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Today, the development of innovative methods for production of organic compounds from natural resources is
essential topic for many research groups in the worldwide. Levulinic acid is a platform for many important
organic processes in the synthesis of natural products, pharmaceuticals, plasticizers, drugs and various other
additives. In addition, 1,4-pentanediol which is a product of reduction of levulinic acid, is a valuable raw ma-
terial in the chemical industry. Here, we report a highly efficient method for the production of levulinic acid
from Chlorella ohadi algae using hydrothermal hydrolysis process by using HCl. Our methodology shows that the

levulinic acid can be obtained in almost 90% molar yield compared to the glucose in Chlorella ohadi. Finally, we
describe a one step reaction for the completely conversion of levulinic acid into 1,4-pentadiol in water using S.

cerevisiae yeast as a catalyst.

1. Introduction

Our society is extremely dependent on fossil resources (petroleum,
coal, natural gas) to meet the basic needs of energy, fuels, petro-che-
micals etc. (Lucia et al., 2007; Pfaltzgraff and Clark, 2014; Pinazo et al.,
2015). The constant increase in demand for energy is driven mainly by
the growth of global population and industrialization (Lee and Chang,
2008). These increasing energy demands in combination with the gra-
dual depletion of fossil resources has led, before the break of the covid-
19 coronavirus, to a steady rise of crude oil prices and, together with
the need to diminish greenhouse gas emissions, are the main motivators
for the exploration of renewable resources for the sustainable produc-
tion of electricity, heat, transportation fuels, chemicals and polymers.

Biomass is the only abundant and concentrated source of non-fossil
carbon that is available on earth. It is a promising sustainable feedstock,
that also fixes the CO, levels in the atmosphere through photosynthesis.
A large amount of carbon-based chemicals is directly or indirectly
produced from fossil resources (Yan et al., 2015a). The conversion of
biomass to bio-based chemicals and biofuels has been the focus of in-
tense research and development activities in the past decade (Yan et al.,
2015a), with the major objectives to develop effective and en-
vironmentally benign technologies, as well as to stimulate the
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agricultural sector by, for instance, promoting the use of agricultural
and forestry residues as input (Alonso et al., 2013; Ruiz et al., 2010;
Tang et al., 2014; Yan et al., 2015b).

Among biomass, algae (macro and microalgae) usually have a
higher photosynthetic efficiency and growth rate than other land
plants, they do not need soil or land and many species can grow in salt
water or waste water, this way its cultivation does not compete with
agricultural resources such as freshwater and cropland that are usually
used for food production. Recent studies show that different types of
algae can produce a wide variety of organic materials such as; proteins
(20-60% of the cell content), lipids (15-60%), polysaccharides
(10-50%), etc. (Armenta and Valentine, 2013; Mata et al., 2010) and
therefore, can be utilized as a source for the production of several types
of renewable biofuels. These include methane, bioethanol, biodiesel
and biohydrogen. One of the barriers to realizing the economical goal of
fuel production based bio-refinery, is that the fuel, although being
consumed in large volumes, is a low value product. Therefore, the re-
turn on investment in a bio-fuel only operations, does not compete with
inexpensive fossil fuel production.

Bio-based fine chemicals provide the incentive needed for the bio-
industry by maximizing biomass valorization and consequently im-
proving the economic viability of bio-refineries. It is possible to extract
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Fig. 1. The structure of levulinic (4-oxopentanoic) acid.

small organic materials from algae that will be a platform for other
organic materials (Ventura et al., 2017) such as biopharmaceuticals,
bionutrients, biocosmetics, biochemicals and biofertilizers. Important
chemicals which can be derived from cellulosic biomass provide direct
substitutes for existing petrochemicals, exhibit strong potential as a
primary building block for the production of a wide range of inter-
mediates or end-products. These include: glucose, sorbitol, mannitol,
sorbitan, isosorbide, furfural, HMF, levulinic acid, 2,5-furandicarboxilic
acid, succinic acid, xylitol, erythritol, glycerol, propylene glycol, me-
thanol, ethanol, ethylene glycol, formic acid, glycol aldehyde etc.
Nevertheless, further research is still needed to improve the production
and use of these chemicals from plants.

