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There is a need to understand the role of polymer structure on its interaction with surfaces to produce
effective functional surfaces. In this work, we produced two anionic polymers of lignin-3-sulfopropyl
methacrylate (L-S) and poly(vinyl alcohol-co-vinyl acetate)-3-sulfopropyl methacrylate (PVA-S) with
similar charge densities and molecular weights. On the gold-coated surface, we deposited self-
assembled monolayers (SAM) bearing different terminal moieties namely, hydroxyl, carboxyl, methyl, and
amine groups of alkanethiols. This study highlighted the difference between the interaction of L-S and
PVA-S and functionalized self-assembled surfaces. The information was generated using advanced tools,
such as an X-ray photoelectron spectroscopy (XPS), and a quartz crystal microbalance with dissipation
(QCM-D), which facilitated the correlation development between polymer properties and deposition

. §3dS ber 2020 performance on the functionalized surfaces. The higher deposition of PVA-S than L-S onto OH and
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The solubility and structure of PVA-S were also beneficial for its higher adsorption than L-S onto CHsz

DOI: 10.1039/d0ra07554j and NH, surfaces. However, the variation in pH, temperature, and salt significantly affected the
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1. Introduction

Polymeric films are ubiquitous in applications ranging from
automobiles to construction. The majority of polymer films are
multilayer polymeric materials with varied functionalities. To
generate multilayer films, the interaction of polymers with
different surfaces is critical. Polymer adsorption on different
surfaces and at the solid/water interface can happen as a result
of hydrophobic, hydrogen-bonding, and electrostatic interac-
tions between polymer segments and surfaces. Polymer
adsorption is influenced by the properties of the polymer and
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the interaction between the polymer, surface, and solvent. In
this context, the difference in the structure of the polymer, e.g.,
linear or three-dimensional, has shown to have a crucial impact
on the adsorption behavior of the polymer on surfaces."*

Poly(vinyl alcohol-co-vinyl acetate) (PVA) is known as an
odorless, whitish or creamy, nontoxic, biocompatible, thermo-
stable linear synthetic polymer used widely in different appli-
cations. PVA polymer is used vastly in textile, papermaking,
coating industry, 3D printing, optical gas and humidity sensors,
emission sensors for vehicles and oral drug delivery, and solar
cells.>” PVA, by having a linear structure,” has been function-
alized with anionic and cationic monomers to improve its
adsorption on fibrous pulp and broaden its application as
adhesives and emulsifiers.*®

Lignin, an abundant phenolic polymer, is one of the alter-
natives to petroleum feedstocks,” which recently attracted
tremendous attention and applications.’*™ Lignin, by having
a complex three-dimensional structure, has been reported to
show a distinct interaction behavior compared to linear poly-
meric materials.’®"” However, as lignin has a complicated
structure, the interaction mechanisms of lignin derivatives with
different functionalized surfaces are still unclear. Revealing
these mechanisms is believed to highly affect its end-used
applications in wastewater treatment, surface coating, and
biological applications, for instance.

This journal is © The Royal Society of Chemistry 2020
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Polymers could adsorb following altered mechanisms."*>°
Thus, interaction mechanisms between the polymer and
adsorbing surface include, but are not limited to, charge
interaction, hydrogen bonding, van der Waals forces, and
hydrophobic interactions. Although the mechanisms behind
the adsorption of various polymers on different surfaces in
contrastingly charged systems have been studied, information
on the adsorption in the absence of electrostatic interaction for
lignin and PVA based polymers is limited. To address this, two
types of branched anionic polymers of poly(vinyl alcohol-co-
vinyl acetate)-3-sulfopropyl methacrylate (PVA-S) and lignin-3-
sulfopropyl methacrylate (L-S) were produced. To eliminate
the effect of molecular weight and charged group in comparing
lignin and PVA, the reaction condition was controlled to
produce polymers with a similar molecular weight and charge
density. This will elucidate the role of the structure and surface
chemistry of polymers in adsorption.

Self-assembled monolayers (SAMs) with different surface
chemistries were used to study the adsorption of polymers and
the adsorption kinetics.**>* These surfaces are extensively used
in electrochemical sensors® and also as model surfaces to study
the adsorption of polymers, such as proteins.***” Various SAMs
with various combinations of moieties can be used to elucidate
the different contributions of the driving force for polymer
adsorption.” In studying polymer adsorption on SAM surfaces,
it was found that polyelectrolytes and the surface with a like-
charges were shown adsorption.”® In other words, although
these systems had an interaction barrier of electrostatic origins,
the adsorption of the polymer was fast.*® In another study, the
adhesion forces between a hydrophobic surface (CH;-SAM) and
alkali lignin was analyzed and the results revealed the impor-
tance of hydrophobic interaction between the CH; surface and
in non-modified lignin.** As another objective of this work, the
comparison of lignin and poly(vinyl alcohol-co-vinyl acetate)
adsorption on different SAM surfaces could provide insights
into the impact of polymer properties on the adsorption
performance of polymers on altered surfaces. To the best of the
authors' knowledge, the interaction of sulfonated PVA and
lignin-based compounds on SAMs have not been studied.

In the present study, the adsorbed amount of PVA-S and L-S
on OH, COOH, CHj;, and NH, functionalized surfaces were
studied for the first time using QCM-D to provide information
on their altered adsorption behavior. The selected SAM surfaces
carried distinct terminal functional groups relevant to the
surfaces used in different industries, such as surface coatings,
mining, pharmaceutical, and cosmetics.*” Also, conducting
adsorption studies under different saline and pH conditions
would reveal the performance of these sulfonate-based poly-
mers on altered surfaces in different environments and the
interaction mechanisms of the adsorption processes on the
surfaces.

The main goal of this paper was to identify how the inter-
action of lignin derivatives, i.e., highly branched materials, is
different from their synthetic linear equivalents when their
molecular weights and charge densities are similar. This paper
provides fundamental insights into quantitative adsorption
fundamentals of lignin and synthetic macromolecules.
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Demonstrating this difference would help establish methods to
improve the characteristics of lignin for creating valorized
lignin derivatives with desired functionality.

