
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 2

/2
3/

20
26

 1
1:

37
:0

9 
A

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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hexahydrofarnes
aUniv. Lille, CNRS, Centrale Lille, ENSCL, U

Chimie du Solide, UMR 8181, F-59000 L

univ-lille.fr
bTotal Raffinage Chimie, Biofuels Division, T

Courbevoie, France. E-mail: julie.aguilhon@
cTotal Exploration Production, Pôle d’Etudes

Lacq, France. E-mail: valerie.molinier@tota

† Electronic supplementary informa
10.1039/d0ra02326d

Cite this: RSC Adv., 2020, 10, 16377

Received 12th March 2020
Accepted 13th April 2020

DOI: 10.1039/d0ra02326d

rsc.li/rsc-advances

This journal is © The Royal Society o
yl as an original bio-sourced alkyl
chain for the preparation of glycosides surfactants
with enhanced physicochemical properties†

Guillaume Lemahieu,a Julie Aguilhon,*b Henri Strub,b Valérie Molinier,*c

Jesús F. Ontiverosa and Jean-Marie Aubry *a

Five new bio-based surfactants have been synthetized by coupling hexahydrofarnesol with mono and di-

saccharides. Hexahydrofarnesol (3,7,11-trimethyl-dodecan-1-ol) is a by-product of the industrial

production of farnesane, a sustainable aviation fuel obtained by a fermentation process from sugar

feedstocks. Using hexahydrofarnesol as the lipophilic starting material allows obtaining 100% bio-based

surfactants while valorizing an industrial by-product. Moreover, the C15-branched alkyl chain brings

unique properties to the surfactants. This paper presents a physicochemical characterization of these

new surfactants including their behaviors in water (water solubility, critical micellar concentration and

surface tension) and in oil/water systems (interfacial tension against model oil and ternary phase

behavior). Their hydrophilicities have been determined thanks to the PIT-slope method and compared to

the ones of standard surfactants with linear alkyl chains, in order to distinguish the contributions of the

sugar polar heads and of the branched hexahydrofarnesyl lipophilic chain. This novel class of surfactants

combines the properties of sugar-based surfactants (low sensitivity to temperature and salinity, ability to

form Winsor III microemulsion systems over a wide range of salinity), along with specificities linked to

the branched alkyl chain (lower Krafft temperature, low surface tension).
1 Introduction

Alkyl-polyglucosides (APG) were the rst surfactants derived
from sugars synthetized as early as in 1933.1–3 The rst appli-
cation of these surfactants came 40 years later in the eld of
detergency and was given up due to the relative high production
cost compared to the existing polyethoxylated non-ionic
surfactants. In the middle of the 80s, valorization strategies
for agricultural resources and the awareness of the environ-
mental footprint of chemicals led to a renewed interest in this
class of surfactants.4 Since the beginning of the 90s, several
companies have produced and used their own APG such as Kao
Corp.,5 Hüls6 and Henkel.7 Nowadays, APG are used not only in
detergency but also in various applications elds such as
pharmaceutical production or agricultural formulations due to
their high compatibility with human skin and body as well as
their low impact on the environment.8 Their higher foaming
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and dispersing properties9,10 are also assets that motivate the
replacement of polyethoxylated non-ionic surfactants classically
used.11 Indeed, due to regulation evolution regarding poly-
ethoxylated surfactants and their replacement in somemarkets,
lots of academic and industrial researches are focused on the
development of APG and other sugar-based surfactants as
alternatives.

Sugar-based surfactants have also proved to be effective
dispersing agents in case of oil spills.12 They can also be used as
non-ionic co-surfactants in association with anionic surfac-
tants, to achieve WIII microemulsion systems by decreasing the
interfacial tension between oil and water to ultralow values
(around 10�3 mN m�1).13 This is of particular interest for
Enhanced Oil Recovery (EOR) applications. Interestingly, APG
are able to form WIII microemulsion systems in high salinity
and high temperature conditions14,15 and can be used to
generate low interfacial tension systems that are largely inde-
pendent of both salinity and temperature, contrarily to poly-
ethoxylated surfactants classically used.16

The structure of the sugar-based surfactant itself is an
important parameter to play with for adjusting the affinity for
both oil and water phases. In that way, QSPR models can be
useful tools to design tailored surfactants.17 The diversity of
available sugars and the multiplicity of the substitution posi-
tions make it possible to adjust the polarity of the head.18

Regarding the lipophilic tail, bio-based hydrophobic
RSC Adv., 2020, 10, 16377–16389 | 16377
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components generally come from acids or alcohols derived
from vegetable or fat oils. They are usually obtained as mixtures
of linear chains with an even number of carbons. Petro-based
alcohols generally have medium to highly branched alkyl
chains, obtained through oligomerization of alkenes (“oxo”-
type) or by Guerbet reaction. Both the length and the rami-
cation of the chain play an important role on the physico-
chemical properties of the nal surfactant.19 For instance, it is
known that the ramication of the chain promotes the forma-
tion of WIII microemulsion systems by bringing more disorder
in the interfacial lm.20,21 Having in hands a well-dened bio-
based branched alcohol is valuable for studying structure–
properties relationship and envisaging innovative and 100%
bio-based surfactants.