Levulinic acid (also known as 4-oxopentanoic acid or y-ketovaleric
acid) is considered one of the important platform chemicals (Fig. 1)
(Bozell et al., 2000; Ghorpade and Hanna, 1997). It is also a promising
organic intermediate for the synthesis of several chemicals such as:
levulinate esters, y-valerolactone (GVL), acrylic acid, 1,4-pentadiol,
angelica lactone, 2-methyltetrahydrofuran (MTHF), §-aminolevulinic
acid (DALA), and so on. Literature shows potential uses as a plasticizer,
textile, animal feed, coating, and as an antifreeze (Cha and Hanna,
2002; Khan et al., 2018). Additionally it is widely applied in the fields
of fuel additives, fragrances, inks, batteries, chemical solvents, spices
and pharmaceutical synthesis.

In spite of its great potential, levulinic acid (LA) has never been
produced in significant volume. Levulinic acid can be produced by high
temperature acid hydrolysis of carbohydrates, such as glucose, ga-
lactose, sucrose, fructose, chitose and also from biomeric material such
as wood, starch and agricultural wastes (Bozell et al., 2000; Chang
et al., 2007; Fang and Hanna, 2002; Rackemann and Doherty, 2011).
Isolation of levulinic acid can be accomplished either by partial neu-
tralization, filtration of humins and vacuum steam distillation, or by
solvent extraction. Levulinic acid is a highly versatile chemical with
several industrial uses (Ghorpade and Hanna, 1997).

The key factor that makes levulinic acid important is the presence of
two reactive functionalities, namely, the carboxylic acid (-COOH) and
the ketone (CO) groups, in the same molecule. This structural ad-
vantage facilitates the transformation of levulinic acid to various other
chemicals (Fig. 2), like diphenolic acid, succinic acid, 1,4-pentanediol,
etc. (Bozell and Petersen, 2010).

1,4-Pentanediol (PDO) Fig. 3, is a valuable raw material in the
chemical industry for the production of organic solvents and polymers,
and an important intermediate in the production process of medicines,
pharmaceuticals, cosmetics, or fine chemicals. Total European and USA
production was 18,000 tons in 2010 (Liu et al., 2020; Schlottmann and
Lendle, n.d.).

The preparation of 1-4-pentadiol from levulinic acid is usually ac-
complished by a multi-step synthesis of hydrogenation processes and
the use of various organic reagents and catalysts resulting in several by-
products (Li et al., 2014; Mizugaki et al., 2015; Patankar and Yadav,
2015). For example, Patankar and Yadav (2015) recently reported the
use of the multi- catalyst Pd — Cu/ZrO, to convert levulinic Acid into
1,4-pentanediol in a multi-step synthesis (Fig. 4).

It is worth mentioning that the economic value of 1,4-pentanediol is
more than 500 times higher than that of levulinic acid.

Herein, we report in the first step: The successful Chlorella ohadi
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biomass conversion into levulinic acid. It should be emphasized that
producing levulinic acid from biomass is attractive from economic as
well as environmental aspects. The second step: levulinic acid conver-
sion into 1,4-pentanediol in a single-step synthesis by using
Saccharomyces cerevisiae as a safe, environmentally friendly, metal free,
and non-toxic biocatalyst. The uniqueness of our work is based on the
high molar yield of levulinic acid from the algae in a short period of
time. In addition, the highly efficient and environmentally benign
conversion process of levulinic acid into 1,4-pentadiol.

2. Materials and methods

2.1. Hydrothermal synthesis of levulinic acid from algal biomass (Chlorella
ohadi)

The reaction was carried out in a cylindrical stainless-steel reactor
with an internal polytetrafluoroethylene lined cell to resist corrosion by
the acid catalyst. Typical batch process comprised loading 2.0 g of dry
algal biomass Chlorella ohadi and 50 mL HCl (1 M) to the reactor. The
reaction was heated to 200 °C for 1.5 h and subsequently quenched by
immersing the reactor in an ice-cold water bath. The hydrolysate was
collected and separated from the unreacted residual biomass by vacuum
filtration through a filter paper. The residues were washed with excess
distilled water and dried overnight at 60 °C and weighed. The difference
between the initial and final weight of the biomass is a measure of the
amount of biomass converted to the reaction products. The conversion
percentage of the overall biomass (Chlorella) to hydrolyzed products
mixture is approximately 79%. The isolation of levulinic acid from the
obtained mixture was carried out by phase extraction in di-
chloromethane, and further rotor evaporation of the solvent and un-
necessary byproducts. Levulinic acid was extracted from the oily re-
sidue with the addition of distilled water.

