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Deposition behavior of lignin on solid surfaces
assessed by stagnation point adsorption
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The deposition behavior of lignin on a solid surface was studied using stagnation point adsorption
reflectometry (SPAR) comprehensively. In this study, the light absorption coefficient of lignin (z = 20 476
m™1) at 633 nm wavelength was considered to define a new imaginary refractive index (k) used in the
SPAR technique for adsorption analysis. The inclusion of k in the adsorption model yielded an adsorbed

amount (I') of 1.11 mg m~2, leading to the quality factor (Qy) of 31.71 mg m~2. At a lower concentration,

the deposition of lignin on the surface was increased, and it generated a maximum sticking coefficient of
B = 0.71 at 25 mg L™* on the surface. At the concentration range of 35 and 45 mg L2, lignin formed
clusters and its deposition dropped. The use of Quartz crystal microbalance (QCM) and SPAR techniques
also confirmed that the proportion of water in the deposited lignin adlayer was greater when a lower
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concentration (5-25 mg L™ of lignin solution was used for adsorption. The findings of this study

revealed the potential use of the SPAR technique for evaluating the deposition performance of lignin-

DOI: 10.1039/d1ra02248b

rsc.li/rsc-advances applications for lignin.

1. Introduction

In the design of green soft surfaces, the fabrication of biological
micromodules, e.g., lignin,* cellulose,* and xylan* have attrac-
ted attention in recent years. In particular, lignin-derived
surfaces offer opportunities for the development of novel
lignin nano chemicals relevant to biomaterial and biofuel
production. For example, by taking advantage of lignin's unique
properties and structure, researchers studied the interaction of
lignin with other materials for developing smart surfaces
applied in composite and nanofiber production.>*®

Monitoring the adsorption of biomaterials on surfaces plays
a crucial role in generating novel functionalized bioproducts.
There are different methods to study the deposition of mole-
cules (e.g., lignin) on various surfaces. In one method, the
adsorption of lignin derivatives on surfaces can be studied by
a Quartz crystal microbalance with dissipation (QCM-D). In this
method, the interaction of lignin with polyelectrolyte,’
protein,' and other green materials, such as cellulose,"* was
extensively studied by QCM-D. Yet, the QCM-D analysis provides
information on the wet bulky adsorbed mass due to the
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based materials on varied surfaces, which would facilitate the development of coating and composite

inevitable association of water in the hydrated adlayer film.** In
addition, this technique is solely suitable for liquid-phase
applications with low conductivity.** Thus, QCM-D studies are
limited to adsorption analysis mainly in water or humid envi-
ronment.™ Alternatively, the use of ellipsometry to measure the
dry adsorbed mass of polymers, proteins, or surfactants on
various substrates has been practiced.”® However, the wide-
spread utilization of this technique has been limited due to its
sensitivity to the transparency of the films, unreflective
substrate,’ and high adsorption requirement (with adsorbed
thickness >10 nm)."”

On the other hand, a simple reflectometric technique was
developed to study the adsorption properties of materials using
a stagnation point flow reflectometry (SPAR). In this method,
the deposition process is directly observed in the hydrodynamic
condition in a flow cell.* This technique accurately describes
the adsorption kinetics and hydrodynamics of the mass flux at
the stagnation point.” In addition, the main advantage of per-
forming adsorption at the stagnation point is that the effect of
transportation of the molecules from the bulk to the surface is
taken into account, and the influence of hydrodynamic distur-
bances on the flow near the stagnation point is eliminated. This
reflectometry process facilitates the exclusion of the adsorbed
water content from adsorption analysis. However, the use of
this method has been limited to the cases where the optical
contrast between adsorbate and solution is rather low to mini-
mize the changes in the reflectivity of the surface.”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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It is known that the surface of lignin carries a large number
of hydroxy groups and can carry other new functionalities
introduced via different reactions to lignin.** Thus, lignin has
the potential for adsorbing water while deposited on different
surfaces. Research has been undertaken to determine the
deposition of lignin on different surfaces in a multilayer
assembly,*** but the presence of adsorbed water may introduce
undesired uncertainty to the analysis. By evaluating the use of
SPAR upon developing a new theoretical model, the possibilities
for studying the deposition kinetics of lignin (excluding the
entrapped water) can be assessed. This assessment will ulti-
mately facilitate the development of lignin-based multilayer
films relevant to the food, medicine, and cosmetic industries.
The main objective of this research is to verify a qualitative
model to evaluate the validity and accuracy of SPAR to predict
the deposition of lignin-based compounds on solid surfaces.
Considering that previous theories of SPAR were limited to
describing colorless particle-surface interactions, this analysis
is expected to extend the use of SPAR in evaluating the depo-
sition of lignin derivatives (i.e., non-transparent polymers) on
solid surfaces without the impact of adsorbed water.