In this context, ve well-dened starting sugars have been
combined with hexahydrofarnesol (HHF, 3,7,11-trimethyl-
dodecan-1-ol) (Table 1). HHF is a by-product of the industrial
production of farnesane (2,6,10-trimethyldodecane), a sustain-
able aviation fuel that can be used as a “drop-in” product
blended with traditional petroleum-derived jet.22 Farnesane is
itself obtained by hydrogenation of farnesene, a sesquiterpene
obtained from sugar feedstocks by biotechnological processes.
During this fermentation, farnesol is obtained as a side
product, and converted into HHF in the hydrogenation process.
As HHF is recovered in the heavy fraction during the distillation
of farnesane, it can be considered as a by-product. Coupling
HHF with sugars is a smart way to valorize this by-product into
potentially efficient and innovative 100% bio-sourced sugar
surfactants.
Table 1 The five sugar-based surfactants from HHF used in this study

Name Starting sugar MW (g mol�1)

HHFA Arabinose 360.53

HHFX Xylose 360.53

HHFG Glucose 390.55

HHFMan Mannose 390.55

HHFMalt Maltose 552.70

16378 | RSC Adv., 2020, 10, 16377–16389
2 Material and methods
2.1. Chemicals

Hexahydrofarnesol was isolated during the distillation of far-
nesane, which was prepared by hydrogenation of farnesene.23,24

Farnesene was obtained from Amyris.
The hexahydrofarnesyl glycoside samples were prepared

externally by coupling hexahydrofarnesol with arabinose,
xylose, glucose, mannose and maltose.

Alkyl monoglycosides HHFA, HHFX, HHFG and HHFMan
were prepared by direct Fisher glycosylation starting from the
corresponding commercial anhydrous sugars. The sugars were
dispersed in a large excess of HHF (100 mL/10 g sugar) under
acidic catalysis (H2SO4 – 2% mol) and under vacuum (10 mbar)
at 105 �C. At the end of the reaction, the samples obtained have
been puried by silica gel chromatography with an elution of
100% dichloromethane followed by 100% ethyl acetate. The
chemical pathway is exemplied in Scheme 1 for HHFA.

HHFMalt was synthetized from the commercial peracety-
lated maltose. Glycosylation proceeded by activation of the
anomeric position thanks to BF3EtO2, followed by deprotection
in a methanolic solution, as displayed in Scheme 2. HHFMalt
has been puried by silica gel chromatography with an elution
of ethyl acetate and methanol.

Each puried sample was dried under vacuum (0.5 mbar) in
the presence of P2O5 to remove all solvent contaminants. The
nal samples have been characterized by HPLC-MS, 1H and 13C
NMR (Fig. 1–20 in ESI†) and exhibit a purity higher than 95%, as
determined by 1H NMR. Table 2 recaps the isolated yields and
purities of the samples. For HHFA (Fig. 1 and 2 in ESI†), two
Structure

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic pathway and purification procedure for the preparation of hexahydrofarnesyl monoglycosides HHFA, HHFX, HHFG and
HHFMan (exemplified with HHFA).

Scheme 2 Synthetic pathway and purification for the preparation of hexahydrofarnesyl maltoside HHFMalt.

Table 2 Retention times determined by HPLC-MS analysis (same
chromatographic conditions, see ESI), isolated yields and purities of
the different sugar-based surfactants synthetized

Surfactant
Isolated
yield (%)

Retention
time (min)

Purity (%) determined
by 1H NMR

HHFA 22 4.4 (23%) and
4.9 (77%)

>95

HHFX 46 4.7 >95
HHFG 33 3.1 >95
HHFMan 37 3.7 >95
HHFMalt 25 2.2 >95
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peaks with the same mass have been detected by HPLC-MS and
correspond to the mixture of pyranose and furanose forms in
the ratio 23/77.

The samples were used as received without further puri-
cation. At room temperature, they are either viscous liquids
(HHFX), gelatinous solids (HHFG, HHFMan) or sticky powders
(HHFA, HHFMalt).

For comparison, an APG surfactant from Seppic (Simulsol
SL26C) was used. It is a C10–16-polyglucoside, with a polymeri-
sation degree of 1.3 and an active content of 50.7 % wt. The pure
n-alkyl-b-D-glucosides (C8, C10 and C12) and n-alkyl-b-D-malto-
sides (C10, C12, C14 and C16) used to characterize the HHF
lipophilic tail with the PIT-slope method were provided by
Sigma Aldrich with a high degree of purity ($99%). The C10E4

reference surfactant used in the PIT-slope method was synthe-
tized and distilled in the lab to obtain an ultra-pure sample.25
This journal is © The Royal Society of Chemistry 2020
2.2. Aqueous solubilization

For estimating the aqueous solubility of the samples, 1% wt,
0.1% wt and 0.01% wt solutions were prepared in deionized or
salted aqueous media. For homogenization, the samples were
vigorously stirred with amagnetic stirrer in a water bath at 50 �C
for approximately 3 hours, and then le at 50 �C during 15
hours in an oven.

