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ARTICLE INFO ABSTRACT

Keywords: Adsorption is a relatively simple wastewater treatment method that has the potential to mitigate the impacts of
I‘{an‘fcelhﬂ"se ) pharmaceutical pollution. This requires the development of reusable adsorbents that can simultaneously remove
](“:lgnm ;’ampamdes pharmaceuticals of varying chemical structure and properties. Here, the adsorption potential of nanostructured
AZngt?on wood-based adsorbents towards different pharmaceuticals in a multi-component system was investigated. The

adsorbents in the form of macroporous cryogels were prepared by anchoring lignin nanoparticles (LNPs) to the
nanocellulose network via electrostatic attraction. The naturally anionic LNPs were anchored to cationic cellu-
lose nanofibrils (cCNF) and the cationic LNPs (cLNPs) were combined with anionic TEMPO-oxidized CNF
(TCNF), producing two sets of nanocellulose-based cryogels that also differed in their overall surface charge
density. The cryogels, prepared by freeze-drying, showed layered cellulosic sheets randomly decorated with
spherical lignin on the surface. They exhibited varying selectivity and efficiency in removing pharmaceuticals
with differing aromaticity, polarity and ionic characters. Their adsorption potential was also affected by the type
(unmodified or cationic), amount and morphology of the lignin nanomaterials, as well as the pH of the phar-
maceutical solution.

Overall, the findings revealed that LNPs or cLNPs can act as functionalizing and crosslinking agents to
nanocellulose-based cryogels. Despite the decrease in the overall positive surface charge, the addition of LNPs to
the cCNF-based cryogels showed enhanced adsorption, not only towards the anionic aromatic pharmaceutical
diclofenac but also towards the aromatic cationic metoprolol (MPL) and tramadol (TRA) and neutral aromatic
carbamazepine. The addition of cLNPs to TCNF-based cryogels improved the adsorption of MPL and TRA despite
the decrease in the net negative surface charge. The improved adsorption was attributed to modes of removal
other than electrostatic attraction, and they could be n-t aromatic ring or hydrophobic interactions brought by
the addition of LNPs or cLNPs. However, significant improvement was only found if the ratio of LNPs or cLNPs to
nanocellulose was 0.6:1 or higher and with spherical lignin nanomaterials. As crosslinking agents, the LNPs or
cLNPs affected the rheological behavior of the gels, and increased the firmness and decreased the water holding
capacity of the corresponding cryogels. The resistance of the cryogels towards disintegration with exposure to
water also improved with crosslinking, which eventually enabled the cryogels, especially the TCNF-based one, to
be regenerated and reused for five cycles of adsorption-desorption experiment for the model pharmaceutical
MPL. Thus, this study opened new opportunities to utilize LNPs in providing nanocellulose-based adsorbents
with additional functional groups, which were otherwise often achieved by rigorous chemical modifications, at
the same time, crosslinking the nanocellulose network.

Pharmaceutical pollutants
Multi-component
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1. Introduction

Clean water is one of the foundations of a sustainable society. It plays
a vital role in maintaining public health, as drinking water or water for
daily use, and as an indispensable resource for the food industry
(Bhagwat, 2019). Thus, global accessibility to clean water is among the
2030 UN sustainable development goals (UNSDG 6). The delivery of this
goal is hampered by the problems posed by emerging water contami-
nants, including pharmaceutical pollutants.

Pharmaceutical pollutants are the residual active pharmaceutical
ingredients (APIs) or their transformation products found at varying
levels in natural matrices. Globally, 613 APIs or their metabolites have
been detected above their respective detection limits in liquid effluents,
which include treated municipal, industrial or hospital wastewaters and
veterinary emissions from aquaculture or livestock (Dusi et al., 2019).
Even though they are present at relatively low concentrations (ng or pg
per liter), they pose serious threats to humans and aquatic biota because
of their potent bioactivity even at very low doses (BIO Intelligence
Service, 2013). Moreover, because of the continuous influx of pharma-
ceutical pollutants, mostly from municipal wastewaters, they accumu-
late in the environment and create a “complex pharmaceutical pool”,
which could exert higher ecotoxicity than that of the individual APIs
(Ebele et al., 2017). In order to mitigate the impacts of pharmaceutical
pollution, regulating this influx from municipal wastewater treatment
plants is a crucial step. Improvement of wastewater treatment technol-
ogies to efficiently remove pharmaceutical residues from wastewaters is
required.

Adsorption is one of the most commonly used wastewater treatment
methods because of its simple operation, low energy consumption, and
the absence of toxic byproducts (De Andrade et al., 2018; Rashed, 2013;
Rivera-Utrilla et al., 2013). Adsorption units are either located before
biological treatment to remove toxic compounds or after
physico-chemical treatment to remove micropollutants (Ahmed et al.,
2022). Adsorption utilizes solid adsorbents that can hold the target
contaminants via physical and/or chemical intermolecular interactions.
Activated carbon (ACQ), either in powdered or granular form, is the
typical adsorbent used in many water treatment facilities. However,
despite the relatively high efficiency of AC, there is a continuous effort to
find alternatives to AC because of its expensive regeneration method and
significant loss during regeneration (Crini et al., 2019). These efforts led
to the development of non-conventional adsorbents produced from
biological, industrial and agricultural products or by-products. Utilizing
renewable materials to produce adsorbents is also a way to respond to
the global call for sustainable production embodied in the UN Sustain-
able Development Goal 12.