2. Experimental section
2.1 Materials

In this work, 11-mercapto-1-undecanol (-OH, 97%), 12-mer-
captododecanoic acid (-COOH, 96%), 1-dodecanethiol (-CHj,
=98%), ammonium hydroxide, 6-amino-1-hexanethiol hydro-
chloride (-NH,), vinyl acetate (99%), 3-trimethylsilyl-(2,2,3,3-
D,)-propionic acid sodium salt (TMSP) (99.8%), hydrochloric
acid (37%), sodium hydroxide (99.0%), poly diallyl dimethy-
lammonium chloride (PDADMAC) with the molecular weight of
100-200 kg mol !, potassium chloride (KCI), D,O (with the
isotopic purity of 99.8%), 3-sulfopropyl methacrylate potassium
salt (98%) (S), sodium persulfate (Na,S,0g), sodium chloride
(99%), ethanol (99.8%), methanol (99.8%) and dimethyl sulf-
oxide-Dg ([Ds]DMSO) (99.9%), and hydrogen peroxide (30 wt%)
were all purchased from Sigma-Aldrich company. Cellulose
acetate membrane with the molecular weight cut-off of 1000 g
mol ™" was purchased from Spectrum Labs. Inc., USA. Also,
softwood kraft lignin (L) was produced via the LignoForce
technology of FPInnovations in Thunder Bay, ON, and received
as a raw material. High-performance liquid chromatography
grade water was produced using a Milli-Q water purifier with the
resistivity of less than 18 MQ ecm™ " and used throughout this
work. AT-cut gold-coated piezoelectric quartz crystal sensors (5
MHz resonant frequency) were purchased from Biolin Scientific
Inc. Nylon filters with a pore size of 0.22 pm were purchased
from the Celltreat Scientific company. Additionally, all of the
chemicals utilized in this work were of analytical grades.

2.2 Synthesis of L-S and PVA-S polymers

Softwood kraft lignin (L) was polymerized with 3-sulfopropyl
methacrylate potassium salt (S) based on the methodology
described in a previous study.”” The reaction was conducted at
a molar ratio of 1.2 S/L, 10 wt% HCI, 90 wt% of the water in the
presence of 1.5 wt% of potassium persulfate (as initiator) at
80 °C for 90 min. The produced polymer was purified with
membrane dialysis for three days to remove any unreacted
monomers, and the purified lignin-3-sulfopropyl methacrylate
sample was denoted as L-S.

In another set of reactions, vinyl acetate was used, instead of
lignin, in polymerizing with 3-sulfopropyl methacrylate potas-
sium salt (S). The reaction was conducted by using vinyl acetate
(VA) and S in a molar ratio of 0.5 S/VA, 10% NaOH, 9/1 v/v of
methanol/water in the presence of 1.5 wt% of potassium per-
sulfate (as initiator) at 80 °C for 90 min.**® The produced
polymer was precipitated by methanol precipitation and
centrifugation at 3500 rpm for 10 min and then purified using
membrane dialysis for three days. The poly(vinyl alcohol-co-
vinyl acetate)-3-sulfopropyl methacrylate sample was donated as
PVA-S. Polymeric solutions were prepared in the concentration
of 1 g L for different analyses in this study.
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2.3 Static and dynamic light scattering

The light scattering analysis of produced L-S and PVA-S poly-
mers were performed by a static light scattering instrument,
Brookhaven BI-200SM, equipped with a goniometer. The laser
polarized light was set at 633 nm.* The cell was set at different
temperatures ranging from 15 to 65 °C. The samples were
passed through a 0.22 um diameter porous filter. The second
virial coefficient (4,), and the average radius of gyration (R,)
were obtained from the concentration dependence and slope of
the angle based on Zimm plot eqn (1), respectively:**-2

Kc 1 l6wn® _, . ,(0
aw | () e 0

where K = 4m’n’*(dn/dC)*/N,A* with 4, is the second virial
coefficient, 6 is the measurement angle, n is the refractive index
of the liquid medium, R, is the radius of gyration, N, is Avo-
gadro's number, A is the laser wavelength (633 nm), and ARy is
the excess Rayleigh ratio [AR, = Ry(solution) — Ry(solvent)],
respectively.

The hydrodynamic radius (R;) of the polymers was deter-
mined using a dynamic light scattering (DLS) instrument,
NanoBrook, ZetaPALS, Brookhaven Instruments Corp., USA,
which was equipped with a 35 mW power laser (A = 637 nm,
wavelength). Measurements were made at 90° at different
temperatures (15-65 °C), and sample solutions were filtered
using 0.2 um pore size filters for light scattering measurements.
The hydrodynamic radius (R;) was measured based on the
diffusion coefficient (D) by using the Stoke-Einstein eqn
(2):25,33,34

KT
~ 6mnD

h (2)
where 74, Kg, T are the viscosity of the solvent, Boltzmann
constant, and the absolute temperature, respectively.

Differential refractometry (DR) technique was used to
determine the macromolecular solutions' specific refractive
index increments (dn/dc). It is essential to measure the dn/dc
precisely to obtain an accurate M,, value. The refractive index
increment of each polymer solution (drn/dc) was measured using
a Brookhaven BI-DNDC instrument. Although many studies
have reported dn/dc values for homopolymers, limited reports
are found on the dn/dc values for heteropolymers.>*

The second virial coefficient (4,), the average radius of
gyration (Ry), hydrodynamic radius (Ry), and refractive index
increments (dn/dc) were conducted three times and the average
values were reported.

2.4 Characterization

The charge density of samples was determined with a Particle
Charge Detector (PCD 04, BTG Miitek GmbH) using
a 0.005 mol L~" PDADMAC or 0.005 mol L' PVSK solution as
the titrant, as explained elsewhere.'**® The elemental analysis of
the polymers was performed using an elemental analyzer (Vario
EL Cube, Elemental Analyzer, Germany) as explained in detail
elsewhere.*” The molecular weight of PVA-S and L-S polymers
was measured by a gel permeation chromatography (GPC,
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Malvern GPCmax VE2001 with multi-detectors) after treating
the samples at different pH values (4.0, 6.7, and 11.0) for 12 h
and purifying the samples using membrane dialysis for 3 days.*®
The details of this analysis can be found in the ESI7 file.

The phenolic hydroxyl and carboxylate group contents of L
and L-S samples were determined using an automatic potenti-
ometric titrator (785 DMP Titrino, Metrohm, Switzerland) with
the HCl standard solution as a titrant (more information can be
found in the ESIY).

The contact angle of water-air (fw;,,) of PVA-S and L-S poly-
mers at different pH were conducted using Theta Lite contact
angle analyzer (Biolin Scientific, Finland) associated with
a camera-based on our previous experiment.>® PVA-S and L-S
were coated on glass slides using a spin coater (WS-650, Lau-
rell Technologies Corp) and dried overnight. Then, the contact
angle of 1.5 pL of a droplet on coated surfaces was determined.

The structure of L, PVA-S, and L-S was analyzed by a '"H NMR
spectroscopy with 32 scans. Samples were dissolved in D,O or [Ds]
DMSO and stirred until fully dissolved (ie., for 12 h).>** Trime-
thylsilyl propionic acid (TMSP) was used as the internal standard.*
More information about this experiment is available in the ESI7 file.

The zeta potential of lignin (L), L-S, and PVA-S polymers were
analyzed using a NanoBrook Zeta PALS (Brookhaven Instru-
ments Corp, USA) at pH ranging from 3.0 to 11.0. The analysis
was performed three times, and the average values were re-
ported in this study.

