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Abstract

TIR Raman spectroscopy has been used to study the adsorption of surfactants
onto cellulose. The cellulose was prepared by Langmuir-Blodgett deposition
of trimethylsilylcellulose onto silica followed by removal of the trimethylsilyl
groups with acid to generate a hydrophilic surface. The reaction was followed
in situ with Raman spectroscopy, revealing a two-step hydrolysis. Adsorption
isotherms of hexadecyltrimethylammonium bromide (CTAB) and Triton X-100
(TX-100) on hydrophilic cellulose were obtained by TIR Raman scattering un-
der quasi-equilibrium conditions where the bulk concentration was slowly but
continuously varied. The isotherms of both surfactants are almost linear, in
contrast to the isotherms on hydrophilic silica. The CTAB isotherm shows hys-
teresis depending on whether the concentration of the surfactant is increasing
or decreasing due to a slow adsorption region. A mixture of TX-100 and CTAB
shows ideal adsorption, in contrast to adsorption of the same mixture on silica
where there is a strong cooperative interaction at low CTAB surface coverage.
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1. Introduction

Cellulose is the core component of cotton and paper. The adsorption of
surfactants onto cellulose is a key step in the cleaning of cotton textiles and in
the deinking of paper during recycling. Optimisation of formulations is assisted
by an understanding of the thermodynamics and kinetics of adsorption of sur-
factants onto cellulose, both as pure compounds and as mixtures. Here we use
total internal reflection (TIR) Raman spectroscopy to study the adsorption of
surfactants onto cellulose both as binary solutions in water and as a ternary
mixture. TIR Raman spectroscopy was invented in the 1970s[1, 2] but it is only
recently that it has been developed into a powerful, surface-sensitive technique
for quantitative studies of adsorption at the solid-liquid interface.[3-7] In Parts
1 and 2 of this series, [4, 5] we demonstrated the use of TIR Raman spectroscopy
in the study of the adsorption of pure and mixed surfactants on a silica sub-
strate. While the technique is at its most straightforward when the substrate
is transparent and has vibrational bands that do not overlap with those of the

adsorbates, TIR-Raman spectroscopy can also be applied successfully to thin



films deposited on transparent substrates even when, as is the case with cellu-
lose, the vibrational spectrum of the thin film strongly overlaps the spectra of
the adsorbates of interest.

TIR-Raman exploits the properties of evanescent waves to achieve surface
sensitivity and therefore requires the use of surfaces that are flat on the length
scale of the wavelength of light. TTR-Raman can be used to study fibrous mater-
ials if the material is pressed up against an internal reflection element composed
of a high-index material,[8] but quantification is difficult and kinetic studies
impractical. Fortunately, there are well-established techniques for preparing
thin, flat transparent films of cellulose that are suitable for study by optical
and neutron scattering techniques.[9-11] In the work reported here, we first use
TIR-Raman spectroscopy to characterise the preparation of a model cellulose
surface by hydrolysis of the trimethylsilyl groups in a Langmuir-Blodgett film of
hydrophobically modified cellulose. Next we look at the adsorption onto cellu-
lose of the cationic surfactant hexadecyltrimethylammonium bromide (CTAB),
which is a commonly used model system. The speed of acquisition of TIR Ra-
man spectra allows us to map the adsorption isotherm much more thoroughly
than has been done before. Third, we look at the adsorption of the non-ionic
surfactant Triton X-100 (TX-100) onto cellulose. TX-100 is challenging to study
because it removes some of the cellulose layer, however the chemical specificity of
Raman allows the two different processes—adsorption of surfactant and degrad-
ation of the layer—to be followed independently. Finally, we look briefly at a
mixed surfactant system, demonstrating the ability of TIR-Raman spectroscopy
to distinguish two surfactants in the presence of a strong cellulose signal.

Previous work on cellulose has taken two different approaches to sample
preparation. Fibrous cellulose[12, 13]—for example filter paper—has the ad-
vantage of replicating real cellulose substrates closely, but the disadvantages
that the cellulose surface contains a wide variety of different environments,
that in situ characterisation of molecules adsorbed to the cellulose is difficult
and that adsorption kinetics are likely to be controlled by transport through

the fibres rather than by adsorption onto the surface itself. These drawbacks



are overcome with thin, flat cellulose substrates. Such surfaces have allowed
the use of a wide range of different experimental methods, including X-ray
photoelectron spectroscopy,[14, 15] surface force apparatus,[16] atomic force
microscopy,[17] quartz crystal microbalance,[18] ellipsometry[9] and neutron
reflectometry[10, 11] as well as the TIR Raman spectroscopy we use here. They
are also amenable to quantitative studies of adsorption kinetics under well-
defined mass transport conditions.[9]

Two different approaches exist for the preparation of thin cellulose films:[19]
Langmuir-Blodgett (LB) deposition and spin coating. The most common ap-
proach to LB deposition, developed by Schaub et al.,[20] involves the use of the
functionalised cellulose derivative trimethylsilyl cellulose (TMSC). The prin-
cipal advantage of working with TMSC rather than plain cellulose is that—
unlike plain cellulose—TMSC can be dissolved in common non-polar solvents
such as chloroform, toluene or m-hexane. Thin layers of TMSC can then be
formed at the air-water interface and transferred onto hydrophobic surfaces
such as hydrophobised gold, glass, silicon or mica. Unfunctionalised cellulose
can be regenerated by exposure to HCI vapour. The properties of the depos-
ited surface have been characterised extensively by IR spectroscopy, surface
plasmon resonance, ellipsometry, surface force measurements and photoelectron
spectroscopy,[16, 20, 21] providing thicknesses of 10 A per layer for TMSC and
4 A per layer for the regenerated cellulose, showing that the charge on the cel-
lulose chains is minimal (based on the absence of a double-layer force) and that
the removal of the TMS groups is essentially complete.