For the 1% wt and 0.1% wt samples, the solubility was
visually inspected at 50 �C, and then aer 15 hours at room
temperature and at 83 �C. For the 0.01% wt samples, the solu-
bility was visually inspected at room temperature, and aer 15
hours at 65.5 �C and 83 �C.

For determining aqueous solubility limits of HHFA, HHFX,
HHFG and HHFMan samples, the 0.01% wt solutions were
ltered on 0.2 mm pore size syringe lter (Pall Corporation,
Acrodisc PF syringe lters, diameter 0.8 cm/0.2 mm) two
consecutive times at room temperature. The ltrate was dosed
by HPLC/MS, thanks to a calibration line established before-
hand on a 5–100 ppm scale.
2.3. Supercial and interfacial tension

Supercial and interfacial tensions were measured along time
by drop shape analysis in the rising drop mode on a Tracker
instrument from Teclis®. Measurements were performed at
room temperature (20 � 2) �C. The bubble/drop volume was
maintained constant during the measurement and was set
between 5 and 8 mL. Supercial tensions were measured at
various concentrations for each sample. The surface tension at
RSC Adv., 2020, 10, 16377–16389 | 16379
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equilibrium recorded for each solution allowed plotting g¼ f(C)
to workout CMC values. For HHFMalt, 0.01% wt, 0.005% wt and
0.0025% wt stock solutions were prepared. First, the surface
tension of deionized water was measured, and then the
concentration of the solution was gradually increased by dilu-
tion with stock solutions. For HHFA, HHFX, HHFG and
HHFMan, the same procedure was followed. The stock solu-
tions were ltered on 0.2 mm lter. For these samples, fewer
points were measured because of long equilibration times and
of some instability during measurements. Therefore, only CMC
ranges are given.

Interfacial tensions were measured at solubility limit for
HHFA, HHFX, HHFG, and HHFMan, and at 0.01% wt for
HHFMalt against n-octane (Acros Organics, >95%).

The supercial and interfacial tensions are given with an
error of �0.5 mN m�1.
2.4. PIT-slope characterization

The amphiphilicity of the different sugar-based surfactants was
determined according to the PIT-slope method already
published.26,27

The Phase Inversion Temperature (PIT) can be precisely
determined and expresses the amphiphilicity of the surfactant in
its environment, including the contributions of oil hydropho-
bicity and water salinity. However, the PIT cannot always be
determined directly, that is why, in order to characterize all types
of surfactants, it is more convenient to measure the PIT variation
induced by adding increasing amounts of the surfactant under
study to a well-dened SOW reference system. The reference
system used is 3%C10E4/n-octane/10

�2 M NaClaq because it shows
a reproducible PIT close to room temperature (23.9 �C).28

To clearly identify the amphiphilicity of the surfactant under
study, the variation of the PIT must be represented as a function
of its molar fraction compared to the C10E4 reference surfactant
as detailed below. The error on PIT-slope characterization is less
than 10% in average.27

Molar fraction x ¼ moles of added surfactant

moles of C10E4 þmoles of added surfactant

(1)
2.5. Ternary phase diagram behavior

Alternatively, a qualitative tool to estimate the surfactant affinity
for oil or water in any Surfactant–Oil–Water (SOW) system was
proposed by Winsor29 with the so-called R-ratio. R > 1 (respec-
tively R < 1) indicates a surfactant affinity for oil (respectively
water), R ¼ 1 when the surfactant affinity is the same for oil and
water. The different values of R correspond to different equi-
librium behaviors for the SOW systems, named Winsor I (O/W
microemulsion in equilibrium with excess oil), Winsor II (W/
O microemulsion in equilibrium with excess water) and WIII
(bicontinuous microemulsion with excess oil and water). The R-
ratio was later extended to take into account all interactions
occurring at the O/W interface20 that drive the affinity towards
water or oil.
16380 | RSC Adv., 2020, 10, 16377–16389
The so-called “Optimum Formulation” is when the surfac-
tant affinities for oil and water are the same (R ¼ 1), corre-
sponding to a Winsor III system in which the same amounts of
oil and water are solubilized in the middle-phase micro-
emulsion. In practice, the optimum formulation is located by
performing salinity scans which varying the salinity and
keeping all other parameters constant. To compare the
hydrophilic/lipophilic balances of surfactants, one way is to
determine their optimal salinities in a given O/W system. The
higher the optimal salinity is, the more hydrophilic the
surfactant is.

In this study, n-octane was chosen as oil to perform a salinity
scan by varying the NaCl concentration with various systems
composed of 1.8% surfactant and 2.7% 1-BuOH as co-surfactant
at 50 �C and water–oil ratio (WOR) equal to 1. The surfactants
were dissolved in 1-BuOH and diluted in deionized water. Once
all components were introduced into the pipette, they were
sealed under a nitrogen ow and placed at 50 �C for 10 minutes.
They were thenmixed three times at rst and again aer 1 h, 2 h
and one night of equilibration at 50 �C. Observations of phase
behavior were made aer complete stabilization.
3 Results and discussion
3.1. Amphiphilic properties in aqueous systems

