis study [23] shows a big difference with 8.5% glucose
yield obtained at 180 °C, 8 min residence time, and 9% solid
loading. The big difference may be attributed to the higher
starch concentration in [23] with 4.5 times more starch than
in this study (Table 3). An additional study that used a com-
bination of hydrothermal treatment at 150 °C with enzyme
hydrolysis was reported on the release of 11% glucose/g dry
algae [38], showing that a future cost/benefit analysis of
adding enzymes to the process is needed as enzymes signifi-
cantly improved the yields. The more similar result was ob-
tained compared with the study of Saccharina japonica [18]
with 1.11% glucose yield at 180 °C; however, the carbohy-
drate content was not specified and differences in the studied
algae could lead to a difference in the results.

The maximum average yield achieved for rhamnose, a rare
sugar derived from the deconstruction of ulvan in this process,
was 1.95 + 1.05 mg rhamnose/g dry algae (Table 3 exp nos. 3
and 12), when 170 °C, 8% solid loading, 40 min residence
time, and 100% salinity were used. Taguchi analysis (Fig.

3(b), Table S4) showed that the temperature was the most
important factor for maximum glucose yield, followed by sa-
linity, then solid loading and residence time. Our previous
studies at lower temperatures (100—134 °C) with acid catalyst
showed that acid was the major factor that affected rhamnose
release, followed by solid loading and then by time and tem-
perature, which almost did not play a role in rhamnose release
[3]. A study that used a combination of hydrothermal treat-
ment at 150 °C with enzyme hydrolysis reported on the release
of 9% rhamnose/g dry algae [38].

The maximum average yield achieved for galactose, a sug-
ar derived from the deconstruction of hemicellulose in this
process, was 0.49 + 0.01 mg galactose/g dry algae (Table 3
exp nos. 6 and 15), when 187 °C, 8% solid loading, 20 min
residence time, and 50% salinity were used. Taguchi analysis
(Fig. 3(c), Table S5) showed that temperature was the most
important factor for maximum glucose yield, followed by sa-
linity, then solid loading and residence time. A study that used
a combination of hydrothermal treatment at 150 °C with en-
zyme hydrolysis reported on the release of 0.7% glucose/g dry
algae [38]

The maximum yield achieved for xylose, a sugar derived
from the deconstruction of hemicellulose in our process, was
1.48 = 0.12 mg xylose/g dry algae (Table 3 exp nos. 3 and 12)
when 170 °C, 8% solid loading, 60 min residence time, and
100% salinity were used. Taguchi analysis (Fig. 3(d),
Table S6) showed that temperature was the most important

Table3  Measured products from subcritical hydrolysis of Ulva sp. in experimental conditions as shown in Table 2. No arabinose was detected in any
sample

Exp T Time Log Ry Glucose mg/  Rhamnose mg/  Galactose mg/  Xylose mg/ Fructose mg/  Total HMF
no. (°C)  (min) (severity) gDW gDW gDW gDW gDW yield

1 170 20 348 2.02 1.13 0 1 1.69 5.84 0

2 170 40 3.67 1.37 0.93 0.02 0.94 0.74 4.00 0.16
3 170 60 39 6.11 0.9 0.5 1.36 1.27 10.14 1.3
4 187 40 4.16 4.19 1.7 0.41 0.6 1.15 8.05 2.3
5 187 60 4.38 243 0.09 0.1 0 0.95 3.57 2.58
6 187 20 3.96 1.45 0.97 0.5 0.65 0.42 3.99 0.72
7 205 60 4.88 0 0 0 0 0 0.00 3.5
8 205 20 4.34 2.12 0 0.01 0 0.82 2.95 422
9 205 40 4.62 0.21 0 0 0 0 0.21 2

10 170 20 3.53 2.76 0.98 0 1 2.35 7.09 0

11 170 40 3.68 1.22 1.35 0.1 0.93 0.81 4.41 0.58
12 170 60 3.84 2.67 3 0.46 1.6 0.78 8.51 1.31
13 187 40 4.22 5.64 2 0.33 0.62 1.93 10.52 5

14 187 60 4.38 222 0.32 0.04 0 0.88 3.46 3

15 187 20 4.06 5.77 1.8 0.48 0.57 1.62 10.24 3.77
16 205 60 4.85 0 0 0 0 0 0.00 0

