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Lignin has gained intensive interest as an excellent raw material for the generation of advanced green
products. Polystyrene (PS) is known for its worldwide application in water purification processes. To
induce a sustainable PS, kraft lignin (KL) and polystyrene were polymerized via free radical polymerization
in a facile aqueous emulsion process. KL enhanced surface area and porosity of PS. The physicochemical
properties of induced KL-PS were analyzed, and the fate of lignin in KL-PS was discussed
fundamentally. Wettability and surface energy analyses were implemented to monitor the surface
properties of KL, PS and KL-PS. Incorporation of KL in PS (40 wt%) boosted its surface energy and
oxygen content, which led to KL-PS with better compatibility than PS with copper ions in agueous
systems. A quartz crystal microbalance with dissipation (QCM-D) confirmed the noticeably higher
adsorption performance of copper ion on KL-PS than on PS and KL. The sorption mechanism, which
was revealed by FTIR studies, was primarily attributed to the coordination of Cu(i) and hydroxyl group of
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1. Introduction

Water contamination with heavy metals is considered as
a serious concern for environmental safety due to its threat-
ening consequences for human and ecosystem health." Indus-
trial effluents and human activities are known as major
producers of materials contaminated with heavy metals.?
Among heavy metals, copper sequestering gained global atten-
tions because of its widespread presence in industrial efflu-
ents.> Adsorption is an efficient approach for contaminant
removal. Various alternative adsorbents including activated
carbon,*’® silica-based materials,® aniline-based composites,’
polystyrene-based nanocomposites,® metal oxides® and
biomass®'® were previously applied for cleanup of copper ions
dissolved in industrially produced effluents.

Lignin, as an abundant renewable, nontoxic and environ-
mentally friendly resource, has gained an intensive attention
globally."* Lignin is known as a cross-linked bio-based amor-
phous polymer with a 3-dimensional structure containing
different functional groups.” Owing to its functional groups,
lignin exposes surface activity, which makes its reaction and
interaction with other materials possible.**** In the past, lignin
was used in composite production to improve composite's
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KL—-PS as well as the quadrupolar system of KL—PS.

sustainability. For example, lignin was incorporated into pol-
y(lactic acid) (PLA) and the product showed excellent antioxi-
dant activities and good biocompatibility, which has the
potential to be used in biomedical applications.”® It has also
been shown that adding lignin to quercetin can produce a green
alternative to the synthetized antioxidants that are in use in
food, cosmetics, and pharmaceuticals.’® In a recent study,
a stable nanodrug carrier was formed by the self-assembly of
alkali lignin (AL) with the bioactive molecule resveratrol (RSV)
and Fe;O, magnetic nanoparticles, which strongly supported
the AL nanoparticle's application as a highly efficient nano-
delivery.'” Different studies examined the potential of lignin as
a bio-based adsorbent. Adsorption of Pb(u), Zn(i), Cu(u) and
Cd(u) on kraft lignin was reported in the past.'® As an example,
Todorciuc and coworkers reported a saturated adsorption of
26 mg g * for Cu(u) on lignin generated from wheat straw.*®
Adsorption affinity of lignin for metal ions was suggested to
proceed through its carboxylate and phenolate groups.*
Although an explicit mechanism for the adsorption of metals on
lignin is still unknown, surface adsorption®** and ion-exchange*
are directed.

Polystyrene, PS, as a hydrophobic polymer with recognized
dispersive intermolecular interactions, is widely used as the
building block for the production of adsorbent for water puri-
fication. However, it requires functionalization or cross-linking
to improve its surface properties.”® Different types of modifier,
such as CaCO;,** schiff base,® sulfonate groups® or amine
groups®® were anchored onto PS to improves its compatibility
with ions. It is well-known that introducing functional groups
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on the PS' surface plays an important role in enhancing its
compatibility with ions, however, the electron-rich w system of
PS is also capable of interacting with ions. Lu and coworkers
investigated the adhesive force between electron-rich 7 system
of poly-L-tryptophan (PTrp), poly-L-tyrosine (PTyr) and poly-
styrene (PS) and the adjacent cations (NH;R') in water.?” They
stated that cation-m interactions occur between positively
charged groups and aromatic groups of polymers.>” In another
research, Javkhlantugs and coworkers postulated that positively
charged guanidine group of arginine would closely contact with
the benzene ring of the PS, which would indicate the existence
of cation-7 interaction between them.*® Quadrupolar charac-
teristic of the aromatic system enables polystyrene to offer
adsorption for cations in water. A quadrupolar is originated
from the uneven distribution of w-electron above and below the
face of an aromatic system (e.g., benzene ring).>® The poly-
styrene quadrupolar system, owning to its w-donors, has the
potential to participate in series of non-covalent interactions
namely; polar-m interactions,*® self-stacking,*® hydrogen-m
interactions® and cation-m interactions.”” The latter is a non-
covalent interaction between a cation and planar surface of an
aromatic m-donor system, which will be studied in this work.

Decoration of PS for the production of a functionalized,
porous and sustainable bio-adsorbent was the main objective of
the present study. Lignin as a green biomacromolecule®® was
embedded in PS to enhance its physicochemical properties. The
reported product, KL-PS, was synthesized via radical polymer-
ization in a facile aqueous emulsion system. Special attention
was paid to the physicochemical properties of KL-PS and its
performance as an adsorbent. Wettability and surface energy
are two imperative aspects that express the compatibility of
polymer's surface with surrounding.** Jiang and coworkers
depicted that treating lignin film with a nonionic surfactant
(i.e., Tween 80) resulted in higher polar surface energy as well as
hydrophilicity of lignin film.*® Despite its potential use, the
surface chemistry of KL-PS was yet to be studied. For the first
time, the surface energy of KL-PS polymer was studied and the
changes in surface energy components (polar/nonpolar and
acidic/basic) of the polymer was compared with those of lignin
and polystyrene following Fowkes' and van Oss theories. The
presence of hydroxyl functional groups in KL-PS was monitored
following phosphorous nuclear magnetic resonance (P-NMR).
Furthermore, the interaction of the functionalized PS (ie.,
KL-PS) with copper ions in an aqueous medium was monitored
by means of a quartz crystal microbalance with dissipation
(QCM-D). FT-IR was also implemented as a tool to fundamen-
tally distinguish the chemical interactions between copper and
PS, KL and KL-PS polymers.

