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ABSTRACT: Herein, we report a method for the synthesis of
biobased surfactants derived from sugar beet pulp (SBP)
monosaccharides, L-Ara and D-GalA. The surfactants were prepared
via one-pot reductive amination, allowing the introduction of
different alkyl chain lengths and methyl modifications. Optimal
reaction conditions were established to achieve high yields and easy
purification. The synthesized surfactants including the tertiary
amines exhibited desirable properties, including solubility, foam-
ability, and reduction of surface tension. Notably, the anionic
surfactants derived from D-GalA demonstrated better solubility and
foam performance compared to those derived from L-Ara. In
addition, these surfactants exhibited surface tension and critical
micelle concentration (CMC) comparable to those of the
commercial surfactant sodium lauryl ether sulfate (SLES). Furthermore, the biodegradable surfactant GalA1.8 displayed excellent
emulsifying properties and low skin irritation potential. On the L-Ara surfactant with a short chain, Ara1.6 has potential as a
hydrotrope. These findings suggest that biobased surfactants derived from SBP monosaccharides have promising applications in
various industries, including pharmaceuticals, cosmetics, detergents, and chemicals.
KEYWORDS: arabinose galacturonic acid, sugar beet pulp, biobased, surfactants

■ INTRODUCTION
The utilization of biomass has become a subject of great
interest as a sustainable alternative for products derived from
nonrenewable resources.1 Biomass-based products also con-
tribute to the shift toward a more circular economy, which
aims to keep all materials and components at their highest
utility and value at all times.2 Besides a reduced environmental
impact, biobased products are potentially also less toxic and
more readily biodegradable.3,4 In this respect, agricultural
byproducts are a useful source of biomass because they cannot
be used for food production. Hence, this source of biomass
does not interfere with food production and does not require
additional arable land.5 Agricultural side streams are available
at a large scale in the form of residues produced during
cultivation, harvesting, and processing of crops. Depending on
the feedstock, biomass is available in the form of leftover straw,
roots, leaves, cobs, pulps, peels, and seeds.6

Sugar beet pulp (SBP) is an interesting source of agricultural
waste, which is obtained during the production of sucrose
(Figure 1).7 Yearly, sugar beets are being processed into 36.4
million metric tons of sucrose worldwide. During this process,

an equal amount of SBP is obtained, which is a cheap and
abundant source of biomass.8,7 Moreover, SBP is particularly
attractive because its utilization does not affect food
production to an appreciable extent. Currently, SBP is being
sold as animal feed, has a low commercial value, and is rich in
polysaccharides such as pectin and cellulose and hemicellulose.
These polysaccharides can be enzymatically processed to
provide various monosaccharides such as D-galacturonic acid
(D-GalA) and L-Arabinose (L-Ara).9,10 Efforts directed at the
large-scale recovery of pure D-GalA and L-Ara may enable their
production at large scale in a sustainable manner.11 This makes
them an interesting starting material for the production of
high-value commercial products.1,12,13
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The hydrophilic nature of monosaccharides enables their
application as the polar headgroup for the synthesis of
biobased surfactants.1,14 Surfactants or surface active agents
have the ability to reduce the surface tension and are therefore
essential ingredients in the pharmaceutical, cosmetic, deter-
gent, and chemical industries.14,15 Microbial biosurfactants
such as rhamnolipids and sophorolipids can be produced in
various microorganisms and from different feedstocks.16

Carbohydrate-based surfactants can also be prepared via
chemical synthesis from monosaccharides isolated from
biomass. The commercial production of carbohydrate-based
surfactants started in the 1980s and is mostly based on sucrose
and glucose derivatives.17−21 Much less is known about
surfactants derived from L-Ara and D-GalA, monosaccharides
that can be obtained from SBP in bulk quantities without
direct competition with food production.18,22,23

Herein, we report a simple, green method to prepare
biobased surfactants derived from the SBP monosaccharides D-
GalA and L-Ara via one-pot reductive amination. Different
chain lengths of alkylamines were introduced using this
method, leading to a variety of secondary amine products.
Using a second hydrogenation with formaldehyde, novel
surfactants containing a tertiary amine were also prepared. In
particular, we found that the tertiary amine surfactants are
more soluble in water and display favorable surfactant
properties such as foamability, stable foams, and emulsions,
lowered surface tension of solutions, and a variable critical
micelle concentration.24,25 Hence, this class of molecules may
represent a promising set of biobased surfactants derived from
sugar beet pulp.