In addition, this study determines the impact of lignin
concentration on the adsorption behavior of lignin experi-
mentally, which is essential for developing an application for
lignin in coating formulations. To understand the deposition
pattern of lignin, its physicochemical properties are thor-
oughly investigated by aid of hydrodynamic size, zeta poten-
tial, and SEM analyses. The deposition performance of lignin
was determined using QCM-D, and the results were compared
with those generated from SPAR, to determine the water
content of lignin adlayer adsorbed on the solid surface. The
main novelties of this research were (1) the introduction of the
SPAR instrument as a reliable technique for studying lignin
adsorption, and (2) the fundamental assessment of the lignin
deposition on the solid surface at different lignin
concentrations.

2. Methods

2.1. Lignin solution and analysis

Softwood kraft lignin was provided by FPInnovations' plant in
Thunder Bay, Ontario, Canada. Lignin was isolated from black
liquor of the kraft pulping process via LignoForce technology.
Sodium nitrate (NaNoj), ethanol, sodium chloride (NaCl),
hydrochloric acid (HCl), sodium dodecyl sulfate, poly-
diallyldimethylammonium chloride (PDADMAC), and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich
company. The zeta potential of lignin solution was measured
using a NanoBrook Zeta PALS (Brookhaven Instruments Corp,
USA). In this experiment, solutions (25 mg L™ ') were prepared at
a pH range of 3-10 with 0.1 M HCI or NaOH, or at different
sodium chloride concentrations of 0-1000 mM and incubated
at 30 °C, 150 rpm, and 2 hours prior to testing. The analysis was
performed at a constant electric field (8.4 V cm™?) three times
and the average values were presented. Dynamic light scat-
tering, DLS, analyzer (BI-200SM Brookhaven Instruments Corp.,
USA) with the specifications of 35 mW power and 637 nm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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wavelength was employed to monitor the hydrodynamic diam-
eter and diffusion coefficient of lignin according to Stoke's law
in the solution at the light scattered angle of 90° and temper-
ature of 25 °C.** The lignin solutions were well stirred and
maintained undisturbed for 24 h. The refractive index incre-
ment (dn/dc) of lignin in 0.1 M NaOH solution at 0.1-1 mg mL ™"
concentrations was determined by a differential refractometer,
Brookhaven BI-DNDC, USA, according to Gidh et al*® and re-
ported to be dn/dc = 0.150 mL g~ . Also, lignin's absorbance at
633 nm was measured by a UV-vis spectrophotometer (Genesys
10S UV-Vis) in solution at different concentrations ranging
0.1-1 mg mL ™' using a standard UV Quartz spectrometer
cuvette cell (1 cm path length, 3.5 mL volume).

2.2. Silica surface preparation

To prepare the silica surface, silicon wafers (Wafernet Inc., USA)
were oxidized at 1000 °C for 1 h that resulted in an oxide layer of
80 £+ 3 nm measured by null ellipsometry (model 43702-200E
from Rudolph Research, Flanders, NJ, US). The wafers were cut
into strips of approximately 10 x 50 mm for use as reflectom-
etry substrates. The oxidized wafers were washed with
a sequence of water, ethanol, and water, dried with nitrogen
gas, and cleaned with UV/ozone cleaner (PSD Series, digital UV
ozone system, NOVASCAN) for 200 s.