2. Materials and methods
2.1 Materials

Softwood kraft lignin was used as received from FPInnovations'
pilot plant facilities in Thunder Bay, ON. Dioctyl sulfosuccinate
sodium salt (DOSS), a,0’-azoiso-bis-butyronitrile (AIBN), 1-dec-
anol, toluene, tetrahydrofuran (THF), ds-dimethyl sulfoxide (d-
DMSO), chloroform-d (CDCl;), trimethylsilyl propanoic acid
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(TSP), deuterated chloroform, pyridine, cyclohexanol, chro-
mium(m) acetylacetonate, NaOH, calcium chloride, 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane,  diiodomethane,
glycerol, Cu(NOs),-3H,0, 30% ammonium hydroxide solution
and hydrogen peroxide, all analytical grades, were purchased
from Sigma-Aldrich and used as received. MiliQ H,O was used
instead of distilled water in all QCM experiments. Styrene,
analytical grade, was purchased from Sigma-Aldrich and puri-
fied following available procedures.*

2.2 Lignin styrene polymerization

Anionic surfactant, DOSS (0.75 g, 1.68 mmol), was added to
150 mL of deionized water in a 250 mL three neck flask and the
mixture was stirred for 0.5 h at 80 °C to dissolve the surfactant
in water in nitrogen environment. At the same time, styrene (12
mL, 105 mmol) was charged to 1/1 (v/v) mixture of 1-decanol
and toluene in a separate beaker and was deoxygenated by
purging with N, for 0.5 h. The mixture was then transferred to
the three-neck flask. One hour was given for the oil micelles to
form. Lignin (3 g, 16.6 mmol) was separately dispersed in 10 mL
of deionized water; and initiator, AIBN (based on 1 wt% of
lignin), was added to the lignin suspension while stirring and
purging with nitrogen for 0.5 h at room temperature. In the last
step, the lignin suspension with initiator was added to the
three-neck flask to initiate the polymerization. The mixture was
stirred at 350 rpm for 18 h at 80 °C in an oil bath. The lignin-
polystyrene (KL-PS) polymer was agglomerated upon comple-
tion of the reaction and was floated in the polystyrene micelles.
The mixture was filtered by a filter paper and the precipitate was
washed with excess amount of hot water (1 L). Soxhlet extraction
(using boiling acetone) was applied for purifying the product
from solvent and remained homopolymer of PS. The purified
polymer was dried in the vacuum oven at 60 °C for 48 h. The
final lignin-polystyrene polymer was denoted as KL-PS in this
study.

2.3 Polystyrene production

The styrene homopolymer, PS, was produced following the
same steps of the KL-PS polymerization but in the absence of
lignin. Upon completion of the reaction, as filtration was inef-
fective in separating the PS particles, they were precipitated in
400 mL of ethanol. The PS was dried in vacuum oven at 60 °C for
48 h.

2.4 NMR analysis

In this set of experiments, 27 mg of KL or KL-PS and 8 mg of
trimethylsilyl propanoic acid (TSP) were dissolved in 500 pL of
DMSO-d¢ and 27 mg of PS was dissolved in 500 uL of CDCl;
stirring overnight and "H-NMR spectra of samples were recor-
ded by INOVA-500 MHz instrument (Varian, USA). A 45° pulse
width after 64 number of scans with 1 s relaxation delay were
adjusted to obtain the spectra. The areas under the spectra were
used for quantitative analysis.

For quantitative analysis of phenolic and aliphatic hydroxyl
moieties of lignin-based products, the phosphitylation of KL
and KL-PS with 2-chloro-4,4,5,5-tetramethyl-1,3,2-

This journal is © The Royal Society of Chemistry 2019
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dioxaphospholane was followed.*” A mixture of pyridine and
CCL;D solvent was used to dissolve the samples, and the
quantification analysis was conducted with a known concen-
tration of internal standard (cyclohexanol 0.20 mmol mL ™) via
following the procedure stated previously.’” To acquire a spec-
trum, a 90° pulse with 5 s relaxation delay and 128 acquisitions
with an inverse gated decoupling pulse were employed.
Assignments and calculations were followed as reported previ-
ously in literature.’” The area under the peaks ranging 150.4-
145.5 ppm was assigned to aliphatic hydroxyl moieties in
samples. Phenolic moieties have peaks at 140.3-138.3 ppm.*”

2.5 Molecular weight analysis

The molecular weights of KL and KL-PS samples were deter-
mined using a gel permeation chromatography technique,
Malvern GPCmax VE2001 Module + Viscotek TDA305 with
multi-detectors (UV, RI, viscometer, low angle and right angle
laser) by dissolving samples in THF as eluent. Columns of
PAS106M, PAS103 and PAS102.5 were used at a fixed flow rate of
1.0 mL min~" and 35 °C. The molecular weight of PS was
analyzed using a static light scattering, SLS, analyzer (BI-200SM
Brookhaven Instruments Corp., Holtsville, NY, USA). Poly-
styrene solutions in the concentration range of 1 and 5 g L™*
were prepared in toluene. Maximum solid state laser power of
35 mW at the wavelength of 637 nm was applied, and the
measured data was further analyzed using Zimm plot software
(Holtsville, NY, USA) to obtain the absolute molecular weight of
the polymers.*®

