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f remnant algal biomass to 5-HMF
and levulinic acid: influence of a biphasic solvent
system

Liisa K. Rihko-Struckmann, *a Olalekan Oluyinka,a Aditya Sahni,a Kevin McBride,a

Melanie Fachet,a Kristin Ludwiga and Kai Sundmacher ab

The primary commercial product from the greenmicroalgaeDunaliella salina is b-carotene. After extracting

the lipophilic fraction containing this red-orange pigment, an algal residue remains. As the carotenogenesis

is induced by light stress with simultaneous nitrogen depletion, the protein content is low and the remnant

is comprised largely of storage carbohydrates. In this work, we transformed the defatted remnant directly to

the platform chemicals, 5-hydroxy methyl furfural (5-HMF) and levulinic acid (LA), without previous

purification or any pretreatment. The batch experiments were carried out in an autoclave under biphasic

solvent conditions at 453 K for 1 h using acidic ZSM-5 zeolite as a heterogeneous catalyst. Mixtures of

methyl isobutyl ketone (MIBK/H2O) or tetrahydrofuran (THF/H2O/NaCl) with water were used to create

the biphasic reactor conditions. The biphasic reaction mixtures helped to increase the 5-HMF yield and

simultaneously mitigated the formation of insoluble humins. The carbon yields of 5-HMF and of LA in

the MIBK/H2O biphasic system without NaCl were 13.9% and 3.7%, respectively. The highest carbon yield

of 5-HMF (34.4%) was achieved by adding NaCl to the reaction mixture containing THF/H2O. The

experimentally measured partition ratios of 5-HMF between the two liquid phases were compared to the

predictions calculated by the computational method COSMO-RS, which is a quantum chemistry-based

method to predict the thermodynamic equilibria of liquid mixtures and the solubilities. The COSMO-RS

predicted partition ratios of 5-HMF were in line with the experimentally measured ones.
1. Introduction

Lignocellulosic biomass resources are considered to be largely
available for the future production of chemicals and fuels.1

Transformation of biomass to renewable polymers, chemical
building blocks, fuel additives, and liquid fuels reduces our
dependence on non-renewable fossil resources and consequently
reduces global emissions of greenhouse gases. 5-Hydroxy methyl
furfural (5-(hydroxymethyl)furan-2-carbaldehyde, 5-HMF) and
levulinic acid (4-oxopentanoic acid, LA) are excellent examples of
biomass-derived, initial platform chemicals that can serve as
versatile precursors for the production of a wide range of chem-
icals and liquid fuels.2 5-HMF is a valuable intermediate for the
production of 2,5-furandicarboxylic acid (FDCA), a potential
renewable substitute for fossil based petrochemicals such as
terephthalic and adipic acids. It also shows potential as a mono-
mer for the production of polyethylene furanoate (PEF),
a renewable polymer that exhibits high gas diffusion barrier
properties for oxygen, water and carbon dioxide.3 LA is
mplex Technical Systems, Sandtorstr. 1,

o@mpi-magdeburg.mpg.de
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a renewable building block for the synthesis of many chemicals
that have a high potential for industrial applications.4

The transformations of processed carbohydrates, i.e. starch,
cellulose, or fully puried sugars, are being intensely investi-
gated as biomass-based sources for the production of 5-HMF.5

Microalgae provide a highly promising alternative to the
lignocellulosic, or sugar-based biomass sources due to their
unique carbon concentrating photosynthesis mechanism
(CCM), that efficiently assimilates CO2 leading to high biomass
growth rates. Furthermore, microalgae have some additional
advantages compared to terrestrial biomass sources. They can
be cultivated in brackish or contaminated waste water or even
under saline conditions in open ponds, thereby avoiding direct
competition for agricultural land.6 The cell wall is free of lignin
which facilitates its disruption prior to the fractionation and
transformation of the algal macrobiomolecules, e.g. the carbo-
hydrates. Efficient valorization of all biomacromolecules (lipids,
pigments, proteins and polysaccharides) is the key to reach the
economic viability microalgae production processes and to
contribute to the sustainability goals.7

Dunaliella salina (D. salina), a unicellular biagellate green
algae, is a viable feedstock for producing valuable products such
as glycerol and carotenoid pigments, mainly b-carotene.8 It is
a photosynthetic, autotrophic organism capable of harnessing
RSC Adv., 2020, 10, 24753–24763 | 24753
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Table 1 Characterisation of defatted D. salina powdera

Composition wt%

Carbohydrates 85.6 � 5.0
Proteins 8.46 � 0.96
Moisture 1.26 � 0.01
Ash 0.03 � 0.002

a Lipid and carotenoid content in the biomass before extraction 11.5 �
4.5 and 1.84 � 0.1.
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solar energy to produce biomass. The extraction of target oils
and carotenoid pigments leaves behind a remnant biomass that
is rich in carbohydrates and lean in protein. Much of this
carbohydrate-rich remnant biomass can be hydrolyzed under
mild temperatures to form monomers such as glucose and
fructose.9

Numerous experimental ndings convince us today, that
biphasic reaction conditions are favorable for achieving high
conversions of sugars, i.e. fructose to 5-HMF.10,11 MIBK, THF or
1-butanol are the most commonly selected solvents to consti-
tute the organic phase in biphasic systems for 5-HMF
synthesis.12

Heterogeneous catalysts are highly preferred for biomass
conversion because of the simple separation of the products.
For the conversion of sugars and the upgrading of lignocellu-
losic biomass-derived chemicals, zeolites have been reported to
be highly suitable. However, one challenge in using zeolites in
aqueous solutions is their stability.13 Zeolites have been largely
investigated for the dehydration of sugars (fructose or glucose)
toward 5-HMF and LA;13–16 e.g. the beta topology,14 L-type15 and
MFI-structured zeolites have been reported to mention a few.
The ZSM-5 (MFI structure) has a three dimensional medium
size pore system, and is available with a wide Si/Al ratio. The
ZSM-5 type zeolite allows the diffusion of small molecules
which results in shape and size selectivity. Importantly, the
ZSM-5 has been demonstrated to be highly stable in deionized
water at 150 and 200 �C for more than 6 h.17

The transformation of the microalgae remnant to 5-HMF
includes the initial degradation of the microalgae cell structure,
the hydrolysis of the polysaccharides (storage molecule starch)
to glucose; and the isomerization of glucose to fructose before
the nal dehydration of fructose to 5-HMF. Wang et al.
demonstrated the high functionality of the zeolite ZSM-5 for the
reaction chain in a one-pot approach with Chlorococcum sp.18

The overall reaction chain includes Broensted and Lewis acid
catalyzed reaction steps (Scheme 1 in ref. 19).

