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Abstract Lignocellulosic materials from the forest
industry have shown potential to be used as sustain-
able hydrocolloids to stabilize emulsions for many
applications in life science and chemical industries.
However, the effect of wood species and recovery
method on the product’s properties and ability to
stabilize emulsions of isolated lignocellulosic com-
pounds is not well understood. Hemicelluloses, abun-
dant lignocellulosic side stream, exhibit differences
in their water solubility, anionic character, lignin
content, and degree of acetylation. Here, we explored
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stability and rheological properties of model emul-
sions (5% hexadecane and 1% stabilizer, w/w) stabi-
lized by different grades of sprucewood galactoglu-
comannan (GGM) and birchwood glucuronoxylan
(GX) hemicelluloses. The results were compared to
known soluble, insoluble, charged, and non-charged
cellulosic stabilizers, namely methyl cellulose (MC),
carboxymethyl cellulose (CMC), anionic- and non-
ionic-cellulose nanocrystals (aCNC and dCNC). The
results showed that GX emulsions were highly stable
compared to GGM emulsions, and that deacetylation
and lignin removal markedly reduced emulsion sta-
bility of GGM. Carboxymethylation to increase ani-
onic characters enhanced the emulsion stabilization
capacity of GGM, but not that of GX. Investigating
flow behaviors of emulsions indicated that hemicel-
luloses primarily stabilize emulsions by adsorption of
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insoluble particles, as their flow behaviors were simi-
lar to those of cellulose nanocrystals rather than those
of soluble celluloses. Understanding the impact of the
variations in composition and properties of hemicel-
lulose stabilizers to stabilize emulsions allows tailor-
ing of their recovery processes to obtain desirable
hydrocolloids for different applications.

Keywords Spruce galactoglucomannan - Birch
glucuronoxylan - Hemicellulose - Cellulose - Lignin

Introduction

During the processing of emulsions, the addition of
suitable stabilizers is required to achieve long-term
stability. The added stabilizers will either adsorb onto
the dispersed droplet surface to reduce interfacial
tension or form a protective layer to prevent droplet
aggregation, and/or increase the viscosity of the con-
tinuous phase to retard the movement of dispersed
droplets (McClements 2005). As global consum-
ers are now more conscious than ever about health
and environment, their demand for innovative, cost-
effective and clean-label stabilizers has increased sig-
nificantly. Plant-based emulsifiers, especially those
derived from wood, have emerged as great alterna-
tives to replace their conventional counterparts. In
addition to their natural, non-toxic, biodegradable,
renewable nature, cost-effective, and versatile and
abundant sources; wood-based stabilizers could pos-
sibly bring additional health benefits to produced
emulsions due to their dietary fiber sources (Mik-
konen 2020; Kynk&dnniemi et al. 2022).

Wood biomass constitutes of 40-50% cellulose,
25-35% hemicelluloses, and 18-35% lignin (Sixta
2006). For the last two centuries, cellulose has been
the main refining target, resulting in products such
as fibers, nanocrystals and derivates (Klemm et al.
2005). Many forms of cellulose, including derivatives
and native forms, have been industrially produced as
hydrocolloids, for example methyl celluloses, car-
boxymethyl celluloses, cellulose nanocrystals, ethyl
hydroxyethyl cellulose and methyl ethyl hydroxy-
ethyl cellulose (Heinze et al. 2018). All these differ-
ent morphological and structural forms of cellulose
have shown an amphiphilic character capable of act-
ing as polymeric emulsifiers and Pickering stabilizers
(Costa et al. 2021). Meanwhile, hemicelluloses are

@ Springer

treated as low-value by-products remaining outside
of the biorefinery process. During cellulose refining,
hemicelluloses, along with lignin, typically end up
in water waste streams and are solely utilized to pro-
duce heat and energy (Mikkonen 2020). Therefore,
to improve the sustainability of wood bioeconomy,
biorefineries are expected to find efficient utilization
and conversion methods for the valorization of all lig-
nocellulosic components.

The most abundant hemicelluloses in softwoods
(such as spruce) are galactoglucomannans (GGM),
which comprise about 20% of wood mass. Regard-
ing molecular structure, GGM has a linear backbone
consisting of alternating p-(1 — 4)-D-glucopyra-
nosyl (Glep) and p-(1 —4)-D-mannopyranosyl
(Manp) units, and a-(1— 6)-D-galactopyranosyl
(Galp) side groups linked to the backbone Manp
units. Manp units are partially acetylated at C-2
and C-3 positions with a degree of acetylation
of 0.28-0.37 (Willfor et al. 2008). On the other
hand, hardwoods (such as birch) are rich in glu-
curonoxylans (GX), which account for about 25%
of wood mass. GX has a linear backbone consist-
ing of p-(1—4)-D-xylopyranosyl (Xylp) units,
and branched with (1—2)-linked 4-O-methyl-
a-D-glucopyranosyl uronic acid (MeGlcpA) and
O-acetyl side groups (Sjostrom 1993). Hemicel-
luloses have been efficiently recovered from the
process water and spent sulfite liquor of thermo-
mechanical pulping (TMP) (Al-Rudainy et al.
2018; Andersson et al. 2007), and from sawdust
and wood chips using pressurized hot water extrac-
tion (PHWE) (Kilpeldinen et al. 2014), heat frac-
tionation (Lundqvist et al. 2003), steam explosion
(Chadni et al. 2019a), and high voltage electri-
cal discharge (Chadni et al. 2019b). Depending on
wood sources, recovery techniques, and their pro-
cessing parameters, extracted hemicelluloses are
markedly different in their chemical composi-
tions and structural properties, consequently their
ultimate functionalities and applications. Lignin
and other wood-derived extractives are often co-
extracted during the isolation of hemicelluloses, and
the amounts of these residual materials typically
increase with the increase of extraction temperature
and time (Giummarella and Lawoko 2017). Extrac-
tion of GGM from spruce wood by PHWE at higher
temperatures and for a longer time was reported to
cause a lower pH level due to the release of uronic
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acids from pectins and xylans, increasing the dea-
cetylation and hydrolytic cleavage of GGM. As a
result, the obtained GGM had less acetyl groups
in its structure and a lower molar mass (Song et al.
2008; Juha et al 2012; Wagqar et al. 2018). GGM
extracted from thermomechanical pulping of spruce
process water had a molar mass of 48,000 g/mol,
being much higher than that obtained from PHWE
(8200 g/mol) (Mikkonen et al. 2019). Hemicellu-
loses are partially water-soluble and exhibit both
dissolved and aggregated morphologies (Bhat-
tarai et al. 2020a, b). Degree of acetylation greatly
affects the water solubility of hemicelluloses. It was
reported that hemicelluloses with a high degree of
acetylation are soluble only in aprotic solvents while
non-acetylated hemicelluloses are partially solu-
ble in hot water (Grondahl et al. 2003). Extracted
hemicelluloses can be further purified by ethanol
precipitation to largely remove lignin (Willfor et al.
2008), and chemically modified via carboxymeth-
ylation to enhance anionic character of hemicellu-
loses (Xu et al. 2011), to broaden the applications
of hemicelluloses.

The utilization of GGM and GX in both native
and derived forms as emulsion stabilizers have been
well investigated (Bhattarai et al. 2019; Hannuksela
and Holmbom 2004; Hromadkova et al. 2005; Mik-
konen et al. 2019, 2016a, 2009, 2016b; Xu et al.
2011). In previous studies, both GGM and GX were
reported to have a good capacity to stabilize emul-
sions, and residual lignin and derivatization by car-
boxymethylation brought additional functionality.
However, a systematic study is lacking to compre-
hensively compare the ability of these hemicellu-
loses in emulsion stabilization. In the present study,
we investigate effects of chemical compositions,
especially lignin and acetyl content, of five types
of spruce galactoglucomannans (GGM) and three
types of birch glucuronoxylans (GX), on stability
and rheological properties of model emulsions (5%
hexadecane and 1% stabilizer, w/w). A comparison
of the emulsion properties between these hemicellu-
lose stabilizers and established cellulosic stabilizers
including both anionic and non-ionic soluble mac-
romolecular stabilizers (methyl cellulose, MC and
carboxymethyl cellulose, CMC) and Pickering sta-
bilizers (anionic cellulose nanocrystal, aCNC and
desulfated non-ionic cellulose nanocrystal, dCNC)

is also explored to reveal possible emulsion stabili-
zation mechanisms of GGM and GX.