2.6 Elemental and surface area analyses

Elemental analysis of KL, PS and KL-PS was conducted using an
Elementar Vario EL Cube, Germany, elemental analyzer. The
specific surface areas and pore diameter distributions of KL,
KL-PS and PS were determined using a Quantachrome surface
area analyzer, Nova 2200e (USA). The ground samples were
dried in an oven at 105 °C overnight prior to analysis. Then,
0.05 g of each sample was initially pretreated for 4 h at 100 °C.
Brunauer-Emmett-Teller (BET) method via adsorption-
desorption isotherms using nitrogen gas at —180 °C in the
relative pressure range of 0.01 to 0.99 were applied to measure
the specific surface areas of the samples. The total pore volume
of the samples (V,,, cm® g~ ') was calculated at the relative
pressure of 0.99.%

2.7 Spin coating of polymer films

KL, PS and KL-PS were coated on clean dried glass substrates
using a spin coater (WS-400B-NPP) spin-processor (Laurell
Technologies Corp). In this set of experiments, KL and KL-PS
were dissolved in 1,4-dioxane (4 wt% concentration) at 300 rpm
overnight at room temperature, while the PS solution was
prepared in toluene under the same conditions. Subsequently,
the solutions were spin-coated on glass substrates at 2000 rpm
over 40 s under nitrogen environment. The coated samples were
kept covered prior to analysis.*

This journal is © The Royal Society of Chemistry 2019
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2.8 Contact angle and surface energy measurements

The contact angles of deionized water, diiodomethane and
glycerol on the coated surfaces were determined for surface
energy measurements. The analysis was conducted via placing 5
pL of liquid droplets on the coated surfaces following static
contact angle measurement with the sessile drop method using
a theta optical tensiometer attention (Biolin Scientific) at 25 °C
for 30 s. Nine measurements were conducted on each solid
coated surface, and the average values of the readings were
fitted into Young-Laplace equation.*® Fowke's model eqn (1)
was followed using contact angle results of water and diiodo-
methane as the polar and non-polar wetting liquids to calculate
the surface energy of KL, PS and KL-PS coated films:**

oL (cos 0+ 1)

=\ @D)@R) + (@) (o) ¢
where 6 is the contact angle between the wetting liquid and the
solid surface. Also, oy, of and o} are surface tension, as well as
dispersive and polar components of gy, respectively*” (Table S1,
ESIf) and o5 and ot stand for the dispersive and polar
components of solid and liquid through polar interaction is
based on surface acidity and basicity, which can be analyzed by
dividing the polar components of the surface into acidic (og")
and basic (os”). The basic component originates from the
ability of the surface to act as a basic by donating electron
density through dipole-dipole and hydrogen bonding.*
However, acidic component shows the desire of the surface in
accepting electron density. By fitting contact angle results,
which were obtained for the interaction of the coated films and
deionized water, diiodomethane and glycerol, into eqn (2), gs"
and g5~ can be determined.

ol JeR)o?) + (o5 ) (o) + (o5 o) (2)

In this equation, ¢~ and o" are the acidic and basic surface
tension components of the test liquids, respectively.

2.9 Adsorption experiment

Adsorption experiment was conducted in order to measure and
compare the capability of KL, PS and KL-PS surfaces for copper
uptake from aqueous solution. In this set of experiment,
50 mg L~ Cu(n) solution was prepared by dissolving 190 mg of
Cu (NO3), - 3H,0 (M of 241.6 g mol ') in 1 L of deionized water
and the pH was adjusted to 4.5 by diluted HNOj; solution. This
pH was selected because Cu(u) forms solid particles of Cu (OH),
at pH = 6.* At first, 0.01 g of KL, PS and KL-PS were mixed in
50 mL of prepared Cu(u) solution. The suspensions were then
stirred at 150 rpm and room temperature for 12 h. The particles
were separated from the solution through filtration using a filter
paper. They were then collected from the filter paper for FT-IR
analysis. The treated solutions were collected and after dilu-
tion were analyzed for quantitative detection of Cu(u) by a Var-
ian (Agilent) Vista Pro Radial inductively coupled plasma (ICP)
at the wavelength 327.39 ecm™ ' with plasma flow rate of 15.0
L min~" with 3 replicates.

RSC Adv., 2019, 9, 17639-17652 | 17641
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Adsorption capacity was calculated following eqn (3):

G -G
= —X

Sy ()

wherein; g represents the adsorption mass, C; and Crexpress the
initial and final Cu(u) concentration based on ICP results, V is
Cu(u) solution volume and m stands for the adsorbent mass.

2.10 Substrate preparation for QCM analysis

KL, KL-PS and PS substrates were coated on the gold-coated
crystals sensors (Q Sense). The sensors were cleaned by
immersing in a solution of H,O/NH,OH/H,0, at the ratio of 10/
2/2 v/v/v for 10 min at 60 °C. Then, the sensors were rinsed with
water, dried with nitrogen and irradiated with the UV/ozone
oxidation cleaner (PSD Series, digital UV ozone system,
NOVASCAN) for 10 min prior to use. Then, 1.4 dioxane was used
to prepare a 2.5 wt% of KL or KL-PS solution, while toluene was
used to prepare a 2.5 wt% of PS solution. The solutions were
stirred at 300 rpm overnight at room temperature. Afterward, 50
uL of the solutions were considered for preparing 3 different
substrates of KL, KL-PS and PS via spin coating on the cleaned
gold crystals for 45 s at 3000 rpm. The coated sensors were dried
in oven at 105 °C for 15 h to improve their stability.*