3.1.1. Solubility. Alkyl monoglycosides HHFA, HHFX,
HHFG and HHFMan are not soluble in water at 0.01% wt, from
room temperature to 83 �C. The 1% and 0.1% samples clearly
show the presence of solid surfactant, which means that this is
not a clouding phenomenon. Increasing temperature up to
83 �C has no effect on the solubility, which tends to indicate
that the low solubility is due to the existence of a high Kra
temperature. High Kra temperatures have been reported
previously for alkyl-monosaccharides with alkyl chains longer
than 12 carbons.30

The diglycoside HHFMalt is soluble in water at 0.1%wt, from
room temperature to 83 �C. This means that no clouding
phenomenon occurs in this temperature range. On the other
hand, a 0.1% wt solution le during 3 days at 4 �C does not
precipitate, which means that no Kra temperature exists
down to 4 �C due to an increased hydrogen bonding between
water and disaccharide headgroups.31 However, this is also
a direct effect of the branched HHF chain which brings disorder
into crystalline phases of surfactants and allows it to be soluble
even at low temperatures. This property is a real advantage of
the branched surfactants compared to their linear counterparts.
In comparison, b-C10Malt has a Kra point of 26 �C and b-
C14Malt of 32 �C.32–34 Both surfactants are not soluble at room
temperature whereas HHFMalt is. At 1% wt, a phase separation
between a viscous phase (liquid crystal) and a clear aqueous
phase (L1) is observed.

The volume of the liquid crystalline phase does not seem to
vary when the temperature changes from room temperature to
83 �C, which tends to indicate a very low temperature-sensitivity
of the aqueous phase behavior. This observation is in accor-
dance with previous studies on this class of surfactants.35–37
This journal is © The Royal Society of Chemistry 2020
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Table 3 Solubility limits of the glycosides surfactants at room
temperature determined by HPLC/MS. Comparison with solubility data
for the maltoside derivative from visual inspection

Surfactant Polar head

Solubility limit

mmol L�1 ppm

HHFA Arabinose 0.0273 9.86
HHFX Xylose 0.0865 31.18
HHFG Glucose 0.0336 13.11
HHFMan Mannose 0.0197 7.68
HHFMalt Maltose >1.81a >1000a

a Formation of liquid crystal phase at 1 wt%.
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The solubility limits of the monoglycosides at room
temperature are given in Table 3 and were determined by HPLC/
MS. There are approximately 2 orders of magnitude difference
in solubility between the maltoside derivative and the other
glycosides. The solubility limits of all the monoglycosides are in
the same range and depend on conformation and hydrogen
bonding effects. The mannose derivative seems to be the least
soluble sample.

The solubility has also been investigated in 25 wt% NaCl
solution. No sample is soluble, down to 0.01% wt, from room
temperature to 83 �C. The results obtained are in agreement
with the salting-out effect of NaCl already highlighted in case of
octyl-glucoside38–40 and dodecyl-maltoside.41
Fig. 1 (Left) Dynamic surface tension measurements as function of time
determination for HHFMalt surfactant.

Table 4 Critical micellar concentrations (CMC) and surface tensions at
shape tensiometry

Surfactant Polar head mmol

HHFA Arabinose (C5) 0.0037–
HHFX Xylose (C5) 0.0101–
HHFG Glucose (C6) 0.0092–
HHFMan Mannose (C6) 0.0041–
HHFMalt Maltose (C6–C6) 0.02

This journal is © The Royal Society of Chemistry 2020
3.1.2. Surface tension. The surface tension is a key
parameter to characterize the aqueous behavior of surfactants.
The CMC determination in case of HHFMalt is presented in
Fig. 1. The CMC values can be given with accuracy only for
HHFMalt for which a sufficient number of points could be
recorded. For the other samples, because of very low solubility
limits, long equilibration times and instabilities during surface
tension measurements, fewer points were recorded and only
concentration ranges are given. The data are gathered in
Table 4.

All samples reduce signicantly the water surface tension.
This means that all surfactants form micelles at concentrations
below the solubility limit. It is difficult to discuss differences in
hydrophilicity for the various polar heads, because of the very
low solubilities and uncertainties in CMC determination, except
for HHFMalt which is the most hydrophilic surfactant in this
series. Nevertheless, the results show that its CMC is close to
some of the monoglycosides. This is consistent with the fact
that within a homogeneous series, the CMC value is most
impacted by the lipophilic chain length, which is the same for
all surfactants under study.42 Some literature data on other
sugar-based surfactants are collected in Table 5 for comparison.
For these surfactants, the hydrophobic chains are linear and
reliable CMC values are usually given for alkyl chains up to C12

because of insolubility issues aerwards.31 The data marked
with a footnote should be taken with caution because of non-
soluble samples. It is interesting to notice the important
for various concentrations of HHFMalt in aqueous media; (right) CMC

CMC (gCMC) determined for the different surfactants studied by drop

CMC

gCMC, mN m�1L�1 ppm

0.0060 1.34–2.15 27.3
0.0304 3.65–10.98 28.6
0.0336 3.58–13.11 27.1
0.0196 1.61–7.68 27.2
98 16.49 28.3

RSC Adv., 2020, 10, 16377–16389 | 16381
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Table 5 Literature data on critical micellar concentrations (CMC) and surface tensions at CMC (gCMC) for various sugar-based surfactants