Materials and methods
Materials

The MC (Methocel™ A15LV) and CMC (Walocel™
CRT 30) were kindly gifted by Dupont (Meyrin,
Switzerland). aCNC and dCNC were purchased from
Cellulose Lab (Fredericton, Canada). High-acetyl
(ha-) and low-acetyl (la-) GGM, and GX extracts
recovered by PHWE (Kilpeldinen et al. 2014) were
either spray-dried (ha-sGGM, la-sGGM and sGX),
or ethanol-precipitated (la-eGGM and eGX), which
were obtained from Natural Resources Institute Fin-
land (Luke). High-acetyl ethanol precipitated GGM
(ha-eGGM) was produced from ha-sGGM following
the method reported by Bhattarai et al. (2019). The
yield of spray-dried GGM (lIa-sGGM and ha-sGGM)
and ethanol-precipitated GGM (eGGM) was 45-50%
and 25-30% of original extract mass, respectively.
Meanwhile, this value was 56-63% for spray-dried
GX (sGX) and 24-28% for ethanol-precipitated GX
(eGX).

The la-sGGM and eGX were carboxymethyl-
ated (CMGGM and CMGX) according to previ-
ously described methods (Petzold et al. 2006; Xu
et al. 2011) with several modifications. 150 g hemi-
celluloses were dissolved overnight in 150-200 mL
water. The slurry was then dispersed in 2.5 L of iso-
propanol at 65 °C, followed by the addition of 90 g
NaOH (dissolved in 50 mL water). After one hour,
45 g of sodium monochloroacetate was added, and
the mixture was left to react for 3 h under constant
stirring. Once cooled down to room temperature, it
was neutralized by dilute acetic acid, forming a dark
liquid heavier than isopropanol. The product was
decanted and dissolved in water, followed by antisol-
vent precipitation in methanol at 1:9 water:methanol
(v/v). Following centrifugation (12000 g, 10 min)
(Sorvall LYNX 6000, Thermo Scientific, Waltham,
MA, USA), the residue was resuspended in metha-
nol and centrifuged (12000 g, 10 min) twice. The
final residue was then dispersed in methanol, filtered
under vacuum, and dried overnight in a vacuum oven
(Vacucenter 20, SalvisLab, Rotkreuz, Switzerland) at
40 °C. All samples are summarized in Table 1.
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Table 1 A summary of
stabilizers utilized in this

Stabilizer codes

Stabilizer names

study ha-sGGM
la-sGGM
ha-eGGM
la-eGGM
CMGGM
sGX

eGX
CMGX
MC

CMC
aCNC
dCNC

High acetyl and spray-dried spruce galactoglucomannan

Low acetyl and spray-dried spruce galactoglucomannan

High acetyl and ethanol-precipitated spruce galactoglucomannan
Low acetyl and ethanol-precipitated spruce galactoglucomannan
Carboxymethylated spruce galactoglucomannan

Spray-dried birch glucuronoxylan

Ethanol-precipitated birch glucuronoxylan

Carboxymethylated birch glucuronoxylan

Methyl cellulose

Carboxymethyl cellulose

Anionic cellulose nanocrystal

Desulfated non-ionic cellulose nanocrystal

Hexadecane, sodium monochloroacetate, lith-
ium  bromide, trimethylchlorosilane (TMCS),
bis(trimethylsilyl)trifluoroacetamide (BSTFA), acetyl
chloride, acetyl bromide, acetic acid, perchloric acid,
hydrochloric acid (HCI), rn-heptane, isopropanol,
pyridine, dimethyl sulfoxide (DMSO) and methanol
were obtained from Sigma-Aldrich (St Louis, United
States). Citric acid monohydrate was purchased from
Merck (Darmstadt, Germany). Sodium hydroxide was
obtained from Alfa Aesar (Massachusetts, United
States). Softwood LignoBoost lignin was gifted by
Stora Enso (Kotka, Finland). All chemicals used in
this study were of analytical or synthesis grade.

Characterization of stabilizers
Carbohydrate analysis

The carbohydrate composition of the hemicellulose
samples was determined in triplicate by gas chroma-
tography (GC) analysis of the silylated methanolysate
(Chong et al. 2013; Laine et al. 2002; Sundberg et al.
1996). 10 mg of each hemicellulose sample were
methanolyzed by 2 mL HCI 3 M in dry methanol for
3 h at 100 °C. Following neutralization by pyridine
and dissolving in 10 mL methanol, 600 pL aliquots
were silylated by TMCS:BSTFA 1:99 (v/v) at room
temperature overnight. The silylated product was dis-
solved in 1 mL heptane and run through a GC (HP
6890 N, Agilent Technologies, Waldbronn, Germany)
with a flame ionization detector, equipped with a
DB-1 column (30 m, i.d. 0.25 mm, 0.25 um film). 1
uL sample was injected and eluted at 20:1 split ratio
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using the following temperature program: 150 °C
(held for 3 min)—increasing at 2 °C/min to 186 °C—
then 1 °C/min to 200 °C—and further 20 °C/min
to 300 °C (held for 1 min). Sorbitol was used as an
internal standard. Arabinose, rhamnose, xylose, glu-
cose, galactose, and galacturonic acid were quanti-
fied by a standard curve constructed using the peak
area of the highest peak of each corresponding sugar,
while methyl glucuronic acid was approximated using
the two main peaks of the sodium salt of glucuronic
acid (Chong et al. 2013). The mass of the sugars was
then corrected for water condensation (pentoses 0.88,
hexoses 0.9, uronic acids 0.91).

Lignin content

The lignin content of the hemicellulose samples was
determined by acetobromination (Carvalho et al.
2020) using a standard addition method. 20 mg of the
hemicelluloses were mixed with 5 mL of 25% acetyl
bromide in acetic acid glacial and 0.1 mL perchlo-
ric acid in a capped glass tube, mixed by vortexing.
The mixture was heated for 30 min at 70 °C, gently
shaking the tube at 10-min intervals. Afterwards, the
mixture was cooled in an ethanol-ice bath for 10 min,
then 5 mL of ice cold NaOH 2 M was added, letting it
cool down for another 10 min. The mixture was then
transferred to a 25-mL volumetric flask and topped
up with acetic acid glacial. A stock standard lignin
solution (using softwood LignoBoost lignin) and a
blank solution were prepared at the same time. 1-mL
aliquots of sample solution were added to 4 10-mL
volumetric flasks, spiked with an increasing amount
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of lignin. The series were then analyzed by meas-
uring absorbance (Shimadzu UV-1800, Shimadzu
Corp., Kyoto, Japan) at 280 nm, plotting the amount
of added lignin against measured absorbance, and
extrapolating the plot to obtain the amount of lignin.
Each hemicellulose was analyzed in duplicate.

Molar mass analysis

Molar mass values of the hemicelluloses were esti-
mated by DMSO-based and water-based size-exclu-
sion chromatography (SEC), except for CMGX and
CMGGM which were insoluble in DMSO. DMSO-
SEC was performed on GPCMax (Viscotek Corp,
Houston, TX, USA) equipped with Jordi xStream
GPC column (Jordi Labs, Mansfield, MA, USA)
at 60 °C with 0.01 M LiBr in DMSO as the eluent
at 0.8 mL/min flow rate; recorded data were pro-
cessed using OmniSEC 4.6 software. Water-SEC
was performed on Agilent 1260 Infinity II Multi-
Detector GPC/SEC System (Agilent Technologies,
Santa Clara, CA, USA) equipped with three Waters
7.8 mmXx300 mm Ultrahydrogel columns (500,
250, and 120 A) and a 6 mm x40 mm Ultrahydro-
gel guard column, using 0.1 M NaNOj in demineral-
ized water as the eluent at 0.5 mL/min; recorded data
were processed using Agilent GPC/SEC software.
2 mg/mL hemicelluloses were dissolved in the eluent
and filtered through a 0.45 pm syringe filter (Acro-
disc 13 mm minispike wwPTFE, Pall Corp, Ann
Arbor, MI, USA). 100 pL of the resulting solutions
were injected and eluted isocratically through the
respective SEC system. Eluted peaks were detected
by refractive index (RI, at 40 °C), ultraviolet (UV,
280 nm), as well as low- and right-angle light scat-
tering (LALS (7°) and RALS (90°), 670 nm) detec-
tors. Weight-average (Mw) and number-average
(Mn) molar mass values were estimated using pul-
lulan calibration curve from the RI signal. We used
pullulan with nominal peak apex molar mass (Mp)
of 342, 5900, 11,800, 22,800, and 113,000 g/mol for
the DMSO-system and 342, 1080, 6100, 9600, and
21,100 g/mol for the water-system.