2.3. Adsorption analysis using SPAR

2.3.1. Theoretical analysis. In this section, a novel
approach that includes the light absorbance properties of lignin
is discussed according to the SPAR theory." The theory associ-
ated with the optical model used in the design of the reflectivity
is briefly explained herein. The reflectometer set-up is sche-
matically shown in Fig. 1, where an oxidized silicon substrate
(SiO,) is a collector surface. Briefly, a linearly polarised He-Ne
laser beam (1) enters the cell through a 45° glass prism (2). The
laser beam reflects on the adsorbing silica wafer (3) with an
angle of incidence 6 = 70° and leaves the cell through the prism.
The reflected beam is split into its parallel (p) and perpendic-
ular (s) components by means of a polarising beam-splitter.
Parallel (4) and perpendicular (5) components I, and I,
respectively, are detected by photodiodes, and the resulting
signals are translated as an output signal S. In the adsorption
process, an increment 4S = S-S, is recorded from the change
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Fig. 1 Schematic illustration of the SPAR experimental set-up.
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from the initial signal S, to the signal after adsorption S. Then,
the reflectance R of the substrate (defined as the Rp/Rg ratio) is
calculated so that as = %

So Ry

Fig. 2a illustrates the required optical properties of each
layer in the adsorption model. In this study, imaginary refrac-
tive index (k), thickness (d), refractive index (n), and refractive
index increment (dn/dc) are considered to determine the final
Qr. To determine Qg (quality factor, defined to relate I and AS/
Sy), one should use the optical model to calculate the value of R,
for the bare surface (according to Abeles matrix*® and Fresnel*”
equations as described in the ESIt). Next, an estimation for the
adsorbed amount I’ and the thickness d, should be used to
calculate n, for such an assumed layer. Then, this layer should
be added to the stack (see Fig. 2b), and the optical model should
be used to find R for this layer. The d, of 5 nm in the case of
small polymers (like lignin) is assumed,?® and the correlation of
n, and R in the optical model is thoroughly discussed in the
ESL.f Now, one should calculate AR/R, such that, if I'c is
assumed correctly, this value will be equal to the measured
value of AS/S,. If that is not the case, one should change I's; and
reiterate this so that AR/R, = AS/S,. This I'es is then used for
calculating Q. The fundamentals associated with the conver-
sion of the signal to adsorbed mass and calculation of Q¢ or R
are thoroughly explained in the ESI.{

Previous SPAR studies used polymers that do not absorb
light. In this work, hypothetical parameters related to the light
absorbance properties of lignin, i.e., absorption coefficient (e),
extinction coefficient (7), and imaginary refractive index (k), are
considered to study the adsorption model of lignin on the silica
sensor for the first time. Based on these parameters, the final Q¢
of lignin on the silica surface is determined.

Generally, the response of materials to electromagnetic
fields is important in optical analysis. In the case of lignin with
light absorption capacity, the optical response is described with
the imaginary refractive index k. In order to determine this
index, the absorption coefficient T and extinction coefficient ¢
are initially determined. The decrease in the intensity I of light
absorbed per unit of length / in non-transparent lignin is
proportional to actual I according to eqn (1):

dI(y/di=—I(]) (1)

where 7 is the absorption coefficient. Solving the differential
eqn (1) leads to the well-known Lambert-Beer law and its
equivalent (eqn (2) and (3)):*
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633 nm

a) b)
n=1.3327
n=1N82 Water G S5 1,
dn/de=0.15 mUg

"""""" d50,=80 nm,
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dg=bulk,
n=3.85

Fig. 2 Overview of parameters in the multilayer optical model
describing the reflection interface.
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1(1) _ —E __ —ecl
I 107 =10
where
PR (OB (!
E = ¢ecl = -og L IOgI(l) (3)

herein, e is the extinction coefficient (in mL g~ ' m™"), ¢ is the
concentration (in ¢ mL™"), and [ is the optical path length (in
m). Eqn (2) and (3) can be rearranged to:

7 = ec/log(e) with e the natural number 2.7182... (4)

Now, the imaginary refractive index, k, can be calculated
using eqn (5):

Ao

k= —1 5

47 5)

with A, is the wavelength of light in vacuum.** Combining the

real part n, and the imaginary k of the refractive index is

necessary to get the complex refractive index N according to eqn

(6):

N=n,—k (6)

In the case of lignin, one should use this complex refractive
index N instead of n, in the optical model described above to
calculate new R, I', and Oy.