2.11 QCM-D experiments

In this study, the adsorption of Cu(u) onto KL, KL-PS and PS
substrates was studied by means of Quartz crystal microbalance
with dissipation (QCM-D). Variation in resonant frequency, Af,
and dissipation, AD, upon the adsorption of adsorbate, Cu(),
on the substrate oscillating gold sensors of the instrument will
pertain to the real time detection of mass and viscoelasticity
changes of the adsorbed layer, as comprehensively explained
earlier.* Two different adsorption models were used to evaluate
the obtained data from the instrument. Sauerbrey equation is
practical when a rigid layer forms on the sensor, whereas Voigt
model is suitable for a softer film.** The magnitude of AD
defines which model will fit better into data for Am (mass) and
Ad (thickness) evaluation. Low dissipation changes relate to the
Sauerbrey equation, but higher AD will refer to the Voigt
model.*® Formulation of adsorbed mass and thickness based on
Sauerbrey model is shown in eqn (4) and (5):*

CAf
n

(4)

A’/nSauerbrey = -

AmSaucrbrcy (5)

dSauerbrey = P

where Am and Afrefer to the mass and frequency changes and C
is a constant value, which is related to the physical properties of
the sensor (i.e., 0.177 mg m ' Hz for a 5 MHz AT-cut quartz
crystal).”® Voigt model has been explained in detail in available
literature* and was applied by Q-Tools software (Q-Sense) in
this study to estimate the thickness and mass of coated layer of
KL-PS in adsorbing copper ions from the aqueous solution.
These results were compared with those of KL and PS films. In
this set of experiment, 50 mg L' Cu(u) solution was prepared by
dissolving 190 mg of Cu (NO;),-3H,0 (M, of 241.6 g mol ') in
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1 L of Mili-Q water and the pH was adjusted to 4.5 by diluted
HNO; solution. This pH was selected because Cu(u) forms solid
particles of Cu (OH), at pH = 6.* Coated sensors were installed
in a QCM cell and the adsorption study was conducted in a real
time via monitoring the mass uptake on the coated gold
sensors. All measurements were started after obtaining a stable
baseline for a buffer solution, i.e., Mili-Q water with controlled
pH of 4.5 (prepared via using HNO;). It approximately took
15 min to reach a stable baseline in each experiment, which was
then followed by flushing Cu(u) solution at 50 mg L™" concen-
tration at pH 4.5. All experiments were conducted at 22 °C and
a constant flow rate of 0.15 mL min~'. When the changes in
frequency for the 5th overtone was less than 2 Hz h™', the
adsorption was considered equilibrated (in almost 140 min).
The buffer solution was applied after the experiments to wash
any loosely adsorbed Cu(u) from the substrate. The adsorption
experiments were terminated after 20 min of buffer rinsing. For
mass and thickness calculations, the bulk viscosity and density
were assumed to be 1.05 mPa s and 0.99 g cm > for KL and PS
using Sauerbrey equation,® respectively, while the adsorbed
layer viscosity was approximated to be the same as the bulk
solution viscosity to fit the data into the Voigt model for KL-
PS>t

2.12 FTIR analysis

The filtered polymers from the batch experiment were used in
this set of analysis. After air drying, they were placed on the zinc
selenide (ZnSe) crystal element of a Fourier transform infrared
spectroscopy (FTIR) (Bruker Tensor 27) equipped with an ATR
assembly. The measurements were performed in the 550-
4000 cm ™' region with a resolution of 0.6 cm ™. To compare the
absorption wavenumbers shifting, the spectra was also ob-
tained for polymers (KL, KL-PS and PS) without copper
adsorption.

2.13 SEM analysis

The morphology and elemental composition of coated
substrates on gold sensors before and after ion adsorption were
investigated with a scanning electron microscope (SEM) Hitachi
field emission SU-70 with energy dispersive X-ray (EDX) Oxford
AZtec with the adjusted voltage of 10 kv.

3. Results and discussion

3.1 Polymer characterization

In this study, modified PS (KL-PS) and PS were produced using
an emulsion polymerization technique. The incorporation of
lignin in PS following free radical polymerization can be
described via formation of phenoxy and alkoxy radicals on
lignin through the initiator decomposition under heating.*
AIBN molecule is unstable under heating and decomposes to
one nitrogen molecule and two radicals of 2-cyanoprop-2-yl.
These radicals then produce hydroxyl radicals by capturing
hydrogens of aliphatic and aromatic OH groups or would
directly promote the homo-polymerization of styrene.*®* Poly-
merization would be initiated following the attack of phenoxy

This journal is © The Royal Society of Chemistry 2019
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radicals to the vinyl group of styrene, which led to the integra-
tion of lignin into PS's building block.”* KL-PS's proposed
structure and "H-NMR spectra of PS, KL and KL-PS are depicted
in Fig. 1. The aromatic ring and aliphatic signals of PS are
observable in the PS spectrum. KL's spectrum also depicts the
aromatic moieties, accompanying with a wide signal (region of
3.45-4.05 ppm) corresponding to methoxy group.** The chem-
ical shifts between 8 and 9.5 ppm belonging to phenolic hydroxy
group is also observable in KL's spectrum. After polymerization,
the signature signals of PS and KL are both appeared in KL-PS's
spectrum. However, the intensity of peaks is different. The
peaks at 0.88 (2') and 1.26 ppm (1') are assigned to the first
styrene molecule attached to the phenolic hydroxyl group (-O-
CH,-CH-) of lignin and the peak at 2.12 ppm (3') is assigned to
the other styrene segments attached to the first styrene mole-
cule (2 in Fig. 1), which corresponds to 3 hydrogen (-CH,-CH-
).** The H-NMR analysis provides evidence for the successful
incorporation of KL in PS polymerization. The quantitative
analysis of NMR results confirms the incorporation of 40 wt% of
lignin into KL-PS polymer.