Alternatively, TMSC can be spin-coated onto a substrate such as an an-
choring polymer attached to silicon,[9, 22] or directly onto silicon or gold,[14]
followed by hydrolysis to remove the TMS groups. Kontturi and coworkers
showed that partial hydrolysis was possible and could be controlled by changing
the vapour pressure of HCl and the exposure time.[14] Neuman et al. showed
that it is also possible to spin coat cellulose directly using trifluoroacetic acid
as a solvent;[23] the current preferred solvent is N-methylmorpholine-N-oxide

(NMMO).[24] Cellulose has to be deposited onto an anchoring polymer—rather



than directly onto silica—with the choice of polymer affecting the thickness of
the surface. For all spin-coating processes, a range of experimental parameters
can be used to control the film thickness, with typical values being 2001000 A.

We used Langmuir-Blodgett deposition of TMSC rather than spin coating,
principally because the films produced can be made thinner than those from
spin-coating, with much finer control over the thickness of the film. A thin film
is important in TIR Raman to minimise the Raman signal from cellulose, which
overlaps the surfactant spectra.

The adsorption of CTAB onto cellulose has been studied by both neutron
reflectometry[10] and AFM.[17] The two sets of data are not directly comparable
since the surfaces were prepared in different ways: the AFM study used unfunc-
tionalised cellulose spin-coated on top of a polymer layer[24] whereas the neutron
reflectometry used Langmuir-Blodgett deposition of a hydrophobically modified
cellulose to produce hydrophobic and hydrophilic cellulose layers. Measured by
neutron reflectometry,p levels of adsorption onto hydrophilic cellulose and hy-
drophilic silica were similar (5.9 umol m~2), whereas the level of adsorption onto
hydrophobic cellulose was roughly a third lower (3.9 pmolm=2). Modelling of
the neutron data suggested some intermixing between the hydrophobic cellulose
and CTAB, whereas the CTAB self-assembled on top of the hydrophilic cellu-
lose. AFM data revealed the formation of admicelles on a hydrophilic cellulose
surface.

The adsorption of nonionic surfactants to cellulose has also been studied.
Torn et al. followed the adsorption kinetics of a variety of ethylene glycol alkyl
ether (C,Ey,) surfactants using optical reflectometry.[9] Singh and Notley used
AFM to show a mixture of spherical and rodlike micelles for CigEg and Cq4Eg
on cellulose surfaces.[25] Adsorption of C12Eg and mixtures of CTAB and C15Eg
have been investigated by neutron reflectometry.[11] C12Eg appeared to change
the structure of both TMS-functionalised and plain cellulose while the original
structure was largely recovered on rinsing. In mixtures, the composition of the
surface layer on plain cellulose was close to ideal. The surface excess was largely

independent of composition on both types of cellulose.



Several authors have studied adsorption of surfactants onto cellulose fibres.
Paria et al. looked at the adsorption of TX-100, sodium dodecylbenzenesulfonate
and CTAB) onto filter paper:[12, 26] the kinetics were generally slow, taking
between 5 and 50 min to complete. Alila et al. used oxidation of cellulose fibres
to control the surface charge and then investigated the adsorption of different
chain lengths alkyl trimethylammonium bromide surfactants.[13] The nature of
cellulose fibres makes comparison of these results to those obtained on a thin

flat cellulose film almost impossible.

2. Experimental
2.1. Materials

Hexadecyltrimethylammonium bromide (Sigma-Aldrich, 99%) was recrystal-
lized three times from acetone/methanol. Triton X-100 (Sigma-Aldrich)—a no-
nionic surfactant with a branched octylphenyl tail group and a poly(oxyethylene)
head group with an average of 9.5 EO units—was used as received. Water was
obtained from a Millipore Gradient A-10 filtration unit (18.2 MQ cm, TOC <
4ppb). Trimethylsilyl cellulose was synthesised according to the method given

in reference 27.

2.2. Raman

The TIR-Raman system has been described in detail elsewhere.[4, 6]. The
Raman light is collected with commercial Raman microscope (Ramascope 1000,
Renishaw, Wootton-under-edge, UK). The pump laser is a continuous-wave,
frequency-doubled solid-state laser (Opus 532, Laser Quantum, Manchester,
UK) with a wavelength of 532 nm, typically operated at 0.7 W yielding ~0.5 W
at sample. The beam was gently focused to a diameter of ~10 um. A silica
hemisphere was used as the substrate for the cellulose to minimize optical ab-
errations. The angle of incidence at the silica-water interface was 73.0° giving
an illuminated region of 30 x 10 pm and a sampling depth for Raman scatter-
ing of 103nm. The incident laser was S polarised (perpendicular to the plane
of incidence), since this polarization gives the highest signal levels. The Ra-

man scattered radiation was collected through the fused silica prism with a 50x



ULWD, 0.55 NA objective (Olympus) and directed into the spectrometer. Typ-
ically we collected only the y-polarised light (parallel to the incident S light,
designated Sy); x-polarised light could also be selected (designated Sx). Data
were acquired over a fixed wavenumber range (from 2600 to 3200 cm 1) encom-
passing the C—H stretching region of the Stokes scattering.