2.3.2. Experimental analysis. To initiate the adsorption
following the stagnation point adsorption reflectometry (SPAR)
technique, Mili-Q water was introduced to the silica surface as
a buffer for 5 min at the wavelength of 4, = 632.8 nm. Then, the
adsorption of lignin (5-45 mg L ™" at pH 7) on the silica surface
was studied with the SPAR provided by the Laboratory of
Physical Chemistry and Soft Matter, Wageningen University,
Netherlands at a constant flow rate of 1 mL min~ ' at ambient
temperature. Due to the sensitivity of the SPAR instrument to
any impurity, lignin solutions were produced prior to use to
ensure that the homogenous behavior of the solution is main-
tained (minimize the agglomeration of lignin particles). The
modeling of the adsorbed lignin layer was determined using the
SPAR software (Prof. Huygens Software, Dullware, Netherlands)
considering reported AS/S, upon adsorbing lignin. The final AS/
So was calculated upon the adsorption measurement at equi-
librium (200 s) and used for determining the adsorbed amount,
T, for an optical model without any corrections for the fact that
lignin absorbs light.

The adsorption was repeated with lignin solutions with
predetermined concentrations of 25 mg L™ " at pH 7 and the
final adsorbed mass was calculated based on the final AS/S,
with and without considering the light absorbency of lignin.

2.4. Adsorption analysis using QCM-D

A Quartz crystal microbalance with dissipation (QCM-D 401, E1,
Qsense Inc. Gothenborg, Sweden) instrument was employed to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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simultaneously monitor the frequency and dissipation changes
upon adsorption of lignin on silica-coated sensors as explained
previously.® Data fitting and time monitoring were conducted
using Q-Tools software (Q-Sense, Gothenburg, Sweden). The
sensors were treated with a 2 wt% solution of fresh Mili-Q water/
sodium dodecyl sulfate for 30 min. Then, the sensors were dried
with nitrogen gas and placed in the UV/ozone oxidation cleaner
(PSD Series, digital UV ozone system, NOVASCAN) for 10 min
prior to use. Lignin solution was prepared with the HPLC grade
Mili-Q water at pH 7 and stirred overnight to ensure that the full
dissolution was achieved. The same water sample was used
throughout the QCM experiment. Solutions were pumped by
a peristaltic pump through the chamber of the QCM-D instru-
ment at the flow rate of 0.15 mL min~" and 20 + 2 °C.

By combining results obtained from QCM-D and reflectom-
etry, it is possible to calculate the water content of the adsorbed
lignin layer according to:

r
Water content(wt%) = 100 x (1 - ﬂ) (7)
Coem
where I'spar is the adsorbed mass determined by SPAR, and
I'qcm is the adsorbed mass identified by QCM-D.

2.5. Scanning electron microscopy (SEM)

The QCM sensors after lignin adsorption in the concentration
range of 5 and 45 mg L' on the QCM-D experiment were
collected to investigate the morphology of adsorbed lignin on
the surface. SEM images were obtained using a Hitachi SU-70
field emission SEM along with energy dispersive X-ray spec-
troscopy in a 5 kV voltage at 2000 x magnifications.

For a better understanding of the results, analysis was con-
ducted at 9 different concentrations of lignin within 5-
45 mg L™ (increment of 5 mg L™"). However, for simplification
and better visualization of plots, SPAR AS/S,, SEM, and QCM
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dissipation/frequency results are shown at 5 different concen-
trations (increment of 10 mg L™1).