17 205 20 4.29 2.57 0 0 0.22 1.1 3.89 9.45
18 205 40 4.62 0.1 0 0 0 0.03 0.13 32
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factor for maximum glucose yield, followed by salinity, then
solid loading and residence time. Previous studies at lower
temperatures (100-134 °C) with acid catalyst showed that
acid was the major factor that affected xylose release, follow-
ed by solid loading and then by time and temperature, which
almost did not play a role in xylose release [3]. A study that
used a combination of hydrothermal treatment at 150 °C with
enzyme hydrolysis reported on the release of 2.9% glucose/g
dry algae [38]

The maximum yield achieved for fructose, a sugar that
could be derived from isomerization of glucose released from
the deconstruction of cellulose and starch in our process, was
1.54 £ 0.39 mg fructose/g dry algae (Table 3 exp nos. 4 and
13), when 187 °C, 2% solid loading, 40 min residence time,
and 100% salinity were used. Taguchi analysis (Fig. 3(e),
Table S7) showed that temperature was the most important

Solid Load
(gDW/100 g solution)

Residence time (min)

factor for maximum fructose yield, followed by salinity, then
solid loading and residence time.

The optimum parameters for the maximum monosaccha-
rides release under the lowest 5-HMF constrain are shown in
Table 4. The minimum yield of produced 5-HMF, potentially
corresponding to the minimum toxicity of the hydrolysate for
subsequent fermentation, was 0 mg HMF/g dry algae (Table 3
exp nos. 1 and 10), when 170 °C, 2% solid loading, 20 min
residence time, and 0% salinity were used. Taguchi analysis
(Fig. 3(f), Table S8) showed that temperature was the most
important factor for minimum HMF yield, followed by resi-
dence time, then salinity and solid loading. The optimum pa-
rameters for the minimum HMF production were determined
as 170 °C, 2% solid loading, 20 min residence time, and 0%
salinity (Table 4). The maximum concentration of HMF, 6.83
+ 2.61 mgHMF/g dry algae, was detected at experiments 8

Temperature (°C) Salinity (g salt/kg sea water)
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Fig. 3 Taguchi signal-to-noise (SN) analysis of process parameters on product release. (a) glucose, (b) rhamnose, (c) galactose, (d) xylose, (e) fructose,

(f) HMEF, (g) total monosaccharides
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Table 4  Optimum process conditions for maximum monosaccharide
release and minimum HMF production by subcritical water hydrolysis
in the range of parameters as defined in Table 2

Temp (°C) Time Solid loading  Salinity
(min) % %

Rhamnose 170 40 2 100
Galactose 187 60 8 100
Glucose 187 40 8 100
Xylose 170 20 8 100
Fructose 170 40 5 100
HMF 170 20 2 0

Total monosaccharides 170 40 5 100

and 17, when 205 °C, 5% solid loading, 20 min residence
time, and 100% salinity were applied (Table 3). This is equiv-
alent to 341.5 + 130.5 mgHMF/L of hydrolysate, which is
lower than reported levels of HMF (1-15 g/L) that inhibit
growth and ethanol fermentation of different strains of
Saccharomyces cerevisiae [39].

The maximum total sugar yield was 9.34 + 0.81 mg sugars/
g dry algae (Table 3 exp nos. 3 and 12), when 170 °C, 8%
solid loading, 60 min residence time, and 100% salinity were
used. At these conditions, 1.3 £ 0.1 mgHMF/g dry algae were
detected (Table 3). This yield is lower than that reported in
previous studies that used various catalysis hydrolysis, which
in some studies led to more than 200 mg sugars/g dry algae [4,
40, 41]. Future economic and environmental impact analysis
is needed to compare the costs and benefits of these yields

a Untreated Ulv

Fig. 4 Digital image and caloric
value of the dried Ulva sp.
biomass before (a) and after (b)
subcritical hydrolysis
(hydrochar). ¢ The liquid fraction
of the hydrolysate. d Proximate
analysis, ash, and caloric value or
the untreated biomass and
hydrochar after hydrothermal
treatment. C, H, N, S, and O, are
the weight percentage of carbon,
hydrogen, nitrogen, sulfur, and c
oxygen respectively

170°C, Solid Load 8% ,residence
time 60 min, salinity 38 g/L

biomass

HHV 10 MJ/kg, Ash 29%,
Adjusted HHV 10 MJ/kg

increased with harsh chemicals and enzymes. The maximum
yield was achieved at the R, of 3.8-4.2 (Fig. S2, Table 3) and
rapidly decreased at R higher than 4.4. The highest HMF was
observed at Ry 4.1-4.3 (Fig. S2, Table 3). Similar results were
previously observed for Ulva intestinalis [42].