For measurements on quasi-equilibrium systems—using the continuously
stirred mixer described later—a continuous set of 10-30's spectra were acquired.
For measurements on the kinetics of adsorption and desorption (presented in
the supplementary material) we used 1-s acquisitions. With a 1-s readout time
between scans, the overall time resolution is 2s. The sets of spectra (both
quasi-equilibrium and kinetic) were analysed by a chemometric method known
as target factor analysis (TFA).[28] The first step in TFA is to decompose the
data set into its principal components. The first n components contain ortho-
gonal linear combinations of the water and surfactant spectra while the remain-
ing components are noise. For a pure surfactant solution, n = 2: a background
component consisting of water and cellulose, and the spectrum of the surfactant.
The second step is a coordinate rotation to extract the refined spectra corres-
ponding to the background and the surfactant and their component weights in
each of the input spectra. To perform this rotation a pair of target spectra are
required that approximate to the refined water and refined surfactant spectra.
The target spectrum for the background was acquired at the beginning of each
experiment from a cellulose-coated prism in the cell filled with pure water. The
target spectrum for the surfactant was obtained by manual subtraction of the
background target spectrum from the spectrum of the highest concentration
surfactant solution. The component weight of the surfactant spectrum from the
TFA was divided by the component weight of the background spectrum to com-
pensate for any drift in the microscope focus or laser power and to account for
differences in the acquisition time (so that the longer equilibrium measurements
appear on the same scale as the shorter kinetic measurements).

Target Factor Analysis yields component weights that determine the relative

contribution of the refined spectra to each raw spectrum in the data set. The



surface excess (in molesm~2 of surface) was calibrated from the contribution
to the equilibrium Raman spectra from surfactants molecules in bulk solution
within the evanescent wave: the number of bulk molecules contributing to the
signal is simply the bulk concentration multiplied by the sampling depth. Above
the cmc of a pure surfactant solution, the surface excess remains constant and
therefore the increase in Raman signal with increasing surfactant concentration
may be ascribed to bulk surfactant. Thus, the slope in component weight above
the cmc yields a calibration factor to convert component weight into surface
excess. Unfortunately, the susceptibility of the cellulose films to removal by
surfactant limited our ability to use high enough bulk surfactant concentrations
to derive an accurate calibration factor. An alternative approach is to compare
the intensities of the surfactant peaks (relative to the water background that acts
as an internal reference) with those on bare silica.[4] This comparison neglects
the water within the cellulose layer and any alignment differences between the
two experiments. Consequently, we have presented the surfactant coverages as
a component weight and quoted our best estimate for the conversion to surface

excess in the figure captions.

2.3. Wall-jet cell

The sample cell and connecting tubing is illustrated in figure 1. The custom-
made glass cell consists of an inner chamber with a volume of 6 mL surrounded
by an outer jacket through which temperature-controlled water is passed. A
tube allows a thermocouple probe to be inserted into the outer jacket. The
top of the sample chamber is capped with a 10-mm diameter silica hemisphere
sealed to the chamber with a Viton O-ring. An inlet tube (I-mm inner radius)
is positioned 1.8 mm below the hemisphere surface. The cell is designed in the
well-defined wall-jet geometry, which ensures that mass transport to the surface
is both rapid and well understood.[9]

The cell, the tubing connecting the cell, and all the other glassware used in
the experiment was cleaned with a commercial alkaline cleaning agent (Borer

15PF concentrate), then rinsed with copious high-purity water. Prior to the



Figure 1: Diagram of the flow cell and connecting tubing. 1) Silica hemisphere,
2) outlet tube, 3) temperature controlled jacket, 4) inlet tube, 5) in-line mixer, 6)
50-mL syringe, 7) outlet to remove air bubbles from the tubing after connecting
the syringe, 8) Luer-lock connector between syringe and tubing, and 9) three-
way junction. Two touching triangles represent on/off valves.

cellulose coating (described in the next section) fused silica hemispheres were
soaked in chromosulfuric acid for at least 4 hours, then rinsed with high purity
water. The cellulose-coated prisms were used for at most a single day; the
cellulose layer was then stripped off with chromosulfuric acid and the coating
process started again from scratch. Between each experiment the cell was flushed
with at least 100 mL of high purity water to wash any residual surfactant off

the surface.