■ RESULTS AND DISCUSSION
Reductive amination of carbonyl-containing compounds is an
effective method to form C−N bonds.26,27 This reaction can
be used to selectively modify monosaccharides by making use
of the aldehyde present in the open form with secondary or
tertiary amines.28,29 Several sugar monomers converting into
their corresponding amines via reductive amination reactions
have been reported.30 For example, a reaction with D-glucose,
methylamine, and a reducing agent affords N-methylglucamine,
a precursor in the synthesis of Glucopure.23,31,32 In contrast to
glucose-based surfactants, much less is known about the
reductive amination reactions with the SBP monosaccharides
L-Ara and D-GalA.19 Hence, we set out to investigate the
synthesis and properties of biobased surfactants based on L-Ara
and D-GalA formed by the reductive amination with various
alkylamines.
We started with exploring the optimal conditions to

synthesize biobased surfactants derived from D-GalA via
reductive amination using primary or secondary amines (see
Pages S2−S8 for experimental details). We will refer to the

compounds according to their monosaccharide abbreviations,
L-arabinose (Ara) and D-galacturonic acid (GalA), followed by
a number denoting the optional presence of a methyl group
(1) and the length of the alkyl chain (6−12). Reaction
conditions were optimized to develop an efficient and
environmentally benign process (Table 1). As a starting

point, we used known conditions, D-GalA, two equivalents of
octylamine and NaBH4 in MeOH (Table 1, entry 1).

19 A high
yield of the reductive amination product GalA8 (91%) was
obtained using precipitation as a purification method. Under
the same conditions, a secondary amine was used to afford the
corresponding tertiary amine GalA1.8. However, this product
was obtained in a much lower yield (19%), which was likely
the result of its higher solubility and hence poor recovery using
the precipitation protocol (Table 1, entry 3). To improve the
yield of GalA1.8 and enable purification by filtration, we
employed palladium on carbon and hydrogen gas to carry out
reductive amination. Reductive amination of D-GalA mono-
hydrate with N,N-methyloctylamine under these conditions led
to a much improved yield (88%) of GalA1.8 (Table 1, entry
4). Even though the monosaccharide and secondary amine
were used in 1:1 molar ratio, the reaction occurred till full
conversion, and the catalyst could be simply removed by
filtration. GalA8 was also obtained via these conditions (Table
1, entry 2) but in a much lower yield (26%). Since GalA8 has a

Figure 1. Sugar beet pulp (SBP) monosaccharides and their utilization to prepare biobased surfactants.

Table 1. Optimization of Reaction Conditions of 1-(N-
Methyl-N-octyl)-D-galactaric Acid Amine

entry condition step 1 condition step 2 product yield %

1 octylamine (2 equiv),
NaBH4, 0 °C - rt,
MeOH

N.A. GalA8:
R1 = H

91

2 octylamine (1 equiv),
Pd/C, H2, rt, MeOH

N.A. GalA8:
R1 = H

26

3 N,N-methyloctylamine
(2 equiv), NaBH4, 0 °C
- rt, MeOH

N.A. GalA1.8:
R1 = Me

19

4 N,N-methyloctylamine
(1 equiv), Pd/C, H2, rt,
MeOH

N.A. GalA1.8:
R1 = Me

88

5 octylamine (1 equiv),
Pd/C, H2, rt, MeOH

formaldehyde
(3.0 equiv)

GalA1.8:
R1 = Me

97

6 octylamine (1 equiv),
Pd/C, H2, 35 °C,
MeOH

formaldehyde
(3.0 equiv)

GalA1.8:
R1 = Me

88

7 octylamine (1 equiv),
Pd/C, H2, 35 °C, EtOH

formaldehyde
(3.0 equiv)

GalA1.8:
R1 = Me

99
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much lower solubility than that of GalA1.8, the product was
likely retained on the filter together with the catalyst during the

filtration step. Intrigued by the higher solubility of tertiary
amine GalA1.8 vs the secondary amine GalA8, we set out to

Table 2. Reductive Hydrogenation of L-Ara and D-GalA to Produce New Biobased Surfactants

aCompounds obtained via reductive amination reactions with conditions of Table 1, entry 4. bvia Table 1 entry 1. cvia Table 1 entry 7.