2.2. Evaluation of the glucose content in Chlorella ohadi biomass

The calculation of glucose level in algae was performed according to
the protocol (Thayermanavan and Sadasivam, 1984). This test allows
the estimation of the relative amounts of glucose that could be found in
the algae as a polysaccharide or mono-sugar. Chlorella ohadi culture was
grown in double concentrated Bristol medium (UTEX) (Bold, 1949),
cultivated in 3L tubular photobioreactors (PBRs) under outdoors con-
ditions (throughout the months of September and October). Algal bio-
mass was chemically tested for its glucose content on a dry weight basis
using the Anthrone method, in which the polysaccharides are first hy-
drolyzed into simple sugars by acid hydrolysis. Glucose is then dehy-
drated to hydroxymethyl furfural in hot acidic media, this compound
forms with Anthrone a green colored product. Estimation of the glucose
content is made by measuring the absorbance of the solution in a
spectrophotometer using a calibration curve. This test allows the esti-
mation of the amount of levulinic acid that could be produced in the
hydrothermal process. Namely, 1 g of glucose will theoretically yield
0.64 g of levulinic acid. Glucose content in Chlorella ohadi was mea-
sured to be 42.2 wt%.

2.3. Calculation of the molar yield for levulinic acid production from algae

At the end of the hydrothermal hydrolysis, filtration was done to
separate the unreacted algae from the reaction mixture. The initial
amount of reactive algae was 2 gin all the experiments. 42% of the
reacted mass is glucose that has hydrolyzed. After the final separation
of levulinic acid, and full drying of the product, we calculated the molar
yield of the reaction by the ratio of levulinic acid and the reactive
amount of glucose.
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2.4. The characterization of levulinic acid by HPLC

Samples of commercial levulinic acid and the reaction product were
used for HPLC analysis at room temperature using an ELITE LaChrom
model analyzer, equipped with a RP-HPLC on a C-18 column
(Phenomenex, Kinetex 2.6u C18 100A, 100 X 4.6 mm). The mobile
phase was a 95:5 mixture of 0.01 M triethylammonium acetate (pH 7)
and acetonitrile, and the flow rate was 1 mL/min. The detection wa-
velength was 220 nm for both the commercial levulinic acid and the
reaction product. The two samples were dissolved in HPLC grade water,

(0] OH
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and a sample of this solution was injected into the HPLC analyzer.

2.5. The characterization of levulinic acid using NMR

The samples were characterized by nuclear magnetic resonance
using Bruker DPX-300 spectrometers. 'H and '3C NMR spectra were
measured at 300 MHz. Chemical shifts are expressed in ppm, downfield
from Me,Si (TMS), used as internal standard.

2.6. The characterization of levulinic acid using mass spectroscopy

The samples were analyzed under ESI (electron spray ionization)
conditions on a Q-TOF micro-instrument (Waters, UK).

2.7. Conversion of levulinic acid into 1.4-pentanediol

A mixture of 100 ml of 0.1 M solution of industrial levulinic acid
(98%) and 3 g Saccharomyces cerevisiae was stirred on a hot plate
(~34 °C) in a Schott Duran bottles under aerobic and anaerobic con-
ditions, for 44 days. Samples were extracted at regular time intervals
and taken for 'H and '>C NMR analyses. Monitoring the reaction's
progress was performed for all samples by comparing the resulting
peaks in *C NMR. In addition, mass spectrometry and HPLC were
tested to verify the product's receipt in the various examples.

3. Results and discussion

As previously described, production of levulinic acid was carried out
in a cylindrical stainless-steel reactor with an internal polytetra-
fluoroethylene lined cell to resist corrosion by the acid catalyst. All
reactions performed, started with two grams of the microalgae and
50 mL HCl (1 M). The described process was repeated three times on
three different days. Table 1 presents our attempts to optimize the ef-
ficient reaction conditions.