Degree of acetylation
The acetyl contents of the hemicelluloses are pre-

sented as degree of acetylation, which was deter-
mined in duplicates only for non-derivatized samples,

as the carboxymethylation procedure used a strongly-
alkali condition which completely removed all the
acetyl groups (Xu et al. 2011). The absence of acety-
lation in the CMGX and CMGGM samples were also
confirmed by the nuclear magnetic resonance (NMR)
and Fourier-transform infrared (FTIR) spectra (Fig-
ures S1 and S2, respectively), and therefore we did
not determine their degrees of acetylation. Approxi-
mately 100 mg of each hemicellulose sample was
dissolved in 10 mL NaOH 0.1 M and incubated over-
night under stirring. The dispersions were then neu-
tralized to pH 6.5-7.5 by HCI 0.83 M, followed by
dilution to 25 mL with milliQ water. After a gentle
shaking, 1 mL aliquot was centrifuged at 15,000 rpm
for 20 min. 50 pL of the supernatant was subsequently
analyzed by the Acetic Acid Kit (K-ACET, Mega-
zyme, Ireland). As all the samples contain lignin that
also absorbs light at 340 nm, separate blanks were
made for each hemicellulose by substituting the final
20 pL of acetyl CoA synthase with water. The acetyl
content was calculated as moles of acetyl per 100 g of
anhydrous backbone polysaccharide using the molec-
ular weight of acetyl group (43 g/mol) and adjust-
ing the calculated values by the mass percentage of
backbone monosaccharides (mannose and galactose
for GGMs, xylose for GX). The degree of acetylation
(D,) was then calculated using the following equation
(Eq. 1) Xu et al. 2010):

MS X % acetyl

D, = 1
A (Macetyl X 100) - (Macetyl - 1) X % acetyl ( )

Where M; is the molar mass of anhydrate sugar unit
(162 for hexoses, 132 for pentoses), M,y is the
molar mass of acetyl unit (CH,CO), and % the
acetyl content.

acetyl 18

Additional characterization of carboxymethylated
hemicelluloses

Complete deacetylation and carboxymethylation were
demonstrated qualitatively by a Fourier transform
infrared spectrometer (PerkinElmer, Waltham, MA,
USA). The background of clean zinc selenide crystal
was obtained before scanning for the samples. The
samples were placed on the crystal and compressed
by ART arm with a fixed degree of compression at
80%. The scanning frequencies ranged from 4000 to
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650 cm™ . Spectra resolution was 4 cm™', and the
number of scans were 16.

The degree of carboxymethylation for CMGX and
CMGGM was determined by quantitative solid-state
NMR under the assumption that the lignin moieties
were not affected by the carboxymethylation pro-
cess. Quantitative 'H-'3C NMR experiments were
obtained by multiple cross-polarization blocks (Mul-
tiCP) (Johnson and Schmidt-Rohr 2014) and were
performed on a Bruker 700 MHz NMR spectrom-
eter (Bruker Biospin, Rheinstetten, Germany) using
a 4-mm 'H-X-Y broadband magic-angle spinning
probe configured in double-resonance mode and
employing a 9.5 kHz spin rate. The measurements
used 10 cross-polarization steps of 1 ms each (at RF
field strength of ca. 69 and 41 kHz for 'H and "3C,
respectively) with a 1.5 s delay between the steps,
13C signal acquisition under SPINAL-64 1H decou-
pling with an RF field strength 94 kHz, and 2.5 s
recycling delay. The acquired spectra were processed
using Bruker TopSpin 4.0.7 with a line broadening
of 10 Hz, and referenced externally using adaman-
tane (38.48 ppm). The degree of carboxymethylation
(D¢cyp) was calculated by comparing the integration
of carboxyl signal of the carboxymethyl moiety in
the range of 172 ppm to 186 ppm (I;7,_;36 ppm) to the
anomeric C1 signal (Ioy ;19 ppm) (Eq. 2) based on the
spectra of the carboxymethylated hemicelluloses (Xu
etal. 2011):

I m
DCM _ I172 186 pp (2)

94—110 ppm
The presence of hexenuronic acid (HexA) in
CMGX and CMGGM were analyzed using ultra-
violet-resonance Raman (UVRR) spectroscopy
(Jadskeldinen et al. 2005). Powdered samples were
pressed on a cellulose filter paper to form a flat
substrate to be measured using Renishaw 1000 UV
Raman spectrometer (Gloucestershire, UK) coupled
with a Leica DMLM microscope (Wetzlar, Ger-
many) and an Innova 300C FreD frequency-doubled
Ar+ion laser (Coherent Inc., Santa Clara, CA,
USA). UVRR spectra were recorded using a 244 nm
laser focused by a 50 um slit, with a spectral range
of 640-1865 cm~! at approximately 3.7 cm™!
resolution. The samples were rotated at 6 rpm to
obtain an averaged spectrum and to avoid excessive
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damage from laser exposure. For each sample, at
least 3 spectra were collected. The recorded spectra
were averaged and processed using Grams/32 soft-
ware. The recorded spectra of the carboxymethyl-
ated hemicelluloses and their respective precursors
are presented in Figure S3. As the hemicelluloses
did not contain any trace of cellulose, and that the
specific signals for xylans and mannans (Wang et al.
2020; Zeng et al. 2016) were not detected as viable
peaks, we could not determine the amount of HexA
quantitatively. We instead normalized the intensity
of HexA band (1655 cm™") of CMGX and CMGGM
to their respective lignin intensity (1605 cm™") and
compared them with the lignin-normalized signals
of their respective precursors eGX and la-eGGM, to
obtain an estimated ratio of how much HexA was
produced by the synthesis relative to lignin content.

Emulsion preparation

Hexadecane emulsions with different stabilizers
were prepared by following the method reported by
Valoppi et al. (2019) with a slight modification. All
emulsions had 1% (w/w) stabilizer and 5% (w/w)
hexadecane. The selected stabilizers were dispersed
in a 25 mM citric buffer (pH=4.5) using a mag-
netic stirrer for at least 24 h to produce continuous
phases. For aCNC and dCNC stabilizers, after being
mixed with the buffer and stirred at least overnight,
the mixtures were immersed in an ice bath and soni-
cated (Branson 450 Digital Sonifier, Marshall Sci-
entificc, Hampton, USA) at 50% amplitude using
a 10 s on and 10 s off cycle for a total of 20 min
(corresponding to 10 min of exposure) to enable
the complete dispersion of the stabilizers. Hexade-
cane was then added to the continuous phase, and
an Ultra-Turrax homogenizer (T-18 basic, 1KA,
Staufen, Germany) equipped with S25N-18G dis-
persing head at 8,000 rpm for 2 min was applied
to obtain coarse emulsions while avoiding exces-
sive foaming. The fine emulsions were achieved by
using a high-pressure homogenizer configured with
75 mm Y-type F20Y and 200 mm Z-type H30Z
chambers in a series (Microfluidizer 110Y, Micro-
fluidics, Westwood, MA, USA) at 800 bar for three
consecutive cycles. The emulsions were collected in
50 mL falcon tubes for further analysis.
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Emulsion characterization

The emulsions kept standing in the falcon tubes were
stored at room temperature (~22 °C). The emulsion
properties (except for Turbiscan which was measured
at 0, 6, 24, 48 and 96 h) were characterized within
1 h after preparation (t=0) and after 96 h. The 96 h
storage period was selected as we avoided using any
preservatives which might affect emulsion properties.
For all measurements, except for Turbiscan, the sam-
ples were gently turned upside down 15 times before
analysis.