Table S1 (in ESI¥) lists the properties of KL, KL-PS and PS.
The surface area analysis illustrates variable physical properties
for KL, KL-PS and KL. Analysing the phosphorylated KL and
KL-PS with *'P-NMR would help monitor the hydroxyl groups of
lignin integrating in KL-PS.”® The quantitative data on various
-OH groups®® of KL and KL-PS are listed in Table 1, while the
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3'p-NMR spectra for the samples are available in Fig. $1 in ESL}
Kraft lignin in this study contains 1.62 mmol g~ ' aliphatic
hydroxyl group, 2.2 mmol g~ phenolic group, and 0.14 mmol
g ' carboxylate group, which are in agreement with previous
reported values for kraft lignin.*” Less than half (40%) of the
total measured hydroxyl groups are composed of aliphatic
hydroxyl groups in KL. The rest of hydroxyl groups (56%) in KL
is originated from phenolic moieties consisting 63% Ph-OH
guaiacyl and 37% C5-substituted hydroxyl groups.

After polymerization, the amount of aliphatic and aromatic
hydroxyl groups present in KL-PS are 0.93 and 1.1 mmol g,
respectively. This elaborates that the polymerization was pro-
ceeded through participation of hydroxyl groups in radical
polymerization, however, almost half of the hydroxyl groups
remained intact. Based on *'P-NMR results, it is observable that
51 and 43% of total phenolic and aliphatic hydroxyl groups
participated in the polymerization reaction with styrene,
respectively.

KL has a limited surface area of 24 m”> g~ ' with the pore
volume of 0.035 cm® g~ . PS is also known to have a limited
surface area (in this case 15 m* g~ ') and pore volume (0.021 cm®
g~ '), which requires co-monomers, cross-linkers or further
modifications in order to improve its porosity.”® KL-PS has
a larger surface area of 44 m” g~ " with pore volume of 0.053 cm?
¢~ implying that the polymerization of KL and styrene gener-
ated a heterogenous polymer (KL-PS) with larger porosity than

3
H3CO g 1 3
MeO He 2 |
o~ "\H \g
@ s
MeO
ds-DMSO
KL-PS M ,
1 2'
J I—— b N A
TSP
MeO
KL AR ds-DMSO
L e N
1 CDClz
AR Ho 2 1
c
\é
@ \
x u //\/ L
T T T T o T T T
10 9 8 T 6 5 4 3 2 1 0

Chenmical shifts, ppm

Fig.1 H-NMR spectra of PS, KL and KL—-PS. AR stands for aromatic ring.
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Table 1 Hydroxyl groups (mmol g% of KL and KL—PS studied by means of *:P-NMR

Sample Aliphatic -OH C5-substituted Ph-OH guaiacyl (G) Total cond. phenolate Carboxylate
KL 1.62 £ 0.1 0.80 + 0.06 1.40 £ 0.06 2.2 £ 0.08 0.14 + 0.01
KL-PS 0.93 + 0.05 0.46 £ 0.01 0.61 + 0.03 1.1 £ 0.04 0.10 £ 0.01

polymerization of a homopolymer (PS). Aliphatic and phenolic
hydroxyl groups of lignin selectively participate in polymeriza-
tion with PS (proven by P-NMR analysis in Table 1), implying
that the polymerization of PS on lignin is heterogenous in
nature. As lignin does not have homogenous surface charac-
teristics, this heterogenous chain extension (i.e., polymerization
with PS) will contribute to the creation of more uneven coating
layers on lignin and ultimately a more porous material. It
should be stated that the purpose of this study was to compare
the surface area of these polymers with themselves. The
increase in the surface area for improved adsorption is outside
the scope of this study, and it can be persuaded in future via
following pathways suggested in the literature.®*

The integration of lignin onto PS occurred from three different
positions of lignin molecule that are shown in Fig. 2. Also, the
carboxylate group content of KL-PS remained almost unchanged.

3.2 Surface properties of PS, KL and KL-PS substrates

The surface tension of the test liquids in Table S27 (in ESI) and
contact angle results for water, diiodomethane and glycerol
droplets on the films (Table S3 in ESIf) were fabricated in
Fowke's and van Oss's equations for determining the polar
s, dispersive (nonpolar) of, acidic ¢s” and basic o5~ compo-
nents of the surface energy of PS, KL and KL-PS which are listed
in Table 2.%*%* The contact angle of water droplets on reported
surfaces is also shown in Fig. 3.

Guaciacyl

C-5 substituted

Lignin shows the highest surface energy among tested
substrates. Notley and coworkers also reported the surface
energy of 57.1 mN m~> for kraft lignin.®> Results show the
significantly more contribution of nonpolar component than
the polar component of the substrates to the surface energy
development. KL has ¢§ of 12.9 mN m > following Fowke
theory. van Oss theory rationales the polar characteristic of
surface energy to be 0.66 mN m ™ for o5"* (acidic) and 18.3 mN
m~? for gs°~ (basic). Interestingly, the majority of polar
component is dedicated to the basic rather than acidic
component (Table 2), which is related to the electron donating
property of substrates. Basic component is related to the
phenolic and aliphatic hydroxyl and methoxy groups of lignin.*”
The electron donating capacity of these moieties enables such
surfaces to interact with acidic species, i.e., electron acceptors.*”
Kraft lignin's high basicity can be justified by its functional
groups and oxygen content determined by *!P-NMR and
elemental analysis (Table S17).