Table 3. Physicochemical Properties of the Synthesized Surfactants: Solubility, Foamability, Surface Tension, and CMCa

foamability (mL) after (min)

compound alkyl chain length R1 solubility (%) 1 5 10 surface tension (mN/m) CMC (%)

Ara6 6 H 0.75
Ara1.6 6 Me 30 2 0.2 0 31.4 2
Ara8 8 H NS
Ara1.8 8 Me 0.9 5 4.5 4 28.7 0.25
Ara10 10 H NS
Ara1.10 10 Me 0.1 3 3 2 33.7 0.02
Ara12 12 H NS
Ara1.12 12 Me 0.06 5 5 4 27.8 0.01
GalA6 6 H 14
GalA1.6 6 Me 40 0.2 0 0 42.1
GalA8 8 H 1
GalA1.8 8 Me 15 4.5 4 4 32.1 1.15
GalA10 10 H 0.55
GalA1.10 10 Me 2 6 6 5 32.85 0.06
GalA12 12 H 0.3
GalA1.12 12 Me 1 4.5 5 3 33.9 0.1
SLES 12 70 4 4 3 33.8 0.2
Glucopure wet 8−10 4.7 7 5.5 5 27.08 0.03
Glucopure deg 12−14 NS 4 3 3 27.79 0.01

aNS is not soluble (<0.01%)
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optimize the synthesis of GalA1.8 further. Secondary amines
such as N,N-methyloctylamine are much more expensive and
less available than the corresponding primary alkyl amines.
Hence, we explored the use of a one-pot two-step synthesis to
prepare GalA1.8 from cheap starting materials, octylamine and
formaldehyde (Table 1, entry 5−7). In the first reductive
amination step, octylamine was reacted with D-GalA using Pd/
C and H2 to afford GalA8. Upon the complete conversion of
D-GalA, formaldehyde was added to afford GalA1.8 in 97%
overall yield (Table 1, entry 5). Overall, the process did occur
within a long reaction time of 48−96 h. Hence, to shorten the
reaction time, the two-step reaction was run at 35 °C instead of
room temperature, leading to 88% within 48 h (Table 1, entry
6). Finally, the solvent was changed to ethanol to make the
reaction more environmentally benign because bioethanol can
be used as well, to afford GalA1.8 in 99% overall yield.
With the optimal reaction conditions established, we set out

to explore the synthesis of a panel of biobased surfactants using
L-Ara and D-GalA as starting materials (Table 2). These
monosaccharides were used to provide two polar head groups
(Ara and GalA). Moreover, two other modifications were
introduced: a variety of alkyl chain lengths and R1 may or may
not be methylated. Due to the commercially available N-
methylalkyl chains (R1 = Me) with 6, 8, and 12 carbon chains,
these were used to react with the two sugars to obtain six
different surfactants. Using the reactions conditions of Table 1,
entry 4, Ara1.6 Ara1.8, and Ara1.12 were synthesized in 85−
95% yield with GalA1.6, GalA1.8, and GalA1.12 synthesized
in 86−90%. The N-methyldecyl chain was not commercially
available; hence, the corresponding surfactants were made via a
one-pot two-step synthesis starting from the respective
commercially available primary amine (Table 1, entry 7).
Under hydrogenation conditions, L-Ara and D-GalA were
reacted with decylamine and formaldehyde to afford Ara1.10
(98%) and GalA1.10 (73%). To investigate the properties of
the methyl modification on the surfactants (R1 = Me),
previously described reference surfactants were synthesized
including an N-alkyl chain (R1 = H).