2.5 Self-assembled monolayers (SAM)s preparation

In the QCM-D measurements, AT-cut piezoelectric quartz crys-
tals (Biolin Scientific Inc), which were covered with gold and
had a fundamental frequency of 5 MHz, were used. The crystals
were modified according to the procedure described by Hedin
et al.** The surfaces were initially cleaned for 10 min in a UV/
ozone chamber, which was followed by immersing in
a 1:1:6 mixture of hydrogen peroxide (25%), ammonium
hydroxide (25%), and Milli-Q water for 8 min at 78 °C. To obtain
chemically well-defined and electrically inert SAM surfaces, the
crystals were immersed overnight (>15 h) in 20 mL of 2 mM of
alkanethiol solution in degassed ethanol (99.8%) and an amber
bottle, and stirred at 50 rpm and 25 °C in a water bath. Then, 11-
mercapto-1-undecanol (-OH), 1-dodecanethiol (-CH), 12-mer-
captododecanoic acid (-COOH), and 6-amino-1-hexanethiol
hydrochloride (-NH,) chemicals were used to form hydroxyl
(OH), methyl (CH3), (COOH) and (NH,) terminated SAMs on the
surfaces, respectively. The thiol group of n-alkanethiols bonds
to Au surfaces by metal-sulfur bonds (i.e., chemisorption) and
forms close-packed SAMs (i.e., self-assembled monolayers),
which leaves -OH, -COOH, CHj3, and NH, (i.e., the other end of
the functional groups) available on the surface.?**' To remove
excess thiols from the treated surfaces, the surfaces were
washed and ultrasonicated in ethanol five times, each time for
5 min. The SAM surfaces were dried under N, gas.

2.6 SAM characterization

Theta Lite Contact Angle analyzer (Biolin Scientific, Finland)
associated with a camera was employed to quantitatively

This journal is © The Royal Society of Chemistry 2020
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analyze the wettability of the Au surfaces before and after SAM
deposition. The contact angle analysis of water droplets (1.5 uL)
on the bare and modified QCM sensors was conducted using
the sessile drop method based on Young's equation with three
independent measurements. The values of the water contact
angle were evaluated for the four types of SAM are reported in
Table 2 and are consistent with reports in the literature.>**>*

The X-ray photoelectron spectroscopy (XPS) measurements
were performed on the bare and SAM-coated sensors by using
a Kratos Axis Supra with a monochromatic Al Ko radiation
(1486.6 eV) with 1 mm spot diameter at a base pressure of about
3 x 10'° mbar and 20 eV pass energy. Based on the surface
plane, the take-off angle for the detected photoelectrons was
adjusted to 60°. For energy referencing, spectra were calibrated
to the C1 line peak at 284.6 eV.* Data analysis and peak fitting
were conducted using ESCApe software (V1.2.0.1325). The
thickness of SAM-terminated surfaces on Au substrates was
estimated by means of the attenuation of the Au 4f signal using
the following eqn (3):

d
I'=1Irexp {_A sin 0} 3)

where I and I, are the average intensities of the Au 4f5,, and Au
4f;,, peaks, attenuated by SAM and the bare gold surface,
respectively. 6 is the photoelectron take-off angle, A is the
effective attenuation length of the photoelectron, and d is the
film thickness.**** The theoretical length values of SAM mole-
cules used in this work have been attained from computational
modeling Avogadro software (V1.2.0) (written in C++ (Qt) with
General Public License) and force field model of MMFF94
(designed by Merck).

2.7 Quartz crystal microbalance with dissipation (QCM-D)

The detailed description of the QCM-D technique has been
explained by Li et al*® and Pensini et al* The adsorption
studies of L-S and PVA-S were conducted on the above
mentioned SAM-coated gold sensors by using a QCM-D, E1, 401,
instrument (Q-Sense Inc., Gothenburg, Sweden). A peristaltic
pump was used to pump solutions at the flow rate of 0.15
mL min~" through the chamber of the QCM instrument. The
temperature was set to room temperature (25 °C) for all exper-
iments. The adsorption experiment was initially conducted with
a buffer solution of the desired aqueous pH and electrolytes,
until achieving a baseline signal in the analysis. Then, the
adsorption experiment was initiated by replacing the buffer
solution with L-S or PVA-S polymer solutions with the same pH
and electrolyte concentration. After reaching saturation in
adsorption, the solutions were changed to the buffer solutions
for removing unadsorbed components from the SAM coated
surfaces. The solutions were degassed prior to the experiment.
This analysis was conducted at different salt concentrations (1-
1000 mM) and pH (3.0-11.0) with PVA-S and L-S solutions. It is
worth noting that the PVA-S, L-S, and buffer solutions had the
same pH and salinity in all experiments.

In this analysis, Sauerbrey and Voigt equations were used
to evaluate the properties of the adsorbed layers and analyse

This journal is © The Royal Society of Chemistry 2020
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the changes in the adsorbed mass on the sensor (more
information is available in the ESI{). The Sauerbrey equation
was used when AD = 1 x 10, which would be an indication
of an elastic and rigid layer. However, data points were fitted
into the Voigt model for layers with the higher dissipation
using three harmonic overtones of 5, 7, and 9 of the Q-Tools
software. The 9™ overtone was used for the better represen-
tation of data (details available in the ESIT). Also, the fluid
density and viscosity were considered to be 0.99 g cm™® and
1.05 mPa, respectively. The error bars related to the adsorbed
mass present the standard deviation of the repeated
experiments.

3. Results and discussion
3.1 Characterization of produced polymers

The 'H-NMR spectra of the produced samples are depicted in
Fig. S1 and S2.7 The appearance of a new peak at 0.96 and
1.10 ppm is assigned to the methyl group of S monomer in the
"H-NMR spectra.?®*®* The three peaks at 4.7, 4.5, and 4.2 ppm
are assigned to the proton in the (OH) group of PVA
(Fig. S271).*>*° The peak at 1.97 ppm is also assigned to the
methyl (CH3) group of PVA.*>** More information could be
found in the ESI.{ The results in Fig. S1 and S2f confirm the
successful production of L-S and PVA-S. Also, FTIR analysis
was performed on the obtained polymers and the spectros-
copy, as well as the peak data, are shown in Fig. S3 and Table
S1 in the ESIf file, respectively. The results of this analysis also
confirmed the successful polymerization and the production
of L-S and PVA-S. In addition, the reaction yield for the
production of L-S (65.32%) was measured to be lower than the
reaction yield for the production of PVA-S (74.21%). The
properties of produced polymers are shown in Table 1. Based
on the elemental analysis (Table 1), L (unmodified lignin), L-S,
and PVA-S had 0.76, 8.03, and 8.17 wt% sulfur element,
respectively, and no traceable nitrogen. The charge density
(CD) of L, L-S, and PVA-S were —0.85, —3.17, and —3.20 meq.
¢~ respectively, which would indicate that the amount of
introduced sulfur content to polyvinyl acetate and lignin was
equal. The GPC analysis demonstrated the molecular weight of
1.8 x 10% 11.4 x 10*, and 11.3 x 10* g mol~* for L, L-S, and
PVA-S, respectively. Since the adsorption of the produced
polymers is going to be analyzed on different surfaces at
different pH, it is crucial to analyze the stability of the poly-
mers at different pH. To do so, the molecular weight analysis
was performed using GPC for the samples pretreated in both
acidic and alkaline pH for 12 h. As seen in Table S2,}
compared to neutral pH, the PVA-S, and L-S samples showed
7.6-8.9, and 4.0-0.2% reduction in their molecular weights,
respectively. These results reveal that both polymers are rela-
tively stable over the examined pH range. The charge of
produced polymers at various pH was determined through
zeta potential analysis and presented in Fig. S4 in the ESIf file.
By changing the pH, the zeta potential of L was changed from
about —7.5 to —17.6 mV. The zeta potential increment was
observed more drastically for both PVA-S and L-S polymers
than L, which could be due to their sulfonate groups.