3.1. 'H and 3C NMR of commercial levulinic acid

In order to determine the presence and purity of the levulinic acid at
each stage of our process, we examined the hydrogen and carbon NMR
spectrum for commercial levulinic acid so that we can compare it with
the product obtained from the described process. The commercial
product was tested using CDCl; as described, (see Supplementary in-
formation). 'H NMR of levulinic acid shows three different peaks, two
doublets with integration of 2, and one singlet with integration of 3.
However, as expected, ">C NMR shows five different peaks at 213.399,
177.186, 37.824, 29.211 and 27.887 ppm.

Table 1

Optimization for the hydrothermal hydrolysis process to obtain Levulinic acid.
Starting Temperature (°C) Time (h) Weight of HPLC Molar
weight of the product purity yield”
algae (gr) (mg) level (%)*
2 200 1.5 299 90 72
2 180 1.5 270 88 65
2 160 1.5 248 89 58
2 140 1.5 195 81 46
2 120 1.5 - - -
2 100 1.5 - - -

@ RP-18 reverse phase column, applying isocratic elution with 95% triethy-
lammonium-acetate (0.01 M, pH 7.4): 5% acetonitrile.

> The calculation was done in comparison to the reactive amount of glucose.
The molar mass of Glucose is 180.156 g/mol. The molar mass of levulinic acid is
116.11 g/mol.
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3.2. NMR test for the product of reaction after the first step

After the reaction was completed, a small sample was taken for
NMR testing to verify the presence of the product levulinic acid. 'H and
13C NMR spectra show very clearly that we have obtained levulinic
acid. Specifically, the successful formation of levulinic acid from the
reaction mixture, is presented in the supplementary information, re-
vealed by the appearance of a singlet signal at 2.2 ppm, two triplets at
2.65 and 2.78 ppm. 'H NMR spectrum of commercial levulinic acid
procured from Sigma Aldrich is also presented here as a reference for
our product.

Additionally, '>C NMR spectra showed several peaks that match
those of levulinic acid at 28.38, 29.65, 38.29, and 177.99 ppm.

Moreover, we have performed a mass spectroscopy study for the
reaction mixture in order to identify the presence of levulinic acid by
measuring its molecular mass. Mass spectroscopy result showed the
presence of the levulinic acid as described in the supplementary in-
formation.

Next, in order to evaluate the purity of the resulting levulinic acid
we performed HPLC analysis compared to the commercial levulinic
acid. Table 1 presents the purity of the levulinic acid in each sample
determined by HPLC analysis. As described in Table 1, the resulting
levulinic acid is obtained in a high degree purity (90%) from the re-
action at 200 °C, which of course can be further purify by a series of
acidic extractions.

After separation in HPLC, we repeated the 'H and '*C NMR for the
resulting collected compound, and the resulting material is 98% pure.

3.3. Evaluation of the glucose content in Chlorella ohadi

As described in the Materials and methods section, we have eval-
uated the glucose level in the Chlorella ohadi. This calculation was
performed in order to optimize the molar yield and the efficiency of our
process. Our results show that every 2 g of algae has (42%) glucose,
which is 0.84 g of glucose.

We can summarize that levulinic acid was synthesized from algal
biomass, and successfully isolated from the product mixture by ex-
traction in dichloromethane and rotor evaporation (evaporation under
reduced pressure) techniques. We separated the LA after the first pro-
cess, by extraction with dichloromethane and water. Then we used
preparative HPLC in order to improve the quality of the separation as
well as to evaluate the efficiency and purity of the product. The se-
paration was performed in order to eliminate the residue (HCl). In
addition, in an ideal form of work, it is generally better to separate the
products of the reaction, after reactions in acidic or basic conditions in
order to avoid side products in the next steps. The separation is ne-
cessary in our case for two reasons; 1) evaluate the efficiency and purity
of the product. 2) avoid side product in the next step, especially, le-
vulinic acid contains a ketone functional group, which maybe undergo
Aldol condensation in the presence of acid catalyst.