22 Primary alkyl amines
with 6, 8, 10, and 12 carbon chain length were used to react
with L-Ara and D-GalA. Because poor solubility purification was
difficult, some of them were synthesized via the previously
described method (Table 1, entry 1). In conclusion, most
surfactants without methyl (R1 = H) were obtained in lower or
similar yields than with methyl modification (R1 = Me).
To establish the optimal application of the prepared

surfactants, their properties were established (see Page S9 for
experimental details). Various physicochemical properties such
as solubility, foamability, surface tension, and critical micelle
concentration (CMC) were determined (Table 3).24 Since
most cleaning formulations are water-based, a high water
solubility of the surfactant is desired.33 The synthesized
surfactants with L-Ara and D-GalA contain an alkyl chain length
varying from 6 to 12 carbons. As expected, an increase in the
alkyl chain length led to a reduced solubility. In addition, D-
GalA-derived surfactants are more soluble compared to their L-
Ara counterparts, which can be explained by the anionic and
hence more polar nature of the D-GalA residue. An interesting
example is a 15 times increase in the solubility of GalA1.8
compared to that of Ara1.8. Moreover, the solubility of the
non-N-methylated surfactants (R1 = H) was determined to
compare them with their methylated counterparts (R1 = Me).
All methylated compounds (R1 = Me) showed an increased
solubility compared to their corresponding nonmethylated

counterparts (R1 = H). An interesting example is the solubility
of Ara1.6, which is 30% and much higher than that of non-N-
methylated Ara6 (0.75%). We presume that this effect is
caused by the disruption of surfactant stacking by the addition
of the methyl group, which in turn increases the solubility of
the surfactant.
The foamability and surface tension of the more soluble and

interesting methylated surfactants (R1 = Me) were determined.
Foam was created in a measuring cylinder with an Ultraturrax,
and the foam volume (in mL) was monitored over 30 min
(Table 3, middle column). The liquid sample had 5 mL
starting volume, and the foam volume was measured above the
solution in a measuring cylinder. As expected, surfactants with
a short alkyl chain did not form a stable foam, such as the six-
carbon chain molecules Ara1.6 and GalA1.6. Optimal foaming
performance was found for the surfactants with 8, 10, and 12
carbon alkyl chains. All of them generated a foam volume
between 3 and 5 mL, which stayed stable over the 10 min
timeline. The well-established commercially available surfac-
tant SLES was also measured and showed comparable results.
These data suggest that a commercial standard foam
performance was achieved with these biobased surfactants
containing N-methylalkyl chains (R1 = Me). Furthermore, a
compound can be classified as a surfactant if it decreases the
air−water interfacial force and lowers the surface tension of the
system. The surface tension and corresponding critical micelle
concentration (CMC) of the synthesized surfactants were
measured using a tensiometer (Table 3 and Figure S1, Page
S10). The L-Ara-based compounds Ara1.8, Ara1.10, and
Ara1.12 had a lower surface tension (31.4, 28.7, 33.7, and 27.8
mN/m) than that of SLES (33.8 mN/m). In addition, the
CMC of these surfactants was comparable to that of SLES,
indicating that with low concentrations between 0.01 and
0.25%, micelles are formed. These findings demonstrate that
these molecules display suitable properties to be used as
surface-active agents. Likewise, the anionic surfactants derived
from D-GalA, GalA1.8, GalA1.10, and GalA1.12 reduced the
surface tension to 32.1, 32.9, and 33.9 mN/m at a CMC of
1.15, 0.06, and 0.1%, respectively, similar to the commercial
surfactant. Interestingly, anionic surfactants GalA1.12 and
SLES, both with a 12-carbon chain, had very similar
foamability and surface tension performance. This would
suggest that a potential application as a wetting agent could be
interesting for these compounds. Finally, we compared the
performance of the SBP-derived surfactants to Glucopure, a
commercially available biobased surfactant based on glucose.
Performance was very similar in terms of the solubility,
foamability, surface tension, and CMC.
In addition to their physicochemical properties, other