RSC Adv, 2020, 10, 36778-36793 | 36781
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Table 1 Chemical properties of produced polymers

Samples name L L-S PVA-S
Nitrogen content,® wt% <0.09” <0.09” <0.09”
Sulfur content, wt% 0.76 8.03 8.17
Charge density,” peq. g~ * —0.85 -3.17 —3.20
Carboxylate content,” mmol g * 0.17 0.16 —
Phenolic hydroxyl group content,” mmol g* 1.86 0.18 —

M,, (GPC), g mol ! 1.8 x 10" 11.4 x 10* 11.3 x 10*
M, (GPC), g mol " 0.48 x 10* 6.38 x 10* 6.05 x 10*
dn/dc,* mL g~* 0.1320 0.1601 0.0660
Reaction yield, % 100 65.32 74.21

“ Error was <0.05%. ” Method sensitivity <0.09.

3.2 Characterization of self-assembled monolayers (SAM)

A series of SAM-modified surfaces were produced by reacting
thiols with different end groups on the QCM sensor. Fig. 1
demonstrates the X-ray photoelectron spectroscopy (XPS) of
SAM with -OH, -NH,, -CHj3, and -COOH end groups on the
sensors. The presence of a peak at 162 eV is attributed to the Au-
S energy binding, which indicates the successful modification
of Au with SAMs.

Table S3 (in the ESI{ file) includes the relative atomic
concentrations of SAM-modified surfaces (C, O, S, and N), which
confirms the successful formation of SAM. The excess amount
of O in —-CH; could be attributed to the atmospheric contami-
nation. In the case of -NH, modified surface, the excess amount
of O could be attributed to the atmospheric contamination
(3.8%) and partial oxidation of the S-Au bond to sulfonate
(7.3%). The S,, level of -OH, -COOH, -CHj;, and -NH, SAM-
terminated surfaces were studied, and it has been found that
the partial oxidation of -SH to sulfonate happened only in NH,
terminated SAM, which could be attributed to the HCI used to
stabilize amino compound.®*

Table 2 demonstrates the properties of the four types of
SAMs. The sessile drop method was used to measure the
deionized water contact angle on SAM coated sensors.*>** The

water contact angle of the gold sensor was 75 £ 2°. The contact
angle of -OH, -COOH, -CH3;, and -NH, surfaces were measured
to be <10°, 30°, 110°, and 41°, respectively. At neutral pH (pH
6.7), -OH and -CH; carry no charges while -NH, is positively
charged and -COOH is negatively charged.® The contact angle
measurements of SAM films suggested that the surface coated
with the -CH; group was highly hydrophobic, while the surfaces
coated with -OH, -COOH, and -NH, groups were wettable.
SAMs functionalized with —OH could be considered as super-
hydrophilic as the water droplet spread on the SAM surface (a
contact angle of <10°). According to the literature, the contact
angle for -OH functionalized SAM was reported to be as low as
9.5°?*%> and as high as 40-50°.>*** The monolayer surface
containing OH has been reported to be unstable.*® The rate of
contact angle variation was also revealed to be dependent on
temperature. Also, freshly prepared surfaces were suggested to
be used for more credibility of this analysis, which was per-
formed accordingly in this work. These SAMs (-CHj, —-OH,
—-COOH, and -NH,) were well characterized and used extensively
as model surfaces.””>®

The theoretical lengths of SAMs were obtained from
computational modeling, Avogadro software (V1.2.0), are re-
ported in Table 2. By considering the estimated values achieved

a) b) o) d)
HI 2 | M ||I | i ) ) Br
g il i g ‘-l f ( “n '; Al 3 v"I' § | I .| | JIJ (] |t
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2l W “‘"u‘ nmiym 3 ol I Hl a | M |’ g- | l At/ ‘ AI'H
=y .‘VMH‘ L | g L 0 L oy | | '/' \ l;“;, o »y v
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Table 2 Used SAMs and their properties
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Water contact

Charge at Theoretical Thickness, Tilt angle,

Surface Chemical formula SAMs name angle, ° Features pH 6.7 length, A A °

OH HS(CH,),,OH 11-Mercapto-1-undecanol <10 Hydrophilic Neutral 17.1 12.97 40.6
COOH HS(CH,);;COOH  12-Mercaptododecanoic acid 30+ 3 Hydrophilic — 18.3 15.11 34.3
CH;3 HS(CH,)1,CH3 1-Dodecanethiol 110 £ 2 Hydrophobic Neutral 17.3 15.00 29.9
NH, HS(CH,)¢NH,-HCl 6-Amino-1-hexanethiol hydrochloride 41 + 1 Hydrophilic + 10.8 9.55 27.8

from the Au 4f (Fig. S51) attenuation analysis, the SAMs show an
atilt angle in the range of 27.8-40.6° for the surface (Table 2 and
Fig. S5t). If SAMs were to be defective, isolated domains would
have been formed on the surfaces, which would have further
resulted in single molecules to generate a lying-down configu-
ration.* Thus, our results reveal a defect-free and tightly packed
SAMs. In other words, all SAMs had significant high-packing
densities while exhibiting differential end groups.***®

Also, to analyze the interaction of SAM surfaces with water
molecules, water adsorption on different SAM surfaces was
conducted at different temperatures (Fig. S6-S9f) and pH
(Fig. S10-S13t). Based on the obtained results, no significant
difference (i.e., within 10%) was observed between SAM
surfaces. This indicates that the chemically modified SAM
surfaces are stable under the examined conditions. Also, these
conditions (different temperatures and pH) showed no specific
effect on the swelling of SAMs (Fig. S6-S131).