Wood-derived cellulose and lignin are forestry products that have
been well explored and proven to have immense potential in various
applications. In their nanoscale forms, as nanocelluloses or lignin
nanoparticles (LNPs), they exhibit unique properties, which have been
exploited for advanced and diverse applications. For instance, the high
mechanical properties and abundance of modifiable hydroxyls made
nanocelluloses excellent materials for developing nanocomposites for
tissue engineering, drug delivery, energy storage, filtration membranes,
and others (Eichhorn et al., 2022). They are also feasible substrates for
the manufacture of transparent lightweight flexible devices and sensors
(Kontturi et al., 2018). Meanwhile, LNPs with their spherical shapes and
polyaromatic structure have been found as great dispersants, and anti-
microbial, antioxidant or UV-protecting agents in the formulation of
coatings, adhesives and composites (Ostcrbcrg et al., 2020). LNPs were
also widely investigated as carriers for controlled delivery or release of
bioactive ingredients (Sipponen et al., 2019).

Both nanocelluloses and LNPs are promising materials for devel-
oping adsorbents for wastewater treatment. In fact, nanocelluloses,
especially their chemically-modified derivatives, in the form of hydro-
gels or aerogels, have been widely studied as adsorbents for oil, heavy
metals, dyes, and a few pharmaceuticals (Aoudi et al., 2022). Spherical
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LNPs are not as well-explored as the nanocelluloses in terms of
adsorption studies, but lignin derivatives and lignin-based carbon ma-
terials have shown efficiency in removing various types of pollutants
from wastewater, including pharmaceuticals (Supanchaiyamat et al.,
2019; Wang et al., 2022). So far, only our previous study has made a
systematic investigation of the adsorption potential of various types of
LNPs towards different pharmaceuticals (Agustin et al., 2022). We found
that LNPs, either in its natural anionic or cationized form (cLNPs),
adsorbed a wide range of pharmaceuticals, from charged to neutral,
aromatic to non-aromatic, acidic to basic. Despite their promising per-
formance as adsorbents, LNPs and cLNPs, however, cannot be used alone
in large scale applications, because of their tendency to form colloidal
suspension in water, making their removal after adsorption a challenge.
Thus, in this current work, we anchored LNPs or cLNPs on a nano-
cellulose substrate to develop cellulose-based macroporous materials,
which we have called cryogels. This is to be in accordance with the
currently acknowledged term for porous cellulosic materials produced
by freeze-drying (Buchtova et al., 2019). To our knowledge, this is the
first attempt to combine spherical LNPs and nanocellulose in the prep-
aration of macroporous wood-based cryogels as adsorbents for phar-
maceuticals. We combined cationic cellulose nanofibrils (cCNF) with
LNPs and the anionic TEMPO-oxidized cellulose nanofibril (TCNF) with
cLNPs. Using different types of LNPs and nanocelluloses would enable
identifying the combination that would cater the removal of pharma-
ceuticals having wide chemical variability. The formulation was based
on opposite surface charges to enable the LNPs or cLNPs to anchor on the
nanocellulose network via electrostatic attraction. The LNPs or cLNPs,
with their polyaromatic structure bearing various types of functional
groups such as carboxyls, phenolic and aliphatic hydroxyls, and
methoxyls, are viewed to act as functionalizing agents that would
enhance and widen the adsorption potential of the nanocellulose.
Because of their differing charge with the respective nanocellulose they
are attached to, the LNPs or cLNPs are also envisioned to act as cross-
linking agents between the nananofibrils, strengthening the cryogels.

To determine the efficiency and selectivity of the nanocellulose-
based cryogels as adsorbents, multi-component batch equilibrium
adsorption tests were performed, wherein at least six pharmaceuticals
with differing chemical structure, polarity, acidity or basicity, and ionic
character were simultaneously present in the test solutions. This set-up
is more representative of the cocktail of pharmaceuticals in wastewaters
than the single-component system, which is most often used in adsorp-
tion studies. The cryogels were characterized and the factors affecting
their adsorption potential including the type, amount and morphology
of the LNPs, surface charge density of the cryogels, and pH of the sur-
rounding medium were investigated. Finally, a series of adsorption-
desorption experiments were performed to assess the reusability of the
cryogels. The findings of this study is expected to provide new insights
on the performance of LNPs or cLNPs as functionalizing agents and
would be useful not only in designing future adsorbents but also in
developing other types of bio-based functional materials for various
applications, such as drug encapsulation and delivery.

2. Materials and methods
2.1. Materials

The TCNF was produced from the never-dried bleached Metsa
Board’s Husum softwood kraft pulp fibers which were initially mill-
beaten, TEMPO-oxidized, washed, and mechanically nanofibrillated
using a high-pressure microfluidizer at 1600 bar pressure (Micro-
fluidizer M-110EH, Microfluidics Corp., USA) (Herrera et al., 2018). The
cCNF with a degree of substitution of 0.35 was provided by VTT,
Finland. It was produced by cationization of the hardwood kraft pulp by
glycidyltrimetylammonium chloride (GTAC, Sigma-Aldrich, Finland),
removal of unreacted reagents by repeated washing, followed by two
passes through a microfluidizer at 1800 bar pressure (Skogberg et al.,
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2017). The sulfur-free birch lignin with a carboxyl and phenolic content
of 0.56 and 4.27 mmol/g (31P—NMR method) produced by BLN method
(von Schoultz, 2016) was obtained from CH Bioforce Oy (Finland). The
pharmaceutical compounds, which are certified reference materials
were all purchased from Sigma-Aldrich (Finland) and were used as
received (Table S1). The antidiabetic drug metformin, MTF, is included
in the 2022 EU watch list of priority substances selected for regular
monitoring in the aquatic environment because of their potential risks
(European Commission, 2022). The other six substances were in the list
of top 20 pharmaceuticals measured in highest concentrations in efflu-
ents collected from municipal wastewater treatment plants in countries
around the Baltic Sea region (UNESCO and HELCOM, 2017). Acetoni-
trile and methanol used for chromatographic analysis were of chroma-
solv grade. The cationic and anionic titrants were supplied by BTG
Instrument, GmbH, Germany.