important properties were determined to investigate the best
possible application of the synthesized surfactants. To this end,
we measured the stability of oil/water emulsions and tested the
irritability and the biodegradability of the most promising
surfactants.
The potential of the surfactants to act as emulsifiers and

create stable oil/water emulsions was determined using the
Turbiscan stability index (TSI). The Turbiscan was used to
measure the transmittance and backscattering of pulsed near-
infrared light (880 nm) to monitor the stability of emulsions,
which are then expressed as the TSI, with a low TSI score
referring to a stable emulsion (see the Supporting Information
(SI) for experimental details). To this end, detergency and
emulsion properties of the new surface-active agents were
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determined using the TurbiscanLab protocols (Table S1 and
Page S11). Emulsions consisting of 6% oil, 1% surfactant, and
93% H2O were prepared. The commercially available
surfactant alkylpolyglucoside with a six-carbon chain (APG-
6) is a well-known oil-in-water emulsifier and was used as a
reference. The emulsion with APG-6 had a TSI score of 11.1.
The sample of GalA1.8 showed more stability with a TSI of
1.6 (Figure 2, upper row). This means that very stable oil-in-
water emulsions can be made with GalA1.8. Due to the high
foamability of surfactants Ara1.12, GalA.12, and SLES, we
were unable to measure the emulsifying properties for these
compounds.
To investigate if the prepared surfactant may be compatible

with a personal care application, the skin irritation potential
was investigated using zein solubilization tests (see Page S12
for experimental details). Zein is a protein found in corn and is
an accepted mimic of skin proteins. The more zein is
solubilized by the surfactant, the harsher the potential to
irritate and dry the human skin. Notably, it is an indication of
its harshness to the skin and allows a comparison of our
surfactants to some commercially available surfactants, even
though in vivo testing is always the most ideal for measuring
mildness. SDS and SLES are commercial surfactants and
known to be harsh on the skin.34 Hence, SDS is set as a default
of 100 to compare with the potentials of other surfactants,
which are all executed in Duplo (Table S2 and Page S12).
Moreover, the surfactants were measured at different pH
values, a pH of 4−5, 7, and at its original pH as is. SLES
showed a skin irritation potential value of 49 at a pH of 7, thus
half as irritating as SDS. In contrast, our biobased surfactants
all have very low values between 0 and 3 (Table S2). For
example, GalA1.8 had a zein score of 1 at pH 7 (Figure 2,
middle row). This suggests that the synthesized surfactants
derived from SBP monosaccharides D-GalA and L-Ara are
potentially mild for human skin. It is clear from the results that
the petrochemically derived surfactants SDS and SLES are
much more irritating for the skin than these biobased
compounds. This difference may be a result of the difference
in anionic headgroup (carboxylic acid vs sulfate) or the
difference in solubility of the two surfactants.
The biodegradation of the novel surfactant GalA1.8 was

examined (see Page S13 for experimental details). Biode-
gradation is important in order to prevent pollution of the
environment. The commercially available surfactant SLES has
a primary degradation of 94% in 30 days,35 depending on the
initial concentration, using the Organization for Economic
Cooperation and Development (OECD) 301 procedure.36

This procedure was used to test GalA1.8 resulting in a faster
biodegradability (Figure 2, bottom row). The compound was
added to an inoculate of activated sludge from a municipal
wastewater treatment plant (WWTP), including a blank
control (no compound), a positive control (inoculum and
sodium acetate), and controls for abiotic degradation
(compound in medium), adsorption (compound with
sterilized inoculum), and toxicity (inoculum with compound
and sodium acetate). HPLC/MS analysis showed that 90% of
the intact GalA1.8 was consumed within 15 days (Figure S2
and Page S14) and was followed by CO2 production (Figure
S3 and Page S14). Furthermore, the condition to evaluate the
toxicity of GalA1.8 on the inoculum revealed that CO2
production from acetate was not inhibited by GalA1.8,
suggesting that the compound was not significantly toxic to
the inoculum.
The results mentioned above have revealed the potential