Next, we have converted levulinic acid into 1,4-pentadiol as de-
scribe in the Materials and methods section. 'H and '*C NMR spectro-
scopy were exploited for the identification and estimation of 1,4-PDO.
Initially, we recorded 'H and '*C NMR spectra of commercial 1,4-
pentadiol as a comparison. As described in the supplementary in-
formation. 1,4-Pentadiol have five different peaks in H NMR, 4.03,
3.80, 1.46, 1.40, and 1.23 ppm. In addition, '*C NMR shows five dif-
ferent peaks at 22.469, 28.230, 34.862, 62.246, and 68.172 ppm.

The reaction was performed under different conditions (aerobic and
anaerobic) for 44 days with the monitoring of the progress of the re-
action. Table 2 summarizes the progress of the reaction.

As mentioned above, the reaction duration was about 44 days, and
we started to detect the product appearance (1.4-PDO) on the 24th day.

Fig. S10 shows a congruence between the commercial and synthe-
sized 1,4-PDO samples, indicated by the appearance of peaks at 68.284,
62.356, 34.876, 28.251, and 22.492 ppm. The peaks of a levulinic acid
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Table 2
The reaction monitoring of levulinic acid conversion to 1,4-PDO.

Aerobic Anaerobic Aerobic Anaerobic

Day Monitoring of the 1,4-PDO in HPLC" Purity of 1,4-PDO

2 No No 0 0
8 No No 0 0
12 No No 0 0
16 No No 0 0
20 No No 0 0
24 Yes Yes 91 91
44 Yes Yes 100 100

@ RP-18 reverse phase column, applying isocratic elution with 95% triethy-
lammonium-acetate (0.01 M, pH 7.4): 5% acetonitrile.

(214.744, 179.12, 38.763, 29.694, 29.312 ppm) and ethanol (58.064,
17.450 ppm) are also present. However, the weak intensity indicated
very low remains of the starting materials.

In the supplementary information the complete disappearance of
the levulinic acid on day 44 is demonstrated.

Moreover, we have performed a mass spectroscopy for the reaction
mixture in order to identify the presence of 1,4-PDO its molecular mass.
The mass spectroscopy result showed the presence of the 1,4-PDO as the
sole product on day 44 (Fig. S12).

As it was mentioned before, the reaction continued after the first
appearance of 1,4-POD for a subsequent 20 days. Our aim was to keep
track of the reaction progress and the consumption of the reactant,
levulinic acid. The metabolites mixture remained the same (for both
aerobic and anaerobic conditions) for the additional 20 days.

Finally, HPLC separation was performed to verify the acceptance of
the material (compared to commercial material), and certainly no le-
vulinic acid remained. The result for the example after 24 days shows
the 91% purity of 1,4-PDO and after 44 days shows the 100% purity of
the 1,4-PDO.

It is worth noting, that the reduction of LA and other acids into the
corresponding alcohol through green and simple chemistry has been a
challenge for researchers in recent years (Liu et al., 2018). Moreover,
selective conversion of LA into 1,4-pentadiol in high-efficiency in
aqueous solution is an even more challenging (Li et al., 2014). The
advantage of our methodology, is being able to achieve this goal,
namely, complete conversion of LA into 1,4-pentadiol in aqueous so-
lution by using Saccharomyces cerevisiae. Our hypothesis is that this
method can be effective and applicative for other organic acids, to
obtain selectively the corresponding alcohol in excellent yields.

Our results show that LA was completely converted into 1,4-pen-
tadiol. These results were confirmed by several analytical methods.
NMR and HPLC showed the absence of the starting material (LA), in-
dicating at the end of the reaction. On the other hand, 1,4-pentadiol
was the sole product. In addition, weight experiments showed that 0.9 g
of 1,4-pentadiol (0.01 mol) were obtained from the reaction of 1.02 g of
LA (0.01 mol).

4. Conclusions

We successfully obtained levulinic acid from an algae with 72%
yield. Production of LA was accomplished via hydrothermal hydrolysis
process. In addition, we reported our methodology of totally converting
LA into 1,4-pentanediol, by using Saccharomyces cerevisiae. We suggest
that S. cerevisiae participates in the reduction of the two functional
groups of the levulinic acid by releasing a hydride or hydrogen into the
solution (Parapouli et al., 2020; Styger et al., 2011; Styger et al., 2013).
Applying this reaction in hot countries does not require energy in-
vestment, and since the yeast are very cheap, it can be considered a
very cheap production of a costly chemical.
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