3. Results and discussion

3.1. Evaluation of SPAR technique for lignin adsorption

3.1.1. Adsorption analysis without k. First, a simple model
is applied to calculate the adsorbed amount of lignin at
25 mg L™" on the surface by excluding the light absorbency of
lignin (i.e., ¢, 7, and k parameters are neglected). In this regard,
silicon is defined as the first stacking layer model (n = 3.85, k =
0.02), and an oxidized silica interface with a uniform refractive
index of n = 1.46 and d = 80 nm is deposited as the second
layer.®* In this optical model, we calculated R, = 6.9359 x 107>
following eqn (7) stated in the ESI} to gain an insight into the
initial R, value before the adsorption. Next, a lignin layer is
modeled as the third stacking layer defined by its d, = 5 nm and
dn/dc = 0.15 mL g~ " as shown in Fig. 2b. The first assumption of
Tee = 1.00 mg m~ > is made, which results in the lignin
concentration of the adsorbed layer being I'/d, = 0.200 g mL ™"
and n, = 1.3627. The optical model calculates R = 7.1539 x 10”2,
resulting in AR/R, = 0.0314, Q; = 31.81 mg m > and I’ = 1.11 mg
m ™ ? (based on eqn S(10) in the ESI{). As I’ = 1.11 mg m ™ > does
not equal I = 1.00 mg m™ > (leading to AR/R, # AS/S,), the
model calculation was repeated with I'eg = 1.11 mg m™~> and
iterated to find final AR/R, = 0.0350 (shown in Table 1). A value of
Tes of 1.12 mg m ™2 resulted in AR/R, = 0.0350 (meeting the AR/
Ry = AS/S, assumption), yielding Q¢ = 31.89 mg m 2.

3.1.2. Adsorption analysis with k. In this approach,
corrections for the absorption of light by lignin are applied.
Attempts were made to identify the imaginary part of the
refractive index, k, for the adsorbed lignin layer at 633 nm by
using lignin's extinction coefficient ¢, and the absorption coef-
ficient 7. Initially, the actual lignin refractive index is estimated
using the previous value of I' = 1.12 mg m™?, yielding n, =
1.3663. Then, the adsorbed layer concentration of ¢ = I'/d, =

Table 1 Trial and error of I'e, to obtain AR/Rq = AS/So = 0.035 at lignin concentration of 25 mg L™*

2

Teg, mg m™ I'/d, lignin, g mL ™" Na R, R AR/R,
1.09 0.218 1.3654 6.9359 x 102 7.1731 x 102 0.0342
1.10 0.220 1.3657 6.9359 x 1072 7.1752 x 102 0.0345
1.11 0.222 1.3660 6.9359 x 102 7.1773 x 102 0.0348
1.12 0.224 1.3663 6.9359 x 102 7.1794 x 102 0.0351
1.13 0.226 1.3666 6.9359 x 102 7.1815 x 1072 0.0354
Table 2 Trial and error of I'es; to obtain AR/Rq = AS/Sg = 0.035

I'est, mg m 2 I'/d, lignin, g mL~?! Ny k Ry R AR/R,
1.09 0.218 1.3654 0.001004 6.9359 x 1072 7.1744 x 1072 0.0344
1.10 0.220 1.3657 0.001013 6.9359 x 10 2 7.1765 x 102 0.0347
1.11 0.222 1.3660 0.001022 6.9359 x 102 7.1786 x 102 0.0350
1.12 0.224 1.3663 0.001031 6.9359 x 102 7.1808 x 102 0.0353
1.13 0.226 1.3666 0.001040 6.9359 x 1072 7.1829 x 1072 0.0356

© 2021 The Author(s). Published by the Royal Society of Chemistry
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0.224 g mL ™" is determined. Now, it is feasible to determine &
using a spectrophotometer at the wavelength of 633 nm for
lignin as shown in Fig. S2.1 Using the linear slope fitted to data,
€633 nm = 0.397 mL mg ' ecm ' = 39700 mL g ' m " and the
adsorbed layer concentration of ¢ = 0.224 ¢ mL ™" are measured,
which yields t = 20 476 m~" following eqn (4). Now, by using
eqn (5), one can find k = 0.001031. By considering the new
complex refractive index by combining the actual refractive
index (n, = 1.3663) and the imaginary refractive index of lignin
(k=0.001031) (eqn (6)), as the third stacking layer in Fig. 2b, the
R can be determined as explained above. The procedure to
relate I'esc and R is explained in the ESL{ By repeating the
calculation with a few values of I'cg (Table 2), the new theoret-
ical value of R = 7.1786 x 10~ ? yields AR/R, = 0.0350, which
meets the ultimate goal of AR/R, = AS/S, precisely. The quality
factor response of Q¢ = 31.71 mg m ™2 and adsorbed mass of I' =
1.11 mg m > are generated, which are very close to the values
obtained following the first approach without considering the &
value (T = 1.12 mg m~> and Q¢ = 31.89 mg m ™~ in Section 4.1.1).