2.4. Cellulose coating

The sample preparation was based on the work of Penfold et al.,[10] with
some modifications. The cellulose was coated onto silica hemispheres (10 mm
diameter; Global Optics, Bournemouth, UK). The hemisphere was cleaned
as described above. The silica surface was hydrophobised by exposure to a
1,1,1,3,3,3-hexamethyldisilazane (purchased from Sigma-Aldrich) atmosphere
for >12h, room temperature, in a dry nitrogen atmosphere and then rinsed with
water. TMSC dissolved in dichloromethane at a concentration of 0.7 mgmL~!
was spread on the surface of a Langmuir trough (Nima, Coventry, UK) and

compressed to a surface pressure of 20mN m~!. TMSC monolayers were then



transferred to the hemispheres at dipping and withdrawal rate of 5mm min~!

with a 135-s pause at the end of both the dipping and the withdrawal. Dur-
ing the depositions the hemispheres were mounted so that the flat surface was
vertical. Each hemisphere was dipped 5 times to produce a layer approxim-
ately 30 A thick (based on literature reports that 10 dippings give a 60-A thick
film)[10]. Since parts of the holder and the hemispherical face of the prism also
pass through the surface of the trough and may be coated with TMSC, it is not
possible to calculate a transfer ratio. The cellulose layer on the curved surface
of the hemisphere is too thin to affect significantly incident light entering the
hemisphere.

The LB process produces a hydrophobic cellulose surface. Removal of the
TMS groups to produce a hydrophilic surface was carried out within the wall-
jet cell by exposure of the samples to a 3.5% solution of HCI for 15mins, at

a flow rate of 0.5 mLmin!.

We followed the removal of the methyl groups
spectroscopically during the acid wash. Following the exposure to acid, the
hemispheres were rinsed thoroughly with high purity water. This process de-
viates from most other work, where the hemisphere is exposed to the vapour
above an HCI solution. The cellulose surfaces prepared are uniform (within
the 10-30 pm resolution afforded by the laser spot size). The reproducibility in
the amount of cellulose deposited is £20%. Similar variability was observed in
thickness measurements from neutron reflectivity.[10, 11]

Figure 2 illustrates schematically how the coated hemisphere is used in the
Raman experiment. The refractive index of wet cellulose is intermediate between
that of dry cellulose (n = 1.53) and water (n = 1.33) and is probably not very
different from that of silica (n = 1.46).[9] Consequently, total internal reflection
of the green laser beam takes place at the cellulose-water interface rather than
the silica-cellulose interface.

All the surfactant isotherms and kinetics presented here were recorded on the
unfunctionalised (hydrophilic) cellulose: we found that the TMS-functionalised
cellulose was very readily removed by surfactants (especially TX-100, but also

CTAB).
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Figure 2: Schematic diagram of the cellulose hemisphere and the Raman probe
laser (not to scale).
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2.5. Continuous stirred mizer

Conventionally, adsorption isotherms are acquired by a stepwise increase in
concentration, waiting for an equilibration time and then acquiring data at a
fixed concentration before stepping to the next higher concentration. In this
work we used a different procedure in which the concentration in the cell was
slowly but continuously varied and Raman spectra were acquired continuously.
This ‘quasi-equilibrium’ approach provides a much larger number of data points
in a shorter total time. Provided that the surface equilibrates quickly on the
time scale of the change in concentration, then an equilibrium isotherm will be
obtained. To test whether equilibrium has been achieved, isotherms are acquired
with increasing and decreasing concentration: hysteresis in the isotherm is a
hallmark of slow kinetics.

To obtain a smoothly varying concentration profile at the surface of the
hemisphere a continuous stirred mixer was installed in the inlet tube to the
wall-jet cell (see figure 1). The mixer is a flat cylinder with a volume of 8.3 mL
with an inlet and an outlet (leading to the cell) on opposite sides. A magnetic
stirrer bar is sealed inside it and rotates rapidly (>200 rpm). The mixer is
initially filled with one solution, and a second solution is then pumped in at
a constant rate. We will refer to experiments where a surfactant is added to
water as “in” experiments and the inverse—where a surfactant is diluted with
water—as “out” experiments. The mixed can also be used to effect a change in
the composition of mixtures of surfactants.

The concentration, [A], within the mixer varies according to a simple first-

order rate equation. For an “in” experiment
(4] = [Alin (1= e7P7) (1)
while for an “out” experiment
[A] = [A]oe™ V", (2)

where [A];, and [A]g are the inlet and initial concentrations respectively, R is the

pumping rate, V' the volume of the mixer and ¢ the time since pumping started.
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Figure 3: TIR Raman spectra in the C—H stretching region of a hydrophobised
hemisphere (red solid line), after coating with TMS-cellulose (green dashed line)
and after hydrolysis of the TMS groups (blue dotted line): (a) Sy and (b) Sx
polarisation. Acquisition time = 300s. In each case the surface is in contact
with water.

The time taken for the solution to travel from the outlet of the mixer to the
sample surface was determined to be 100s at a pumping rate of 0.5 mL min~!
(and was scaled accordingly at other pumping rates). The acquisition time of
each spectrum was 0.17-0.5 min, which is short compared to the characteristic
time over which the concentration varies: V/R = 17min. The characteristic
time for surfactant to cross the diffusion layer adjacent to the interface in our
wall-jet flow cell is ~4 s,[4] therefore we do not expect the final transport step of
diffusion to the surface to be significant when using the mixer. The time taken to
record a complete isotherm (a single “in” or “out” measurement) is the syringe
volume divided by the flow rate, so for a 50-mL syringe and a flow rate of

0.5mL min~!, the isotherm takes 100 mins to record. A detailed description of

the in-line mixer and the validation of the technique will be presented elsewhere.