Taguchi analysis (Fig. 3(g), Table S9) showed that temper-
ature was the most important factor for maximum total sugars
yield, followed by salinity, then solid loading and residence
time. This difference between the importance of temperature
(the most important parameter) and residence time (the least
important parameter) could potentially explain the high scatter
of total yield vs R, (Fig. S2), suggesting that the commonly
used severity factor, which includes both temperature and
time, should not be a good predictor of performance. Similar
results have been observed in high-voltage pulsed electric
field treatment of bacteria and food. In this type of treatment,
electric field strength plays a more important role in the pro-
cess than pulse duration and a number of pulses, and, there-
fore, total delivered energy is not a useful predictor of the
performance [43] and reporting of individual parameters is
recommended by the expert panel [44] (Fig. 4).

Previous studies at lower temperatures (100-134 °C) with
acid catalyst showed that acid was the major factor that affect-
ed total release, followed by solid loading and then by time
and temperature, which almost did not play a role in the total
sugar release [3]. The results also show that increasing the
temperature and residence time above certain values
(specific for each sugar Fig. 2) led to a decrease in sugar
concentrations. However, the increase in temperature and time
led to an increase of HMF formation. These results are

b ‘:'HYdViﬁé’h’aF:

HHV 20.2 MJ/kg, Ash 15.5%,
Adjusted HHV 17 MJ/kg

50
40
30
20
10

|

%Ash HHV
(MJ/kg)

%N %C %H %S %O

m Untreated
=170 C, Solid Load 8% ,60 min, salinity 38 g/L
= Treated sample adjusted to initial ash
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Fig. 5 Scanning electron
microscopy of the untreated Ulva
sp. biomass (left) and hydrochar
produced at 170 °C, solid load
8%, residence time 60 min, and
salinity 38 g/L (right)

consistent with previous reports on the HMF formation from
partial hexose degradation [45]. It is important to note that
previous studies also showed isomerization of monosaccha-
rides under subcritical water treatment [46], a process which
can affect the availability of the products for fermentation.
Importantly, the heating and cooling rates affect the kinetics
of chemical transformations observed, and thus, different re-
actor designs could lead to different outcome chemistry of the
products [47].

For the experimental conditions with the highest total
monosaccharides yields, the solid residue was characterized
(Fig. 5), which could be used for direct combustion (Table 5).
It was found that at 170 °C, solid loading 8%, residence time
60 min, and salinity of 100%, the macroalgae hydrochar yield
(wt/wt) was 19.4 + 3%, the water-soluble solids yield were
58.2 +3.2% with moisture release of 19.1%, and the rest of the
3.3% can be attributed to produced volatiles and/or water for-
mation during the carbonization process. The mass balance for
the hydrolysis products appears in Table 6. The hydrochar

Table 5  Ulva sp. biomass and hydrochar properties
Untreated  Hydrochar (170 °C), solid
seaweed loading (8%, 40 min),
biomass salinity (38 g/L)
Ultimate N (%) 1.3 32
(Wt%) C (%) 23.8 433
H (%) 4.7 6.2
S (%) 5.1 12
0O (%) 36 30.4
Proximate Ash 29 15.5
(Wt%)  Moisture 20.6 75
Biochemical Starch 4.4 -
(Wt%)
HHV Boie [48] 10.5 19.4
~1
MJkg™)  Grummeland 9.6 18.7
Davis [49]
Measured 10£0.02 20.2+1.31
value
(calorimeter)

HHYV obtained was 20.2 MJ/kg, or adjusted HHV of 17 MJ/
kg (with hydrochar containing 15.5 wt% ashes). The ultimate,
proximate, starch, and HHV are summarized in Table 5.