The stability of the catalyst in the presence of NaCl is of
crucial importance in the biphasic systems of biomass conver-
sion. Gardner et al. investigated the hydrothermal stability of
ZSM-5 as a function of pH and the presence of NaCl in aqueous
medium.20 High catalytic activity of ZSM-5 was observed aer
adding NaCl especially under acidic conditions. With pH 2.5
and saturating the solution with NaCl resulted in a glucose
conversion of 63% and HMF selectivity to 33%. Importantly,
Gardner et al. reported severe Al leaching in the presence of
NaCl, and suggested that Al species in solution present Lewis
acid properties required for the isomerization of glucose to
fructose.20

The present contribution aims to accomplish the direct
transformation of the defatted remnant of Dunaliella salina to 5-
HMF and LA using the MFI structured ZSM-5 catalyst. Results of
the transformation experiments under biphasic reactor condi-
tions are presented. Preferably, a reliable predictive estimation
of the phase equilibrium behavior is valuable prior to experi-
mental measurements, as this allows one to reduce the amount
of required lab work and facilitate the process design. There-
fore, the experimental 5-HMF partitioning between the solvent
24754 | RSC Adv., 2020, 10, 24753–24763
phases are compared with COSMO-RS computational
predictions.

2. Experimental
2.1. Materials and methods

Dunaliella salina biomass was purchased as a carotenoid-
containing dry powder from Denk Ingredients GmbH, Ger-
many (Art. No: 967996). Prior to hydrothermal treatment, the
lipophilic compounds were extracted to obtain the defatted
residual remnant biomass. Soxhlet extraction (6 h) with a ratio
of 10 g biomass to 200 ml n-hexane (quality > 99%, Sigma-
Aldrich) was used to simulate the industrial extraction of the
nonpolar lipophilic molecules,7,21 carotenoids, and triglycerides
from the delivered powder. The biomass remaining aer lipid
extraction was dried at 343 K overnight in an oven, cooled to
room temperature in a desiccator, and used as remnant
biomass in this study. The initial lipid content of the delivered
biomass was estimated by weighing the lipophilic extract aer
the n-hexane removal in a rotavapor (see Table 1). Moisture and
the ash content of the extracted remnant powder were deter-
mined by weighing the samples before and aer overnight
drying at 373 K and 723 K, respectively. The carbohydrate
content was quantied using an enzymatic test kit (R-Biopharm
AG, Germany) based on the UV-method22 and the method of
Lowry23 was used for protein content determination. Table 1
shows the biomacromolecule composition of the defatted
biomass and the initial lipid content of the delivered powder. In
the defatted biomass, the sum of the proteins and carbohy-
drates is slightly below 100%. Due to the potential imprecision
of the biomacromolecule determination for our samples, the
content of elemental carbon was used as the calculation basis
for the reported yields (see eqn (1)). In the D. salina defatted
remnant, the carbon content was 43.2� 0.2 wt%measured with
an automated elemental analyzer (Flash 200 Organic Elemental
Analyser with MAS 200 R autosampler, Thermo Scientic,
Germany).

2.2 Catalytic transformation of the remnant biomass

The one-step chemical transformation experiments were
carried out in a stainless steel reactor (Picoclave 3 autoclave,
volume 200 ml, Büchi Labortechnik GmbH, Germany). 6 g of
dried defatted remnant D. salina biomass (BM) were then mixed
with ion free (Milli-Q, Merck, Germany) water or aqueous
23 wt% NaCl solution and solvent (MIBK (p.a.) or THF (p.a.)).
This journal is © The Royal Society of Chemistry 2020
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The mass-based solvent phase/aqueous ratio was either 1 : 1,
1.5 : 1, or 2 : 1. The amount of water remained constant (50 g),
and the amount of organic solvent (50, 75, or 100 g) used in the
experiments is indicated in the illustrations. In the experiments
with heterogeneous catalyst present, 1.00 g of the acidic zeolite
catalyst H-ZSM-5 powder (CBV 3020E, module Si/Al ratio 35,
pore diameter of 5.5 Å, Zeolyst Internationals) was added to the
reaction suspension.

Aer placing the biomass, catalyst, and desired solvent
mixture into the autoclave, it was purged with N2 for 10 minutes
to ush out any air and then heated (about 10 min) to 453 K
using a thermostat (Julabo SL-2) to circulate heating medium
through the reactor jacket. The mixer (Büchi Glas Uster Cyclone
075) speed was xed to 2000 rpm for all experiments. The
pressure inside the reactor was recorded, but not controlled
(autonomous). The reaction time was always one hour (60 min),
whereas the starting time was considered to be the moment the
temperature inside the reactor reached 453 K. Aer the desired
reaction time, the reactor was cooled and vented before dis-
charging. The solids were separated from the liquid phase
product fraction (two phases at room temperature) by ltering
with a weighed and dried lter paper (Whatman, Ø ¼ 185 mm,
7–12 mm pore size). The solid products, a mixture of the
unreacted algal remnant and formed humins were dried over-
night at 343 K and weighed to estimate the overall remaining
solid fraction. In the heterogeneously catalyzed experiments,
complete recovery of the catalyst was assumed and the mass of
the catalyst was subtracted from the solid weight before esti-
mating the weight of the remaining solid fraction. In
measurements with NaCl, the estimation of the remaining
solids was not possible due to the partial crystallization of the
NaCl, which contributed to the mass of the solid fraction to
some extent.

The phase separation (organic/aqueous phase) of the ltrate
was performed in a separating funnel at room temperature.
Aer a settling period of 17 h, two distinct phases were sepa-
rated and quantied by weight to determine the phase ratio.
The phases were analyzed either by HPLC or by gas chroma-
tography (see details below).

To assess the experimental uncertainty in the trans-
formation experiments, three independent experiments were
repeated under identical experimental conditions and the ob-
tained standard deviation is depicted as error bars in the
illustrations.
2.3 Aqueous and organic phase analysis

The 5-HMF and LA contents of the aqueous phase were analyzed
with an HPLC (Agilent Hi-Plex H with RI detector, sample
injection volume 20 mL) operating at 333 K. The mobile phase in
the HPLC was 0.005 MH2SO4 with the ow rate of 0.6 ml min�1.
Standard solutions with a range of different weight fractions
were prepared for 5-HMF ($99%, Sigma Aldrich) and LA
($99%, Sigma Aldrich) in water and linear calibration correla-
tions were obtained for both. Aer the phase separation, the
amount of 5-HMF and LA in the aqueous phase was quantied
with the obtained calibration equation.
This journal is © The Royal Society of Chemistry 2020
The organic phase was analyzed using a GC/MS (Agilent
6890N) equipped with anHP-5 column (30m, diameter 0.32mm,
lm 0.25 mm). The analysis conditions were the following: He
carrier gas: 1 ml min; injector: split mode (1 : 10), 523 K, 2 bar
(overpressure); column temperature: from 398 K with a rate of 8
K min�1 to 418 K (26 min holding time), followed by a rate of 2
K min�1 to 493 K (10 min holding time). The compounds were
identied using the NIST MS Search 2.0 database. The GC/MS
detector signal was calibrated with standard samples of 5-HMF
and LA, and linear calibration correlations were obtained.