3. Removal of -Si(CHjs)3 from cellulose

Throughout this section we will use TMS to represent the -Si(CHzs)s group,
whether it is bonded to cellulose or to the silica substrate. Polarisation-resolved
spectra were acquired of a hemisphere hydrophobised with disilazane, after coat-

ing with hydrophobic cellulose and following hydrolysis with aqueous HCIL. Fig-

13



500 80
400
5 / 5 60
‘© 300 4
% 200 g 40 Y,
o ) Q N
O 100 // / O 20 \f“
0 F— e S ot
0 E=
2700 2800 2900 3000 3100 2700 2800 2900 3000 3100
Wavenumber / cm™t Wavenumber / cm™t
(a) (b)

Figure 4: The three components of the TIR Raman spectra shown in figure 3:
water and TMS groups on silica (red solid line), plain cellulose (green dashed
line) and TMS groups on cellulose (blue dashed line). (a) Sy and (b) Sx polar-
isation.

ure 3 shows the Sy and Sx-polarised spectra. For the purposes of this paper the
differences between the polarisations are not important except to note that the
relative intensities of peaks differ and so some changes are easier to see in one
polarisation than the others.

In order to follow the hydrolysis of the TMS-cellulose in real time by target
factor analysis, we decompose the spectra into the three components shown in

figure 4:

1. water /hydrophobic silica background, including the TMS peak from the
hydrophobic coating;

2. unfunctionalised cellulose (the final state of the cellulose with the wa-
ter /hydrophobic silica background subtracted);

3. TMS covalently attached to cellulose, generated by subtraction of the

cellulose spectrum from the TMS-cellulose spectrum.

The difference spectrum between the two forms of cellulose—before and after
the acid rinse—is very similar to the difference spectrum between hydrophobised
silica and clean silica in water, except that the latter is shifted ~5cm ™" to higher
wavenumber (Figure 5). This similarity between the two difference spectra

shows that only TMS groups are lost during the acid rinse, and no cellulose.
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Figure 5: Comparison of spectra for -Si(CHs)s groups from functionalised silica
(solid red lines) and TMS cellulose (dashed green lines), Sy polarisation, ac-
quisition time = 300s. Vertical lines indicate approximate peak positions. The
peak at 2903cm~! (TMS-cellulose) or 2908 cm™! (functionalised silica) is the
symmetric CHj stretch; the peak at 2961 cm~! (TMS-cellulose) or 2966 cm ™!
(functionalised silica) is the asymmetric CHs stretch.[15]

The shift in wavenumber reflects differences in chemical environment and allows
the TMS groups on silica and cellulose to be identified independently. The
TMS on groups on silica do not appear to be lost during the acid rinse: their
contribution to the overall spectrum remains constant. To confirm that the
TMS groups attached to silica are not removed by acid, we performed the acid
rinse on a hydrophobised, but not cellulose-coated, hemisphere; there was no
change between the spectra recorded before and after the acid rinse.

The hydrolysed cellulose spectrum still shows a small peak at 2970 cm™!
from the TMS groups (this is seen especially clearly in the Sx polarisation,
figure 4(b)), indicating that some TMS groups remain after hydrolysis. The peak
appears at a higher wavenumber than both the TMS removed from cellulose and
the TMS on silica, indicating that the TMS groups on cellulose that survive the
acid wash are in a different chemical environment from those removed. The
area of the 2970 cm™! peak permits an estimate of the unhydrolysed fraction
of TMS groups of 5 to 10%.

Based on the integral of the spectra, the amount of TMSC deposited by
the Langmuir-Blodgett process was observed to vary by up to £30% from its
average value but the fraction of TMS groups removed from the TMSC by acid

15
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Figure 6: Kinetics of removal of TMS from cellulose. Sy polarisation, 1s ac-
quisition time per point, flow rate of HCI solution = 0.5 mL min~!. Only the
TMS component is plotted; the cellulose/water component varied by less than
20% over the course of the experiment.

hydrolysis remained constant.

Figure 6 shows the kinetics of hydrolysis. Inspection of the abstract principal
components showed that only two factors were needed for the target factor
analysis: a TMS factor and a factor accounting for the constant background
of water and cellulose. The hydrolysis proceeds in two steps: a rapid initial
removal of approximately half of the TMS groups, followed by a slower removal
of the remaining TMS. These kinetics suggest that the TMS groups exist in two
forms, with a difference in accessibility to acid. The two-step kinetics seen here
are very reproducible however the fraction of the TMS groups removed in the
first step varies between 0.2 and 0.7; the kinetic run shown in Fig. 6 is in the
middle of the range.

