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ABSTRACT: This study relates to the release of non-cellulosic components (cell wall heteropolysaccharides, lignin, and
extractives) from swollen wood �bers in the presence of an anionic surfactant (sodium dodecyl sulfate, SDS) at submicellar
concentrations. Highly surface-active aggregates form between SDS and the leached, non-cellulosic components, which
otherwise do not occur in the presence of cationic or nonionic surfactants. The in situ and e�cient generation of liquid foams in
the presence of the leached species is demonstrated. The foaming capacity and foam stability, as well as the foam’s structure, are
determined as a function of the composition of the aqueous suspension. The results indicate that naturally occurring
components bound to wood �bers are extractable solely with aqueous solutions of the anionic surfactant. Moreover, they can
form surface-active aggregates that have a high foaming capacity. The results further our understanding of residual cell wall
components and their role in the generation of foams.

� INTRODUCTION
The unique properties of foams ful�ll a wide range of purposes
in nature and industry, for example, for the protection of
embryo,1 the dispersion of �bers in nonwoven manufacture,2�5

the assembly of functional materials via templating,6 the
delivery of drugs,7 and the formulation of household and food
products.8 In such applications, it is of critical importance to
understand foam generation and stabilization. Air bubble
generation in liquid media requires an energy input, which
depends on the surface tension, �, and the surface area of the
generated air bubbles, �A.9,10 For the generation and
stabilization of foams, surfactants11 are often used because
they lower the surface tension thus facilitating the incorpo-
ration of bubbles. (Bio)polymers,12 including proteins13 and
particles14 are also used for foam generation and stabilization.
Relevant for this study is the use of wood �bers and their main
constituents for foam generation and stabilization. The main
constituents in wood �bers refer to cellulose, which forms the
structure of the cell walls and non-cellulosic components,
mainly heteropolysaccharides (often termed as hemicellu-
loses),15 extractives, and lignin.4 These components have been

incorporated in value-added materials16�18 including light-
weight structures.2,19 Moreover, cellulosic nanomaterials have
been proposed for the stabilization of aqueous foams.7,15,20�23

Using the components of the �bers’ cell walls requires their
isolation or fractionation with high energy and chemical costs.
However, a di�erent approach can be considered, namely, the
treatment of �bers with surface-active agents, polymers, acid or
base solutions by impregnation and di�usion.24,25 Therein, the
interactions between non-cellulosics and cellulose depend on
hydrogen bonding and hydrophobic e�ects.26,27 Typically, in
neutral or weakly acidic conditions, non-cellulosics are
negatively charged due to the presence of glucuronic acid
and carboxylate groups. Thus, surfactants (anionic, cationic, or
nonionic) can alter their net charge, surface chemistry, and
colloidal stability. Most studies in this area deal with the
interaction between negatively charged �bers and cationic or
nonionic surfactants.28 However, the interactions between
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negatively charged �bers and anionic surfactants have been
studied only to a limited extent. Wood impregnation with
microemulsions containing sodium dodecyl sulfate (SDS) was
found to improve �ber wetting and the capillary penetration of
SDS by adsorption onto hydrophobic sites.29�34 It is thus
reasonable to ask if an anionic surfactant enhances wood �ber
accessibility, for example, by swelling and loosening its cell
walls and if its interactions with non-cellulosic components
lead to colloidally stable species or aggregates.

To address these questions, bleached pine �bers were used,
which mainly consist of cellulose and small amounts of non-
cellulosic components. The stability of the �bers suspended in
water and in SDS solutions was studied, and the changes of the
�ber’s chemical composition were determined. The interaction
between SDS and the non-cellulosics was examined by surface
tension (static and dynamic) and by analyzing the composition
of the system. Furthermore, the foaming capacity of the non-
cellulosic fraction leached to the aqueous phase after treatment
with SDS was elucidated. Finally, we took advantage of the
interaction between SDS and the non-cellulosics and evaluated
the foam properties of wood �ber dispersions in the presence
of the surfactant.