{-potential

The C-potential of oil droplets in emulsions were
measured using an electrophoretic light scatter-
ing instrument (Zetasizer Nano ZS series, Malvern
Panalytical Ltd, Malvern, UK). The samples were
diluted 1:2000 in a 25 mM citric buffer (pH=4.5)
to avoid multiple scattering effects. The diluted sam-
ples were loaded in a disposable folded capillary cell
(DTS1070, Malvern Panalytical Ltd, Malvern, UK)
and inserted to the instrument. After equilibration at
22 °C for 1 min, three {-potential readings for each
measurement were obtained. At least two measure-
ments for each sample were performed.

Droplet size and its distribution

Oil droplet size and its distribution of emulsions
were determined by using a laser light scattering ana-
lyzer (Mastersizer Hydro 3000 SM, Malvern Instru-
ments Ltd, Malvern, UK) connected with a dispersion
accessory (Hydro EV, Malvern Instruments Ltd, Mal-
vern, UK), and water as dispersant. During measure-
ment, the rotor speed was set at 1500 rpm, and reflec-
tive indices of water and hexadecane were 1.33 and
1.434, respectively. At least two measurements (with
three readings for each measurement) for each sample
were performed.

Droplet morphology

The morphology of oil droplets in emulsions was
visualized using an optical microscope (AxioVision,
Carl Zeiss, Microimaging GmbH, Jena, Germany)
equipped with a digital camera (AxioCam MRm, Carl
Zeiss, Microimaging GmbH, Jena, Germany). A drop

of emulsion was placed in the middle of a glass slide
and covered with a glass coverslip. The dispersed
droplet morphology was observed under a 100X
objective with a drop of mineral oil.

Turbiscan

The physical stability of emulsions during storage at
22 °C over 96 h was determined by a Turbiscan Lab
Expert analyzer (Formulations, France). Approxi-
mately 20 mL of freshly made emulsions were trans-
ferred to transparent glass vials and they were kept
undisturbed during storage. The stability of emulsions
is evaluated using the global Turbiscan stability index
(TSI, which were subjected to non-linear regression
analysis following Eq. (3) using TableCurve 2D soft-
ware (Jandel Scientific, version 5.01) in which the
Levenberg—Marquardt algorithm is applied to Least
Squares minimization.

TSI = TSI (1 —e™) A3)

where TSI is the Turbiscan stability index, TSI, is
the maximum TSI reachable at infinite times, K is the
rate constant, and t is time (h). The goodness of curve
fitting was evaluated based on the residual analysis
and fitting parameters (1%, p-value and standard error).

Rheological properties

Rheological behaviors of continuous phases and
emulsions were determined at 22 °C using DHR-2
rheometer (TA Instruments, New Castle, USA) with a
double wall concentric cylinder geometry (inside and
outside cup diameter of 40 and 44.58 mm, respec-
tively; inside and outside bob diameter of 40.76
and 43.92 mm, respectively; and operating gap of
500 um). About 7.5 mL of each sample was carefully
injected into the measuring cup. After lowering the
bob into the measuring cup, the bobs were slightly
moved back and forth several times to remove any air
bubbles in the sample cup, and then the samples were
equilibrated for 5 min.

Flow sweep measurements were performed over
a shear rate range of 0.1-100 and 0.1-1000 1/s with
two cycles for each range: increasing of shear rate
from 0.1 to 100 or 1000 1/s and decreasing of shear
rate from 100 or 1000 1/s to 0.1 1/s. Differences in
the viscosity between two cycles (also known as
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hysteresis loop) indicate the structural changes of the
samples due to shearing. Viscosities of plain citric
buffer and hexadecane were also determined by flow
sweep measurements with two cycles of shear rate in
arange of 0.1-1000 1/s.

For emulsions, linear viscoelastic moduli (fre-
quency oscillatory test) were measured at a strain
amplitude of 1% and the angular frequencies from
600 to 0.01 rad/s; and large amplitude oscillatory
shear flow measurements were carried out at strain
amplitudes from 0.01 to 700% at the angular frequen-
cies of 1 and 20 rad/s.

Results and discussion
Characterization of stabilizers
Carbohydrate analysis (Table 1) showed several

variations in the proportion of individual monosac-
charides compared to previously reported values

Table 2 Analyzed characteristics of GGM and GX stabilizers

(Mikkonen et al. 2019; Valoppi et al. 2019), but in
general the main constituents were still GGM and
GX in the respective materials. One noticeable dif-
ference between the ha-GGM and 1la-GGM (for both
spray-dried and ethanol-precipitated) is that while
both show the presence of normally-occurring ara-
binoxylan (Schonberg et al. 2001) the 1a-GGM has a
higher proportion of xylose, indicating a higher pro-
portion of arabinoxylan. Presence of galacturonic
acid (GalA) indicates traces of pectin (Sundberg
et al. 1996), which in the case of GX was eliminated
by ethanol precipitation; in the case of la-GGM,
they are still present in a small amount. For the
carboxymethylated samples, the proportion of all
carbohydrates were reduced compared to their pre-
cursors, indicating that the carboxymethylation did
not target any specific sugar. However, some indi-
vidual sugars decreased more than the others, which
might have been related to their relative availability
towards carboxymethylation in isopropanol.

Properties Stabilizers )
ha-eGGM  ha-sGGM  la-eGGM la-sGGM CMGGM sGX eGX CMGX

Lignin content 726+0.07 17.20+£047 9.04+1.67 16.11+0.56 8.68+0.11 24.63+3.82 15.26+0.07 18.67+0.01

(g/100 g)
Degree of acetyla- 0.34 0.33 0.13 0.21 n.d 0.77 0.62 n.d

tion (-)
Degree of carboxy- n.d n.d n.d n.d 0.46 n.d n.d 0.33

methylation (-)
Molar mass (Mw,

g/mol)/Dispersity

(-)
DMSO 3100/2.4 4100/4.1 5400/3.6 4100/6.1 n.d 2800/4.8 3500/2.0 n.d
Water 2800/1.7 2800/1.7 7500/2.2 8300/2.9 13,000/4.0  3600/2.5 3600/1.8 7600/1.7
Carbohydrate com-

position (g/100 g)
Arabinose n.d n.d n.d 1.17+0.18 nd n.d n.d n.d
Rhamnose n.d 0.63+0.63 nd n.d n.d 091+0.04 0.8+0.05 0.67+0.03
Xylose 6.18+0.38 6.53+033 9.61+047 10.15+1.09 4.65+2.06 53.21+0.71 55.36+3.07 35.02+1.76
Galactose 7.11+0.28 6.71+0.45 6.92+0.24 6.84+0.76 3.37+1.19 156+0.04 2.30+0.19 0.10+0.01
Mannose 44.09+2.40 43374255 37.72+1.56 36.27+4.12 24.61+1.49 2.50+0.11 3.63+0.19 2.40+0.09
Glucose 11.75+0.60 11.28+0.71 9.64+0.39 9.19+1.05 6.63+0.35 1.92+0.09 5.06+0.25 3.49+0.20
Galacturonic acid  n.d n.d 248+0.11 2.19+0.25 nd 1.98+0.09 nd n.d
Methyl glucuronic  n.d n.d n.d n.d n.d 7.33+0.22 7.11+1.01 7.08+0.23