The hydrolysis of TMS cellulose by HCI vapour has previously been fol-
lowed by XPS, ATR-IR,[14, 15] and static contact angle measurements.[15] The
XPS data suggested complete removal of the TMS groups, from the part of
the film accessible to XPS (approximately the top 5nm).[14] The TMSC film
was removed from the vapour after varying exposure times, rinsed with water
and then analysed ex situ. Only four measurements were taken throughout the
complete hydrolysis process, so it was not possible to identify the two-stage

kinetics seen here. Very recently the hydrolysis has been followed in situ by
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Figure 7: (a) Example spectra (Sy polarisation) and (b) component spectra
used in the analysis of the CTAB isotherm shown in figure 8. For part (b) the
red solid line shows the water and cellulose background component while the
green dashed line is the CTAB component. For part (a) each spectrum shows
a 30s acquisition and only every 10th spectrum is shown. The spectra in part
(a) are illustrative so the time-stamps are not individually labelled.

X-ray reflectivity,[29] and fitted to a first-order rate equation with respect to
TMSC remaining. The acquisition rate was much slower than possible with
TIR-Raman (5 data points over ~6mins), so the 2-step process could easily
have been missed, if hydrolysis by vapour proceeds in the same way as hydro-

lysis by solution.

4. CTAB

An adsorption isotherm of CTAB on hydrophilic cellulose was obtained with
the inline mixer to vary continuously the sub-surface concentration of CTAB.
Figure 7 shows examples of the raw data that generate a CTAB isotherm, to-
gether with the two components used in the target factor analysis of the data.
When the sets of spectra are processed with TFA, they yield the isotherms
shown in figure 8. The limiting surface excess from the isotherm was estimated
to be ~2 umolm~2 from the slope of the CTAB component weight above the
cme (see Experimental Section), however this value is very approximate since
measurements at higher concentrations are required for an accurate calibra-

tion of the component weights. For this reason we have plotted the isotherm
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Figure 8: Adsorption isotherm of CTAB on hydrophilic cellulose, expressed

[{399e )

as CTAB component weight normalised to water. Red ‘+’ represent an “in
measurement; green ‘x’ represent an “out” measurement. The flow rates were
0.3mLmin~!. The CTAB solution was 5 mM concentration. Each point is from
a 30s spectrum. A component weight of 1.0 is estimated to represent a surface
coverage of 2.0-2.8 umolm™2 .

in terms of component weight only. An alternative method for estimating the
surface excess is to compare the intensities of the CTAB component adsorbed
to cellulose and to silica surface, using the water component as an internal
reference. The CTAB component measured on cellulose is approximately half
the size of that on silica. Given that the adsorbed amount on the silica has
been measured as 5.5 pmol m~2,[30] the estimated surface excess on cellulose is
about 2.8 umol m~2, which is a somewhat higher than the value estimated from
bulk surfactant contribution above the cmc but lower than that determined by
neutron reflection.[10]

The isotherms in figure 8 show hysteresis between the measurements taken
with CTAB concentration increasing (red +), and those with CTAB concentra-
tion decreasing (green x ). Changing the flow rate, R, from 0.3 to 0.5 mL min~—!
had little effect on the hysteresis. Due to the exponential dependence of con-
centration with time (equations 1 and 2), the rate of change of concentration in
the low concentration region is slowest during the “out” runs and therefore the

“in”. This inter-

“out” kinetics are closer to the equilibrium isotherm than the
pretation is supported by the difference in the apparent cmcs of the “out” and

“in” measurements: for the “out” measurement the onset of desorption appears
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at 0.9 mM, matching the known cmc of CTAB, whereas for the “in” measure-
ment the limiting surface excess is not reached until the bulk concentration
reaches 1.5 mM, which is well above the cmc.

Figure 8 shows a plateau in the surface excess in the in measurement at
low concentration. A similar plateau has been observed in the adsorption of
CTAB on silica an ascribed to and electrostatic interaction between the pos-
itively charged surfactant and the negatively charged surface.[31] For CTAB
adsorption on cellulose, however, we believe the plateau seen in the “in” meas-
urement is primarily a kinetic feature since it is not present in the “out” iso-
therm. The delay in adsorption during the “in” measurement is similar to the
slow adsorption region reported for cationic surfactants on silica,[32, 33] which
is attributed to the nucleation of surface aggregates. Slow adsorption has not
previously been reported on a cellulose surface, but the adsorption kinetics of
cationic surfactants on cellulose have not been as extensively studied.

The “out” isotherm is close to linear with concentration. Lattice based
isotherms (for example the Langmuir or Frumkin isotherms) cannot provide a
good fit to such a linear region. It is unusual for isotherms be so linear and
the interpretation is unclear. A linear isotherm could potentially arise from a
combination of the wide variety of different adsorption sites present on cellulose,
which promote adsorption at low surface excess as the favourable sites are filled
first, and the favourable interactions between adjacent CTAB molecules which
promote adsorption at higher surface excesses.

The only previous adsorption isotherm of CTAB on cellulose was obtained
by Penfold et al. using neutron reflection. They reported similar levels of ad-
sorption for CTAB on cellulose and silica (~6 pmol m~2). Due to the limited
availability of neutron beamtime they were only able to measure four concentra-
tions below the cmc, with a minimum concentration of 0.1 mM. When replotted
on a linear concentration scale, their data shows dI"/dc decreasing slightly with
increasing concentration. They saw no evidence of a plateau at low concen-
trations, consistent with the plateau in Figure 8 being a kinetic rather than

thermodynamic effect. They found that adsorption and desorption of CTAB
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did not change the thickness of the cellulose layer. For thin films (thickness
much less than the penetration depth of the evanescent wave), TIR-Raman is
sensitive only to the total amount of adsorbed cellulose and not to thickness.