2.2. Preparation of the LNPs and cLNPs

The LNPs were prepared by acetone nanoprecipitation, which in-
volves dissolution of lignin in aqueous 75% (v/v) acetone followed by
rapid addition of water (Farooq et al., 2019; Figueiredo et al., 2021). The
preparation of LNPs by ultrasonication followed the procedure we re-
ported in previous work (Agustin et al., 2019). The cLNPs were pro-
duced by coating the LNPs with lignin cationized by GTAC at a dry mass
ratio of cationic lignin to LNP of 0.3 (Agustin et al., 2022; Sipponen
et al., 2017). The method for lignin cationization using GTAC is
described by Kong et al. (2015).

2.3. Preparation of the cryogels

Two sets of cryogels were prepared: the cLNP/TCNF and the LNP/
cCNF combinations. The gels were prepared by mixing a known mass of
nanocellulose and LNP or cLNP suspensions, and adjusting with deion-
ized water to obtain a 0.4% nanocellulose in the final gel composition.
The gel was stirred overnight, cast on trays with cylindrical molds,
allowed to stand for 5 h at 5 °C, and then frozen at —70 °C overnight. The
frozen gels were freeze-dried for two days, obtaining the cryogels. The
TCNF-based cryogels were named TO, T0.2, T0.4, T0.6, and T1.0, where
the numbers represent the dry weight ratio of cLNP to TCNF. Following
the same concept, the cCNF-based cryogels were designated as CO, CO0.6,
and C1.0.

2.4. Characterization of the gels and cryogels

Rheology. The rheological properties were measured in duplicates for
each gel using a HAAKE MARS 40 rheometer (Thermo Scientific, Ger-
many) within 24 h after gel preparation. All measurements were per-
formed at 20 °C using a 35-mm diameter plate. The viscosity curves were
obtained by performing a rotational program, in which the shear rate
was increased step-wise from 0.3 s71-300s7L. The storage modulus (G)
and loss modulus (G”) were measured at an oscillation frequency range
of 0.01-10 Hz within the linear viscoelastic range, which was deter-
mined from a strain sweep measurement.

Morphology. Atomic force microscopy (AFM) imaging was performed
to visualize the morphology of the nanomaterials using the Multimode
AFM Nanoscope 9 (Bruker, Germany). The PPP-FMaud-10 by Nano-
sensors with a spring constant of 0.5-9.5 N/m was used to probe the
samples using the quantitative imaging mode program. The SEM images
of the cryogels were acquired with a Hitachi S-4800 field emission
scanning electron microscope (FESEM). The samples were coated with 5
nm of Au-Pd alloy prior to imaging, to make their surface conductive.

Texture analysis. The Texture Analyzer TA-XT2i (Stable Micro-
systems, Godalming, UK) was used to characterize the mechanical
properties of the cryogels in compression mode. At least seven replicate
cylindrical samples with diameters of 18.0 & 1.0 mm and height of 13.7
+ 1.3 mm were kept at 50% relative humidity for 24 h prior the test. The
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samples were compressed to 50% of their initial height using a 36 mm
aluminum cylindrical probe, force of 5.0 kg, a trigger force of 0.05 N,
and hold time of 30 s. The pre-test speed and test speed were 1.0 mm/s
and the post-test speed was 10 mm/s. From the force-time profile, the
firmness and springiness were determined.

Bulk density. The bulk density was determined from the mass and
volume data obtained by weighing with analytical balance and manual
measurement of the height and diameter of cylindrical samples using a
digital caliper, respectively. The height and diameter were measured
from at least 5 different locations to get the average volume.

Water absorption capacity (WAC). Three pre-weighed cylindrical
samples from each treatment were placed in individual vessels con-
taining 35 mL water. The cryogels were kept in water for 3 h, checking
regularly to ensure the samples were completely soaked. With a spatula
the samples were then taken out from the water, and placed on top of an
inverted cylindrical sieve with nylon mesh to allow the excess water to
drip freely for about 30s per sample. The wet cryogels were weighed and
the WAC was calculated as the ratio of the mass of absorbed water to the
initial mass of the sample.

Charge density. The surface charge density of the cryogels was
determined in duplicates by polyelectrolyte titration using the Miitek™
PCD-05 particle charge detector (BTG Instruments GmbH, Germany)
coupled to an Omnis autotitrator (Methrohm Corp, Switzerland). A 10-
mg sample of the cryogel was soaked in 10 mL milliQ water and adjusted
to pH 6 by 0.1 M NaOH. An excess of a polyelectrolyte titrant of charge
opposite to that of the cryogels (i.e. cationic 0.001 N PDADMAC for
TCNF-based cryogels and anionic 0.001 N PESNa for cCNF-based cry-
ogels) was added and the mixture was magnetically stirred overnight.
The mixture was screen filtered and an aliquot was back-titrated either
with PDADMAC or PESNa to determine the amount of excess
polyelectrolyte.

2.5. Adsorption experiment

The adsorption experiment was carried out in a multi-component
aqueous solution containing 20 mg/L of each API. This concentration
was high enough to obtain samples with sufficient signal in the ultra-
high performance liquid chromatography (UHPLC) analysis without
the need for possible pre-concentration in the case of high removal rate.
Although seven pharmaceuticals (Table S1) were investigated, only six
APIs were tested at the same time because of the overlapping peaks of
metoprolol (MPL) and tramadol (TRA) during chromatographic anal-
ysis. Two sets of analysis were done: a group with MPL and another
group with TRA. The pH of the API solution was adjusted to pH 3 or 6
using 0.1 M HCl or 0.1 M NaOH, respectively. In a disposable borosili-
cate glass vial, a 1:1 ratio of the mass (mg) of the cryogel to the volume
(mL) of the API solution was mixed and shaken on a reciprocating me-
chanical shaker (120 motions per minute) for 90 min, which was chosen
based on a preliminary time-series experiment, wherein no change in
adsorption behavior from 30 to 210 min contact time was observed
(Fig. S1). After which, a 1-mL sample was withdrawn and filtered (0.45
pm, Acrodisc wwPTFE Membrane). At least three independent analyses,
with random replications, were performed. To eliminate potential losses
due to adsorption on the surfaces of materials, a blank containing only
the APIs was prepared and analyzed for each analysis set. For the
determination of maximum adsorption capacity, the same procedure
was followed but using a single-component solution at varying con-
centrations from 5 mg/L to 300 mg/L and a contact time of 150 min. The
fitting of adsorption data with various adsorption isotherm models
(Langmuir, Freundlich and Sips) was done using Origin Lab (Massa-
chusetts, USA).