On the other hand, PS has low surface energy with less
contribution of polar components. This is mainly because of the
benzene ring's existence that closely associates with dispersive
and hydrophobic forces. Low surface energy of a material is
a barrier for its interaction with surrounding environment.®
Therefore, modifying PS with a material with higher surface
energy would improve its compatibility with its surrounding.
Incorporation of KL into PS resulted in an increment in the
polar component of surface energy for PS. As can be seen in

Aliphatic hydroxyl

guaiacyl

055 o )

R: Side-chain of lignin

R

|
0

9,
0,
L/

Fig. 2 Proposed positions for the PS polymerization on KL's hydroxyl groups.
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Table 2 Surface energy of KL, KL—PS and PS substrates determined following Fowke's and van Oss's theories with their dispersive and polar

components

Fowke theory

van Oss theory

os mN m > asD mN m > ag mN m~? og mN m > osD mN m > a{ mN m > s MmN m2
KL 60 £ 1.4 47 £1 129+ 1 65.86 = 3 46.9 £ 2 0.66 £ 0.1 183 £ 2
KL-PS 53.5+2 46.9 £ 2 6.6 + 0.3 57.75 £ 0.5 46.9 £ 2 0.15+ 0 10.7 £ 0.5
PS 46.8 £ 1.4 419+ 1 49 +1 509 +1 41.8+1 1.9+ 0.4 6.23 +£1

Table 2, the o5~ value was increased from 6.23 mN m ™2 for KL to
10.7 mN m ™2 for KL-PS, which would arise from the increment
in oxygen content of the surface for KL-PS compared to that for
PS (Table S17). Also, the wettability of PS surface was improved
by lignin incorporation. This is because more oxygen atoms are
associated with lignin's functional groups than with styrene.
Addition of polar functional groups is well-known to increase
the surface energy of polymers, and as a result, it would
enhance polymer's interaction with metals.®® For example,
oxidation is known to enhance metal-polymer adhesion.*

3.3 Adsorption analysis

KL, PS and KL-PS samples adsorbed 22, 15 and 45 mg g~ * of
Cu(u) following eqn (3), respectively. The adsorption capacity of
these three polymers are in harmony with their physical prop-
erties, as KL-PS has the highest surface area of 44 m* ¢”* and
pore volume of 0.053 cm® g~'. However, the adsorption exper-
iment does not provide any information regarding the chemical
interactions of the polymers and the cation ion. To funda-
mentally examine such an interaction, the QCM and FT-IR
analyses were performed.

3.4 QCM analysis

Fig. 4 shows changes in the frequency and dissipation of the
QCM sensors coated with KL, KL-PS and PS as a function of
time. Switching the influent solution from buffer to Cu(u) led to
a drop in frequency, implying the adsorption of Cu(u) onto the
substrates. At equilibrium, Af values for KL, KL-PS and PS were
—7.2, —24.4 and —7.1 Hz at the 5th overtone, respectively. KL~
PS showed the highest adsorption affinity with a noticeable
decrease in Af. Different trends in Af are related to the inter-
action between coated solid substrate and the bulk solution. KL
coated sensor showed faster adsorption at the beginning of the
experiment with a steeper Af change (i.e., it reached the satu-
ration point almost in 60 min). The PS coated sensor had
a slower adsorption with saturation reaching in 120 min. KL-PS
with the maximum Af seemed to have adsorption performance

between KL and PS, which showed a fast uptake in the first
60 min and then slower interaction afterward. Surprisingly,
rinsing with a buffer solution made a major difference in
interactions of the coated surfaces with the bulk solution. In
this case, KL coated surface lost copper ions, while KL-PS and
PS coated surfaces were not affected by buffer rinsing. AD
changes are also illustrated in Fig. 4. Interestingly, both KL and
PS show low dissipation values. KL shows a rapid AD increase,
while PS depicted a slower change (i.e., similar to their
frequency changes). It was postulated previously that magni-
tude of changes in dissipation was related to the properties of
the adsorbed layer.** Fig. 4 also shows different overtones of 5, 7
and 9 with similar trends for coated sensors. In Fig. 4a and b;
overlapping different frequency overtones with minor incre-
ment in AD (>2 x 10~ %) would imply that a rigid layer of copper
ions was formed on the KL and PS coated sensors.* In Fig. 4c;
the higher AD magnitude of 8.7 x 10~ ° for KL-PS with segre-
gated frequency lines for different overtones would reveal that
the adsorbed layer was more nonrigid.*

The ratio of AD/Af in Fig. 5 was also studied to understand
the structural properties of adsorbed layers. The higher slope
represents a dissipative layer, implying that higher energy is
bound in each frequency change unit while copper ion adsorbs
on the surface.** In addition, a higher ratio implies a more
mobile and viscoelastic layer and a lower slope reflects
a compact and elastic film.* In Fig. 5, AD/Af ratio for the PS-
coated sensor at the 5th overtone showed almost zero slope at
the beginning of the adsorption, which would reflect that the
adsorbed layer did not change the viscoelastic behaviour of the
surface,*” and it was originated from a large mass growth with
a minor dissipation variation. Further changes in AD results in
a slight increase in the AD/Afratio for PS. On the other hand, KL
shows a steeper slope at the beginning of the adsorption, but it
reaches a plateau upon saturation, implying a stiff layer
formation on the KL coated sensor.®®

KL-PS illustrates a different slope (AD/Af ratio) and it had
alarger AD and Af magnitudes, yielding a loose and viscoelastic

Fig. 3 Contact angle images of water droplet on KL, KL-PS and PS coated substrates.
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Fig. 5 Changes in dissipation (AD) as a function of changes in frequency (Af) for the KL, KL-PS and PS substrates in the Cu(i) adsorption

experiment at 5th overtone (total time = 140 min).

structure.”® Based on the elasticity and viscoelasticity of the
adsorbed layer, the degree of Cu(u) adsorption can be deter-
mined using Sauerbrey model (Amsayerbrey) for KL and PS, and
the Voigt model (Amyoig) for KL-PS.** Model fits for the
adsorption of Cu(u) on the KL-PS is shown in Fig. S2 in the ESL.}