acid

(*) Please refer to Table 1 for the sample codes. n.d. =Not determined, DMSO = Dimethyl sulfoxide solution
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As shown in Table 2, the spray-dried hemicel-
luloses have higher amounts of lignin compared to
the ethanol-precipitated ones. However, it appears to
be counterintuitive that CMGX has a higher lignin
content than eGX, as the synthesis process did not
involve the addition of lignin. We therefore per-
formed UVRR spectrometry to determine the pres-
ence of hexenuronic acid (HexA). HexA is known
to be formed during alkaline pulping by the degra-
dation of uronic acid residues within the hemicellu-
loses (Teleman et al. 1995). As the synthesis of the
carboxymethylated derivatives involve highly alka-
line condition and an elevated temperature, com-
bined with the fact that GX has a significant amount
of glucuronic acid residues, it is justified to suspect
that the interference might have come from HexA.
The UVRR result confirmed the presence of HexA,
which absorbs UV light at 280 nm, giving an over-
estimation of the lignin content for both the deriva-
tives and their respective precursors. We also detected
HexA in the precursor GX; unfortunately, it was not
possible to quantify the amount of HexA properly, as
the quantitative aspect of the UVRR-based method
relied on the presence of a standard cellulose peak to
normalize the HexA signal, or a standard xylan and
mannan peak, which were not detected. Therefore, we
normalized the HexA signals of CMGX and its pre-
cursor eGX to their respective lignin signals, and then
presented the result as a ratio of the lignin-normalized
HexA intensity between the derivatized product and
the precursor. The obtained lignin-normalized HexA
ratio between the product and the precursor of 2.36
for CMGX indicates that, assuming the lignin content
did not change, there had been a two-fold increase in
the amount of HexA, which led to the overestimation
of the lignin content in CMGX. A similar increase of
HexA content leading to lignin overestimation also
happened for CMGGM, although the extent is not
as severe as CMGX, with a ratio of 1.39. The source
of glucuronic acid residues that gave rise to HexA in
CMGGM might have been the trace xylans, whose
amount of glucuronic acid is sufficiently low to not
be detected by the carbohydrate analysis method, but
once converted into HexA is enough to cause some
interference. Nevertheless, we believe that in reality
the amount of lignin in CMGX and CMGGM would
have been less than their precursors, as the lignin
could have been partially dissolved in the methanol

(Melro et al. 2018) used as the antisolvent to separate
the products.

In general, GX has higher DA values compared to
GGM. Additionally, the four types of GGM we used
in this study can be divided into low-acetyl (la-) and
high-acetyl (ha-) GGM, where we observed that their
solubility and emulsion stabilizing capabilities differ
(details can be found in the section of emulsion prop-
erties). The absence of acetyl groups in CMGX and
CMGGM was indicated by the absence of carboxyl
resonances around 175 ppm on the '3C solid-state
NMR spectra of CMGX and CMGGM (Figure S1
in the supplementary materials). This carboxyl reso-
nance from the acetyl group was visible in the spec-
trum for eGX and appeared weakly in la-eGGM, and
was replaced by the carboxyl resonance from carbox-
ymethyl moiety around 178 ppm. We also performed
additional confirmation by FTIR (Figure S2), where
the absorption at 1730 cm™! (corresponding to C=0
ester carbonyl stretch of the acetyl groups) dimin-
ished from the CMGX and CMGGM spectra while
being replaced by sharp absorption at 1600 cm™!
(corresponding to C=0 carboxyl stretch of the car-
boxymethyl groups) (Candido and Gongalves 2016).

In general, as indicated in Table 2, the molar
mass values obtained from DMSO SEC appear to
be smaller than in water, which might mean that the
hemicellulose chains are folded more compactly in
DMSO, corresponding to a smaller molar mass value.
However, an opposite trend is observed for GGM
with higher degrees of acetylation (ha-sGGM and ha-
eGGM), where they have a lower molar mass in water
compared to DMSO. Additionally, all hemicelluloses
have high molar mass dispersity. One interesting
aspect to point out is how CMGGM and CMGX have
about twice the molar mass of their respective precur-
sors la-eGGM and eGX. The addition of carboxym-
ethyl moieties in the hemicellulose chains might have
caused conformational changes which influenced the
measured molar mass. Moreover, the requirement to
filter the samples prior to injection into the SEC sys-
tem might have eliminated any aggregates or larger
structures that formed prior to filtering, which could
play an important role in the emulsion stabilization.
With all these observations, the molar mass values
must be interpreted cautiously, and it is difficult to
correlate any observable phenomenon to the molar
mass of the hemicelluloses.
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Properties of emulsions
{-potential

The C-potential values of oil droplets in emulsions
express the magnitude of their surface charge, and
thus the degree of electrostatic repulsion which pre-
vents the oil droplets from coalescence and aggrega-
tion. The higher absolute {-potential values impart
a higher electrostatic repulsion between adjacent oil
droplets, and result in a higher stability of emulsions
(McClements 2005). Generally, an emulsion is highly
stable only as its {-potential value higher than 30 mV
(Bhattacharjee 2016). As indicated in Fig. 1, all emul-
sions had a negatively charged surface. Oil droplets
stabilized by GGM (la-sGGM, la-eGGM, ha-sGGM
and ha-eGGM) had very low absolute {-potential val-
ues (3.22-8.52 mV), and as expected this low elec-
trostatic repulsion did not contribute to emulsion sta-
bilization. The C-potential values of GGM samples
determined in this study are highly compatible to
those reported in previous studies (Mikkonen et al.
2016b; Valoppi et al. 2019).

GX emulsions (eGX and sGX) had higher abso-
lute C-potential values (12.15-13.53 mV) than GGM
counterparts, which is possibly because a higher con-
tent of the anionic methyl glucuronic acid and galac-
turonic acid residues was found in GX (Table 2). The

JEZ o e T

C-potential (mV)
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Samples

Fig. 1 -potential values of oil droplets in emulsions pre-
pared from different stabilizers as fresh (t=0), and after 96 h
of preparation. Please refer to Table 1 for the sample codes. A
one-way analysis of variance (ANOVA) and Tukey test were
used as a post-hoc test for a pairwise comparison of the means
with a statistically significant difference at p <0.05 using Orig-
inPro 2020 (OriginLab Corporation, Northampton, MA, USA).
Within the same time point (either 0 or 96 h), means with
different letters indicated statistically significant differences
among samples
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presence of these anionic surface charge residues
could impart a higher emulsion stabilization capac-
ity to GX than GGM. However, for either GGM or
GX, differences in lignin content and sugar composi-
tion did not have a major effect on {-potential values
of their emulsions. Similar results were also found for
GGM samples at different degrees of acetylation.

The introduction of negatively charged carboxy-
methylated groups made the surface charge of oil
droplets in CMGGM and CMGX emulsions to be
more negative, with a higher degree of a negatively
charge increase being observed for CMGX due to the
presence of anionic methyl glucuronic acid (Table 2).
Due to similarity in {-potential values of CMGGM,
CMGX, CMC and aCNC, it is expected that the car-
boxymethylation of hemicelluloses could increase
their ability to stabilize emulsion. Difference in
absolute {-potential between aCNC (29.18 mV) and
dCNC (16.15 mV) can be explained by their sulfate
content, by which aCNC with the higher amount of
sulfate content had the higher negative surface charge
(Pandey et al. 2018).

During 96-h storage, all samples, except for
CMGGM emulsion displaying the slight reduction
of absolute {-potential, maintained their {-potential
values unchanged. The changes in surface charge of
CMGGM emulsion during storage were possibly
caused by desorption of CMGGM stabilizer from
the oil droplet interface and/or charge neutralization
effect, which require further investigation to provide a
concrete conclusion.

Droplet size and its distribution

The size of oil droplets in emulsions were measured
as fresh (t=0 h), and at 6 and 96 h after prepara-
tion to evaluate their stability. The average size of oil
droplets in terms of D[3,2], D[4,3], Dv(10), Dv(50)
and Dv(90) can be found in Table S1 (Supplementary
materials), and here we reported the size distribution
of oil droplets (Fig. 2).