applications of the synthesized surfactants, particularly those
with alkyl chains of eight carbons or more, as effective cleaning,
emulsifying, and foaming agents. The shorter chain derivatives
Ara1.6 and GalA1.6 are not suitable for application as a
surfactant because they do not foam and form stable oil-in-
water emulsions. We reasoned that due to their high solubility,
they may act as a hydrotrope, compounds that enhance the
solubility and reduce the viscosity of other organic substances
in water.37,38 One well-known example is sodium xylene
sulfonate (SXS), a commercially available hydrotrope.37,39 To
evaluate the hydrotropic behavior of Ara1.6 and GalA1.6
against SXS as a benchmark, we conducted experiments using a
hydrophobic dye Disperse Red 13 (DR-13) dissolved in water.
DR-13 is insoluble in water, and hence, the solution has a low
absorption at 525 nm (see Page S15 for details). Upon the
increased solubilization of DR-13 in water by the addition of a
hydrotrope, the solution absorption will also increase, which
was detected using a ultraviolet−visible (UV−vis) spectropho-
tometer at a wavelength of 525 nm.39 The obtained absorbance
(Abs) values for DR-13, in relation to the molar concentration
of Ara1.6, GalA1.6, SXS, and the cosolvent acetone, are
plotted in Figure S4 (Page S15). SXS exhibited an Abs of 1866
L mol−1 cm−1 at a concentration of 0.9 M (40 wt %),
indicating that the dye could be dissolved with a low
concentration of SXS. Acetone, as a cosolvent, showed the
same solubilization potential (Abs at 1829), however, only at
high concentrations. Our surfactant Ara1.6 demonstrated
significant solubilization capabilities at a very low concen-
tration of 0.25 M with an Abs at 1854. This result suggests that
Ara1.6 can be effectively employed as a hydrotrope in various

Figure 2. Properties of the biobased surfactant GalA1.8, Turbiscan stability index at 30 min, zein irritation test with maximal irritation standard 100
of SDS, and biodegradability in days.
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applications such as improving the solubility of less soluble
surfactants in cosmetic formulations. To exclude pH effects on
the solubilization of the DR-13 dye upon addition of the
Ara1.6 compound, the experiment was also carried out in a
buffer, which led to a very similar performance to SXS. Finally,
we utilized Ara1.6 to boost the solubility of Ara 1.10 (Figure
S5 and page S16). Addition of Ara1.6 effectively enhanced the
solubility of a 1% solution of Ara1.10.

■ CONCLUSIONS
A simple method to prepare biobased surfactants derived from
sugar beet pulp (SBP) monosaccharides L-Ara and D-GalA was
developed. By employing one-pot reductive amination, a
variety of surfactants with different alkyl chain lengths and
methyl modifications was synthesized. We optimized the
reaction conditions to achieve high yields and easy purification,
eliminating the need for excess reagents and using (bio)-
ethanol as the solvent. Furthermore, we conducted a
comprehensive evaluation of various surfactant properties,
including solubility, foamability, surface tension, emulsion
stability, skin irritation, and biodegradability. Remarkably, the
newly synthesized methylated biobased compounds from the
Ara1.X and GalA1.X series exhibited increased solubility
compared to their nonmethylated counterparts (R1 = H).
Additionally, surfactants containing octyl, decyl, and dodecyl
alkyl chains, like GalA1.8, displayed foamability and surface
tension comparable to those of SLES, a commonly used
commercial surfactant. On the other hand, the study
demonstrated the effectiveness of the short six-alkyl chain-
containing surfactant Ara1.6 as a hydrotrope. These findings
demonstrate the promising potential of SBP-derived molecules,
which not only exhibit nonirritating properties but also
demonstrate comparable or improved performance compared
to existing commercially available molecules. By employing a
sustainable hydrogenation process to generate the key N-
methylalkyl (R1 = Me) compounds, we have successfully
synthesized biobased surfactants with interesting properties for
various ecofriendly applications. Further scale up and
application testing are needed to identify the ultimate
application of the developed molecules.
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