2.4 Carbon yield of 5-HMF and of LA

The carbon yield of 5-HMF and LA were calculated using eqn (1):

C-Yieldið%Þ ¼ 100� ni � nC;i

nC;BM
(1)

where the ni is the amount (mol) of product i, i ¼ 5-HMF or LA,
nC,i is the carbon amount in i (molC mol�1): (i ¼ 5-HMF, nC ¼ 6)
or (i ¼ LA, nC ¼ 5). The carbon amount nC,BM (0.216 molC in all
experiments) was calculated from the measured elemental
carbon content in the dried algae remnant biomass (43.2 wt%).
The yield in biomass transformations can be reported variously:
either the mass of the desired chemical product is expressed in
relation to the total mass of the dried biomass,24 or the carbon
amount in the product is expressed in relation to the feed
carbon content or to carbohydrate amount in the biomass. The
rst calculation basis (dry weight of biomass) does not consider
the variation in the composition of the biomass, i.e. the varying
ratio of protein and carbohydrate fractions in the biomass, and
is therefore less preferred for assessing the biomass to chem-
icals yield. In the present contribution we use eqn (1) as done by
He et al.2 Wang et al. reported the yield of 5-HMF in relation to
the carbohydrate amount in the feed, which is not directly
comparable with our results.18 In comparing the results, the
reader should be aware of the different denitions for yield.

3. Computational method

The COSMO-RS model combines quantum chemical COSMO
calculations with statistical thermodynamics in order to make
predictions of the chemical potential. Basically, the charged
surface of a molecule is determined and divided into many,
smaller segments. These charged segments are assumed to
interact with all of the other segments in the mixture, which can
contain one or more components. The energetic differences
between the segments are calculated using an interaction
model that also accounts for dispersion forces and hydrogen
bonding. The chemical potential of the molecule is calculated
from the individual segment–segment interactions and
a combinatorial term that accounts for shape and size effects.
This allows one to make thermodynamic predictions without
requiring experimental data. This is especially useful for
complex molecules, such as those encountered in biomass,
which are oen difficult to model using other methods.

The 5-HMF, LA, H2O, MIBK, THF and NaCl data (COSMO
result les) for the energy optimal conformers were obtained
from the COSMOtherm TZVP database. The COSMO les
RSC Adv., 2020, 10, 24753–24763 | 24755
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include the geometry optimisation and the calculation of the
screening charge density for all conformers and therefore no
geometry optimizations were required. The commercial
program COSMOtherm (Version C3.0, release 16.01)25 was used
for the estimations of component partition between the phases.
They were calculated with the liquid–liquid property in the
presence of salts with the BP_TZVP_C30_1601 parameterisation
in COSMO-RS.
4. Results
4.1 Solubilization of defatted Dunaliella salina remnant

Fig. 1 illustrates the mass of remaining solids in relation to the
loaded biomass (in mass %) aer the transformation experi-
ments without catalyst or under the inuence of protonated
zeolite catalyst. During the thermo-catalytic treatment at 453 K,
the remnant fraction of Dunaliella salina was converted to
solubles at a very high extent. Fig. 1 shows the resulting solids
for the experiments carried out without the addition of NaCl. In
experiments with high concentration of NaCl, the precise
determination of remaining solids was not possible. The NaCl
saturated liquid phase led to partial crystallization of NaCl,
which contributes to the solid weight. Furthermore, one should
note that both the residual, unconverted algal biomass and the
macromolecular undissolved humins being formed during the
liquefaction process contribute to the remaining solid fraction
depicted in Fig. 1. A detailed characterization of the humin,
a precise separation of the unconverted biomass, catalyst and
humin, and a corresponding quantication of all the contrib-
utors to the solid fraction were outside of the scope of the
present study.
Fig. 1 The remaining solids (wt%) in the experiments without (first four b
the biomass/liquid ratio (w/w) noted in the bars, the blue bars with wate

24756 | RSC Adv., 2020, 10, 24753–24763
Using an aqueous monophasic reaction medium, the pres-
ence of the ZSM-5 catalyst signicantly inuenced the amount
of solids remaining (blue bars in Fig. 1). The amount of solids
remaining in relation to the initial loaded biomass increased
from 6.2 to 17.2 wt% by the inclusion of the acidic zeolite
catalyst (BM/H2O ratio of 1 : 16). Comparable ndings were also
observed with the higher BM/H2O ratio (1 : 8). Based on these
experimental ndings, it is assumed that the acidic catalyst
facilitated the humin formation by promoting the self-
condensation of 5-HMF. As reported by van Zandvoort et al.,26

it is likely that the humins are formed due to cross-
condensation of 5-HMF and LA. In addition to the self-
condensation, the 5-HMF and glucose degradation are
possible reaction paths for humin generation during the
thermal treatment of biomass feeds containing carbohydrates.27

Structurally, humins are polymer networks of various oxygen
containing functional groups.26 Noticeably, the catalyst
increased the yield of LA and promoted the side reactions
(soluble and insoluble humins) leading to deep brown colora-
tion of the reaction mixture.

The biphasic reactor conditions with MIBK as the organic
solvent (BM/MIBK/H2O ratio of 6/50/50 (w/w/w)) signicantly
increased the conversion of the remnant biomass to solubles
while mitigating the amount of remaining solids (see Fig. 1, red
bars). In the presence of organic and aqueous phases, it is likely
that the humin formation is mitigated because 5-HMF has
a high solubility in MIBK. Humins might be soluble in MIBK as
well which would further lower the remaining solid fraction.
Furthermore, we observed that when using the biphasic MIBK/
H2O solvent mixture the amount of remaining solids was less
dependent on the presence of catalyst. As seen in Fig. 1, the
ars) and with the catalyst ZSM-5 (1 g) Zeolyst CBV 3020e. Biomass 6 g,
r as solvent, red bars with MIBK/H2O solvent mixture (1 : 1).

This journal is © The Royal Society of Chemistry 2020
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remaining solids in the biphasic system with MIBK remained
below 8 wt% in all experiments.
4.2 Conversion of defatted algae biomass to 5-HMF and LA

The concentrations of the product molecules 5-HMF and LA in
the organic and aqueous phases were determined using gas and
liquid chromatograph. The carbon yields of glucose, 5-HMF,
and LA were calculated according to eqn (1). Negligible amounts
of other soluble compounds were detected in the analysis, but
were not quantied. Fig. 2 illustrates the inuence of the cata-
lyst on the carbon yield of glucose, 5-HMF, and LA obtained
under the monophasic aqueous conditions. Here, the catalyst
clearly enhanced the glucose conversion toward 5-HMF and LA.
The carbohydrates in the defatted Dunaliella biomass were
easily transformable under mild hydrolysis conditions. The
algal carbohydrate fraction was readily hydrolyzed to mono-
sugars. In the absence of the catalyst high amounts of glucose
were observed (see Fig. 2a). The main soluble product was
glucose with a C-yield of 41.2%. In the monophasic experiment
with water, a C-yield of 5-HMF 8.1% and minimal LA yield
(0.1%) were observed in the absence of any catalyst. This
observed unproblematic hydrolysis to sugar intermediates
agreed well with our previous observations, where thermally
treated (273 K) defatted Dunaliella remnant was successfully
used as a carbon source for the cultivations of Chlorella vulgaris,
Escherichia coli and Saccharomyces cerevisiae.9 These microor-
ganisms were able to use the released sugars from defatted algal
remnant as a carbon source for the heterotrophic growth.