2.6. Quantitation of active pharmaceutical ingredients

The amount of the residual APIs in water after the adsorption test
was analyzed by UHPLC using the Waters Acquity UPLC system (Waters,
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Milford, MA, USA) combined with UV/VIS detection (photodiode array)
following the optimized procedure we used in our previous work
(Agustin et al., 2022). Briefly, the conditions were: gradient elution in a
reversed phase column (Acquity HSS T3 C18) with 0.1% formic acid and
acetonitrile as mobile phases, flow rate of 0.4 mL/min, 6-min elution
time, and calibration based on external standards.

2.7. Reusability test

A series of adsorption-desorption experiments were performed for
the cryogel that showed the highest adsorption potential. First, different
methods of desorption were tested which include a combination of
shaking or ultrasonic treatment in water or 0.1 M HCI. After identifying
the suitable desorption method, the selected cryogel was used for five
cycles of adsorption-desorption while monitoring the percentage of
removal to assess the efficiency of the cryogel for each cycle. After
desorption, the cryogel was repeatedly rinsed with deionized water,
pressed on a tissue paper to remove most of the absorbed water, and
reused for the next adsorption. This approach is less costly than freeze-
drying the cryogel after each cycle.

2.8. Statistical analysis

Adsorption data was subjected to a one-way ANOVA analysis at 5%
significance by the Tukey test using Origin Lab.

(A) (©)

OCHj,

OH
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3. Results and discussion
3.1. The nanomaterials and their gels

The appearance, structural representation, and morphology of each
nanomaterial used in the preparation of the cryogels are shown in
Fig. 1A-D. The nanocelluloses appear as a semi-transparent gel con-
sisting of long, intertwined nanofibrils having widths of less than 10 nm
and a length that can extend to a few micrometers. The TCNF is nega-
tively charged because of the carboxylation at carbon 6 while the cCNF
carries positively charged ternary ammonium groups (Fig. 1B). The
LNPs and cLNPs form a brown colloidal suspension consisting of
spherical nanoparticles (Fig. 1D). The unmodified LNPs are typically
negatively charged exhibiting a zeta potential of less than —40 mV
(Figueiredo et al., 2021). These LNPs can be cationized by coating the
surface with cationic lignin, produced by reacting lignin with GTAC in
alkaline conditions (Fig. 1C). Because each cationic lignin molecule can
carry a number of positively charged ternary ammonium groups, it is
possible to anchor the cationic lignin to LNPs while leaving the other
cationic groups available on the surface, resulting in a positive zeta
potential (+20 mV). The coating of cationic lignin only altered the
surface charge of the LNPs but kept the shape of the particles as shown in
Fig. 1D. A more detailed characterization of the LNPs and cLNPs used
here is available in our previous publications (Agustin et al., 2022;Fig-
ueiredo et al., 2021 ).

The aqueous suspension of nanocelluloses naturally formed a gel
because of the physically intertwined nanofibrils that allow them to
form a three-dimensional network. All the gels produced from the
mixing of nanocellulose with lignin nanomaterials of opposite charged
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Fig. 1. The visual appearance (A), structure (B,C) and morphology (D) of the cellulose- and lignin-based nanomaterials and the viscoelastic properties of their gels
produced at varying lignin to nanocellulose ratios (E).
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displayed shear thinning behavior (Fig. 1E). At a similar solid content
and at a shear rate of 0.3s™ %, the pure TCNF gel had higher shear vis-
cosity than the pure cCNF gel (19.5 against 16.3 mPa-s), an indication
that the TCNF had longer fibrils than the latter, which was also sup-
ported by previous studies on rheological behavior of nanocellulose
suspensions as affected by the nanofibril length (Moberg et al., 2017).

The addition of varying amounts of cLNPs in the TCNF suspension
did not produce significant differences in the dynamic shear viscosity
profiles. However, a different behavior was observed in the cCNF/LNP
combinations, wherein the viscosity of C0.6 was much higher than that
of the pure cCNF gel. This could be due to the difference in the fibril
length between TCNF and cCNF. For TCNF gels consisting of long,
intertwined nanofibrils, the addition of spherical cLNPs had little effect
on the viscosity of the gels despite the formation of crosslinks between
the particles and the fibrils. On the other hand, with shorter fibrils in
cCNF, the crosslinking induced by the addition of LNPs greatly affected
its viscosity.