Polar head Surfactant Chain length CMC (mmol L�1) gCMC (mN m�1) Reference

Xylose (C5) 5-O-Xylose monoester (a, b isomers) C12 0.041 28.9 43
C14

a 0.015 36.0 43
C16

a 0.022 41.0 43
Glucose (C6) b-D-Glucoside C8 25.0 30.1 44

C10 2.2 27.7 44
C12 0.19 39.4 44
C12 0.13 33.1 43

a-D-Glucoside C12
a 0.042 41.2 43

Maltose (C6–C6) b-D-Maltoside C8 23.2 — 34
C9 6.50 — 34
C10 1.95 36.7 45
C10 2.19 — 34
C12 0.19 — 34
C12 0.15 35.3 45
C12 0.13 33.1 43
C14 0.0167 — 34
C16 0.00145 — 34

a-D-Maltoside C12 0.12 35.9 43

a Turbid solutions close and above CMC.
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anomeric effect for dodecylglucoside a and b, which does not
occur for dodecylmaltoside. Overall, the CMC value found for
HHFMalt (branched C15) lies within the ones reported for the
C14 and C16 derivatives. It is important to stress that the surface
tension gCMC (mN m�1) is lower for the farnesylglycosides
compared to long chain linear n-alkyl-glucosides, which should
indicate a better wetting ability.

In order to quantify the lipophilic contribution of the HHF
carbon chain on the CMC, a linear correlation between the
logarithm of the CMC with the linear alkyl chain length of n-
alkyl-b-D-maltosides was made following the empirical equation
of Klevens:46,47

log(CMC) ¼ A � BN (2)

Using this equation and the CMC of HHFMalt (0.0298 mmol
L�1), the value of a linear equivalent chain length of 13.5
carbons can be estimated for hexahydrofarnesyl (Fig. 2).
Branching tends to increase the CMC due to unfavorable
Fig. 2 Correlation between the logarithm of the CMC and the alkyl
chain length for n-alkyl-b-D-maltosides.

16382 | RSC Adv., 2020, 10, 16377–16389
packing of branched alkyl chains into spherical or cylindrical
micelles, which was shown by experimental measurements48,49

and model predictions.50 This effect on surfactant packing was
found to be effective even for branching on the rst carbons of
the alkyl chains near the sugar polar head, which is in accor-
dance with our results.51–53

The dynamic tension proles on Fig. 1-le show an expected
evolution with the concentration of surfactant. For the most
diluted solutions (0.0018 mM to 0.0145 mM), the induction
time is quite high and it decreases when the concentration
increases. For concentrations close to or larger than the CMC,
the surface tension at 0.06s is already considerably lower than
the initial value (g0) of 72.8 mN m�1. The dynamic surface
tension decay can be also exploited to approximate the self-
diffusion coefficient of surfactants in water. Indeed, the diffu-
sion controlled adsorption G(t) of surface active species at air/
liquid interface is described by the Ward and Tordai equa-
tion.54 For non-ionic surfactants, the decrease of the surface
tension as a function of time g(t) has been evaluated from the
classical Gibbs absorption equation48,55,56 by two different
asymptotic models for short and long times.57–59

gðtÞ ¼ g0 � 2RTC0

ffiffiffiffiffiffi
Dt

p

r
for short times (3)

gðtÞ ¼ geq þ
Geq

2RT

2C0

ffiffiffiffiffiffiffiffiffi
pDt

p for long times (4)

where R is the perfect gas constant (8.314 J mol�1 K�1), T the
temperature, C0 the bulk surfactant concentration, t the time, D
the diffusion coefficient of the surfactant and Geq the equili-
brated surface excess. Geq has been evaluated to 2.6 � 10�6 mol
m�2 from Fig. 1-right and it is comparable but slightly lower
than the values obtained for n-dodecyl-b-D-maltoside (3.32 �
10�6 mol m�2) referenced in the literature,60 which was
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra02326d


Table 6 Values of diffusion coefficients obtained from fitting dynamic surface tension curves with the Rosen model for various HHFMalt
concentrations

C0 (mmol L�1) ti (s) t* (s) n geq (mN m�1) g(ti) (mN m�1) Gi (10
6 mol m�2) D (1010 m2 s�1)

0.0145 25.6 43.8 2.45 32.1 63.2 1.08 1.7
0.0072 120.4 167.0 4.02 36.3 64.3 0.96 1.2
0.0036 180.5 335.3 2.13 41.4 65.5 0.83 2.3
0.0018 433.0 752.6 2.38 47.0 66.4 0.73 3.0
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expected because of less dense packing due to the branching. By
modifying the diffusion coefficient parameter, it is possible to
t the model with experimental data of dynamic surface tension
g(t). By changing the surfactant bulk concentration, the model
should suit the two previous experimental data sets, with slight
changes in the diffusion coefficient as it appears to decrease
slowly when surfactant concentration increases in case of n-
octyl-b-D-glucoside.61 The trends obtained in case of HHFMalt in
water at 0.0072 and 0.0145 mmol L�1 conrm the previous
statements and approximate the diffusion coefficient at 2.9 �
10�10 m2 s�1 for a bulk concentration of 0.0072 mmol L�1 and
1.9 � 10�10 m2 s�1 for 0.0145 mmol L�1 (Fig. 21 in ESI†).