To further investigate the effect of light absorption, the
calculation in this approach was repeated for the high values of
¢ to check what would be the effect, if the molecules had their
light absorption peak around 633 nm (i.e., the wavelength of the
laser used). For this calculation, we used a value of ¢ = 4.80 mL
mg~'.cm (lignin absorption peak at 400 nm). The results were I'
= 1.04 mg m 2 and Qf = 29.98 mg m > In this “worst-case
scenario”, the error in the calculation of adsorbed mass and
quality factor was about 6%, which would still be acceptable.
Thus, SPAR can be used for the adsorption analysis of lignin on
surfaces. This implies that the correction made by the
assumption that lignin might absorb light in the SPAR analysis
is insignificantly important, and it can simply be neglected
using SPAR for studying the adsorption characteristics of lignin
on surfaces.

3.2. Adsorption at different concentrations

The formation, behavior, and mechanism of lignin adsorption on
silica surfaces at different concentrations were assessed by SPAR.
The physicochemical properties of lignin i.e., zeta potential and
hydrodynamic size at different pH, ionic strength, and concen-
trations are shown in Fig. 3. It is known that the properties of
charged polymers in solutions are predominantly affected by
their charge interactions. As shown in Fig. 3a, the highest zeta
potential of lignin solution was obtained at pH =< 7, validating
the great association of charged groups, ie., phenolic and
carboxylic acid groups of lignin, in generating electrostatic
repulsion between the lignin segments. Similarly, the particle
size of lignin was relatively stable in the pH range of 5-10 due to
a high surface charge (with a corresponding particle size of 200-
320 nm), while a significant size increment was observed at pH <
5 (with a corresponding particle size of 400-2800 nm). The
aggregation of particles at lower pH reflects the major role of the
electrostatic repulsion forces in this system. This is in agreement
with previous reports on lignin solution behavior.*> In addition,
the effect of ionic strength (NaCl, mM) on the zeta potential and
particle size of lignin was evaluated, and the results are presented
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Fig. 3 (a) pH effect on the zeta potential and size of lignin, (b) NaCl
effect on the zeta potential and size of lignin, (c) concentration effect
of lignin solution on the size of lignin, and (d) adsorbed mass deter-
mined by SPAR and QCM.
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in Fig. 3b. By increasing the NaCl concentration, the zeta
potential of the solution changed from —22 mV to —2 mV due to
the screening of lignin charges by Na'Cl ™. There was also a rapid
increase in the particle size at a higher NaCl concentration due to
the higher association of particles in a charge-free system with no
electrostatic repulsion that causes agglomeration. The hydrody-
namic size analysis of lignin at pH 7 at various concentrations
(Fig. 3c) indicated the association of electrostatic repulsion forces
at the lower concentration of 5-25 mg L™, resulting in a well-
dispersed solution with a rather stable particle size of 200-
240 nm. In contrast, by populating the number of particles in the
solution at 35-45 mg L' concentration, the importance of
electrostatic repulsion force diminished, and particle size
increased to 300-440 nm.

To understand the impact of lignin concentration on its
adsorption behavior, the adsorbed mass of lignin is also plotted
in Fig. 3d. Silica surface includes the occasional existence of
silanol groups Si-O-H.** It was observed that by increasing the
lignin concentration to 25 mg L', the adsorbed mass reached
the maximum I value. At this concentration, a greater number
of smaller lignin molecules approached the silica surface. Thus,
the collision rate between the lignin and surface was higher
through the association of intermolecular hydrogen bonding
among OH of silica and oxygen of carboxylate and hydroxyl
group of lignin. In contrast, subsequent exposure to the higher
concentration of lignin (35-45 mg L") induced a smaller T,
possibly related to the less significant interactions between the
large lignin particles and silica substrate. Likewise, an excessive
number of larger lignin particles approaching the silica surface
at 35-45 mg L' concentration caused a strong repulsion force
between the slightly negative lignin and negative silica, thus,
limited the adsorbed mass. In conclusion, the collision rate,
number of available lignin molecules, the affinity of particles to
form molecular bonding, and size of particles are determining
factors in their adsorbed mass herein.