All the gels exhibited viscoelastic properties, with a shear storage
modulus (G') higher than the loss modulus (G”') (Fig. 1E). A stronger
network characterized by an increase in G was observed with the
addition of LNPs or cLNPs to the nanocellulosic gel. This was most
apparent for C0.6, which can be attributed to the electrostatically-driven
crosslinking of the cCNF and LNPs. A similar observation was also
observed by Qu et al. (2021) on the crosslinking of nanocellulose using
calcium chloride. Further addition of LNPs decreased G, indicating that
there is a threshold of the amount of LNPs that can promote gelling, but
detailed work to explain this phenomenon is beyond the scope of the
present study. For the cLNP/TCNF combination, only a slight increase in
G’ was observed. The effect of crosslinking in the viscoelastic properties
of gel seemed to be more dominant in nanocellulose containing short
fibrils than in those with longer fibrils.
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3.2. Cryogels and their physico-mechanical properties

The cryogels have an entangled network of cellulose nanofibrils as
the skeletal framework, where the LNPs are anchored by electrostatic
attraction. For the TCNF-cLNP cryogels, the electrostatic attraction is
between the negative carboxyl groups of TCNF at carbon-6 and the
cationic ternary ammonium groups attached to the cLNPs. The electro-
static attraction between the cationic groups in cCNF and anionic car-
boxyls of the LNPs served as the anchoring mechanism of the LNPs to the
cCNF.

The physical appearance, morphology and physico-mechanical
properties of the prepared cryogels are presented in Fig. 2. The LNP/
cLNP-decorated nanocellulose cryogels were brown, and darker with
increasing lignin content (Fig. S2). The cryogels were macroporous and
showed layered sheets, randomly coated with spherical LNPs or cLNPs
(Fig. 2A and B & S2). A sheet-like cellulosic network with large pores of
several micrometers induced by the growing ice crystals during freezing
is typically observed for cellulosic cryogels (Buchtova and Budtova,
2016).

The bulk density of the cryogels increased because of the addition of
lignin since the solid content increased without significant increase in
the volume of the cryogels. The TCNF-based cryogels, which showed
shrinkage during drying, however, had higher bulk density than the
cCNF-based ones. The obtained bulk density values ranging from 9 to 16
mg/cm® and 7-10 mg/cm?® for the TCNF- and ¢CNF-based cryogels,
respectively, fall within those reported in the literature for
nanocellulose-based porous materials produced by freeze drying (Chen
et al., 2021).

The firmness, which is defined here as the force required to compress
to 50% of the original height also increased with increasing lignin
content both for the cCNF- and TCNF-based cryogels. These results
highlighted the function of LNPs and cLNPs as crosslinking agents that
improved the resistance of the nanocellulose-based cryogels towards
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Fig. 2. Appearance (insets) and FESEM images (A&B) and physico-mechanical properties, including density, firmness, springiness and water absorption capacity
(WAC) (C) of the nanocellulose-based cryogels with varying LNP or cLNP content. Scale bars in (A) and (B) correspond to 1 mm and 500 nm, respectively. Error bars

in (C) are + standard error of the mean of at least five measurements.
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compressive deformation. Similar findings in previous work also
revealed the improvement in compressive strength of crosslinked
nanocellulosic porous materials (Hossain et al., 2021; Zhu et al., 2019).

The springiness, measured by the percentage of which the cryogel
returned to its original height after releasing the applied compressive
force remained almost the same for TCNF-based cryogels but increased
for cCNF-based cryogels with increasing LNP content. The recovery after
compression ranged from 61 to 64% and 60-67% for TCNF- and cCNF-
based cryogels, respectively.

The WAC decreased by the addition of LNPs or cLNPs, which are
known to be less hygroscopic than the nanocelluloses. The addition of
cLNPs to TCNF or LNPs to cCNF at 1:1 ratio reduced the WAC by 44%
and 60%, respectively. This decrease in WAC further affirmed the
crosslinking brought by the LNPs or cLNPs, similar to that observed by
Hossain et al. (2021) in the water absorption capacity of nanocelluloses
crosslinked by polyethyleneimine or hexamethylenediamine.

3.3. The adsorption capacity and surface charge

The initial assessment of the adsorption potential of the LNP/cLNP-
decorated nanocellulose cryogels was achieved by determining the
adsorption capacity, g, which refers to the amount of adsorbed materials
(mg) per unit mass (g) of the adsorbent. It is calculated from the
equation
4= (Co mC.f) v M
where Cp and Cg are the initial and final concentration (mg/L), respec-
tively, V is the volume (L) of the solution, and m is the dry mass in grams
of the adsorbent. The Cp was based on the results of the blank analysis.
The determination of q was done in a multi-component system, where
six different pharmaceuticals were all dissolved in the solution. The
selected pharmaceuticals were of varying polarity, aromaticity and
ionizability in water. These include the polar aromatic neutral acet-
aminophen (ACE), the non-polar aromatic neutral carbamazepine
(CBZ), the anionic aromatic diclofenac (DCF) and ibuprofen (IBU), the
highly polar aliphatic cationic MTF, and the cationic aromatic MPL and
TRA. This selection enables assessment of the selectivity of the cryogels
towards a specific group alongside the efficiency to adsorb simulta-
neously different types of pharmaceuticals.

Fig. 3 shows the q values of each cryogel for different APIs and the

[ JACE []cBz [JDbcF [ ]iBU [IMTF [ IMPL [ TRA
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absolute values of the surface charge density of each cryogel. The sur-
face charge density showed a decreasing trend with an increasing ratio
of lignin content because of charge neutralization. The net surface
charge of the TCNF- and cCNF-based cryogels were negative and posi-
tive, respectively. It is evident from the q values that the overall surface
charge defined the type of APIs strongly adsorbed by the cryogels. The
anionic TCNF-based cryogels were highly selective for the positively
charged MTF, MPL and TRA than for the negatively charged IBU and
DCF, or the neutral ACE and CBZ (Fig. 3a). Similarly, the cationic cCNF-
based cryogels adsorbed anionic IBU and DCF more than the cationic or
neutral ones (Fig. 3b). These results exemplify the significant contri-
bution of electrostatic attractive force in the adsorption potential of the
cryogels.