For freshly prepared emulsions (t=0), all GGM
and GX samples exhibited bi- or tri-modal droplet
size distribution (DSD) with one or two peaks larger
than 0.5 pum representing droplet diameter. How-
ever, unlike the DSD of GGM-stabilized emulsions
which included two distinguished peaks represent-
ing droplets smaller and larger than approximately
1.0 um (Fig. 2a—e), those of GX-stabilized emulsions
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Fig. 2 Size distribution of oil droplets in emulsions stabilized
by different emulsifiers as fresh (t=0, black dotted lines with
triangle symbols), and after 6 (red solid lines with square sym-

exhibited a main peak at around 0.1 pm and a shoul-
der at a higher droplet size (Fig. 2f-h). Although the
similar DSD patterns were observed for all GGM
emulsions, the intensity and width of these peaks
were markedly different, which indicates effects of
their characteristics regarding lignin content, degree
of acetylation, molar mass, carbohydrate composi-
tion, and surface charge on the resultant emulsion
droplet size. Similar results were also witnessed
for all GX emulsions. In previous studies (Bhat-
tarai et al. 2019; Lahtinen et al. 2019; Valoppi et al.
2019), differences in DSD of emulsions prepared
from GGM and GX at different lignin content were
also reported despite the difference in oil phase used
in these studies (e.g., rapeseed oil). For cellulose-sta-
bilized emulsions, MC and CMC had almost identical
mono-modal DSD curves with a droplet diameter of

Droplet diameter (um) Droplet diameter (um)

bols) and 96 h (blue solid lines) of preparation. Please refer to
Table 1 for the sample codes

0.01-1.0 pm, and similar to aCNC emulsions but with
a larger droplet diameter range (~0.5-5 pm) while
dCNC had bi-modal DSD with two peaks (0.5-3 pm
and 0.5-13 pm) almost equal in volume percentage.
Evaluating both D[4,3] and D[3,2] values
(Table S1) of freshly prepared hemicellulose-stabi-
lized emulsions revealed that GGM produced emul-
sions with much larger oil droplet diameters than GX.
For GGM stabilizers, removing acetyl groups and/or
lignin increased the oil droplet diameter while intro-
ducing negatively charge led to an opposite effect on
the oil droplet diameter. Similar effects of removing
lignin and introducing negative charge on oil drop-
let diameter were also found for GX stabilizers. The
oil droplet diameter of emulsions was reported to
be highly dependent on the types of stabilizers used
due to their differences in the rate of diffusion and
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«Fig. 3 Optical microscopic images of oil droplets in emulsions
prepared from different stabilizers as fresh (t=0) and after
96 h of storage. Scale bar=10 um. Please refer to Table 1 for
the sample codes

adsorption onto interfacial regions formed during
emulsification. The stabilizers with the higher diffu-
sion and adsorption rate allow more rapid formation
of submicron emulsion droplets (O’sullivan et al.
2015). Stabilizers with a lower molar mass have a
higher diffusion and adsorption rate, and therefore
capable to produce smaller emulsion droplet size
(Tadros 2016). However, this concept is not sup-
ported by the analytical results about molar mass of
GGM and GX stabilizers (Table 2) as no clear cor-
relation was observed between their molar mass and
their respective emulsion oil droplet diameter. For
examples, among hemicellulose stabilizers, CMGGM
had the highest molar mass (e.g., 13,000 g/mol) but
its emulsion had the smallest oil droplet diameter
(D[3,2] ~ 0.07 um) while la-eGGM had a molar mass
of 7500 g/mol and its oil droplets had the highest
D[3,2] value (1.40 um). Therefore, other factors, such
as viscosity of continuous phase, molecular structure,
and solubility of stabilizers might be more important
to their diffusion and adsorption rate than molar mass.
Soluble celluloses such as MC and CMC were able
to produce emulsions with very small oil droplets
(D[3,2] =~ 0.06-0.09 um) while cellulose nanocrystals
(aCNC and dCNC) produced much larger oil droplets
(D[3.,2] ~ 0.81-1.14 pum). The large size of oil drop-
lets in CNC emulsions could be explained by their
rod-like and rigid structure, which could interfere the
droplet formation during emulsification and some oil
droplets coalesce before the oil droplets are fully cov-
ered by CNC (Bai et al. 2019).

Over the 96 h of storage, the changes in DSD were
observed for all studied emulsions with the most
significant alteration being observed for CMGGM,
CMGX, aCNC, and dCNC samples. In their DSD,
there was a marked increase in volume percentage of
large droplet size and/or appearance of a new peak for
droplet diameter around several hundreds of micro-
metres. In addition, the average droplet diameters,
D[4,3] and D[3,2] of all studied emulsions increased
even after 6 h of preparation (Table S1). Visual obser-
vation of studied emulsions revealed that all GGM-
and GX-stabilized emulsions were creaming after
96 h of storage, but after gentle shaking, the creaming

layers were redispersed, and their droplet size recov-
ered to almost the original values. Meanwhile, the
cellulose-stabilized samples (MC, CMC, aCNC and
dCNC emulsions) did not have any visual signal of
creaming, suggesting that increasing of their droplet
size could be due to droplet coalescence.

Droplet morphology

Optical images of oil droplets were analyzed as fresh
(t=0) and after 96 h of storage to evaluate the possi-
ble destabilization mechanisms of emulsions (Fig. 3).
The oil droplet size of all emulsions observed under
optical microscopy is highly compatible to their DSD
determined by static light scattering method (Fig. 2).

For the fresh emulsions (t=0), droplet floccu-
lation was witnessed for la-eGGM, la-sGGM, ha-
sGGM and sGX emulsions while individual droplets
were observed in the other hemicellulose-stabilized
samples. This suggests that characteristics and com-
position of hemicellulose stabilizers affect emulsion
breakdown. Removing acetyl groups and/or preserv-
ing the native lignin from hemicellulose structure
promote flocculation of emulsions. Visual observa-
tion from the optical images reveals that hemicellu-
lose-stabilized emulsions (ha-sGGM, la-sGGM, ha-
eGGM, la-eGGM, CMGGM, eGX, sGX and CMGX)
contained many oil droplets with a diameter of sev-
eral micrometres. However, a lower extent of droplet
flocculation and fewer large oil droplets were seen
for CMGGM and CMGX emulsions, indicating that
increasing surface charge of hemicellulose stabilizers
inhibits their emulsion droplet aggregation and floc-
culation. Meanwhile, MC and CMC emulsions were
mainly composed of small and separated oil drop-
lets (<100 nm). aCNC and nCNC emulsions exhib-
ited the droplet aggregation with higher compacted
degree than that observed for hemicellulose-stabi-
lized samples. These aggregates seem to be intact
under stirring during sample dispersion for droplet
size measurement via static light scattering method
(e.g. Mastersizer measurement), resulting in a large
oil droplet diameter. Another possible reason for oil
droplet aggregation of aCNC and nCNC emulsions is
due to their high viscosity which prevents the drop-
let dispersion on the slide during optical microscopic
analyses.
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After storage for 96 h, flocculated and larger drop-
lets (which are caused by coalescence) were appar-
ent in all GGM-, GX- and CNC-stabilized emulsions
while oil droplets in MC and CMC were evenly sepa-
rated and remained as individual entities, indicating
high stability of these emulsions.

Turbiscan

Physical stability of emulsions over 96 h of stor-
age indicated TSI is illustrated in Fig. 4, and fitting
parameters (TSI ,, and K) are reported in Table S2
(Supplementary materials). Higher TSI values indi-
cate lower stability of the emulsions. For hemicel-
lulose-stabilized emulsions, the lowest stability was
observed for la-eGGM and la-sGGM. Comparing
these emulsions to ha-eGGM and ha-sGGM emul-
sions suggests that the removal of acetyl groups
from the GGM structure resulted in a reduction of
its capacity to stabilize emulsions. Due to lipophilic
properties of acetyl groups, deacetylation of GGM
alters its overall polarity, making it less lipophilic,
and therefore having a lower emulsifying capacity
(Lehtonen et al. 2018; Li et al. 2020). For both GGM
and GX, at similar degrees of acetylation, emul-
sions prepared from spray-dried samples (la-sGGM,
ha-sGGM and sGX) were more stable than those
produced from ethanol-precipitated counterparts (la-
eGGM, ha-eGGM and eGX). This indicated that the
lignin residues in SGGM and sGX play an important

35 4 : @ 12-eGGM
1 la-sGGM
30
25 ha-eGGM
] dCNC
o CMGX
- 1 5 ha-sGGM
7
15 1) CMGGM
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Fig. 4 Global Turbiscan stability index (TSI) as a function of
time during storage at 22 °C of emulsions prepared from dif-
ferent stabilizers. Please refer to Table 1 for the sample codes.
For each sample, the marker symbols represent average experi-
mental TSI data while the solid line shows the fitting with a
95% confidence interval obtained from Eq. (3)
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role in stabilization of the oil droplets against cream-
ing. These results are well aligned with recently
reported findings about the emulsifying-enhanced
roles of residual lignins in GGM and GX (Carvalho
et al. 2021). The study suggested that preserving the
lignin in GGM and GX promoted their anchoring to
the droplet interface, and thereby their emulsion sta-
bilization capacity.