3.3. Adsorption rate and sticking coefficient

Charge density (—0.7 meq g~ '), phenolic-OH (3.1 mmol g™ 1),
carboxyl group (0.6 mmol g~ 1), and polydispersity index (My/M,
= 1.82) of lignin was measured (explained in the lignin char-
acterization section of ESIt). The adsorbed mass increased in
a linear fashion with time in the reflectometry technique
(shown from the signal changes with time in Fig. 4a). The slope
of the adsorbed mass versus time is correlated to the initial
experimental adsorption rate, as shown by the first order rate
law in eqn (8):**

((11—1; = kadsC (8)
where k,qs is the experimental adsorption rate coefficient and C
is the concentration. The initial experimental adsorption rate
coefficient of k.qs is shown in Fig. S3a.t The greatest k.qs value
of 0.4 m s~ ' at 25 mg L™ is interpreted as the highest adsorp-
tion rate where the energy barrier for the lignin molecules
arriving on the silica surface is at the minimum in the system,
compared to the lower k,qs at other concentrations. In this case,
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Fig. 4 (a) Signal changes upon the adsorption of lignin in SPAR at
various concentrations, (b) sticking coefficient as a function of lignin
concentration in SPAR measurements on a silica surface.

the concentration gradient of lignin is at the maximum between
the bulk lignin solution and the silica surface, and the hydro-
dynamic size of lignin is still small to encourage adsorption.

Assuming a perfect sink condition at the surface in the
stagnation point flow geometry, the initial theoretical adsorp-
tion rate coefficient can be estimated from the steady-state flux
based on eqn (9):**

0.776
kS = =2 (vD’aRe) "’ 9)

ads r

where 7 is the radius of the bore hole (0.5 mm), » is the kine-
matic viscosity of water (8.94 x 10~” m”> s~ ), D is the diffusion
coefficient of lignin (measured from DLS), Re = ur/v is the
Reynolds number and « is the dimensionless flow intensity
parameter. The mean flow velocity of the fluid in the tube of the
SPAR analysis (u) is determined from the volumetric flow rate.
The dimensionless flow intensity parameter & was calculated
based on the work of Dabros and van de Ven.* For a volumetric
flow rate of 1 mL min~', Re =~ 10.39 and the flow intensity
parameter of @ = 5.95 were obtained. The final value K9, is
reported in Fig. S3bf for the solutions of lignin with different
concentrations.

By comparing the k,qs experimental adsorption rate to the
kgf}s theoretical adsorption rate, the sticking coefficient § is
defined as the ratio between the experimentally and theoretical
adsorption rates according to eqn (10):*®
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Fig. 5 Morphology of adsorbed lignin on silica surface after the QCM
adsorption at different concentrations of (a) 5mg L™, (b) 15mg L™, (c)
25mg L% (d)35mg L% and (e) 45 mg L%
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The value of 8 = 1 is expected for a transport-controlled
process, ie., where the adsorbent transports towards the
surface. However, lower § values indicate that the adsorption of
a fraction of the arriving lignin molecules to the surface is
prevented.’” The sticking coefficient of the lignin solution is
displayed in Fig. 4b. The highest dimensionless sticking coef-
ficient value of 8 = 0.71 was obtained at the lignin concentra-
tion of 25 mg L™, which indicated the greatest affinity of lignin
particles for adsorbing on the silica surface.***” However,
further concentrating the lignin solution to 35-45 mg L~ *
reduced the sticking coefficient (the lowest of 8 = 0.20), infer-
ring that the binding of lignin particles to the surface was
hampered. In this case, increasing the concentration of lignin
from 25 mg L' to 45 mg L' facilitated the collision of the
slightly negative lignin chains and thus the agglomeration of
lignin particles in the solution (as evident by the particle size
growth in Fig. 3c). Agglomerated chains would not readily
adsorb to the stagnant layer, leading to a lower flux to the
surface and a smaller adsorption rate (k.qs and kggs).