The values obtained are comparable to the ones found in
literature for the same class of monomeric surfactant62 and
logically higher than corresponding micelles for which a value
of 7 � 10�11 m2 s�1 has been calculated from NMR experiments
with n-dodecyl-b-D-maltoside in D2O solutions.63,64

Dynamic surface tension can be also tted by an empirical
equation according to Rosen model.65–71 Rosen et al. divided the
dynamic surface tension curves into four different regions:
induction, rapid fall, meso-equilibrium and equilibrium toward
surface tension. The model ts the experimental data well for
the most common dynamic surface tension curves. Considering
the surface tension of the solvent g0 and at equilibrium geq

obtained from experimental data, the surface tension at each
time g(t) can be deduced from the following equation:
Fig. 3 Experimental dynamic surface tension curves versus Rosen mode
CMC. t* and n are obtained by minimizing the global error between e
0.0036 mmol L�1 HHFMalt concentrations are displayed in Fig. 22 in ES

This journal is © The Royal Society of Chemistry 2020
gðtÞ ¼ geq þ
g0 � geq

1þ � t
t*

�n (5)

where t* and n are empirical constants which have the unity of
time for t* whereas n is a dimensionless number. The param-
eters t* and n can be also used to infer some properties of the
surfactant under study such as the diffusion coefficient.72–75 By
evaluating the surface tension at the induction time ti dened
by Rosen et al.65 using this empirical equation, the surfactant
solution can be treated as dilute and a linear Henry isotherm
can be applied in conjunction with the short time approxima-
tion of the Ward and Tordai equation to deduce the diffusion
coefficient having the surfactant concentration c0 and surface
tension at boundaries g0 and geq as follows:

gðtiÞ � g0 ¼
�
geq � gðtiÞ

�� ti
t*

�n

¼ �RTGi

with Gi ¼ GðtiÞ ¼ 2c0

ffiffiffiffiffiffiffi
Dti

p

r (6)

The results obtained highlight a good tting of the Rosen
model with experimental dynamic surface tension curves for
various HHFMalt concentrations (Fig. 3 and 22 in ESI†) as well
as exhibiting diffusion coefficients in the same range as the one
determined from short and long times approximation models
(Table 6).
l for 0.0072 and 0.0145 mmol L�1 HHFMalt concentrations below the
xperimental data with the Rosen model. The results for 0.0018 and
I.†
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Fig. 4 Dynamic interfacial tensions vs. n-octane for the different
surfactants under study except HHFMalt (drops come off before
equilibrium for HHFX and HHFMan at solubility limit).

Table 7 Interfacial tensions water/n-octane gOW at different times

Surfactant Polar head Concentration

gow (mN m�1)

at 100 s at tmax

HHFA Arabinose (C5) Solubility limit 21.9 7.6a (4000 s)
HHFX Xylose (C5) Solubility limit 21.2 5.6a (1500 s)
HHFG Glucose (C6) Solubility limit 7.3 6.1 (4000 s)
HHFMan Mannose (C6) Solubility limit 4.2 2.9a (170 s)
HHFMalt Maltose (C6–C6) 0.01% wt <1 <1

a Non stabilized values.

Table 8 PIT-slope values of the different sugar-based surfactants
under study

Surfactant Polar head dPIT/dC (�C/wt%) dPIT/dx (�C)

HHFA Arabinose (C5) �12.6 �55.4
HHFX Xylose (C5) �15.3 �68.8
HHFG Glucose (C6) �4.5 �21.8
HHFMan Mannose (C6) �7.2 �34.1
HHFMalt Maltose (C6–C6) 7.5 46.2
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3.2. Amphiphilic behavior in surfactant oil water (SOW)
systems

3.2.1. Interfacial tension. The interfacial tension of the
surfactant/octane/water system was studied. All surfactants
reduce the n-octane/water interfacial tension as displayed by
Fig. 4. The expected IFTn-octane/water value should be around 50
mN m�1,76,77 which is what is measured at t ¼ 0 s, but the
equilibrium value reaches 23.2 mNm�1 because of the presence
of impurities in the oil (95%).
Fig. 5 (Left) PIT variation of the reference system as function of the suga
system as function of the sugar-based surfactant molar fraction.

16384 | RSC Adv., 2020, 10, 16377–16389
For HHFX and HHFMan, the drop comes off naturally before
reaching equilibrium, indicating that interfacial tensions are
lower than 1 mN m�1 which is the limit of the instrument. For
HHFMalt at 0.01% wt, no measurement was possible because of
drop coming off right from the beginning of the experiment.
Table 7 recaps the values of interfacial tensions vs. n-octane. To
compare all the glycosides derivatives, a value at 100 s is given,
as an indication of the individual diffusion of surfactants at the
interface.

3.2.2. PIT-slope characterization. To measure their hydro-
philicities, the PIT-slope values of the different sugar-based
surfactants have been determined. The gradual addition of
a second surfactant “S2” increases or decreases the PIT of the
reference system, allowing the evaluation of its true hydro-
philic–lipophilic balance and its ranking against a series of well-
dened nonionic and ionic surfactants. When the PIT
increases, S2 is more hydrophilic than C10E4, and vice versa. The
PIT varies linearly as a function of the added surfactant S2,
expressed as a weight percentage or a molar fraction. The slope
of the PIT vs. the concentration of the added surfactant is
denoted dPIT/dC or dPIT/dx2 depending on whether the weight
or the molar fraction is used for the X axis. The results are
displayed in Fig. 5 and Table 8.