The calculated adsorbed mass and thickness of Cu(u) layer
on KL, KL-PS and PS substrates after buffer rinsing are
summarized in Table 3. There is not a distinguishable differ-
ence between the fitted adsorbed mass for KL and PS in both
models, but a deviation is noticeable for Amy,ig from
AmMgqyerbrey for KL-PS. This designates that the adsorbed layer
onto KL-PS is not rigid and is mostly viscoelastic, whereas the
adsorbed layer onto KL and PS is rigid,* which is in accordance
with previous discussion on the structure of adsorbed layers.
The adsorbed mass on KL-PS substrate was determined to be
434 ng cm 2 following the Sauerbrey model and 4378 ng cm ™2
following the Voigt model. The reason for this noticeable vari-
ation in mass uptake between QCM and adsorption experi-
ments would be the adsorption of water molecules on the
coated layer of KL-PS that resulted in a thicker and loose
structure. It may also be implied that the KL-PS film possesses
higher porosity after coating on the QCM sensor.

3.5 FT-IR analysis

This tool was implemented to compare vibrational changes of
the molecules of KL, PS and KL-PS before and after Cu(n)

adsorption in Fig. 6.°%7° The FT-IR absorption spectra in Fig. 6a
shows different absorption wavelengths associated with KL
structure, in which the wide peak at 3100-3550 cm ™' contrib-
utes to the hydroxyl functional groups of KL, and the signal at
1647 cm ™ is related to the C=0 stretching vibration.” Fig. 6b
and c illustrate the wavelengths relating to PS's and KL-PS's
structures. Two characteristic absorption peaks of 746 and
690 cm " are observable in the PS spectrum and peaks at 2821
and 2930 cm ™! were observed due to -CH, stretching vibra-
tions.” KL-PS spectrum in Fig. 6c¢ represents the peaks that are
observable on the spectra of both KL and PS, confirming the
integration of KL in PS substrate.

The second spectra (blue line) in each panel illustrates the
changes in FTIR absorption vibration after copper ion adsorp-
tion. A difference in KL absorption signals is observable after
copper adsorption, which in fact illustrates the movement of
hydroxyl group signal from 3400 to 3410 cm™ ' (Fig. 6a). This
may be caused by the formation of dipole bonds between Cu(u)
and hydroxyl groups of lignin owing to their negative dipole
moments, resulting in an increase in energy and a blue shift in
absorption.” Fig. 6b represents that there is not a noticeable
variation in absorption by Cu(u) adsorption on PS. This, in fact,
justifies the limited adsorption capacity of PS as experienced in
the QCM experiment (Fig. 4b). PS did not show effective inter-
action with copper ions mainly because of shortage of func-
tional groups as well as low surface area and surface energy as
shown in Tables S11 and 3. Therefore, neither chemical nor

Table 3 The adsorbed mass and thickness of Cu(i) layer on KL, KL-PS and PS substrates using Sauerbrey and Voigt models

Substrate AMisauerbrey (g cm™?) Adsguerbrey (NM) Ayeige (ng cm™?) Adyoig: (nm)
KL 81 0.67 77 0.77
PS 120 1.08 97 0.97
KL-PS 434 3.94 4378 4.38
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Fig. 6 FTIR spectra of (a) KL, (b) PS and (c) KL-PS before (grey) and after (blue) Cu(i) adsorption.

physical adsorption occurs effectively in this case and only
a minor variation in the characteristic signal of PS (from 746 to
749 cm ') was obtained, which will be explained later.

17648 | RSC Adv., 2019, 9, 17639-17652

On the other hand, KL-PS showed the highest adsorption
mass both in batch and QCM experiments, which resulted in
noticeable changes in the FT-IR vibrational absorption in
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Fig. 6¢. The visible difference is observable for the vibrational
band at 746 cm ™" (the same signal in PS), which is assigned to
out-of-plane bending of aromatic C-H bonds, dc_y.”* The out-of-
plane bending in aromatic structure is visible when all 5 C-H
bonds bend at the same time and in the same direction
perpendicular to the aromatic ring, which is illustrated in
Fig. 6¢ (the bending may happen in or out of paper which is
shown as + and —).” In the absence of copper (grey line in
Fig. 6¢), light with a wavenumber of 746 cm ™' is needed to excite
0c-g vibration for KL-PS. After the adsorption of copper by KL-
PS (Fig. 6c), light at a higher wavenumber (754 cm™ ') was
required for the 0c vibration absorption, representing
a constraint effect of copper ions on aromatic C-H bond's
bending. These results would suggest that a copper ion might
be above the aromatic ring of KL-PS. This orientation is corre-
spondent to the formation of cation-m interaction between
copper ions and aromatic structure of KL-PS. The copper
cations with a low electron density interact with the high elec-
tron density in the 7 system of aromatic ring, resulting in
higher excitation energy, which was stemmed from the 0c_y
vibration absorption band.”®

The solvation of cations also plays an important role in the
strength of the cation-m interaction. Solvation of the cations
extends the distance between cation and 7 system, thus less-
ening the energy associated with the cation-m interaction.””
Although hydration of cations in aqueous system might be
a barrier to m-system interactions, significant bonding strength
(33 k] mol™") is simulated to exist within the m-system and
cations surrounded with water molecules.” Wang and
coworkers introduced d¢_y band shifts (4 cm™") in FTIR analysis
as an indicator of the cation-m interaction between mineral
surfaces and aromatic hydrocarbons.” Along with the observed
vibrational movement at 746 cm ', KL-PS-Cu wavelengths
illustrate another visible signal alteration at the characteristic
peak of residual hydroxy moieties (3100-3550 cm™ ") in Fig. 6c.
The mentioned signal depicted a blue shift from 3371 to
3388 cm™', which is identical to the same signal change
observed in KL-Cu spectrum suggesting the participation of
residual functional groups in adsorbing Cu(u) ions.