Other types of interactive forces such as hydrophobic or n-r aromatic
ring interactions seemed to play a role with the addition of cLNPs to
TCNF. This is evident from the increasing q values for MPL and TRA with
increasing cLNP content. At a cLNP/TCNF ratio of 0.6 or higher, the q
values for MPL and TRA were significantly higher (50%) than those
without cLNP (TO), despite the decrease in the net negative surface
charge. This improvement can be attributed to the possible n-n aromatic
ring interactions between these aromatic cationic APIs and cLNPs. This
assumption is further supported by the lack of improvement in the q
value of T0.6 and T1.0 for the highly polar aliphatic cationic MTF. The
finding was consistent with our earlier report on the capacity of cLNPs to
remove aromatic cationic pharmaceuticals but not aliphatic cationic
ones, like the MTF (Agustin et al., 2022). However, the aromatic ring
interaction was not able to enhance the removal of the aromatic ACE,
CBZ, DCF and IBU. The anchorage of the ternary ammonium cations in
cLNPs to the TCNF removed the capacity of cLNPs to adsorb aromatic
pharmaceuticals that are anionic or neutral. It is possible that the
repulsive force between the anionic pharmaceuticals and the negative
surface of the TCNF-based cryogels was too strong to be overcome by
other modes of interaction. Overall, the addition of cLNPs to
TCNF-based cryogels resulted in an enhanced selectivity towards
cationic aromatic pharmaceuticals.

Adsorption other than that driven by electrostatic forces was also
observed in cCNF-based cryogels containing LNPs. Despite the decrease
in the positive surface charge of the cCNF-based cryogels with the
addition of LNPs, the adsorption for the anionic aromatic DCF signifi-
cantly increased at 0.6 LNP to cCNF ratio (Fig. 3b). However, this
behavior was not observed for the other anionic aromatic IBU, which
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Fig. 3. The adsorption capacity (q) of TCNF- (a) and cCNF-based (b) cryogels decorated with varying ratios of cLNPs and LNPs, respectively, for different types of
pharmaceuticals plotted against surface charge density. Adsorption conditions: multi-component, room temperature, 1.5 h, 20 mg/L initial concentration of each
pharmaceutical, 1 mg/mL mass to volume ratio of cryogel to pharmaceutical solution, pH = 6. Bars with different lowercase letters represent means with significant
differences (p < 0.05). Error bars represent + standard error of the mean of at least five measurements.
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could be due to its lower aromaticity than the DCF. Unlike the addition
of cLNP to TCNF, the incorporation of LNPs to cCNF improved the
adsorption of the cationic MPL and TRA, and of the neutral CBZ, possibly
induced by aromatic ring interaction or electrostatic interactions
brought by free carboxyl groups of the LNPs. These findings suggest that
anchoring LNPs to cCNF promotes the removal of a wider range of
pharmaceuticals than anchoring cLNPs to an anionic TCNF. When LNPs
are anchored to a cationic substrate, it is the carboxyl groups of the
lignin that are consumed to electrostatically bind with the cCNF,
possibly leaving the phenolic groups more labile and active or leaving
some carboxyl groups free. On the other hand, in the cLNPs, the phenolic
groups carry the cationic groups, which eventually formed electrostatic
attraction with the TCNF. This possibly rendered the phenolic groups to
be less available for interaction, hindering the cCNF/TCNF cryogels to
adsorb anionic or neutral aromatic APIs.

3.4. Effect of pH

The pH of the surrounding medium affects both the adsorbent and
the adsorbate, having pH-dependent ionizable groups, such as car-
boxyls, hydroxyls and amine groups. The protonation or deprotonation
of these groups influences the charge of both the adsorbent and adsor-
bate, thus affecting the adsorption process. Fig. 4A and B shows the
effect of pH on the adsorption capacity of T0.6 and C0.6 cryogels,
respectively, which were selected because these cryogels already dis-
played significantly different adsorption behavior in comparison to pure
nanocellulose. Choosing these cryogels over T1.0 or C1.0 saves the
amount of LNPs or cLNPs added to the cryogels. Only pH 3 and 6 were
tested because our previous study showed that the adsorption behavior
of different types of LNPs and nanocelluloses revealed large differences
between pH 3 and 5 and only slight differences between pH 5 and 8.5
(Agustin et al., 2022). However, instead of using pH 5, pH 6 was chosen
to ensure that the carboxyl (pKa ~5) is mostly in the deprotonated form.
Moreover, the fraction of ionized forms of the pharmaceuticals between
pH 6 and 8.5 were not significantly different (Fig. S3). A pH greater than
8.5 was not tested because LNPs starts to dissolve at pH 9 as observed in
our previous work.

For the anionic T0.6 cryogel, q increased for the neutral CBZ and
anionic IBU at pH 3, however, it was at the expense of a significant
reduction in q for the cationic MPL and MTF. At pH 3, both the T0.6
cryogel and IBU (pKa = 4.9) are expected to have less anionic character
because of the protonation of the carboxyl groups (pKa5). This possibly
weakens the electrostatic repulsion enabling the improvement in the
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adsorption for IBU and CBZ (pKa = 14) via aromatic ring interactions.
However, the protonation of the carboxyl in T0.6 is expected to decrease
the anionic surface charge density, thereby weakening the interaction
with the cationic MPL (pKa = 9.6) and MTF (pKa = 12). The aromatic,
highly polar and neutral ACE (pKa = 9.4), consistently showed weak
affinity towards the cryogel at both pH.

The cationic C0.6 cryogel displayed a decrease in q for all pharma-
ceuticals at pH 3 except for CBZ, which was not significantly affected by
the change in pH. At pH 3, the ternary ammonium groups in C0.6 remain
positive and the free carboxyl groups of LNPs were protonated. An in-
crease in cationic character of the C0.6 cryogels at pH 3 is expected.
However, this did not result in the improvement of the removal of the
anionic IBU because at this pH, the IBU (pKa = 4.9) was also protonated.
Despite this, aromatic ring interaction, hydrogen bonding or hydro-
phobic interactions could drive the weak removal of IBU at pH 3. The
adsorption of MPL (pKa = 9.4) was favored at pH 6 where the unbound
carboxyl groups (pKa ~5) of LNPs were ionized. The lack of affinity of
MPL towards the C0.6 cryogel at pH 3 is possibly due to the dominant
repulsive force, because both were cationic. At both pH, the highly polar
ACE and MTF remained difficult to remove by the C0.6 cryogel.