� EXPERIMENTAL SECTION
Materials. SDS (Sigma-Aldrich, purity �99.0%) and n-dodecyl-�-

D-maltoside, �-C12G2 (Glycon, purity >99.5%) were used as received.
Dodecyltrimethylammonium bromide, C12TAB (BioXtra, purity
�99%), was puri�ed thrice by recrystallization. Reference softwood
hemicellulose was extracted from commercial softwood Kraft pulp
(Metsa� Fibre) treated by 2.5 M NaOH and ultra�ltrated at 50 °C
(LabStak M20, Alfa Laval AB, Sweden), as described elsewhere.35

Never dried, bleached pine Kraft �bers (BKP) were produced and
supplied by the A�a�nekoski Mill of Metsa�Fibre, Finland. The �bers
were washed and �ltered extensively with 5 L batches of MQ water to
eliminate any residual chemicals or components dissolved from the
bleaching �ltrate, which may have attached to the �bers during drying.
The process was repeated (at least 10 times) until a conductivity of
the aqueous �ltrate reached a value <1.1 �S/cm in the last two cycles.
The composition of the obtained, washed �bers is shown in Table S1,
following Soxhlet extraction, hydrolysis, and pulse amperometric
detection. In additional experiments, we used nonchemically treated,
unbleached softwood thermomechanical �bers (TMP) (Sappi’s
Kirkniemi Mill, Finland) and dissolving grade �bers (DP),
disintegrated from cotton linters and sourced from Milouban
M.C.P., Ltd (see Tables S2 and S3 for the respective composition).
High-grade nylon meshes were obtained from Finntex.

Leachate from the Fiber’s Cell Wall. The puri�ed, never dried
�bers were �rstly dispersed in MQ water (35 g) by vigorous hand
shaking (1 min), and then 10 g of SDS (31.5 mM) was added. The
�nal �ber content in the 45 g suspension was 0.3 wt %. After gentle
mixing for 1 min, the suspension was �ltered through the nylon mesh
(pore diameter of 1 �m) that retained the �bers. The �ltrate,
containing surfactant and leachate from the �bers, was collected for
use in further experiments. Note that the nylon membrane was
thoroughly washed with ethanol and MQ water before use. The
absence of any extractable materials or contaminants was veri�ed by
surface tension measurements using MQ and SDS (0.7 mM) solution
�ltered through the membrane.

The �bers retained in the nylon membrane were gently pressed by
hand to avoid bubble generation while the �ltrate, herein referred to
as Leachate0.7mM SDS, was collected for further analyses. The experi-
ments involved washing/�ltration cycles in which the �bers that
remained on the nylon membrane were collected and redispersed
repeatedly (�ve times) in 0.7 mM SDS solution (to obtain 45 g
dispersions). The Leachate0.7mM SDS solutions obtained from the �ve
dispersion or leaching cycles were collected for further studies. In the
same manner, LeachateMQ was obtained from �bers dispersed in MQ

water, in the absence of SDS. The same protocols were applied for the
cationic and nonionic (C12TAB and �-C12G2) surfactant solutions.

Static Surface Tension. To explore the e�ect of dispersion
cycles, the static surface tension � (21.5 ± 0.2 °C) of Leachate0.7mM SDS
and LeachateMQ was measured after each cycle using a KSV Sigma 70
force tensiometer equipped with a Wilhelmy platinum plate. The � of
MQ water and pure 0.7 mM SDS solution was used as reference. The
static surface tension of LeachateSDS obtained from BKP �bers at
di�erent SDS concentrations was measured. The surface activity of
BKP �bers dispersed in SDS solutions at concentrations below, at,
and above the critical micelle concentration (cmcSDS) was assessed
and compared with that of the corresponding leachate. The static
surface tension measurements were conducted for at least 20 min with
a steady plateau in surface tension of 5 min.

Dynamic Surface Tension. The dynamic surface tension
(�dynamic) of Leachate0.7mM SDS solutions was measured using a KSV
BPA-800P bubble pressure tensiometer using a capillary of 0.13 mm
radius. SDS was used at three di�erent concentrations, namely, 0.083
cmcSDS, 1 cmcSDS, and 8.3 cmcSDS. The �dynamic measurements were
performed at 21.8 °C for 15�50 min until reaching a surface tension
plateau as a function of bubble lifetime. The experimental time (15�
50 min) is the time spent by the gas sensor in the tensiometer (a) to
change gas �ow, which is for generating bubbles with di�erent
lifetimes and (b) to establish the change interval between di�erent gas
�ows. The bubble lifetime is the time interval from bubble generation
to its hemispherical size. The surface tension was plotted as a function
of bubble lifetime with 1 s resolution in this study. For comparison,
the dynamic surface tension of MQ, LeachateMQ, and pure SDS
solutions at di�erent concentrations was also recorded. The �dynamic of
the leachate obtained from cationic (C12TAB) and nonionic (�-
C12G2) surfactant solutions at di�erent concentrations was also
measured. Only BKP �bers were utilized in the dynamic surface
tension experiments.