By using the zeolite as a heterogeneous catalyst during the
thermal treatment, the monosugars were sequentially dehy-
drated and the defatted biomass was transformed to the
preferred intermediates, 5-HMF (C-yield of 12.3%) and LA (C-
yield of 4.6%) by a signicant amount (see Fig. 2b). Unfortu-
nately, the presence of catalyst did not only support the desired
dehydration to chemical intermediates, but also simultaneously
Fig. 2 Carbon yield (%) to glucose (dark blue), 5-HMF (turquoise) and LA (
catalyst ZSM-5 (1 g) Zeolyst CBV 3020e, reaction time 60 min at 453 K.

This journal is © The Royal Society of Chemistry 2020
facilitated the humin formation. This was apparent due to the
large remaining solid fractions (19.4 or 17.2% at BM/H2O ratios
of 1 : 8 or 1 : 16 (w/w)) under the monophasic reactor condi-
tions. In summary, in the presence of the acidic zeolite catalyst,
the overall C-yield toward the preferred key molecules (5-HMF
and LA) was 16.9%. This is a signicant improvement when
compared to performing the reaction without any catalyst where
the overall C-yield of 5-HMF and LA was only 8.2%.

Fig. 3 shows the results of the thermal transformation of
algal remnant to glucose, 5-HMF, and LA under various
biphasic reaction conditions. In the illustration, the C-yields of
5-HMF and LA are differentiated such that the partition of the
compounds, 5-HMF and LA, between the two phases in the
system is shown (solvent mixture MIBK/H2O in Fig. 3a/b/c and
THF/H2O in Fig. 3d/e/f, respectively). For simplicity, the phases
are labeled as organic and aqueous. Fig. 3a/b/c illustrate the C-
yields of glucose, 5-HMF and LA using the MIBK/H2O reaction
solvent mixture. In the absence of the catalyst, the algal
carbohydrates were hydrolyzed, and glucose was detected in
high concentrations in the aqueous phase. In the binary solvent
mixture MIBK/H2O, the 5-HMF distributed balanced between
the aqueous and organic phase. Without the catalyst, the C-
yield of 5-HMF was 4.4% in the organic phase, and 4.0% in
the aqueous phase (Fig. 3a). Fig. 3b–f show the C-yields for
various biphasic systems in the presence of the acidic zeolite. By
comparing the results in Fig. 3a and b (both with identical
MIBK/H2O solvent compositions) one can see the clear effect
the catalyst on the reaction. Under the inuence of the hetero-
geneous acidic catalyst, the glucose dehydrates expectedly. In
the MIBK/H2O mixture, the 5-HMF and LA formed are distrib-
uted amongst both phases. The C-yield of 5-HMF is 5.7% in the
aqueous phase and 8.2% in the MIBK phase (Fig. 3b). Low
concentrations of LA were detected in the heterogeneously
catalyzed experiment with MIBK/H2O: the C-yields to LA (aq/
org) were 2.1% and 1.6%, respectively.
yellow) in the aqueousmonophasic system, (a) without catalyst, (b) with
Biomass 6 g, BM/H2O ratio 1/8 (w/w).
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Fig. 3 The C-yields [mol%] of glucose, 5-HMF and LA obtained in the experiments at 453 K and reaction time of 60min. The distribution between
the phases the organic and aqueous phases is indicatedwith legend colors. Glucose was detected only in the aqueous phase. (a) Without catalyst,
MIBK/H2O (w/w) 50 : 50; (b) with catalyst, MIBK/H2O (w/w) 50 : 50; (c) with catalyst, MIBK/H2O/NaCl 50/50/14.9; (d) with catalyst THF/H2O/
NaCl 50/50/14.9; (e) with catalyst THF/H2O/NaCl 75/50/14.9; (f) with catalyst THF/H2O/NaCl 100/50/14.9 (w/w/w).
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It is known that the addition of NaCl clearly inuences the 5-
HMF distribution in the liquid–liquid equilibrium.28 Fig. 3c
shows the product distribution in the MIBK/H2O solvent
mixture with a high amount of added NaCl (NaCl/H2O 0.30
(w/w)) in our experiments. The presence of NaCl changed the
distribution of the target molecules (5-HMF and LA) towards the
organic phase. 5-HMF concentrated in the organic phase, and
a molar ratio, norg/naq of 2.56 (mol mol�1) for 5-HMF was
measured for the solvent mixture comprised of an equally
weighted mixture of MIBK/H2O (Fig. 3c). These ndings
corroborate the results reported by Mohammad et al.,29 where
the effect of various electrolytes on the liquid–liquid equilib-
rium of MIBK/H2O were investigated. Furthermore, the salt
presence inuences the catalysis20 which was conrmed by us
as well. Recently, an acceleration of initial 5-HMF formation
from fructose or tagatose was reported under the inuence of
various salts in an aqueous sulfuric acid catalyzed system. The
observed acceleration of the reaction rate in the homogeneous
system was related to the anion quality of the salt.30 For zeolite
catalysts, the salt inclusion might lead to leaching Al+ as re-
ported by Gardner et al.,20 but this was not followed in the
present study.

Fig. 3d–f illustrate the C-yields for a biphasic solvent system
with tetrahydrofuran (THF) as the organic solvent. 5-HMF is
highly soluble in THF, which in turn is miscible with water.
When NaCl is included in the system, a biphasic liquid–liquid
equilibrium is established. Fig. 3d–f report the measured
carbon yields in the reaction mixtures with THF/H2O weight
ratios of 1 : 1, 1.5 : 1, and 2 : 1, respectively. The C-yield of
glucose increased slightly with increasing amounts of THF, but
the C-yields of 5-HMF in the THF system were clearly higher
than those of glucose or LA. Here, we achieved the highest C-
yield in the organic fraction (30.9%) with a THF/H2O (w/w)
ratio of 1.5 : 1. Another observation with the THF/H2O/NaCl
system was that the formation of LA was suppressed, and the
24758 | RSC Adv., 2020, 10, 24753–24763
corresponding C-yield always remained below 5.0%. We ob-
tained the best overall C-yield of the desired compounds, 5-
HMF and LA (totally 37.1%), with a THF/H2O weight ratio of
1.5 : 1 (Fig. 3e). In addition to the reported experimental results
shown in Fig. 1–3, we calculated by computational methods the
corresponding estimations of the liquid phase compositions
and the solubility of the target molecules. Their partitioning
behaviors between the two liquid phases are discussed in more
detail in Section 3.3.