Kinetics of adsorption for CTAB on hydrophilic cellulose are shown in the
supplementary material (Figure S.1a). CTAB of the specified concentration
was flushed directly into the cell at a flow rate of 0.5 mLmin~!. The rates of
adsorption increase gradually with increasing concentration before levelling out
above the cmc. At the highest concentrations (4 and 10mM), adsorption is
complete within 20s, which is much faster than reported on filter paper.[26]
Adsorption onto cellulose is roughly 3 times slower than onto silica.[4]

The kinetics of desorption are also shown in the supplementary material
(Figure S.1b). The rates of desorption vary little with concentration. Most of
the data are for initial concentrations above or near the cmc. Desorption does
not commence until the subsurface concentration drops below the cmc; an initial
concentration above the cmc therefore affects the time delay before desorption

begins more than the desorption process itself.

5. TX-100

An isotherm for the adsorption of TX-100 onto cellulose is shown in fig-
ure 9(a). The component spectra are shown in figure 9(b). The TX-100 caused
loss of a small amount of cellulose, which is also shown in figure 9(a). The loss
of cellulose is a kinetic—rather than an equilibrium——property and should be
linked to time rather than the bulk TX-100 concentration (TX-100 concentra-
tion increased with time during the “in” measurement and decreases with time
on the "out” measurement. The similarity of the TX-100 isotherm in the ‘in”
and “out” measurements shows that the loss of a small amount of cellulose does
not significantly affect the adsorption properties.

We were able to obtain a reasonable straight line increase in TX-100 sig-
nal above the cmc (using a higher concentration than in figure 9 and not shown
here), giving a limiting surface excess for TX-100 (1.2 umol m~2) approximately

a quarter of than on pure silica (4.3 pmol m~2).[4] However, comparison of the
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Figure 9: (a) TX-100 adsorption isotherm, expressed as component weight nor-
malised to water. TX-100 is shown in green (“in” measurement: +, “out” meas-
urement: @); change in cellulose signal during the experiment is shown in blue
(“in” measurement: X, “out” measurement: m). Acquisition times were 10s for
the first 100 spectra and 30s for the remainder; the flow rate was 0.5 mL min~!
and the surfactant solution 0.6 mM concentration. For TX-100, a component
weight of 1.0 corresponds to a surface excess of approximately 4 umolm~2. The
change in cellulose signal cannot readily be interpreted as an absolute value. (b)
Components used in analysis of the TX-100 isotherm. The background spec-
trum is shown as solid red lines, the TX-100 spectrum is shown as dashed green
lines and the change in cellulose is shown as dotted blue lines.
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relative sizes of the TX-100 component for adsorption on silica and cellulose
(normalised to water in both cases) yields a much larger value for the maximum
surface excess of around 2.6 pmolm~2 (~60% of that onto silica). This discrep-
ancy suggests that in the TFA there may be a small amount of mixing of the
TX-100 component and the component ascribed to the loss of cellulose. We
therefore prefer the higher value as the best estimate of the surface excess. The
most important difference between the adsorption of TX-100 onto silica[4] and
cellulose is the shape of the isotherm: the isotherm on silica is a step function,
while on cellulose the isotherm shows a smooth increase with concentration.
Our observations contrast with the results of Singh and Notley who reported
that the CigEg isotherm was more step-like on cellulose, and saw little change
in the isotherm of C14E7.[25] In our earlier work on adsorption at silica[4] we
attributed the step function to a strong interaction parameter promoting the
formation of two phases. The smooth isotherm on cellulose suggests a reduction
in the interaction between adjacent TX-100 molecules, possibly because aggreg-
ation is disrupted by a rougher surface or due to incorporation of TX-100 into
the cellulose layer.

There is a propensity for TX-100 to remove the hydrophilic cellulose from
the hydrophobic silica surface. The loss of cellulose is variable from experiment
to experiment. During the recording of a single adsorption isotherm (“in” or
“out”) the loss of hydrophilic cellulose is sufficiently slow that the adsorption
isotherm is not greatly affected. Greater damage is caused by the three-phase
line moving across the sample surface, for example when emptying and refilling
the cell, which makes acquiring a large series of adsorption kinetics difficult.
TMS-cellulose is particularly labile in TX-100 which prevented us from acquiring
any reproducible isotherms from TMSC.

Only a very limited range of adsorption and desorption kinetics have been
measured, due to the removal of the cellulose film by TX-100 described above.
Examples of both adsorption and desorption kinetics are shown in the supple-
mentary material (Figure S.2). Too few adsorption kinetics were acquired to

draw useful conclusions. Desorption kinetics are quick and the rate of desorp-
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Figure 10: Adsorption of a mixture of TX-100 (green x) and CTAB (red +)
onto cellulose, 2mM total concentration, with respect to surface excess (given as
a mole fraction of CTAB). Total surface excess is also shown (blue *). Recorded
while sweeping from pure TX-100 to CTAB with 0.3mL min~"! flow rate, Sy
polarisation, 30s acquisition time. There is considerable uncertainty in the
absolute surface excesses, due to the uncertainty in the calibration factors used
when analysing the pure surfactant isotherms.

tion is essentially independent of concentration. As with the CTAB desorption
kinetics this concentration independence is expected and shows that desorption

does not start until the bulk concentration has dropped below the cmc.