In conclusion, the results at the concentration range of 5-
25 mg L~ " showed that the adsorbed mass and concentration were
proportionally correlated. In contrast, any changes in the concen-
tration beyond 25 mg L™ " adversely affected the adsorption.

The SEM images of the lignin films were made at different
concentrations in Fig. 5a-e. The progressive increase in the
surface coverage is observed by concentrating the lignin solu-
tion in the 5-25 mg L' concentration range, while the forma-
tion of aggregates with a lower surface coverage is observed at
a higher lignin concentration of 35-45 mg L™ ". This finding is in
line with the particle size growth and adsorbed mass shown in
Fig. 3. Thus, the attachment of lignin solution with different
concentrations on the interface can be interpreted as the
different populations of lignin particles with different affinities
and conformation to adsorb on the silica surface.

3.4. Water content of adsorbed adlayer

The comparison of QCM-D (frequency versus dissipation shown
in Fig. 6) and SPAR adsorbed mass shown in Fig. 3d also

1.6
1.4
o 12
<)
% 1 5 mg/L
-% 08 =15 mg/L
% 06 #25 mg/L
& Y
a 04 435 mg/L
-~ 45 mg/L
0.2
0 -2 -4 -6 -8 -10 -12 -14

Frequency, Hz

Fig. 6 QCM-D adsorption of lignin on silica surface at different
concentrations of 5-45 mg L.
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demonstrated that silica-lignin interaction significantly influ-
enced the water content of the adlayer. The amount of water
calculated using eqn (7) was 94-67% in 5-25 mg L™ concen-
tration and 49-64% in 35-45 mg L™ " concentration. Thus, the
higher the adsorbed mass, the higher the water content in the
adsorbed layer. This is in line with previous studies reported by
Liu et al.®® The water content of the adlayer is also correlated to
the dissipation changes measured by QCM-D. When the smaller
lignin chains at the lower concentration of 5-25 mg L™ " reach
the silica surface, they deposit with higher structural flexibility
(AD = 1-1.4 x 10~ ®); however, when the large lignin particles at
a higher concentration of 35-45 mg L™ " reach the silica surface,
they deposit in a denser structure with a lower AD = 0.9 x 10~°.

3.5. Significance and novelty

In this study, the deposition of lignin with well-defined particle
size, zeta potential, and morphology was studied comprehen-
sively using a SPAR technique for the first time. Compared to the
previous materials with limited light absorbency (cellulose and
polyelectrolytes) studied by the SPAR technique, we theoretically
demonstrated that the possible light absorbance of non-
transparent lignin would not have a significant effect on the
adsorption characteristics of lignin. The assessment of lignin
adsorption with the SPAR technique may extend the application
of lignin in packaging, coating, and composite industries. The
experimental studies conducted in this work illustrated that the
water content of lignin-based adsorbed multilayer systems can be
identified using SPAR and QCM techniques.

4. Conclusions

An extended mathematical method for the deposition of lignin
on the silica surface was verified by considering the light
absorbance properties of lignin (i.e., ¢, 7, and k values). Imple-
menting the k value in the optical model yielded I" of 1.11 mg
m 2 and Q; of 31.71 mg m™ 2, similar to those reported upon
excluding k. The theoretical modeling confirmed that SPAR can
be used for assessing the deposition of lignin on the silica
surface. Moreover, experimental results showed that lignin has
different adsorption behavior on the silica surface at 5-
45 mg L' concentrations. At a lower concentration of 5-
25 mg L™, its adsorption increased with the sticking coefficient
of 0.71. At a higher concentration of 35-45 mg L™, lignin's
hydrodynamic size increased implying its agglomeration, which
reduced its adsorption on the silica surface. Furthermore, the
SPAR and QCM-D studies revealed that the water content of the
adsorbed adlayer was higher (94-67 wt% of the adlayer) at the
higher adsorbed mass of lignin, and its water content was
reduced when lignin adsorption dropped. This study offers
novel opportunities in understanding the adsorption behavior
of lignin on solid surfaces, which in turn extends the applica-
tion of lignin in various fields where surface functionalization
and adsorption (e.g., biomedical, coating formulas, Pickering
emulsions, pulp, and paper) play crucial roles.
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