As illustrated in Fig. 4, in the native structure, GX
had a higher emulsion stabilization capacity than
GGM. These can be explained by a combination of
several reasons such as their composition, and molec-
ular structure and molar mass. Unlike GGM, GX is
also rich in linear-structure glucomannan, i.e. 7.6%
in eGX and 6.3% in sGX (Carvalho et al. 2021), and
these polysaccharides with a less branched structure
were reported to enhance the long-term stability of
emulsions by covering the droplet surface more effi-
ciently (Alba et al. 2021). Other different characteris-
tics between GX and GGM are acetyl content, degree
of acetylation and absolute {-potential, with higher
values being reported for the former (Table 1), and as
aforementioned, the hemicelluloses with the higher
values of acetyl content, degree of acetylation and
absolute {-potential had the better emulsifying capac-
ity. A higher emulsion stabilization capacity of GX
than GGM was also reported (Carvalho et al. 2021).

As expected, the introduction of negatively charged
carboxymethylated groups into GGM markedly
increased its emulsion stability (CMGGM). However,
an opposite result was observed for GX in which its
carboxymethylation (CMGX) significantly reduced
its emulsifying capacity, to a level even consider-
ably lower than CMGGM despite their higher abso-
lute C-potential values (Fig. 1). This confirmed that
surface charge alone did not define the emulsifying
capacity of hemicelluloses. One possible explanation
could be the degree of substitution of carboxymethyl
groups (e.g., 0.33 in CMGX and 0.46 in CMGGM),
which might affect the hydrophilic-lipophilic balance
of carboxymethylated hemicelluloses, and thereby
their emulsifying capacity. However, this assumption
needs further investigation.

As detailed in Fig. 4, over 96 h of storage, CMC,
MC and aCNC emulsions had the lowest TSI val-
ues, indicating that their capacity to stabilize emul-
sions was higher than that of all forms of investi-
gated hemicellulose stabilizers. High stability of
CMC and aCNC emulsions could be explained by the
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Table 3 Viscosity measured at shear rate of 100 1/s of citric buffer, hexadecane, continuous phases containing 1% (w/w) stabilizers,
and corresponding emulsions as fresh (t=0) and after 96 h of storage. Please refer to Table 1 for the sample codes

Samples Viscosity (mPa.s)
Citric buffer 0.95+0.03
Hexadecane 3.33+0.01
Stabilizers Continuous phases Emulsions

t=0 96 h t=0 96 h
la-eGGM 1.16+0.01° 1.17+0.05* 1.85+0.16™ 1.97+0.01%
la-sGGM 1.18+0.03 1.09 +0.00* 2.28 +0.66% 1.80+£0.34%®
ha-eGGM 1.09+0.02° 1.14+0.03* 1.38£0.02% 1.35+0.00%°
ha-sGGM 1.03+0.03 1.11+0.00? 1.47 +0.04% 1.72+0.35%
CMGGM 1.19+0.07 1.09+0.02* 1.32+0.00® 1.35+0.04%
eGX 1.11+0.05 1.15+0.05* 1.3240.12% 1.29+0.09%
sGX 1.11+0.01 1.05+0.01° 1.35+0.03% 1.29+0.07%
CMGX 1.01+0.04% 1.09 +0.052 1.34+0.01%® 1.37 +£0.08%
MC 435+0.13° 4.47+0.57° 3.88+0.49° 3.66+£0.19®
CMC 7.03 +0.45° 6.62+0.28° 7.83+0.87° 7.51+£0.43%
aCNC 35.28+3.94° 38.52+0.40° 2424 4536° 25.76 +4.73%
dCNC 10.64+2.59 11.68+0.31¢ 10.71 £0.644 11.98 +£0.36%

A one-way analysis of variance (ANOVA) and Tukey test were used as a post-hoc test for a pairwise comparison of the means with
a statistically significant difference at p <0.05 using OriginPro 2020 (OriginLab Corporation, Northampton, MA, USA). Within the
same column, means with different letters indicated statistically significant differences among samples

combination of their high surface charge (Fig. 1) and
high viscosity (Table 3) while the storage stability of
MC emulsions is possibly associated with small oil
droplet diameter (Table S1). Lower stability of dCNC
emulsions, as compared to aCNC ones, is possibly
attributed to its larger droplet size (Table S1) and
lower surface charge (Fig. 1).

Rheological properties

As discussed in previous sections, {-potential, size
of oil droplets, and characteristics and composition
of stabilizers can partly explain the stability of emul-
sions investigated in this study. Therefore, it is worthy
to evaluate other factors such as rheological proper-
ties of continuous phases and emulsions to further
explain the capacity and/or mechanisms of stabiliz-
ers to produce stable emulsions. Flow behavior of
emulsions depends on many parameters, especially
inter-droplet forces which are determined by stabiliz-
ers; therefore its measurement provides information
about the arrangement of oil droplets. In this study,
due to the low viscosity of the hemicellulose-based
samples, repeatable results of flow measurements

were only obtained at shear rates above 10 1/s. The
results of continuous phases (Figure S4) and emul-
sions (Fig. 5) within the shear rate range of 10-1000
1/s are presented with increasing (I) and decreasing
(D) shear rate. Oscillatory data is shown only for
samples where repeatable results were obtained, that
is, for MC, CMC, aCNC and dCNC (Figures S5 and
S6). The viscosities at shear rate of 100 1/s of citric
buffer, hexadecane, continuous phases and emulsions
as freshly prepared (t=0) and after 96 h of storage are
summarized in Table 3. For fresh continuous phases
(Figure S4), all GGM and GX samples showed New-
tonian behavior. The Newtonian behavior of PHWE
GGM solutions at concentrations up to 30% has also
been reported earlier (Bhattarai et al. 2020a, b; Mik-
konen et al. 2016a). However, solutions of GGM
extracted by TMP were reported to have a higher
viscosity and show shear-thinning behavior at con-
centrations above 0.5% (Xu et al. 2009). This rheo-
logical behavior of TMP GGM is possibly associated
with its higher molar mass (48,000 g/mol), which is
much higher than that of PHWE GGM in this study
(i.e. 2800-13,000 g/mol). Newtonian behavior was
also observed for citric buffer, hexadecane oil, MC
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Fig. 5 Flow curves of emulsions prepared from different sta-
bilizers measured at shear rates of 10-1000 1/s, which are
freshly prepared (0 h) and after 96 h of storage. Two cycles of

and CMC samples while aCNC and dCNC samples
displayed shear-thinning behavior. The rheological
behavior of all continuous phases were the same after
96 h of storage (Figure S4).

Regarding emulsions, there was a clear difference
in flow behaviors among hemicellulose-stabilized
emulsions. Fresh ha-sGGM, la-sGGM, ha-eGGM, la-
eGGM, and CMGX emulsions were shear-thinning.
Meanwhile, CMGGM, sGX and eGX emulsions
behaved like their continuous phases and showed
Newtonian flow behavior. These results suggested the
surface charge of hemicelluloses rather than lignin
content affects flow behavior of emulsions made from
them. Also, removal of acetyl groups from GGM
structure did not affect the flow behavior of GGM-
stabilized emulsions. Despite similarity in viscosity
at 100 1/s between CMGX and CMGGM emulsions
(Table 3), differences in their flow behavior could
partially explain their emulsion stability differences

@ Springer
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shearing included (I): increasing of shear rate from 10 to 1000
1/s, and (D): decreasing of shear rate from 1000 to 10 1/s.
Please refer to Table 1 for the sample codes

(Fig. 4). All fresh cellulose-stabilized emulsions (e.g.,
MC, CMC, aCNC and dCNC) exhibited pronounced
shear-thinning behavior with a much higher degree
being observed for Pickering stabilizers. These results
are in agreement with previous findings for cellulose-
stabilized emulsions despite the differences in oil
phase and concentration (Arancibia et al. 2013; Miao
et al. 2021; Zhang et al. 2017).