HHFMalt is the most hydrophilic surfactant because of its
disaccharide head. This result conrms previous CMC and
solubility experiments for which the HHFMalt surfactant has
been dened as the most hydrophilic. Among the mono-
saccharide derivatives, the ones derived from hexoses (HHFG
r-based surfactant concentration; (right) PIT variation of the reference

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 PIT variation of the reference system as function of the n-alkyl-b-D-glucoside (left) and the n-alkyl-b-D-maltoside (right) surfactants
molar fraction.
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and HHFMan) are more hydrophilic than the ones derived from
pentoses (HHFA and HHFX). Glucose appears to be more
hydrophilic than mannose and arabinose more hydrophilic
than xylose, which shows again that the sugar conformation has
a great inuence on its polarity. Indeed, the more isolated
hydroxyl groups are, the higher the hydrophilicity of the
surfactant is, due to favorable hydrogen bonding with water.78 It
is the case for HHFA, which is more hydrophilic than HHFX due
to hydroxyl groups 3 and 4 in equatorial and axial positions,
compared to two equatorial positions for xylose. The same
considerations hold for HHFG, which is more hydrophilic than
HHFMan due to hydroxyl group 2 in equatorial position.

In order to compare the HHF surfactants with linear
surfactants and to establish the effect of branching, the PIT-
slope values of well-dened n-alkyl-b-D-glucosides and n-alkyl-
b-D-maltosides were quantied. Fig. 6 shows the PIT-slope of n-
alkyl-glucosides and n-alkyl-maltosides.

As expected, the PIT-slope values obtained for n-alkyl-
glucoside and maltoside surfactants are in accordance with
Fig. 7 Evolution of the PIT-slope values with the number of carbons of
the surfactant tail for n-alkyl-b-D-glucoside and n-alkyl-b-D-malto-
side surfactants.

This journal is © The Royal Society of Chemistry 2020
their linear carbon tail lengths. The increase of the length of
alkyl chain from 8 to 12 diminishes the hydrophilicity of the
surfactants and the PIT-slope decreases linearly, as shown in
Fig. 7.

Linear t from Fig. 7 can be used to estimate the “equivalent
linear chain length” of the HHF tail. In both cases, the PIT-slope
values of the HHF surfactants are lower than those measured
for the linear corresponding surfactants and the data was
extrapolated. Using n-alkyl-glucosides correlation, the approxi-
mate value is 15.7 carbons, whereas it is 18.8 when the n-alkyl-
maltosides results are used.

These values should not be compared to the one obtained
from CMC experiments, because in the PIT-slope experiments,
the alkyl chain interacts with the oil phase. In the same vein,
previous studies have highlighted the hydrophobic inuence of
the ramication of the surfactant tail, which decreases the
optimum salinity of SOW system.79 The fact that the PIT-slope
correlation gives different values of equivalent surfactant
chain length in case of glucosides and maltosides can be linked
to possible differences of partition coefficients.

Determining the PIT-slope values of these surfactants allows
classifying them among other conventional surfactants already
characterized by the method and especially the CiEj surfac-
tants.26,27,80,81 Results displayed in Fig. 8 highlight that HHFMalt
has a hydrophilicity between C12E6 and C12E7, whereas the
HHFG is between the C12E3 and C12E4. This gure stresses again
that the type of sugar used as polar head has a huge inuence
on the hydrophilicity. Indeed, the HHFMan is found to be
equivalent to the C12E2.

In the same way, it is possible to determine the equivalent
number of ethoxylated group to one glucoside or maltoside unit
by comparison of the linear alkyl b-glucosides andmaltosides to
the CiEj surfactants. The trend of the PIT-slope values of C12Ej

with the number of ethoxylated groups can be described by
a second degree polynomial relation (Fig. 9). Using this corre-
lation with nC12-b-glucoside and maltoside, the hydrophilicity
contribution of one glucoside unit is equivalent to 5.9 ethoxy-
lated groups, whereas a maltoside unit is equivalent to 8.3
ethoxylated groups.
RSC Adv., 2020, 10, 16377–16389 | 16385
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Fig. 8 The PIT-slope scale used for the classification of CiEj and
sugar-based surfactants.

Table 9 PIT-slope values and the corresponding PACN of sugar-
based surfactants under study

Surfactant name dPIT/dx (�C) PACN

HHFA �55.4 25.4
HHFX �68.8 29.5
HHFG �21.8 15.0
HHFMan �34.1 18.8
HHFMalt 46.2 �6.1
nC8-b-Glu 77.8 �15.9
nC10-b-Glu 47.8 �6.6
nC12-b-Glu 27.0 �0.8
nC10-b-Malt 123.0 �29.9
nC12-b-Malt 112.2 �26.6
nC14-b-Malt 80.7 �16.8
nC16-b-Malt 74.3 �14.8
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The different PIT-slope values of sugar-based surfactants can
be also useful to determine their Preferred Alkane Carbon
Number (PACN), which is the linear alkane that gives a WIII
microemulsion system with the surfactant at 25 �C without salt
or alcohol. The PACN is also a parameter of the normalized HLD
equation, dened by Salager et al., which describes the phase
behavior of SOW systems to reach the optimum formula-
tion.82–84 As described in the literature,85 the PIT-slope can be
Fig. 9 Evolution of the PIT-slope values of C12Ej with the number of
ethoxylated groups of the surfactant.