Fig. 4 summarizes the experimentally obtained C-yields
(combined yield of 5-HMF and LA) in monophasic (a), NaCl-
free biphasic (b) and NaCl containing biphasic (c) systems.
The numeric values in Fig. 4 give the product ratio (in%) n5-HMF/
(n5-HMF + nLA). Without the addition of NaCl, the overall C-yield
was measured under three monophasic conditions. Both
monophasic systems (purely aqueous and THF/H2O) show
comparable C-yields, 20.4% and 18.6%, with the catalyst. In
a pure aqueous solvent without added catalyst, the yield
remained low, and a C-yield of only 9.8% was obtained (Fig. 4a).
In the NaCl-free biphasic system, the combined C-yield was
comparable to those of monophasic systems both in the pres-
ence and absence of the catalyst. Without the catalyst, the yield
was 8.5% and with catalyst a yield of 17.6% was obtained.
Importantly, one should note that without NaCl (Fig. 4b), the
partition behavior of the product molecules (5-HMF and LA)
was balanced between the phases and no distinct advantage in
the distribution between the two liquid phases was observed.
The measured product distribution in the direct algal biomass
transformation as carried out in the present study is well in line
with the reported liquid–liquid-equilibria measurements of 5-
HMF, water, and MIBK at 298.15 K.31

Fig. 4c presents the carbon yields for biphasic systems with
the added electrolyte, NaCl. The addition of NaCl clearly inu-
enced the transformation of the algal remnant as higher
combined C-yields were obtained compared to biphasic
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The overall carbon yield (5-HMF and LA) under (a) monophasic, NaCl free reaction conditions, (b) biphasic (MIBK/H2O) solvent system
without NaCl and (c) biphasic solvent system with NaCl inclusion. The numeric values in the illustration give the product ratio (in %) n5-HMF/(n5-
HMF + nLA). Biomass 6 g, BM/solvent ratio 1/16 (w/w).
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reaction conditions without it. Furthermore, the partition of the
5-HMF and LA between the phases was distinctively inuenced
by the addition of the electrolyte. In the biphasic MIBK/H2O
mixture the combined carbon yield increased up to 29.8%
compared to that of only 17.6% without NaCl. The partition of
the product between the phases was well in line with results
published by Mohammad et al.31 A clear dependence of the
partition coefficient of 5-HMF on the concentration of the
added salt for extraction in MIBK/H2O system was reported and
explained by ion pair forming in the aqueous solutions. For the
solvent system THF/H2O, the inuence of added electrolyte was
even more distinctive. The addition of NaCl to the THF/H2O
mixture led to the formation of two phases, and additionally,
the presence of the electrolyte improved the combined C-yield
and inuenced on the partition of the product molecules
between the phases. The main fraction of the 5-HMF was
detected in the organic THF phase (Fig. 4c). Here, our ndings
with THF are in clear agreement with the results produced by
Yang et al.32 where the THF/H2O biphasic system was investi-
gated for the transformation of a puried sugar, fructose. They
reported the 5-HMF yield of 71.5 mol% using the one-pot
biphasic THF/H2O reactor system at 413 K. Considering the
results in our investigation, we can conclude that the liquid–
liquid equilibria established in the biphasic reaction system
improved the C-yield of 5-HMF and LA in the direct algal
remnant transformation. The experimental results presented in
this work are very comparable with experimental ndings found
in the literature concerning the conversion of sugars, e.g. fruc-
tose, starch, or cellulose to 5-HMF and LA under biphasic
reaction conditions.33 However, in most of the published
studies, fructose, glucose, or cellulose are used aer
This journal is © The Royal Society of Chemistry 2020
purication. In the present study, we have shown that the
defatted remnant of Dunaliella salina algal biomass can be
directly used for the production of chemical intermediates
without intensive purication measures. The direct trans-
formation to chemicals could give an added value for the low
valued algal remnant aer the main product b-carotene and
neutral lipophilic compounds, e.g. triglycerides, are removed by
extraction. Regarding the successful transformation of raw algal
remnant as shown here, one should note that Dunaliella salina
has exceptional weak cell wall (which gives for D. salina the
unique ability to adapt to salinity variations) compared to other
green algae species, e.g. Chlorella vulgaris. Furthermore, the
remnant fraction is rich in carbohydrates because the main
product, b-carotene is formed as a secondary metabolite
explicitly under severe abiotic stress in the form of nitrogen
nutrient depletion and excessive light.9,24,34,35

4.3 Computational estimation of algal biomass
transformation and the partitioning of 5-HMF

A further goal in this study was to assess the practicality of using
computational methods to make thermodynamic predictions of
a system originating from real biomass. This is naturally chal-
lenging, since reliable computational estimations for such
systems are not readily available. However, they can potentially
enable one to perform high throughput solvent screening which
could reveal more about the role the solvent takes in the reac-
tion chemistry12,36,37 and deliver a deeper understanding of the
catalytic pathways at the molecular level.38 Recently, the favor-
able kinetic effects gained when using mixed solvent systems in
homogeneous catalysis for biomass derived oxygenates were
analyzed with computational methods.39 On the other hand,
RSC Adv., 2020, 10, 24753–24763 | 24759
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Fig. 5 The COSMO-RS predicted partition coefficients, P, of 5-HMF
under various solvent mixtures as a function of NaCl concentration.
Grey symbols refer to MIBK/H2O mixture, black symbols to THF/H2O.
The mass ratio of solvent/H2O/5-HMF is 50/50/1.
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computational approaches may well illuminate the role that the
Al in ZSM-5 (ref. 40) or the effect of chloride ions have on
biomass dehydration.41 In the present contribution, we report
the experimentally observed benecial effects of bi-solvent
systems on the acidic catalyzed reaction of remnant biomass
to the valuable intermediates 5-HMF and LA. Furthermore, we
compared here the experimentally measured and computa-
tionally estimated partitioning behavior of the product mole-
cule 5-HMF under aqueous/organic biphasic conditions. There
are numerous studies that investigated the phase equilibrium
of 5-HMF in various mixtures, but these are typically done using
pure chemicals for phase equilibrium experiments under
precisely dened conditions. Such ideal experimental condi-
tions are expected to differ clearly from the reaction and phase
separation conditions in our experimental algal remnant
transformations. Our goal here is to investigate whether a rela-
tive correlation between the experimental observations and
computational predictions can be made.