The hydrochar carbon content increased and oxygen con-
tent decreased compared with the original biomass due to the
carbonization process thus increasing the HHV by 9-10 MJ
(energy densification of 1.85-2) compared with the initial
sample. The energy yield (energy densification multiplied by
hydrochar yield) is 42—46%, similar to other carbonization
studies on macroalgae which show 40-67% energy yield
[50]. The current results further corroborate the previous work
on macroalgae hydrothermal carbonization (HHV increase
from 10 £ 0.02 HHV to 20.2 = 1.31 HHV (Fig. 5)).
Previous hydrothermal carbonization work on a brown sea-
weed Sargassum horneri increased the HHV of the biomass
from 17.4 MJ/kg in the untreated biomass to 25.1 MJ/kg under
16 h treatment with 5% solid loading, 210 °C, 0.04% citric
acid catalyst [50]. In another work, carbonization of a brown
seaweed (unidentified) collected from natural stocks was done
at 900 °C and a heating rate of 10 °C/min. Although the
carbon % increased from 42.7 to 84.8%, the heating value
increased from 12.5 to 14.3 MJ/kg, indicating that elimination
of volatiles at this temperature leads to the decrease of the
heating value [51]. Hydrothermal carbonization of three kelps
Laminaria digitata, Laminaria hyperborea, and Alaria
esculenta at 250 °C increased the caloric value from 11.4 to

Table 6  Ulva sp. biomass hydrolysate mass balance for hydrolysis
done with 170 °C; solid loading 8%, 40 min; and salinity 38 g/L.
Drying was done at 40 °C

Product A fraction from the total
initial mass (%)

Hydrochar, ash-free 19.4

Water-soluble solids, ash-free (AFS) 58.2

Moisture 19.1

Highly volatile molecules + water 33

produced during HTC
Total 100

@ Springer



Bioenerg. Res.

Table7  Wavenumbers and attributed function groups and their vibration modes relevant to Ulva algae biomass and corresponding biochar
Wavenumber (cm ) Functional group and vibration mode

1. 3600-3000 Stretching of O—H bonds in carboxylic acids and alcohols

2. 3000-2800 Asymmetric and symmetric stretching of aliphatic C—H bonds

3. 1700 Stretching of aldehydes and ketones C=0 bonds

4. 1500-1600 Bending and stretching of aromatic C—C bonds

5. 1400-1500 Deformation C—H bonds in alkene groups

6. 1200-1300, 1000-1100 Stretching of C—O bonds in alkyl and aryl ethers

7. 850-900 Bending out of the plane of aromatic C—H bonds

8. 650750 Bending in the plane of alkenes C=C bonds

22.6 MJ/kg, 11.2 to 24.1 MJ/kg, and 12.8 to 24.7 MJ/kg,
respectively [25].

Scanning electron microscopy morphology of the
hydrochar (Fig. 5) shows the formation of highly organized
porous structures, similar to previous reports on hydrochar
production other biomass [52].

The FT-IR spectroscopy of the hydrochar and untreated
biomass is shown in Fig. S3. The IR bands assigned to rele-
vant functional groups are summarized in Table 7. Analysis of
both IR spectra (superimposed in Fig. S3) showed that the dry
Ulva biomass prior to and after thermal treatment (the
hydrochar) has a certain degree of similarity in their chemical
compositions, showing common bands in most spectral re-
gions. However, changes in intensities of specific bands indi-
cate a relative increase in abundance of specific functional
groups, which could be attributed to carbonization process
that Ulva biomass underwent upon its thermal treatment and
conversion to the corresponding hydrochar.

Major difference in peak intensities between two spectra
was found in 3200-3300, 2900-2950, 1000-1100, and 846
cm ' regions that could be attributed to a significant increase
in the number of O—H functional groups, measurable reduc-
tion in the number of aliphatic C—H bonds, peak sharpening
and significant increase in the number of C—-O bonds belong-
ing to alkyl and aryl ethers, and appearance of aromatic C-H
bonds in the biochar (which were not present in the Ulva
biomass prior to the thermal treatment), respectively [53,
54]. All these changes clearly indicate that aromatic and
polyaromatic phenols and ethers were formed during the car-
bonization of the Ulva biomass, which is consistent with
chemistry of previous reports [55].

TG analysis of room temperature vacuum-dried Ulva
biomass and the corresponding hydrochar allowed us to
evaluate structural stability of these materials by monitor-
ing their weight loss patterns, resulted from exposure to
gradually elevated temperature, at a specific heating rate,
and under controlled atmosphere. TG analyses showed
differences between thermal decomposition of Ulva bio-
mass and its hydrochar, under both N, and air-oxidizing
atmospheres (Fig. S4).