As indicated in Fig. 5, the flow behavior of hemi-
cellulose-stabilized emulsions, especially GGM
ones, were similar to those of Pickering emulsions
(aCNC and dCNC), rather than soluble cellulose-
stabilized emulsions (MC and CMC). This suggests
that hemicelluloses possibly stabilize emulsions by
an adsorbed layer of insoluble particles. As reported,
GGM and GX obtained by PHWE are a complex
mixture of different compounds consisting of hemi-
celluloses and residual lignin (Lehtonen et al. 2018).
Lignin is insoluble and forms particles at neutral pH
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(Evstigneev 2010; Sewring et al. 2019). Also, dur-
ing spray drying of hemicelluloses, insoluble lignin
particles with a size of a few micrometres could be
formed (Miao and Hamad 2017). The adsorption of
the insoluble lignin particles on droplet interface of
hemicellulose-stabilized emulsions makes their flow
behavior more like the Pickering emulsions. In pre-
vious work by Mikkonen et al. (2016a) on rheologi-
cal properties of hemicellulose-stabilized emulsions
(e.g., PHWE GGM and GX) at higher hemicellulose
and oil phase concentrations it was reported that the
steric repulsion was assisted by the adsorption of par-
ticulate GGM and GX aggregates. These act as Pick-
ering stabilizers and it was the principle emulsion sta-
bilization mechanism of GGM and GX.

Figure 5 shows hysteresis loops between the
up- and down-shearing curves, where differences
represent the energy associated with the structural
changes of the samples after shearing. Hysteresis
were observed for all fresh studied emulsions, except
CMC and CMGGM ones. The hysteresis phenom-
enon in these samples was more profound after 96 h
of storage, which could be because of the appearance
of larger droplet size resulting from coalescence and
creaming.

In a study by Bhattarai et al. (2020a, b) for PHWE
GGM, the authors reported that at pH 4.6, similar
to the pH used in this study, GGM solution formed
aggregates with size of several hundreds of micro-
metres after 48 h of storage at room temperature
(~22 °C). These aggregates, after dissociation by
high-intensity mechanical shearing, were able to re-
associate during storage. Combined effects of the
aggregation of hemicelluloses themselves and pres-
ence of oil droplets alter the rheological behavior
of their emulsions as compared to their correspond-
ing continuous phase. The observed hysteresis could
result from the structural breakdown of the aggre-
gates and/or formation of a new structure from bro-
ken aggregates under shearing. The differences in
rheological behavior including the shear thinning
and hysteresis of la-sGGM and la-eGGM emul-
sions compared with other hemicellulose-stabilized
emulsions could be explained by low DA in the for-
mer. Differences in the flow curves at low shear rate
between GGM- and GX-stabilized emulsions possi-
bly indicate their differences in emulsifying capacity.
Due to their differences in structure and composition,
they might experience the aggregation differently.

The agglomeration of polysaccharides, including
wood hemicelluloses in an aqueous environment was
also reported elsewhere (Kishani et al. 2019, 2018;
Parikka et al. 2010).

To monitor the changes in viscosity under constant
shear, the samples were kept at shear rate of 10 and
100, 1/s for 20 min (Fig. 6). MC, CMC and CMGGM
displayed constant viscosity at both shear rates over
the tested time range, suggesting the microstructures
of emulsions did not change under these conditions.
Other emulsion samples exhibited viscosity changes
over time, especially at a shear rate of 10 (1/s), ascrib-
ing to the structural reorganization of emulsions under
shearing. This behavior can be explained by the pres-
ence of insoluble particles on the oil droplet surface
and in water phase of emulsions, and their interac-
tions under low shear rate results in an increase of the
emulsion viscosity. However, under high shear rate
(100, 1/s), their interactions were destroyed, leading
to constant viscosity. Similar rheological behaviors of
CNC emulsions at various CNC concentrations (0.6,
1.2 and 2.4%) and shear rates (0.1, 1.0 and 10, 1/s)
have been reported (Miao et al. 2021). The viscos-
ity vs. time responses under a constant shear rate of
hemicellulose-stabilized emulsions, except CMGGM
and la-sGGM ones, were similar to Pickering emul-
sions stabilized by aCNC and nCNC, suggesting
their similarity in droplet adsorption behaviors dur-
ing emulsification. The differences in flow behaviors
under constant shearing of CMGGM and la-sGGM
emulsions to other hemicellulose-stabilized ones are
probably due to high solubility of CMGGM ascribed
by carboxymethylation (Gabriel et al. 2020), which
make it’s behavior like that of soluble celluloses (MC,
and CMC); and low solubility of 1la-sGGM resulted
by deacetylation and presence of insoluble lignin, as
mentioned above.

As shown in Table 3, for continuous phases, all
fresh GGM and GX stabilizers had similar viscosi-
ties (e.g., 1.01-1.19 mPa.s), and was much lower
than that of fresh cellulose stabilizers (e.g., MC,
CMC, aCNC and dCNC). After 96 h of storage, vis-
cosity of all investigated continuous phases were
almost unchanged. Similar viscosity levels were
also observed for emulsions. The higher viscosity
of cellulose-stabilized emulsions than hemicellu-
lose-stabilized counterparts enables the reduction
of the mobility and probability for collision of drop-
lets; decreasing flocculation and coalescence, and
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Fig. 6 Flow curves of fresh emulsions prepared from different stabilizers under shear rates of 10 and 100 1/s over a period of

20 min. Please refer to Table 1 for the sample codes

reducing the creaming rate, and therefore improving
emulsion stability (Dickinson 2009). Similar viscos-
ity obtained for all GGM- and GX-stabilized emul-
sions indicates that the differences in characteristics
and composition of the hemicelluloses did not cause
any differences in viscosity, and that the differences
in their emulsion stability could not be explained by
viscosity alone.

Conclusion

Wood hemicelluloses recovered by PHWE method
from spruce (GGM) and birch (GX) are good emul-
sion stabilizers of which GX produces emulsions
with smaller droplets than GGM. This is possibly
due to a higher charged surface and higher degree of
acetylation of GX. The composition and properties
of hemicelluloses greatly affected the stability and
other properties of emulsions produced from them.
For GGM, although preserving the native lignin and
acetyl structure did not have a major effects on surface

@ Springer

charge, it helped to generate small emulsion droplets,
thereby improving their emulsifying properties. Simi-
lar effects of preserving the native lignin on surface
charge and emulsion stability were also witnessed for
GX. Carboxymethylation to introduce anionic groups
to hemicelluloses showed opposite effects on their
emulsifying ability between GGM and GX in which
the enhancement was found only for GGM. Regard-
less of the composition and properties of GGM and
GX, the continuous phases and emulsions had very
low viscosity, indicating that viscosity does not play
any role in emulsion stabilization. By comparing
flow behaviors of GGM and GX emulsions to those
of established cellulose-stabilized emulsions, it is
evident that the presence of insoluble particles that
possibly function as Pickering stabilizers are found
in GGM- and GX-stabilized emulsions. These results
confirm the emulsion stabilization mechanisms from
the viewpoint of rheological properties of emulsions.
Unlike celluloses, hemicelluloses can stabilize emul-
sions without increasing their viscosity, even when
a high concentration of hemicelluloses is employed.
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This makes emulsion preparation from hemicellu-
loses easier and less energy-consuming than from
celluloses. Low viscosity emulsions are required for
many applications in foods, cosmetics, personal care
products and paints. These findings provide a com-
prehensive understanding about the effects of proper-
ties and types of wood hemicelluloses on their ability
to stabilize emulsions. This will allow the selection
of a suitable hemicellulose for a specific application,
and guide the hemicellulose recovery processes to
control desirable properties.
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