As described in the methods section, aer the thermal
transformation was complete, the reactor effluent was cooled to
298 K and the liquid phase was separated from the remaining
solids (unconverted biomass and the catalyst). Two liquid
phases formed at 298 K, which were analyzed along with the
composition of the organic compounds. The thermal treatment
of the algal remnant under multiphase reactor conditions
generates a complex reactor effluent, containing not only the
desired products, 5-HMF and LA, but also biomass cell debris,
partially soluble macromolecular fractions, and unspecied
humin. However, if indicative computational predictions could
be obtained correlating satisfactorily with the phase partition-
ing behavior of the desired molecules when considering a real
biomass decomposition mixture, one would gain valuable
information applicable in the initial process design and
optimization.

Experimental measurements of the ternary and quaternary
systems containing 5-HMF in various aqueous-organic biphasic
systems and binary interaction parameters have been reported
in the literature for the activity coefficient models NRTL and
UNIQUAC.31,42 However, fully predictive computational liquid–
liquid estimations could preferably simplify and speed up the
process design for biomass transformation by reducing the
need for experimentally determined binary interaction param-
eters. To this end, the liquid–liquid equilibria and the partition
coefficient of 5-HMF and LA between the two phases were
estimated by the predictive computational method COSMO-RS
(conductor-like screening model for real solvents)43,44 which
requires only the structural information of the molecules.

The COSMO approach has been shown to make good
predictions for 5-HMF partition in ethanol–, MIBK–water
mixtures,24 and even for homogeneous catalyst partitioning in
various solvent mixtures.45 Recently, COSMO-RS was used in
a framework for solvent selection in the extraction of caroten-
oids from biomass.46

In the present study, the partition coefficients of the product
molecule 5-HMF in a biphasic solvent mixtures consisting of
MIBK/H2O and THF/H2O were estimated. The computational
method allows one to make predictions how the NaCl
24760 | RSC Adv., 2020, 10, 24753–24763
concentration inuences the partition of 5-HMF between the
organic and aqueous phases. Fig. 5 illustrates the predictions
made using COSMO-RS. The calculated weight fraction based
partition coefficient, P as a function of NaCl (0.0 to 12.2 wt%
NaCl) is calculated according the eqn (2):

P ¼ worg

waq

(2)

for a mixture containing equal mass amounts of either MIBK or
THF and water. As seen in Fig. 5, the results provided by
COSMO-RS clearly indicate that the addition of salt to the
system inuences directly the partitioning behavior of 5-HMF
by increasing the fraction in the organic phase. In a mixture of
MIBK/H2O/5-HMF (with w/w/w ratio of 50/50/1) without NaCl,
the partition coefficient, P, achieves a value of 2.92, indicating
a slightly higher weight fraction of 5-HMF in the organic phase;
the concentrations of 1.39 wt% and 0.48 wt% in the organic and
aqueous phase were expected by COSMO-RS calculations. By
introducing NaCl to the MIBK/H2O mixture, COSMO-RS esti-
mated the P value to increase strongly. With a NaCl content of
9.8 wt% (corresponding to MIBK/H2O/NaCl/5-HMF mass ratios
of 50/50/11/1) COSMO-RS predicted a P value of 5-HMF to be
52.3 (98.5% of the 5-HMF would be in the MIBK rich phase),
indicating a much higher concentration of 5-HMF in the
organic phase compared to the absence of NaCl.

When using THF as the organic solvent, the predicted parti-
tion coefficient of 5-HMF is more pronounced. Here, COSMO-RS
estimates the partition coefficient, P ¼ 238 for 5-HMF with
9.8 wt%NaCl (with themass ratios (w/w/w/w) 50/50/11/1 for THF/
H2O/NaCl/5-HMF). This implies that 99.8% of 5-HMF would be
located in the THF rich phase when liquid–liquid equilibrium is
established. One can conclude from the COSMO-RS estimations
that one could expect 5-HMF to distribute unevenly between the
phases, preferably concentrating in the organic phase.

A comparison between the experimental measurements and
the predicted values are summarized in Table 2. Here, the
measured molar distributions (norg/naq) for the 5-HMF in several
biphasic reaction conditions along with those calculated using
COSMO-RS are provided. As seen in Table 2 the experimentally
This journal is © The Royal Society of Chemistry 2020
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Table 2 Themeasured and COSMO-RS estimated amounts (norg/naq) andmolar fractions (xorg/xaq) of 5-HMF in the organic and aqueous phases

Entry
norg/naq.
(exp.)

Relative (exp).
[%]

Relative COSMO-RS
[%] xorg/xaq (exp.)

Relative (exp.)
[%]

Relative COSMO-RS
[%]

1a MIBK/H2O 1.43 58.8 79.1 1.55 60.8 76.7
2a MIBK/H2O/NaCl 2.58 72.1 91.7 3.78 79.1 93.0
3a,d MIBK/H2O/NaCl 2.29 69.6 91.7 3.27 76.6 93.0
4a THF/H2O/NaCl 4.13 80.5 97.3 8.33 89.3 97.6
5b THF/H2O/NaCl 8.57 89.6 98.2 9.63 90.6 97.6
6c THF/H2O/NaCl 8.88 89.9 98.7 7.50 88.2 97.6

a 1 : 1 organic solvent/H2O.
b THF/H2O (w/w) 1.5. c THF/H2O (w/w) 2.0. d Reaction time 2 h.
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measured values correlate qualitatively very well with the pre-
dicted ones. However, the predictedmolar distributions (norg/naq)
of 5-HMF between the organic and aqueous phase were system-
atically higher than the experimentally measured distributions.
This is in line with the recent review,12 where they reported
a tendency of COSMO-RS to overestimate the presence of 5-HMF
in the organic phase with various solvents. They suggest that the
deviation might originate from the reacting systems, which does
not only contain 5-HMF but the presence of unreacted sugars or
undesired side-products might affect the distribution of coeffi-
cients. This is the most likely reason also in our investigations
where biomass was directly used as feed instead of puried
sugars. However, we can conclude that the relative order of the
experimental results are well in line with the COSMO-RS
predictions.
5. Conclusions

The algal, defatted remnant of Dunaliella salina was successfully
transformed to the chemical intermediates 5-HMF and LA
under monophasic and biphasic reactor conditions in the
presence of the acidic zeolite catalyst ZSM-5. The solvent
mixture strongly inuenced the yield, and it was seen that by
using a biphasic solvent system, the yield of 5-HMF was
improved. The highest C-yield of 5-HMF (34.4%) was achieved
with solvent mixture comprised of THF/H2O with the addition
of NaCl to the reaction system in order to establish biphasic
conditions. The measured molar distribution of 5-HMF
between the two liquid phases was compared to computational
predictions made using COSMO-RS. The relative order of the
computational predictions is well in line with the experimental
results, although the predictions overestimated the distribu-
tions towards the organic phase compared to those of experi-
mentally measured. Despite this, our study provides strong
motivation for further both computationally based as well as
experimental investigations into solvent and solvent mixture
design to improve further the yields of algal remnant to valuable
chemical intermediates.
Conflicts of interest

There are no conicts to declare.
This journal is © The Royal Society of Chemistry 2020
References

1 M. J. Climent, A. Corma and S. Iborra, Conversion of
biomass platform molecules into fuel additives and liquid
hydrocarbon fuels, Green Chem., 2014, 16(2), 516–547.