Despite the slight improvement in the removal of some pharma-
ceuticals at pH 3, both cryogels were more effective at pH 6. For both
cryogels and at both pH, the neutral and highly polar ACE was consis-
tently difficult to remove. The comparison of the adsorption of DCF
(pKa = 4.2) was not shown because at pH 3, DCF is mostly in the pro-
tonated form, which precipitated out in the solution. This is also shown
by the disappearance of the DCF peak in the chromatogram at pH 3.

3.5. Effect of morphology

The behavior of materials is defined not only by their chemical
structure but also by their morphology. Thus, the effect of the
morphology of the lignin nanomaterial towards the adsorption behavior
of the cryogels was investigated. It answers the question of whether
there is a need to prepare lignin as spherical nanoparticles or use other
forms of lignin. For this purpose, cryogels with the same 0.6:1 lignin to
nanocellulose mass ratio were prepared using non-spherical lignin. The
soluble cationic lignin was combined with TCNF producing the T0.6 L
cryogel. The LNPs produced by ultrasonication (Agustin et al., 2019)
and with drying did not produce spherical particles were combined with
cCNF yielding the C0.6 L cryogel. As shown in Fig. 5, the morphology of
the lignin nanomaterials affected the surface properties (Fig. 5A) and
adsorption behavior (Fig. 5B) of the cryogels. The T0.6 L had
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Fig. 4. The effect of pH on the adsorption capacity,q, towards different pharmaceuticals of the nanocellulose cryogels decorated with spherical LNPs (T0.6) and
cLNPs (CO0.6). Adsorption conditions: multi-component, room temperature, 1.5 h, 20 mg/L initial concentration of each pharmaceutical, 1 mg/mL mass to volume

ratio of cryogel to pharmaceutical solution.
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significantly lower q for the cationic MPL and MTF than those of the
TO.6. If compared with the q values of TO presented in Fig. 3, those of the
T0.6 L were even lower suggesting a lack of improvement in q when the
soluble cationic lignin is used. Similarly, the C0.6 L showed lower q
values for all the pharmaceuticals than the C0.6. The results suggest that
the spherical lignin nanomaterials rendered higher adsorption efficiency
than using the soluble or irregularly shaped forms of lignin. As seen in
Fig. 5A, the surface of the cryogels was much smoother than when it is
decorated with spherical LNPs or cLNPs. The smoothness is much more
pronounced in the T0.6 L because the soluble cationic lignin seemed to
coat the TCNF uniformly, unlike the spherical cLNPs that are anchored
randomly creating a rough surface. The C0.6 L also showed a smoother
surface than the C0.6 but with agglomerated lignin. It is possible that
with spherical lignin nanomaterials, the increase in roughness resulted
in a higher surface area of lignin available for interaction with the
pharmaceuticals. This phenomenon is similar to the findings of Hsieh
et al., (2005), where the increase in surface area of the titanium oxide
nanoparticle-coated polymer was linked to increasing roughness with

increasing amount of titanium oxide. Moreover, the three-dimensional
spheres possibly allowed some of the active functionalities of lignin to
be oriented on the surface and available for adsorption. With the soluble
or non-spherical forms that were flexible, most of their active groups
were possibly bonded to the nanocellulose.

3.6. Adsorption isotherms

To determine the maximum adsorption capacity (qy), single-analyte
adsorption experiments were conducted for T0.6 and CO0.6 cryogels.
Only the pharmaceuticals that showed significant improvement in q
relative to the non-lignin containing cryogels were investigated. These
were the MPL and TRA for T0.6 and DCF for C0.6 cryogels. The initial
concentrations were varied and the values of equilibrium adsorption
capacity (g.) were plotted against equilibrium concentrations (C,). Non-
linear adsorption isotherm models, which include the Freundlich,
Langmuir, and Sips models were used in fitting the experimental data
using the Origin Lab.
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The Freundlich isotherm assumes multilayer adsorption on hetero-
geneous surfaces and has a nonlinear form shown in equation (2)
(Al-Ghouti and Da’ana, 2020; Freundlich, 1906; Wang and Guo, 2020)

qe=KiC)"" )
where K and ng are constants related to adsorption capacity and het-
erogeneity factor from the adsorption sites, respectively. The ratio 1/ng
indicates the irreversibility (1/ng = 0), favorability (0 < 1/ng < 1), or
unfavorability (1/ng > 1) of the adsorption process (Al-Ghouti and
Da’ana, 2020; Freundlich, 1906; Wang and Guo, 2020).

The Langmuir isotherm is a semi-empirical model represented by the
nonlinear equation (3) (Langmuir, 1918)

_ quLCe

e =~7""7~
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where Kj, represents the equilibrium constant. This isotherm assumes
monolayer adsorption, i.e. if a molecule is adsorbed onto a particular
site, no other molecules can be adsorbed on the same site at the same
time (Langmuir, 1918; Rajahmundry et al., 2021). Langmuir isotherm
model predicts adsorption on a homogeneous surface with constant
energy of adsorption and negligible interaction between adsorbate
molecules (Wang and Guo, 2020).