6. Mixed systems

In a previous paper[5] we have studied the adsorption of mixtures of CTAB
and TX-100 mixed systems onto silica, measuring the surface excesses for both
surfactants at varying bulk composition with a constant 2mM concentration.
Target factor analysis was used to distinguish the two species on the surface.
Here, we perform the same experiment on a cellulose surface (Figure 10), but
using the inline mixer (with 2-mM CTAB replacing 2-mM TX-100) rather than
a series of discrete compositions. TFA worked well with two components rep-
resenting the surfactants and third representing the hydrophobic silica and the
cellulose layer, demonstrating that the presence of the overlapping Raman spec-
trum of cellulose does not prevent quantitative analysis of mixed surfactant ad-

sorption. One of the most striking features of adsorption onto silica is a two-fold
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increase in adsorbed amount caused by the presence of small (2%) mole fractions
of CTAB.[5] The origin of this cooperative effect is likely to be the interaction
between the positively charged CTAB and the negatively charged silica sur-
face. On cellulose there is no such promotion of adsorption at low CTAB mole
fractions. In contrast there is a decrease in adsorption compared to the pure
surfactants throughout most the composition range. Although CTAB and TX-
100 do interact favourably, as shown by work on the micellisation[34] and our
work on silica, it is possible that if the TX-100 adsorbs inside the cellulose sur-
face the opportunity for mixed aggregates to form is limited (this is plausible if
TX-100 is able to remove the cellulose layer). The formation of mixed micelles
in solution would then decrease the chemical potential of the surfactants and

hence decrease the adsorbed amount.

7. Conclusions

We have demonstrated the use of TIR-Raman spectroscopy for measuring
adsorption onto a model polymer surface (cellulose), and shown that the signal
from the cellulose surface does not prevent the determination of the amount of
adsorbed surfactants in both pure and mixed systems. TIR-Raman is sensitive
enough to follow adsorption kinetics with a 2-s time resolution.

The main experimental difficulty in performing experiments on cellulose de-
posited on a hydrophobic surface is the propensity of surfactants—especially
TX-100—to remove the cellulose during experiments. The TMS-functionalised
cellulose film is particularly easily removed. Performing a range of kinetics
measurements is especially difficult, since the process of emptying and refilling
the cell after each measurement removes the surface especially quickly.

The adsorption isotherms of both CTAB and TX-100 on cellulose are close
to linear, in contrast to the isotherms on silica which are strongly influenced by
electrostatic interactions with the substrate (in the case of CTAB) and inter-
molecular interactions between surfactants in surface micelles (for both surfact-
ants). The linearity of the adsorption isotherms on cellulose may arise from a

balance of two effects: the heterogeneity of the adsorption sites, which promotes
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adsorption at low coverages, and the intermolecular interactions that promote
adsorption at high coverages.

The surfactant isotherms were acquired continuously under quasi-equilibrium
conditions in which slow adsorption/desorption kinetics are manifested by hys-
teresis between isotherms taken with increasing and decreasing surfactant con-
centrations. The CTAB isotherm exhibited pronounced hysteresis. A ‘slow
adsorption region’ below the cmc has previously been implicated in the adsorp-
tion of CTAB on silica and assigned to formation and reorganisation of surface
aggregates.[32, 33] One feature of the inline mixer is that the rate of change of
concentration is higher nearer the beginning of the experiment than the end.
Consequently, the measurement taken with decreasing concentration is closer to
equilibrium in the concentration range below the cmc than is the measurement
with increasing concentration.

A mixed adsorption isotherm was acquired at 2-mM total concentration for
comparison with adsorption on silica. The mixed layers on cellulose do not show
the strong interaction between components that is displayed on silica, with no
evidence of cooperative behaviour.

We are also able to follow the removal of TMS functional groups from cellu-
lose during the preparation of the model surface. Although the initial and final
states of the cellulose film have previously been studied in considerable detail,
only TIR-Raman spectroscopy has the time resolution to follow the hydrolysis

as it takes place, revealing a previously unseen two-step hydrolysis.
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Figure S.1: CTAB kinetics for 0.47mM (red +), 0.75mM (green x), 1.0mM

(blue *), 4mM (pink m), 10mM (turquoise m).

(a) Adsorption kinetics, (b)

desorption kinetics. The curves have been offset on the time axis for ease of
viewing. The kinetics are presented in terms of component weight (normalised
to water) rather than surface excess owing to the uncertainty in the calibration

factor.
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Figure S.2: (a) Adsorption and (b) desorption kinetics of TX-100 onto cellulose.
Concentrations are 0.2mM (red +), 0.4mM (green x), 1.0mM (blue *), 4mM
(pink @) and 10mM (turquoise m) The different runs have been offset on the
time axis for ease of viewing. The kinetics are presented in terms of component
weight (normalised to water) rather than surface excess owing to the uncertainty
in the calibration factor.
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