2 J. Y. He, M. J. Liu, K. F. Huang, T. W. Walker,
C. T. Maravelias, J. A. Dumesic and G. W. Huber,
Production of levoglucosenone and 5-
hydroxymethylfurfural from cellulose in polar aprotic
solvent–water mixtures, Green Chem., 2017, 19(15), 3642–
3653.

3 A. Gandini, T. M. Lacerda, A. J. F. Carvalho and E. Trovatti,
Progress of Polymers from Renewable Resources: Furans,
Vegetable Oils, and Polysaccharides, Chem. Rev., 2016,
116(3), 1637–1669.

4 F. D. Pileidis and M. M. Titirici, Levulinic Acid Bioreneries:
New Challenges for Efficient Utilization of Biomass,
ChemSusChem, 2016, 9(6), 562–582.

5 F. Menegazzo, E. Ghedini and M. Signoretto, 5-
Hydroxymethylfurfural (HMF) Production from Real
Biomasses, Molecules, 2018, 23(9), 2210.

6 K. W. Chew, J. Y. Yap, P. L. Show, N. H. Suan, J. C. Juan,
T. C. Ling, D. J. Lee and J. S. Chang, Microalgae
biorenery: High value products perspectives, Bioresour.
Technol., 2017, 229, 53–62.

7 M. H. M. Eppink, G. Olivieri, H. Reith, C. van den Berg,
M. J. Barbosa and R. H. Wijffels, From Current Algae
Products to Future Biorenery Practices: A Review, in
Bioreneries, ed. Wagemann, K. and Tippkotter, N., 2019,
vol. 166, pp. 99–123.

8 K. N. C. Murthy, A. Vanitha, J. Rajesha, M. M. Swamy,
P. R. Sowmya and G. A. Ravishankar, In vivo antioxidant
activity of carotenoids from Dunaliella salina – a green
microalga, Life Sci., 2005, 76(12), 1381–1390.

9 K. Pirwitz, L. Rihko-Struckmann and K. Sundmacher,
Valorization of the aqueous phase obtained from
hydrothermally treated Dunaliella salina remnant biomass,
Bioresour. Technol., 2016, 219, 64–71.

10 A. H. Motagamwala, W. Y. Won, C. Sener, D. M. Alonso,
C. T. Maravelias and J. A. Dumesic, Toward biomass-
derived renewable plastics: Production of 2,5-
furandicarboxylic acid from fructose, Sci. Adv., 2018, 4(1),
eaap9722.
RSC Adv., 2020, 10, 24753–24763 | 24761

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02784g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

10
:4

2:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 J. E. Romo, N. V. Bollar, C. J. Zimmermann and
S. G. Wettstein, Conversion of Sugars and Biomass to
Furans Using Heterogeneous Catalysts in Biphasic Solvent
Systems, ChemCatChem, 2018, 10(21), 4819–4830.

12 J. Esteban, A. J. Vorholt and W. Leitner, An overview of the
biphasic dehydration of sugars to 5-hydroxymethylfurfural
and furfural: a rational selection of solvents using COSMO-
RS and selection guides, Green Chem., 2020, 22(7), 2097–
2128.

13 T. Ennaert, J. Van Aelst, J. Dijkmans, R. De Clercq,
W. Schutyser, M. Dusselier, D. Verboekend and B. F. Sels,
Potential and challenges of zeolite chemistry in the
catalytic conversion of biomass, Chem. Soc. Rev., 2016,
45(3), 584–611.

14 E. Nikolla, Y. Roman-Leshkov, M. Moliner and M. E. Davis,
“One-Pot” Synthesis of 5-(Hydroxymethyl)furfural from
Carbohydrates using Tin-Beta Zeolite, ACS Catal., 2011,
1(4), 408–410.

15 M. J. Gines-Molina, N. H. Ahmad, S. Merida-Morales,
C. Garcia-Sancho, S. Mintova, N. Eng-Poh and P. Maireles-
Torres, Selective Conversion of Glucose to 5-
Hydroxymethylfurfural by Using L-Type Zeolites with
Different Morphologies, Catalysts, 2019, 9(12), 1073.

16 L. T. Mika, E. Csefalvay and A. Nemeth, Catalytic Conversion
of Carbohydrates to Initial Platform Chemicals: Chemistry
and Sustainability, Chem. Rev., 2018, 118(2), 505–613.

17 R. M. Ravenelle, F. Schussler, A. D'Amico, N. Danilina,
J. A. van Bokhoven, J. A. Lercher, C. W. Jones and
C. Sievers, Stability of Zeolites in Hot Liquid Water, J. Phys.
Chem. C, 2010, 114(46), 19582–19595.

18 J. J. Wang, Z. C. Tan, C. C. Zhu, G. Miao, L. Z. Kong and
Y. H. Sun, One-pot catalytic conversion of microalgae
(Chlorococcum sp.) into 5-hydroxymethylfurfural over the
commercial H-ZSM-5 zeolite, Green Chem., 2016, 18(2),
452–460.

19 C. G. S. Lima, E. Y. C. Jorge, L. G. S. Batinga, T. D. Lima and
M. W. Paixao, ZSM-5 zeolite as a promising catalyst for the
preparation and upgrading of lignocellulosic biomass-
derived chemicals, Curr. Opin. Green Sustainable Chem.,
2019, 15, 13–19.

20 D. W. Gardner, J. J. Huo, T. C. Hoff, R. L. Johnson,
B. H. Shanks and J. P. Tessonnier, Insights into the
Hydrothermal Stability of ZSM-5 under Relevant Biomass
Conversion Reaction Conditions, ACS Catal., 2015, 5(7),
4418–4422.

21 K. Pirwitz, R. J. Flassig, L. K. Rihko-Struckmann and
K. Sundmacher, Energy and operating cost assessment of
competing harvesting methods for D. salina in a beta-
carotene production process, Algal Res., 2015, 12, 161–169.

22 M. Dubois, K. A. Gilles, J. K. Hamilton, P. A. Rebers and
F. Smith, Colorimetric method for determination of sugars
and related substances, Anal. Chem., 1956, 28(3), 350–356.

23 O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. Randall,
Protein Measurement with the Folin Phenol Reagent, J.
Biol. Chem., 1951, 193(1), 265–275.

24 L. K. Rihko-Struckmann, M. Molnar, K. Pirwitz, M. Fachet,
K. McBride, A. Zinser and K. Sundmacher, Recovery and
24762 | RSC Adv., 2020, 10, 24753–24763
Separation of Carbohydrate Derivatives from the Lipid
Extracted Alga Dunaliella by Mild Liquefaction, ACS
Sustainable Chem. Eng., 2017, 5(1), 588–595.