3.3 Measurements of the hydrodynamic radius (Ry,), the
radius of gyration (R,), and second virial coefficient (4,)

Fig. 2a depicts the hydrodynamic radius, Ry, of PVA-S, and L-S in
pure water. As can be seen, the Ry, of L-S increased by increasing

the temperature from 15 to 65 °C. The increase in the overall
size of L-S with temperature enhancement could be due to more
hydration of lignin structure at a higher temperature. In the
case of PVA-S, the insignificant change in the R, might be
attributed to the dehydration of PVA-S caused by polyvinyl
acetate chains at a high temperature. Similar behavior was re-
ported for poly(ethylene oxide) in water.>>*® Fig. 2b depicts the
radius of gyration, Ry, defined as the root mean square distance
of a particle's components from its center of mass. As seen,
enhancing the temperature drastically increased the R, of L-S,
while it did not significantly affect the R, of PVA-S. It is worth
mentioning that R, is sensitive to the refractive index distribu-
tion (mass distribution), while Ry, is sensitive to hydrody-
namics.*® It is well established that the ratio of Ry/Ry is
a characteristic parameter related to the conformation of poly-
mer chains in solutions. The values of Ry/R;, for uniform hard-
sphere, random coil, and rod-like structures have been re-
ported to be 0.778, 1.78, and =2, respectively.®’-** In the case of
L-S, both R,/R, and R, have increased with increasing the
temperature. At 15 °C, the Ry/R;, ratio for L-S was about 0.77,
while the R,/Ry, ratio increased to about 1.27 at 65 °C, revealing
that the L-S present a swollen structure.*” An increment in the
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Fig.2 Temperature dependence of (a) hydrodynamic radius (Ry), (b) radius of gyration (Rg), and (c) second virial coefficient (A;) of PVA-S and L-S

polymers.
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Ry/Ry, ratio for L-S in the range of 0.77 to 1.27 (from 15 to 65 °C)
is in agreement with the intermediate structure from a hard-
sphere to a looser structure due to the water swelling effect.*®
The respective Ry/Ry, ratio of PVA-S changed from ~0.60 at 15 °C
to ~0.76 at 65 °C. Thus, the spherical shape of the PVA-S poly-
mer was insignificantly altered via temperature alteration. The
higher R,/R;, ratio at a high temperature also ascribed to the
dehydration of PVA-S.%

Fig. 2c indicates the second virial coefficient (4,) of the
polymers, which signifies the polymer-solvent interactions. A
low value of A, means strong interactions among solute parti-
cles, indicating that the solute is in a poor solvent, which means
that the polymers are partially or completely insoluble in the
solvent. The magnitude of A, values denotes the strength of
such interactions. The variation in A, with temperature depends
on the hydrophilic/hydrophobic structure of polymers.®”*
Based on Fig. 2c, the 4, value for L-S polymer increases as the
temperature rises from 15 to 65 °C, implying that high
temperature improved the interaction of L-S polymer and water.
The intensive interactions between polymer segments could
lead to a more compact structure with the hard-sphere config-
uration at low temperature, while the more efficient interaction
between L-S and water loosened the structure of L-S polymer at
a higher temperature, which is supported by results depicted in
Fig. 2a and b. In the case of PVA-S (Fig. 2c), A, values decreased
by increasing the temperature implying that water has become
a poor solvent for this polymer at a higher temperature. Similar
behavior has been reported for poly(vinyl alcohol).”®”* As re-
ported in the literature, the PVA macromolecule chain becomes
dehydrated above critical solution temperature (25 °C in our
case).”>”

The lower solubility of L-S than PVA-S, based on the second
virial coefficient (4,), could be due to two reasons: its aromatic
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structure,””®

and, its pK, value (phenolic groups), which drops
at higher temperatures and leads to an increase in its

solubility.”®””

3.4 Effect of temperature on the adsorption of L-S and PVA-S
on SAMs

3.4.1 Adsorption on -OH functionalized surface. Fig. 3
illustrates the adsorption analysis of L-S and PVA-S on the OH-
functionalized surface at different temperatures of 25 °C, 35 °C,
and 45 °C (raw data is available in the ESI in Fig. S14 and S157).
Based on these results (Fig. 3a), limited adsorption was
observed for L-S on the OH functionalized surface. Also,
increasing the temperature did not improve the adsorption.
Although the R, and Ry of L-S increased with respect to
temperature increment (Fig. 2a and b), they could not improve
the development of hydrogen bonding between L-S polymer and
OH-functionalized surface. Also, enhancing the temperature
decreased the adsorption of PVA-S on the OH-functionalized
surface, which might be due to a decrease in its solubility at
higher temperatures (Fig. 2c).

3.4.2 Adsorption on -COOH functionalized surface. Fig. 3b
shows the adsorption of L-S and PVA-S on COOH-functionalized
surfaces at different temperatures (in the range of 25-45 °C)
(raw data is shown in the ESI in Fig. S16 and S17%). The
adsorption of L-S on the COOH-functionalized surface was
improved marginally by increasing the temperature. At room
temperature, the carboxylate group exists in its deprotonated
(-COO™) form. By increasing the temperature, the carboxylate
group becomes protonated (-COOH),” resulting in a decrease
in the negative charge density of the surface. This phenomenon
paves the way for hydrophilic interactions of L-S with the
surface to become more dominant than electrostatic attraction.
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However, it should be noted that even at a higher temperature
(45 °C), the adsorption amount of L-S does not increase
significantly, which is a clear indication of the limited adsorp-
tion of L-S on the ~-COOH-functionalized surface (Fig. 3b).

The adsorbed amount of PVA-S is observed to decrease
sharply from 2.59 mg m ™2 at 25 °C to 0.21 mg m™ > at 45 °C. As
explained earlier, the solubility of PVA-S was reduced at higher
temperatures (Fig. 2¢), and thus its driving force for adsorption
dropped. By increasing the temperature, the interaction
between hydrophilic groups of PVA-S would decrease. The
reason for this could be the denser structure of PVA at higher
temperatures, which would result in dehydration in the struc-
ture of PVA” and a lower adsorption amount on the -OH
functionalized surface. On the other hand, by lowering the
hydrogen bonding capability of PVA-S, more hydrophobic parts
of PVA-S (i.e., CH) would be exposed and interact with -CH;
functionalized surface.

3.4.3 Adsorption on -CHj;-functionalized surface. Fig. 3c
indicates the adsorption of polymers on the ~CH;-functional-
ized surface at different temperatures (in the range of 25-45 °C)
(the raw data is presented in the ESI in Fig. S18 and S197).
According to Fig. 3c, the L-S adsorption was increased by
enhancing the temperature. As the R, and Ry, values for L-S were
increased by the temperature increment, its hydrophobic
features were more exposed (Fig. 2), promoting its interaction
and thus adsorption on the hydrophobic surface (i.e., -CH;-
functionalized surface). Also, the adsorption of PVA-S on this
surface (Fig. 3c) increased in general, which might be attributed
to its solubility reduction at a higher temperature (Fig. 2c).