16386 | RSC Adv., 2020, 10, 16377–16389
linked to the HLD equation, and so to the PACN, by the relation
below:

dPIT

dx
¼ ðPACN1 � PACN2Þs1

ðs1 þ xðs2 � s1ÞÞ2
/x/0

PACN1 � PACN2

s1

with s ¼ ct

k
and PACN ¼ s

k

(7)

where PACN1 and s1 are the parameters of the normalized HLD
for the reference surfactant C10E4. x, PACN2 at s2 are respectively
the molar fraction and the parameters of the normalized HLD
for the added surfactant.

As the parameters of the reference surfactant PACN1 and s1
are known (PACN1 ¼ 8.2 and s1 ¼ 0.31 �C�1),85 the different
PACN of sugar-based surfactants can be calculated (Table 9).
Values of PACN are inversely proportional to the PIT-slope
values. The negative values of PACN for a surfactant indicate
that a polar oil is needed to get a three phase behavior at 25 �C
without salt and alcohol. The high values of PACN indicate
a lipophilic surfactant that needs very long alkanes to get a WIII
behavior. Liquid alkanes at 25 �C range from pentane to hex-
adecane, and only HHFG reaches theoretically the optimum
formulation with an alkane (pentadecane) at 25 �C without salt.

3.2.3. Salinity scans. In order to study the behavior of HHF
surfactants in oil/water systems towards salinity, equilibrated
scans have been performed at 50 �C using n-octane as model oil
and adding 1-butanol as cosurfactant (2.7% wt). The phase
behaviors have been observed at equilibrium and are shown in
the ESI (Fig. 23–28†).

All monosaccharide surfactants form Winsor II systems at
50 �C, whatever the salinity, which means that the affinity of
these surfactants is higher for the oil phase, even if the aqueous
phase does not contain electrolyte. For instance, the most
lipophilic compound, HHFX, is soluble neither in water nor in
oil, and oil droplets are observed on the pipette wall (Fig. 23 in
ESI†). This is consistent with the negative PIT-slope values and
the very low water solubility of these compounds.

HHFMalt, a hydrophilic surfactant following the PIT-slope
criteria, changes from a Winsor I system at 0% wt NaCl to
aWinsor III system from 5 to 15%wt NaCl. Equal amounts of oil
and water are solubilized in the middle-phase microemulsion at
This journal is © The Royal Society of Chemistry 2020
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a salinity around 12% wt NaCl, which can be identied as the
“optimal salinity”. The APG SL26 (commercial C12–16Glu1.3)
exhibits the same behavior using the same co-surfactant (Fig. 28
in ESI†). These results prove that sugar-based surfactant are
really interesting for formulating WIII microemulsion systems
along a wide range of salinity, which can be a real benet for
enhanced oil recovery applications for example. This ternary
phase behavior conrms also the PIT-slope, CMC and solubility
measurements exposed previously by identifying HHFMalt as
the most hydrophilic surfactant.

4 Conclusions

Five novel sugar surfactants prepared from bio-based hexahy-
drofarnesol have been evaluated as regards to their water
solubility, surface and interfacial tension, amphiphilicity and
ternary phase behavior in n-octane/water systems. Only the
disaccharide (maltose) derivative is signicantly soluble
(>0.1 wt%) in deionized water whereas the water solubility of
monosaccharide derivatives is lower than 50 ppm which might
be a limitation for certain industrial applications. This study
reveals that the hexahydrofarnesyl chain must be coupled with
di- or poly-saccharides to achieve a high water solubility and to
provide surfactants with well-balanced amphiphilicity.

Despite their poor water-solubility, all sugar-based surfac-
tants strongly reduce the surface tension of water even at very
low concentrations (<20 ppm). In addition, the PIT-slope
measurements allowed assessing their true amphiphilicities
which are consistent with the known hydrophilicity of the sugar
heads. As expected, the HHFMalt surfactant was found to be the
most hydrophilic in this series. The PIT-slope of this surfactant
is in agreement with its phase behavior in the HHFMalt/n-
octane/water ternary system. The equivalent linear carbon
chain of the HHF tail, as well as the equivalent ethoxylated
group number of sugar head, have also been approximated by
this method.

In n-octane/water with 1-butanol as co-surfactant, HHFMalt
forms Winsor III-type systems over a wide salinity range, whereas
the monosaccharides form only Winsor II-type systems whatever
the salinity. Thanks to this particular behavior, HHFMalt can be
well suited for some enhanced oil recovery processes.

In the same way, to valorize monosaccharide derivatives, it
would also be worthwhile to combine them with more water
soluble surfactants (ionic ones or shorter alkyl chains for
instance) to investigate possible synergistic formulations.
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