UV�Vis Spectroscopy and Attenuated Total Re�ection�
Fourier Transform Infrared Spectroscopy (ATR�FT-IR). The
presence of soluble lignin content in the leachates was examined by
measuring the absorbance at wavelengths between 200 and 1000 nm
using a UV�vis spectrophotometer (UV-2550, Shimadzu, Kyoto,
Japan). The absorbance intensity at 205 nm was used to qualitatively
compare the lignin content. Hemicelluloses were identi�ed in freeze-
dried leachates using infrared spectroscopy (Nicolet 380 FT-IR) at
500�4000 cm�1 with the single-re�ection diamond attenuated total
re�ection (ATR) accessory (smart orbit). The background signal was
collected before measurements by running 64 scans in air.

Sample Preparation for Foam Experiments. To study the role
of SDS concentration on foam properties, in the presence or absence
of �bers, the following samples were prepared: (1) SDS solutions at a
concentration below, at, and above the cmcSDS (0.7, 8.4, and 70 mM);
(2) aqueous �ber dispersions (0.3 wt %) in the presence of 0.7, 8.4,
and 70 mM SDS; and (3) suspensions of LeachateSDS generated in situ
from the respective samples in (2). Speci�cally, for the preparation of
samples in (2), 70 mL of BKP �bers was dispersed in double-distilled
water. Then, right before foam measurements, a certain volume of the
SDS stock solution (315 mM) and double-distilled water were added
to the dispersion so that its �nal volume was 90 mL. The BKP �ber
content was �xed at 0.3 wt %, while the SDS concentration was 0.7,
8.4, or 70 mM. Before the foam experiments, the given �ber
dispersion in SDS was kept under gentle magnetic stirring for 1 min to
ensure homogeneous mixing while avoiding bubble formation. For the
preparation of samples (3), the LeachateSDS was collected by �ltering
the respective system using a clean nylon membrane, as described
before. Double-distilled water was used throughout the foam
experiments, which are described in detail next.

Aqueous Foam Generation and Evaluation. Foam properties
(foamability and foam stability) were followed by using a FoamScan
unit (Teclis, France).36 The initial liquid volume was kept at 60 mL
and nitrogen gas was injected from the bottom of the column at a rate
of 84 mL/min using a porous fritted glass disc (average pore diameter
in the 41�100 �m range). The foamability was evaluated by recording
the time taken to reach a foam volume Vfoam = 120 mL. Once the gas
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�ow was stopped, the foam stability was assessed by recording the
changes of the foam volume (Vfoam) and of the liquid fraction (�) as a
function of time. For this purpose, a charge-coupled device (CCD)
camera and electrodes located inside the FoamScan column,
respectively, were used. The evolution of the bubble size was
followed with a cell size analysis (CSA) camera positioned at the wall
of the column. The maximum foaming and total experimental time
were set at 2000 and 2200 s, respectively. At least two foaming tests
were run for each sample. The images obtained from the CSA camera
were analyzed with the freeware program ImageJ to obtain a water-free
skeleton image after reducing the dark areas of the surface plateau
borders into lines of one-pixel width. Then, the skeletonized images
were analyzed using the CSA software of the FoamScan unit. The
bubble size �r� and size distribution were determined in repeated
experiments and the standard deviations are reported.