25 F. Eckert and A. Klamt, COSMOtherm Version C3.0. Release
16.01, COSMOlogic GmbH, Leverkusen, Germany 2016.

26 I. van Zandvoort, Y. H. Wang, C. B. Rasrendra, E. R. H. van
Eck, P. C. A. Bruijnincx, H. J. Heeres and
B. M. Weckhuysen, Formation, Molecular Structure, and
Morphology of Humins in Biomass Conversion: Inuence
of Feedstock and Processing Conditions, ChemSusChem,
2013, 6(9), 1745–1758.

27 G. Tsilomelekis, M. J. Orella, Z. X. Lin, Z. W. Cheng,
W. Q. Zheng, V. Nikolakis and D. G. Vlachos, Molecular
structure, morphology and growth mechanisms and rates
of 5-hydroxymethyl furfural (HMF) derived humins, Green
Chem., 2016, 18(7), 1983–1993.

28 S. Mohammad, C. Held, E. Altuntepe, T. Kose, T. Gerlach,
I. Smirnova and G. Sadowski, Salt inuence on MIBK/water
liquid–liquid equilibrium: Measuring and modeling with
ePC-SAFT and COSMO-RS, Fluid Phase Equilib., 2016, 416,
83–93.

29 S. Mohammad, G. Grundl, R. Muller, W. Kunz, G. Sadowski
and C. Held, Inuence of electrolytes on liquid-liquid
equilibria of water/1-butanol and on the partitioning of 5-
hydroxymethylfurfural in water/1-butanol, Fluid Phase
Equilib., 2016, 428, 102–111.

30 P. Korner, S. Beil and A. Kruse, Effect of salt on the formation
of 5-hydroxymethylfurfural from ketohexoses under aqueous
conditions, React. Chem. Eng., 2019, 4(4), 747–762.

31 S. Mohammad, C. Held, E. Altuntepe, T. Kose and
G. Sadowski, Inuence of Salts on the Partitioning of 5-
Hydroxymethylfurfural in Water/MIBK, J. Phys. Chem. B,
2016, 120(16), 3797–3808.

32 L. Yang, X. P. Yan, S. Q. Xu, H. Chen, H. A. Xia and S. L. Zuo,
One-pot synthesis of 5-hydroxymethylfurfural from
carbohydrates using an inexpensive FePO4 catalyst, RSC
Adv., 2015, 5(26), 19900–19906.

33 Z. L. Xu, X. Y. Wang, M. Y. Shen and C. H. Du, Synthesis of 5-
hydroxymethylfurfural from glucose in a biphasic medium
with AlCl3 and boric acid as the catalyst, Chem. Pap., 2016,
70(12), 1649–1657.

34 M. Fachet, R. J. Flassig, L. K. Rihko-Struckmann and
K. Sundmacher, Carotenoid Production Process Using
Green Microalgae of the Dunaliella Genus: Model-Based
Analysis of Interspecies Variability, Ind. Eng. Chem. Res.,
2017, 56(45), 12889–12899.

35 M. Fachet, C. Witte, R. J. Flassig, L. K. Rihko-Struckmann,
Z. McKie-Krisberg, J. E. W. Polle and K. Sundmacher,
Reconstruction and analysis of a carbon-core metabolic
network for Dunaliella salina, BMC Bioinf., 2020, 21(1), 1.

36 J. J. Varghese and S. H. Mushrif, Origins of complex solvent
effects on chemical reactivity and computational tools to
investigate them: a review, React. Chem. Eng., 2019, 4(2),
165–206.

37 N. Guo, S. Caratzoulas, D. J. Doren, S. I. Sandler and
D. G. Vlachos, A perspective on the modeling of biomass
processing, Energy Environ. Sci., 2012, 5(5), 6703–6716.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02784g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

10
:4

2:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
38 R. S. Assary, T. Kim, J. J. Low, J. Greeley and L. A. Curtiss,
Glucose and fructose to platform chemicals:
understanding the thermodynamic landscapes of acid-
catalysed reactions using high-level ab initio methods,
Phys. Chem. Chem. Phys., 2012, 14(48), 16603–16611.

39 T. W. Walker, A. K. Chew, H. X. Li, B. Demir, Z. C. Zhang,
G. W. Huber, R. C. Van Lehn and J. A. Dumesic, Universal
kinetic solvent effects in acid-catalyzed reactions of
biomass-derived oxygenates, Energy Environ. Sci., 2018,
11(3), 617–628.

40 B. C. Knott, C. T. Nimlos, D. J. Robichaud, M. R. Nimlos,
S. Kim and R. Gounder, Consideration of the Aluminum
Distribution in Zeolites in Theoretical and Experimental
Catalysis Research, ACS Catal., 2018, 8(2), 770–784.

41 M. A. Mellmer, C. Sanpitakseree, B. Demir, K. W. Ma,
W. A. Elliott, P. Bai, R. L. Johnson, T. W. Walker,
B. H. Shanks, R. M. Rioux, M. Neurock and J. A. Dumesic,
Effects of chloride ions in acid-catalyzed biomass
dehydration reactions in polar aprotic solvents, Nat.
Commun., 2019, 10, 10.
This journal is © The Royal Society of Chemistry 2020
42 S. Altway, S. C. Pujar and A. B. de Haan, Liquid–liquid
equilibria of ternary and quaternary systems involving 5-
hydroxymethylfurfural, water, organic solvents, and salts at
313.15 K and atmospheric pressure, Fluid Phase Equilib.,
2018, 475, 100–110.

43 A. Klamt, Conductor-line screening model for real solvents –
A new approach to the quantitative calculation of solvation
phenomena, J. Phys. Chem., 1995, 99(7), 2224–2235.

44 A. Klamt and F. Eckert, COSMO-RS: a novel and efficient
method for the a priori prediction of thermophysical data
of liquids, Fluid Phase Equilib., 2000, 172(1), 43–72.

45 K. McBride, T. Gaide, A. Vorholt, A. Behr and
K. Sundmacher, Thermomorphic solvent selection for
homogeneous catalyst recovery based on COSMO-RS,
Chem. Eng. Process., 2016, 99, 97–106.

46 E. Yara-Varon, A. S. Fabiano-Tixier, M. Balcells, R. Canela-
Garayoa, A. Bily and F. Chemat, Is it possible to substitute
hexane with green solvents for extraction of carotenoids? A
theoretical versus experimental solubility study, RSC Adv.,
2016, 6(33), 27750–27759.
RSC Adv., 2020, 10, 24753–24763 | 24763

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02784g

	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system

	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system

	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system
	Transformation of remnant algal biomass to 5-HMF and levulinic acid: influence of a biphasic solvent system