3.4.4 Adsorption on -NH,-functionalized surface. Fig. 3d
indicates the adsorption of L-S and PVA-S on the NH,-func-
tionalized surface (the raw data is demonstrated in the ESI in
Fig. S20 and S211). As seen, the highest adsorption of L-S was
achieved at 35 °C. Increasing the adsorption from 25 to 35 °C
could be due to the improvement in lignin solubility at higher
temperatures (Fig. 2¢). In the case of PVA-S (Fig. 3d) and L-S at
higher than 35 °C, by increasing the temperature, the adsorp-
tion of PVA-S on the NH,-functionalized surface decreased
gradually. This reduction in the adsorption for both L-S and
PVA-S polymers could be due to the weakening of electrostatic
interaction between negatively charged polymers and the posi-
tively charged surface at higher temperatures.”™

Overall, comparing the adsorption of L-S on the NH, (Fig. 3d)
and CHj; (Fig. 3c) surfaces, the higher adsorption of L-S was
found on the NH,-functionalized surfaces. This implies that the
electrostatic interaction could be more dominant than hydro-
phobic interactions for L-S. In other words, temperature incre-
ment could improve the electrostatic interaction development
of L-S with surfaces more than its hydrophobic interaction. The
similar trend observed for PVA-S adsorption on -NH, and -CHj;-
functionalized surfaces could indicate that the electrostatic
attraction and hydrophobic interaction were both playing
important roles in PVA-S adsorption onto the functionalized
surfaces. In addition, comparing L-S and PVA-S, the highest
adsorption capacity of L-S (4.95 mg m™?) was achieved at 35 °C
on -NH, functionalized surface (Fig. 3d). Meanwhile, the
highest adsorption amount of PVA-S (14.83 mg m >) was

This journal is © The Royal Society of Chemistry 2020
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obtained at 35 °C on the -CHj; functionalized surface (Fig. 3c).
The unmodified lignin (L) polymer contains different functional
groups of phenolic hydroxyl (1.86 mmol g~ (Table 1), carbox-
ylate (0.17 mmol g~ * (Table 1), carbonyl, and methoxy groups,
which could provide the macromolecule with hydrogen
bonding capability. However, the rigid and three-dimensional
structure of lignin'* would limit the chance of available func-
tional groups on L-S to interact with the solid surfaces con-
taining -OH and COOH groups and lead the sites on lignin to
prefer developing hydrogen bonds with the solution rather than
the surfaces.

3.5 Effect of pH on the adsorption of L-S and PVA-S on SAMs

3.5.1 Adsorption on -OH-functionalized surface. Repre-
sentative experimental traces for the QCM adsorption analysis
of L-S and PVA-S on OH-functionalized surface are shown in
Fig. 4 under three different pH of 3.0, 6.8, and 11.0, while the
raw data is presented in the ESI file in Fig. S22 and S23.1 As seen
in Fig. 4a, L-S limitedly adsorbed on this surface at all pH
ranges, which might reveal that L-S was incapable of developing
noticeable hydrogen bonding with this surface in all pH.”*’ On
the other hand, it is seen that PVA-S could adsorb on the OH-
functionalized surface more than L-S at all pH, while having
the most adsorption at pH 3.0, and the least at pH 11.0. This
indicates a stronger electrostatic interaction of PVA-S with the
surfaces (results shown in Fig. S227), since variations in the pH
affect the charge of polymers, begetting an attraction or
a repulsion in the electrostatic interaction.** Moreover, not only
the hydrophilicity of PVA-S is higher than L-S (Table S47), but
PVA-S is also more soluble (Fig. 2c), which can adsorb more
water. It is worth noting that the steric hindrance of lignin could
also adversely affect its adsorption to the surfaces.®” Also, since
the OH groups of lignin are substituted with S groups after the
polymerization reaction, less free hydroxyl groups are left on
lignin to develop hydrogen bonding interaction. While in the
polymerization of PVA, the S groups do not replace the OH
groups, leaving more hydroxyl groups available on PVA-S to
interact through hydrogen bonding with OH-functionalized
surface. The higher adsorption of PVA-S than L-S (Fig. S22
and S237) increased the dissipation on the sensor.

3.5.2 Adsorption on -COOH-functionalized surface. Fig. 4b
includes the adsorption of L-S and PVA-S on the -COOH-
functionalized surface at different pH, while the raw data is
depicted in the ESI in Fig. S24 and S25.1 As seen, L-S adsorption
to the surface was higher at pH 3.0, and it decreased by the pH
elevation. At pH 3.0, L-S could develop a hydrophilic interaction
with -COOH through its functional groups. However, this
interaction diminishes due to the repulsion force resulted from
the higher negativity of the -COOH surface at higher pH. The
incapability of L-S in hydrogen bonding development is once
more observable due to its minimal adsorption to the surface,
which was discussed earlier.”*

A similar trend of reduction in the PVA-S adsorption to
—-COOH surface was observed by increasing the pH, which is due
to the enhancement in the repulsion force between the polymer
and the surface. While electrostatic interactions play a critical
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Fig. 4 Adsorbed mass and dissipation of L-S and PVA-S on (a) OH, (b) COOH, (c) CHs, and (d) NH, functionalized surfaces at different pH.

role in the adsorption of like-charged polymers (i.e., electro-
static repulsion), the interesting PVA-S adsorption on the
negatively charged -COOH surface indicates the sensible
development of nonelectrostatic interactions between PVA-S
and COOH surface (e.g., van der Waals and hydrogen bonding).

3.5.3 Adsorption on -CHj;-functionalized surface. Fig. 4c
also reveals the adsorption of L-S and PVA-S polymers on the
-CHj; functionalized surface, while the raw data is presented in
the ESI file in Fig. S26 and S27.1 As seen, the adsorbed mass of
L-S onto the surface was reduced at all pH. This interaction
reveals that L-S has adsorbed on the -CHj; functionalized
surface via a nonelectrostatic interaction (hydrophobic inter-
action), which is hypothesized to develop through its aromatic
units. It has also been reported that by increasing the pH, the
diffuse layer potential for CH; becomes negative, which leads to
a reduction in the adsorption amount of negatively charged
polyacrylate (PAA) and polystyrene sulfonate (PSS) on this
surface.” Similar results were obtained for the adsorption of
PVA-S on -CHj3; as a function of pH.

It is seen that L-S showed less hydrophobic interaction than
PVA-S with the CH; functionalized surface at all pH studied.
This might be because of the linear structure of PVA-S, which
facilitates the hydrophobic interaction of PVA-S with the
surface, while the three-dimensional structure of L-S prohibits
the hydrophobic interaction of the aromatic core of lignin with
CHj (i.e., steric hindrance).

3.5.4 Adsorption on -NH,-functionalized surface. The
adsorption of the polymers on the positively charged -NH,
functionalized surface is also included in Fig. 4d, while the raw
data is shown in the ESI file in Fig. S28 and S29. As seen,
a sharp and fast decrease in the adsorbed mass of L-S onto -NH,
surface is observed, which reveals a strong electrostatic

36786 | RSC Adv, 2020, 10, 36778-36793

attraction of this polymer with the surface at pH 3.0, since this
surface bears ionized groups at this pH and appears in the form
of NH;". It has also been reported that in the oppositely charged
systems, adsorption kinetics are very fast.*»®* The polymer
adsorption was reduced by increasing the pH, which might be
due to the accumulation of a larger amount of hydroxyl ions at
the NH,/water interface. This leads to a reduction in the posi-
tivity of the surface, less electrostatic interaction with the
polymer, and thus less adsorption.?® Also, a similar trend of
adsorption was observed for PVA-S as a function of pH.
Comparing the adsorption of L-S on NH, and CH; (Fig. 4)
surfaces, the higher adsorption of L-S was observed on the NH,
surface.