� RESULTS AND DISCUSSION
Fiber Leachate Caused by SDS. We �rst conducted very

simple experiments to check whether SDS extracts non-
cellulosics from the cell walls of wood �bers. As expected, BKP
�bers dispersed in MQ water gradually separate into two
phases, Figure 1a,c. The upper phase “i” contains non-
cellulosics leached from �bers, while the lower phase “ii”
contains �bers and traces of non-cellulosics dispersed in the
entire aqueous medium. The composition in these two phases
is con�rmed further below. When SDS is added to the aqueous
medium (at submicellar conditions, e.g., in the presence of
SDS unimers), the amount of the top phase “i” (Figure 1b) is
larger than that of the top phase “i” without SDS (Figure 1a).
To rule out the e�ect of ionic strength, we performed an
experiment with 0.7 mM NaCl, which leads to the same results
as the experiment with MQ water (images not shown). It is
plausible that SDS causes the release of non-cellulosics by
reducing the inter�ber repulsion, leading to the formation of
(a) a denser phase “ii”, which contains mainly �bers and traces
of aggregates between non-cellulosics and SDS, that is
Leachate0.7mM SDS, as well as (b) phase “i” containing solely
Leachate0.7mM SDS (Figure 1d). The release of non-cellulosics is
suggested to be a consequence of three phenomena: (a) the
adsorption of SDS onto �bers via hydrophobic interac-
tions;29�34,37 (b) the swelling of the �ber structures,30,31

presumably due to the penetration of SDS into the cellulosic
network30,31 and the charge-dipole attraction between the

anionic sulfate group of SDS and hydrogens of water
molecules;38 and (c) the detachment of non-cellulosics from
�bers’ cell walls and, subsequently, the formation of aggregates
with SDS (Figure 1d, upper phase), possibly via ion/charge-
dipole interactions.39,40 It is reasonable to expect that upon the
leaching of charged non-cellulosics from �bers, an osmotic
pressure gradient is generated between the inter�ber cell walls
and the dispersion medium,41 which may induce depletion
�occulation of �bers. The complex nature and identity of the
non-cellulosics remain as an unresolved challenge, which may
require sophisticated analytical approaches. Instead, we
focused our investigation on the consequences of the release
of non-cellulosics induced by SDS and the formation of the
respective aggregates. This is expected to provide grounds for
further studies on the interaction between SDS and non-
cellulosics and related phenomenological aspects.

To determine the composition of the leachate, we used
ATR�Fourier transform infrared spectroscopy (FT-IR), UV�
vis, and carbohydrate analyses. Negatively charged hemi-
celluloses, which are soluble in water, are expected to be one of
the non-cellulosic components leached from the BKP �bers.
To test this hypothesis, LeachateMQ and Leachate0.7mM SDS were
obtained from the �bers after �ve dispersion/washing cycles,
followed by freeze-drying and ATR�FT-IR characterization.
By comparing the respective ATR�FT-IR spectra with those
obtained from SDS and reference hemicelluloses,35 the
characteristic peaks of hemicellulose are identi�ed for both
LeachateMQ and Leachate0.7mM SDS. The absorbances of
LeachateMQ and Leachate0.7mM SDS at 3355, 1040, and 897
cm�1 (Figure 2a�c) are assigned to hemicelluloses. These
characteristic peaks correspond to the O�H (3355 cm�1) and
the C�O (1040 cm�1) bond stretching of the ether groups and
the �-1,4 glycosidic bond stretching (897 cm�1).42 Addition-
ally, the peak at 1215 cm�1 is assigned to the stretching of
skeletal vibration of S�O in SDS,43 which is found in the
spectra of neat SDS and Leachate0.7mM SDS. The ATR�FT-IR
results con�rm the presence of hemicelluloses in LeachateMQ
and Leachate0.7mM SDS. However, released lignin in the leachate
cannot be ruled out because hemicelluloses are associated with
lignin forming lignin�carbohydrate complexes (LCC),44 which
are di�cult to separate into the individual components.45�49 In
fact, the presence of lignin in LeachateMQ and Leachate0.7mM SDS

Figure 1. Photographs of 0.3 wt % (BKP) �bers dispersed in (a) MQ water and (b) 0.7 mM SDS solution 0, 5, 10, 15, and 30 min after mixing.
Note that the phase separation can be followed by observing the upper clear phase (i) that develops with time relative to the bottom phase (ii).
Schematic illustrations of the time evolution of the �ber dispersions in MQ water and 0.7 mM SDS are included in (c,d), respectively (the legend
for the di�erent components in the bottom is not to scale).
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