Under N, atmosphere, a total decomposition (mass loss
after heating to 800 °C) for Ulva biomass was in the range
of 86%, while for the biochar, the mass loss was 74%. Under
the air atmosphere, the mass losses for the Ulva biomass and
for biochar were 76% and 73%, respectively (Fig. S4). For
both materials (under N, and air atmospheres), three stages of
decomposition were detected, which included dehydration,
volatilization (thermal decomposition of cellulose and hemi-
cellulose, in a range of 250-350 °C), and decomposition (cor-
responding to the decomposition of chars, carbonates, and
other inorganic materials, at above 500 °C) that is in line with
reports of other investigators [55]. The derivative TG thermo-
grams (DTG; Fig. S4c, d) are showing the most significant
mass loss temperature ranges for both analyzed materials and
under both atmospheric conditions. The dehydration step (at
peak temperature 93—96 °C) in both materials and under both
atmospheric conditions was followed by the volatilization
process, which, under N, atmosphere, took place in a temper-
ature range of 202221 °C (with mass loss of 9%), in the case
of Ulva biomass, and in a range of 252-354 °C (with mass
loss of 13%), in the case of hydrochar (Fig. S4a). While under
air atmosphere, the volatilization process took place in a tem-
perature range of 205-222 °C (with mass loss of 8%), in the
case of Ulva biomass, and in a range of 253-349 °C (with
mass loss of 19%), in the case of biochar (Fig. S4b). The
subsequent decomposition process, under N, atmosphere,
took place in a temperature range of 578-699 °C (with mass
loss of 12%), in the case of Ulva biomass, and in a range of
593-740 °C (with mass loss of 11%), in the case of hydrochar
(Fig. S4a). While under air atmosphere, the decomposition
process took place in a temperature range of 526599 °C (with
mass loss of 14%), in the case of Ulva biomass, and in a range
of 510-565 °C (with mass loss of 6%), in the case of
hydrochar (Fig. S4b).

The temperature ranges of mass losses detected in TG (and
DGT) thermograms are well correlated with the exothermic
peaks observed in the corresponding DSC thermograms (Fig.
S5). Under oxidizing air atmosphere, the exothermic peaks
could be attributed to the thermal oxidation of cellulose and
hemicellulose components (Fig. S5b). Indeed, under the air
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atmosphere, DSC thermogram of Ulva biomass showed most-
ly two exothermic peaks, a minor peak, with a top temperature
of 349 °C (proposed as oxidation process of aromatic moie-
ties), and a major peak, with a top temperature of 554 °C. In
contrast, in a hydrochar DSC thermogram, the heat release
was more intense and two major peaks were observed at 328
°C and 533 °C, where the amount of released heat was larger
around the peak at 328 °C, indicating that hydrochar could be
potentially more advantageous as fuel than Ulva biomass.
Under a N, atmosphere, below 700 °C, no relatively narrow
peaks were detected, while observed broad heat-release be-
havior could be attributed to the thermal decomposition ac-
companied by oxidation (Fig. S5a).

Conclusions

In this study, a novel approach for co-production of ferment-
able monosaccharides and hydrochar from seaweed biomass
with subcritical water treatment was developed. This study
shows that subcritical water treatment of green macroalgae
Ulva sp. biomass leads to the partial deconstruction of hetero-
geneous macroalgae to simple. In addition, 5-HMF is pro-
duced as a part of degradation reactions. The optimum param-
eters for the maximum total sugar release were determined as
170 °C (800 kPa abs.), 5% solid loading, 40 min residence
time, and 100% salinity. Taguchi analysis indicated the tem-
perature as the most important factor for maximum total sugar
yield, followed by salinity, then solid loading and residence
time. Higher reaction temperatures and long residence times
lead to sugar degradation and formation of 5-HMF. In addi-
tion, it was found that treatment of Ulva sp. biomass at 170 °C,
solid loading 8%, residence time 60 min, 100% salinity pro-
duced macroalgae hydrochar with 19.4% yield and HHV 20.2
+ 1.31 MJ/kg. It was shown that subcritical water can be used
for co-production of macroalgae biomass into multiple mono-
saccharides and caloric-rich solid residue, both important for
bioenergy generation.
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