3.6 Adsorption mechanism

Based on the obtained data, it is possible to propose the
adsorption mechanism involved in adsorption. The schematic
chemical interactions are suggested in Fig. 7. KL has limited
surface area of 24 m*> g™, which is a limitation for effective
physical adsorption. Therefore, the most probable interaction
between KL and Cu(u) would be the ion-dipole interaction
between Cu(u) and polar functional groups of lignin, such as
phenolate, aliphatic hydroxy and carboxylate groups, owning to
their negative dipole moments (Fig. 7a), which were proven by
FT-IR results. The adsorption process observed by steep
changes in AD and Afin QCM experiment for KL (Fig. 4a) would
also imply that the interaction of KL's surface with the ions is
based on polar interactions. PS’ limited surface area (15 m> g™ ")
would not make any advantage for its physical adsorption,
although a paucity of chemical interaction is evident based on

This journal is © The Royal Society of Chemistry 2019
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FT-IR results. Therefore, the most probable interaction between
PS and copper ions is suggested to be the cation—m interaction,
which is well recognized to closely associate with dispersive and
hydrophobic forces (Fig. 7b).

Polystyrene lacks sufficient pore size and surface area (Table
S1 in ESIt) accessible for copper ions, which justify its limited
adsorption mass. However, the incorporation of KL into PS
resulted in enhanced chemical and physical interactions for
KL-PS polymer. The adsorption mechanism is more compli-
cated for KL-PS as it seems to adsorb Cu(u) through physical
interaction as well as more than one chemical interactions
(Fig. 7c). Its surface area is relatively larger than KL and PS.
Therefore, the physical interaction can play an important role in
the adsorption mechanism. For chemical interactions, it is
possible that both ion-dipole and cation-m interactions
contribute to the isolation of Cu(u) from the bulk solution
(Fig. 6), as the polymer could have the advantages of both KL's
and PS's chemical properties. Indeed, the higher surface area of
KL-PS provided better possibility for the adhesion of copper
ions through the chemical interaction mainly cation-1
interactions.

3.7 Visualization analysis

The morphologies of KL, KL-PS and PS coated on QCM sensors
were visualized by SEM/EDX before and after Cu(u) adsorption.
The images before adsorption are available in Fig. S3 in ESI,}
while the images after adsorption experiment are depicted in
Fig. 8. It is evident that a uniform layer is coated on each of the
QCM sensors. The more porous structure of KL-PS than KL and

I\ .

/o---- e X

= o) .ﬁﬁ( “ r&

b . S04
Cation-x interaction
Ton-dipole interaction .
----Water solvation q/\z\
<

Fig.7 The possible interactions of copperions and (a) KL (b) PS (c) KL-
PS substrates. Grey, red and blue balls represent carbon, oxygen and
hydrogen atoms, respectively. For simplicity, only one unit of lignin or
polystyrene is presented.
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PS is also observable. The EDX data provides elemental identi-
fication of surfaces. KL-PS is the only surface with detectable
Cu(u) on its surface. The lack of N composition (from counter
ion NO; ™) also confirms that copper is adsorbed in the cation
form and is distributed uniformly on the KL-PS surface

(Fig. S37).

3.8 Development of a sustainable PS product

Sustainability is a critical factor in the development of new
products worldwide. This study reported a simple method to
produce a more sustainable polystyrene matrix, which has the
potential to be used as an adsorbent. The incorporation of
lignin into PS not only improved its physicochemical properties
but also decorated a greener and a sustainable polymer. The
40 wt% proportion of KL in KL-PS implies a 40 wt% reduction
in styrene monomer use for PS production and use. Due to the
high adsorption capacity of KL-PS (Fig. 5 and Table 2), the mass
of KL-PS required for achieving a certain level of adsorption,
e.g., 20 mg g ', will be significantly smaller than that of PS
needed. In other words, KL incorporation in PS would not only
reduce the mass of styrene needed for PS-based adsorbent
production, but also decrease the overall mass of the induced
KL-PS required as an adsorbent for ion removals. The extremely
higher adsorption of KL-PS than PS (Fig. 5 and Table 3) suggest
that KL-PS will have a much more cleaning effect in water and
wastewater treatment processes. The results of this study
provide solid evidence for the development of a new generation
of sustainable PS-based adsorbent that is much more impactful
than regular PS in ion removal for water and wastewater puri-
fication purposes. To further develop this new sustainable PS
based adsorbent with a larger surface area, the production
process of KL-PS should be investigated via developing
following techniques reported in literature at larger scales.>*®

4. Conclusions

The incorporation of lignin, as a green and sustainable chem-
ical, in polystyrene was reported as a facile process for
producing an extremely more efficient and sustainable
polystyrene-based adsorbent. Successful incorporation of KL
into polystyrene was confirmed by FT-IR and NMR character-
ization techniques. The *'P-NMR analysis elucidated the
participation of varied hydroxyl functional groups, such as
aliphatic, guaiacyl and C5-substituted in the free radical poly-
merization with styrene. The surface area and image analysis
confirmed the production of a more porous structure of KL-PS
than PS and KL. We noted that the appearance of functional
groups afforded solid surface energy increment and conse-
quently enhanced interaction of KL-PS's surface with copper
ions. QCM-D studies indicated better compatibility of KL-PS
than KL and PS with copper ion, while showing a loose and
viscoelastic structure of adsorbed ions with water entrapment.
Both physical and chemical interactions contributed to copper
ions adsorption, while implementing FT-IR analysis indicated
that two mechanisms of ion-dipole and cationic- interactions
were responsible for chemical uptake of copper ions. The

This journal is © The Royal Society of Chemistry 2019
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modified polystyrene revealed a promising application as an
adsorbent for copper ion uptake by KL-PS from an aqueous
medium.
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