3.5.5 Overall performance at different pH. The results in
Fig. 4 suggest that L-S illustrated significantly different
adsorption mechanisms than did PVA-S at different pH values.
At pH 3.0, the maximum adsorption of L-S was observed on the
NH, surface, while the highest adsorption of PVA-S was
observed on the CH; surface. The monotonical decrease in the
adsorption of L-S and PVA-S was observed with increasing the
pH for almost all surfaces. The decrease in the adsorption was
mainly reported to be attributed to the decrease in the magni-
tude of the diffuse-layer potential when this potential is
contrary to that of the adsorbed polymer.>*#*# This effect is due
to the reduction in the attraction force and subsequently
enhanced repulsion force at the solid/water interface between
the deposited polymers.***¢ Also, the smaller changes in dissi-
pation values of L-S than PVA-S were observed for almost all
surfaces at different pH, which might be due to its lower
adsorption to SAMs (Fig. S22-S297).

Furthermore, increasing the pH (from 3.0 to 11.0) led to the
enhancement in the hydrodynamic radius (R},) of L-S and PVA-S

This journal is © The Royal Society of Chemistry 2020
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polymers, and this change was more sensible for L-S (Fig. S307),
which can be due to its better solubility at higher pH. According
to the contact angle analysis (Table S4t), PVA-S was more
hydrophilic than L-S at all pH. This means that PVA-S could trap
more water in its structure, which might lead to more changes
in the adsorbed mass upon its adsorption to SAM surfaces.
Although these two polymers have the same amount of sulfo-
nate groups, their structural difference® led to their altered
interactions with varied surfaces. Also, its linear structure®
favored the adsorption of PVA-S on the functionalized surfaces.
In general, the maximum adsorption amount of L-S (8.99 mg
m™ %) was attained at pH 3.0 on the -NH, functionalized surface.
Meanwhile, the highest adsorption amount of PVA-S (21.33 mg
m~?) was obtained at pH 3.0 on -CH; functionalized surface.

3.6 Effect of salt concentration on the adsorption of L-S and
PVA-S on SAMs

The adsorption of L-S and PVA-S on different functionalized
surfaces at equilibrium is shown in Fig. 5 and 6 (the original
data is provided as Fig. S31-S34 in the ESI} file). In saline
systems, the long-range electrostatic double-layer interactions
between the polymers and surfaces become remarkably small
while the nonelectrostatic forces come into action.”® By
increasing the salt concentration, the adsorption of L-S polymer
increased on all surfaces (Fig. 5a). These results suggest that
nonelectrostatic forces played a role in the adsorption of L-S on
carboxyl and hydroxyl-coated surfaces. The more significant

a)
30

®0H ®mCOOH ®CH; #NH,

Adsorbed mass (mg/m?)

1 10 100
Salt Concentration (mM)

1000

Fig. 5
a) ®OH ®COOH ®CH, =NH,
20
£ 15
E I
g
10
E
9 g
[
g z
a5 I I e
g iy l
0 | i
1 10 100 1000
Salt Concentration (mM)
Fig. 6

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

change for OH and COOH might be due to nonelectrostatic
forces becoming relatively important compared to electrostatic
interaction in salty systems.

Fig. 5b illustrates the dissipation changes on different
alkanethiol surfaces. It is seen that the increase in the salt
concentration (from 1 mM to 1000 mM) elevated the dissipation
of L-S polymer on the -OH surface while depicting the
maximum dissipation (16.48 x 10°) at 1000 mM of salt
concentration (Fig. 5b). Other surfaces also showed an increase
in their dissipation when salt concentration increased from
100 mM to 1000 mM. This increase in dissipation might be
raised by two phenomena; an increase in the adsorption of L-S
on the surfaces and adaptation of an extended configuration in
salty systems (Fig. S327), which might be due to screening of the
intramolecular interactions in the L-S.*” Increasing the salt
concentration affected the hydrodynamic radius (R,) of the
polymer due to electrostatic shielding and attraction between
sulfonate groups of L-S and cations available from salt. In this
case, the Ry, increment was observed to be more in L-S than in
PVA-S (Fig. S351). The addition of salt would increase the
attraction between adjacent polymer cores by eliminating the
electrostatic interaction and exposing the hydrophobic sites of
the polymer. This would lead to more L-S particles to aggregate
and thus enhance L-S adsorption onto surfaces. Similar
behaviour was observed for the self-aggregation of CNC (cellu-
lose nanocrystals) at 160 mM KCL.*®
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(a) Adsorbed mass and (b) dissipation of L-S on SAMs of different surfaces at different salt concentrations.
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(a) Adsorbed mass and (b) dissipation of PVA-S on SAMs of different chemistry at different salt concentrations.
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Fig. 6 depicts the adsorbed mass and dissipation of PVA-S
adsorption on different functionalized surfaces as a function
of salt concentration. If electrostatic interactions between the
polymer and oppositely charged substrates were dominant,
there would be a cutoff of adsorption with increased ionic
strength, above which the adsorption would be decreased.
Normally, the cutoff is abrupted when there are only electro-
static interactions deriving the adsorption.***** The adsorp-
tion of PVA-S polymer decreased on the -OH surface, while it
was increased on -COOH, -CHj;, and -NH, modified surfaces
(Fig. 6a). Compared to the results obtained from different
surfaces, having constant adsorption indicates that non-
electrostatic forces dominated (rather than electrostatic inter-
actions) when the polymer was not ionized.>* Also, a decrease in
the adsorption of PVA-S on the ~OH surface in the saline system
has been reported in other studies.**** The fast adsorption
kinetics (Fig. S331) seen on positively charged NH, terminated
thiolates were observed to be unaffected by increasing the ionic
strength (Fig. 6). This could be due to the electrostatic attraction
force, which is always favorable and fast.?**

In contrast, the adsorption kinetics for liked-charged
systems (PVA-S and L-S on -COOH SAMs) was slow while
a late saturation was attained (Fig. S32 and S337). Salt reduced
the kinetic barrier between like-charged polymers and surfaces,
further favoring the adsorption.”***** The noticeable change in
the adsorbed mass of the -CH; surface indicates that the
hydrophobic interaction developed between the acetate group
of the PVA-S and the surface, while all charges on the polymer
were screened. The adsorbed mass was increased marginally for
PVA-S on amine-rich monolayers by enhancing the ionic
strength, which could be related to the higher adsorption of
counterions from the solution, suppressing the polymer
adsorption to this surface (Fig. 6).

Also, as mentioned earlier, the R}, of L-S and PVA-S increased
as a result of an augment in salinity (Fig. S351). This might be
because increasing ionic strength causes the inter and intra-
chain repulsion to develop a looser manner and expand poly-
mer chains. These changes in the conformation of polymers
lead to more sights become available for the interaction, which
might have contributed to the increased adsorption of these
polymers on most surfaces (Fig. 5 and 6). Polymerized kraft
lignin-acrylic acid (KL-AA) with a molecular weight of 7.4 x
10° g mol ™! was reported to have the Ry, value of 25.2 nm in salt-
free solution.” Moreover, the same behavior has been reported
in the literature for poly(potassium-2-sulfopropylmethacrylate)
when salt was added.®®

In salinity, the highest adsorption amount for L-S polymer
(24.32 mg m~?) was attained at 1000 mM of salt concentration
on the —~OH functionalized surface. Meanwhile, the maximum
adsorption of PVA-S (13.3 mg m™>) was achieved at 1000 mM on
the -NH,, surface.

Fig. 6b shows the dissipation changes on different alka-
nethiol surfaces with PVA-S adsorption concerning the ionic
strength. It can be seen that the reduction in dissipation could
be due to the decrease in the adsorption amount. In the case of
-COOH, although the adsorbed mass was increased by the salt
addition, the reduction in the dissipation could be due to PVA-S
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adopting a more compact structure, which was generated from
nonelectrostatic forces in saline systems. In the case of -OH,
-CH; and NH, surfaces, the dissipation value was changed
proportionally to the adsorption of PVA-S on these surfaces.

3.7 Application

OH-coated surfaces interact with other materials, such as
organic dyes polyesters,”” fatty acids, and alkyd resins.”® These
surfaces are generally used in wastewater treatments, polymer
blends, attachment of antibodies, and crystal engineering.>*
The adsorption of L-S was less significant than PVA-S. This may
make PVA-S a more effective coating material. Considering the
temperature, salt, and pH variations, the results suggest that
increasing the temperature, salt, and pH have an adverse
impact on the adsorption of PVA-S onto the OH-functionalized
surface.

For COOH coated surfaces that interact with other materials,
such as proteins, surfactants, antigen detection,'**'** PVA-S
showed to be a more effective adsorbent than L-S, but its
effectiveness was significantly affected by pH and temperature
(Fig. 3 and 4).

For CH; coated surfaces that interact with other materials,
such as surfactants or surface-active agents,'”> and have appli-
cations such as self-cleaning, anti-fogging, and anti-corro-
sion,'” PVA-S showed to be a better candidate. The temperature
analysis showed the limited impact of PVA-S adsorption onto
this surface. Also, the pH analysis confirmed that at acidic pH,
the hydrophobic interaction of both PVA-S and L-S polymers
with the surface is more significant. The salinity analysis
confirmed that a higher salt concentration (1000 mM) could
increase the adsorption for both PVA-S and L-S polymers.

In NH, coated surfaces that interact with other materials,
such as heavy metal, and have applications as flocculants,
adsorbents, and dispersants, PVA-S observed to be a better
candidate. The temperature analysis showed the limited impact
of temperature variation on PVA-S adsorption and adverse effect
on L-S adsorption. Also, the pH analysis confirmed that alkaline
pH has a negative impact on the adsorption for both PVA-S and
L-S polymers. The salt analysis confirmed that increasing the
salt increases the adsorption for both PVA-S and L-S polymers.

Also, the contact angle analysis confirmed that PVA-S is more
hydrophilic than the L-S polymer. Based on the second virial
coefficient (4,) obtained from static light scattering, increasing
the temperature adversely impacted the water solubility of PVA-
S, while increasing that of L-S. Based on the hydrodynamic
radius obtained from dynamic light scattering, pH enhance-
ment has a more intense impact on the L-S polymer than PVA-S.
On the other hand, PVA-S showed sensitivity to temperature,
pH, and salt. Although the L-S adsorption was more limited, it
was insensitive to temperature. Therefore, L-S could be used in
applications that are sensitive to temperature but do not require
a high level of adsorption. Also, the adsorption of L-S showed
improvement by increasing the salt concentration. This
demonstrates the affinity of lignin in developing different
interaction mechanisms with different functionalized surfaces
over PVA-S in saline systems. Thus, the contribution of
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nonelectrostatic forces seems to be more significant in the L-S
polymer, illustrating practically an irreversible adsorption
onto all surfaces, and its adsorption to the surfaces even when
the electrostatic barrier exists. Therefore, it could be revealed
that in applications that contain salts, e.g. wastewater treat-
ment,” additives for composites,'* lignin could be a better
candidate to be used than PVA-S.

3.8 Future trend

Understanding the interaction of sulfonated lignin and PVA
would help advance scenarios to improve the properties of
lignin for generating super functional lignin derivatives. The
analysis in this paper reveals that the inherent steric hindrance
of lignin may need to be reduced, via depolymerization, oxida-
tion, for instance, for elevating its adsorption on surfaces.
Furthermore, raised from its folded and compact molecular
structure, most of the functional groups on lignin were not
exposed but need to be activated. Alternatively, lignin can be
decorated with more functional groups to boost its interaction
with surfaces. For example, a combination of sulfonation,
carboxylation, and polymerization may induce lignin with
desired properties.

4. Conclusions

There has not been any systematic study in the literature on
evaluating the performance of synthetic and lignin-based
polymers having a similar charge density and molecular
weight on well-defined self-assembled monolayers. In this
study, we synthesized two types of anionic polymers of lignin-3-
sulfopropyl methacrylate (L-S), and poly(vinyl alcohol-co-vinyl
acetate)-3-sulfopropyl methacrylate (PVA-S) with similar charge
densities and molecular weights. The R}, and R, of PVA-S were
smaller than those of L-S, while PVA-S had a larger A,. The 4, of
PVA-S decreased with augment in the temperature whereas it
enhanced for L-S, which was in agreement with the more
compact structure of PVA-S. On the OH surface, PVA-S was
adsorbed more than L-S, which could be due to its limited
hydrogen bonding. Also, temperature, salt, and pH variations
adversely affected the adsorption of PVA-S onto this surface.
Although PVA-S was a more effective adsorbent on the COOH
coated surface due to its higher solubility, pH and temperature
were observed to remarkably impact its adsorption perfor-
mance. The adsorption of both polymers was also increased
with salinity enhancement on the COOH-surface. For the CH;
coated surface, although the PVA-S was observed to be a better
candidate than L-S, increasing the temperature enhanced the L-
S adsorption onto this surface due to more exposure of its
hydrophobic parts. Interestingly, under acidic conditions, the
hydrophobic interaction of both PVA-S and L-S polymers with
the surface was increased. PVA-S also adsorbed more onto the
NH, coated surface than L-S due to its solubility and polymer
structure. The temperature was more significantly affected the
L-S adsorption onto this surface than did PVA-S, while the
similar negative impact was observed for the adsorption of both
polymers onto this surface at higher pH. Also, in saline systems,

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

L-S adsorption was improved more significantly compared to
PVA-S. Overall, the maximum adsorption of L-S (24.32 mg m?)
and PVA-S (21.33 mg m ) polymers were observed on -OH
functionalized surface at 1000 mM salt and on —CH; function-
alized surface at pH 3.0, respectively.
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