The Sips isotherm is a hybrid model obtained by combining
Freundlich and Langmuir isotherms and can describe adsorption on
homogeneous or heterogeneous systems. The nonlinear form of the Sips
isotherm is given by equation (4)
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where Kg is the Sips equilibrium constant and ng describes the Sips
heterogeneity factor (Mozaffari Majd et al., 2022; Sips, 1948). When ng
= 1, the Sips model becomes a Langmuir equation indicating homoge-
neous adsorption system. At low adsorbate concentrations and low Ksg,
the Sips model favors the Freundlich model (Mozaffari Majd et al., 2022;
Sips, 1948; Wang and Guo, 2020).

Fig. 6 shows the fitting of different isotherm models to the experi-
mental adsorption data. The isotherm parameters are summarized in
Table S2, and based on the values of the coefficient of determination
(R?) and reduced chi-square, the Sips isotherm model gave the best fit
for the three pharmaceuticals. The heterogeneity factor, ng, was less
than unity, an indication of heterogeneous adsorption system. The
calculated gy, of C0.6 for DCF was 350 mg/g and found to be lower than
most nanocellulose-base adsorbents functionalized by various chemical
modification techniques (Table 1) but higher than those of the poly-
ethyleneimine- or polypyrrole-treated cellulose-based adsorbents. The
gmof T0.6 for MPL and TRA were 91 and 150 mg/g, respectively. MPL
and TRA removal by adsorption was less studied than the DCF and this
current work was the first to utilize nanocellulose-based adsorbents,
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thus the qn, values were compared with other types of adsorbents
available in literature. The T0.6 cryogel was much inferior to spirulina-
derived carbon but only slightly less to carrageenan-based adsorbent in
adsorbing MPL. With TRA, T0.6 was comparable to those of smectite
clay mineral or NaOH-treated algal biomass. However, it should be
noted that comparisons on the feasibility of the materials at this early
stage of testing as adsorbents does not guarantee similar performances if
adsorption experiments were all performed at different conditions.

3.7. Reusability

In the development of new adsorbents, reusability is a huge concern.
Reusability covers the ease of regenerating the adsorbent, i.e. desorbing
the adsorbate, and the capacity of the adsorbent to maintain its effi-
ciency with several uses. Expensive production costs are often
compensated if the adsorbents are reusable.

The key characteristic required for an adsorbent to be reusable is its
durability or stability with repeated and prolonged exposure to the
medium of adsorption. Thus, an initial assessment of the durability of
the nanocellulose-based cryogels in water was performed qualitatively.
The cryogels were soaked in water, taken out and pressed (Fig. S4). The
cCNF-based cryogels disintegrated easily after 4 h of soaking in water.
Even without pressing, CO already showed signs of structural collapse.
The crosslinking brought by LNPs strengthened the structure, enabling
the C0.6 cryogel to maintain its form when wetted, but was not sufficient
to resist disintegration when pressed. The TCNF-based cryogels were
resistant to disintegration in water, and were further strengthened by
the addition of cLNPs. The T0.6 cryogel kept its structural integrity with
prolonged and repeated exposure to water. Upon compression in the wet
state, it did not disintegrate, and it was possible to lift, press and soak
again in water, returning to its original shape (Fig. 7A). Even after five
cycles of adsorption-desorption experiment, the T0.6 cryogel was intact
and the surface was still randomly coated with cLNPs.

The reusability of the T0.6 cryogel was then tested with MPL as the
model API, since MPL was significantly adsorbed by T0.6. The desorp-
tion of MPL was effective in a slightly acidic solution, either with
shaking or sonication, which desorbed more than 90% of the adsorbed
MPL (Fig. 7B). In acidic medium, the carboxyl groups that hold the MPL
become protonated, thereby releasing the adsorbed MPL. Five cycles of
adsorption-desorption experiments were then performed using the
acidic media with shaking mode as the desorption method. The removal
efficiency of the T0.6 cryogel for MPL reached as high as 85% in the first
cycle and slightly decreased in the second cycle. At the third cycle, the
removal efficiency significantly decreased to about 60% and remained
almost the same until the fifth cycle (Fig. 7C). A similar removal effi-
ciency, which did not decrease below 60% after 5 cycles of adsorption-
desorption experiment, was also observed in the polyvinylamine- and
reduced graphene oxide-modified nanocellulose adsorbents, but for the
removal of another type of drug, DCF.
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Fig. 6. The fitting of different adsorption isotherm models to the plot of experimental values of equilibrium concentrations (C.) versus equilibrium adsorption
capacity (qe). Adsorption conditions: single-component, room temperature, 2.5 h, 1 mg/mL mass to volume ratio of cryogel to pharmaceutical solution, pH ~ 6.
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Table 1
Comparisons between the adsorption potential of the developed nanocellulose-based cryogels to those available in literature.
Pharmaceutical ~ Adsorbent pH Temperature  Isotherm Qqm (mg/ Reference
g)
Diclofenac Cellulose nanocrystalline modified with polyvinylamine and 7 25 Langmuir 606 Lv et al. (2021)
reduced graphene oxide
Nanocellulose fine-tuned poly (acrylic acid) hydrogel Unadjusted 25 Langmuir 560 Tie et al. (2022)
Nanocellulose grafted with 1,3,5-Tris (4-aminophenyl)benzene 7 25 Langmuir 526 Liu et al. (2022)
and trimesoyl chloride
Bilayer ethylenediamine-functionalized cellulose nanocrystals/ 4.5 25 Langmuir 444 Hu et al. (2019)
chitosan composite
LNP-decorated cCNF cryogel 6 Ambient Sips 350 This study
Polyethyleneimine-modified cellulose aerogels 5 25 Langmuir 294 Chen et al. (2022)
Polypyrrole treated cellulose fiber 6 Ambient Dual-site Langmuir- 210 Pires et al. (2017)
Freundlich
Metoprolol Spirulina-based carbon 5 25 Sips 661 Pedrosa et al.
(2022)
Glutaraldehyde cross-linked carrageenan microparticles 6 20 Sips 109 Nanaki et al.
(2015)
cLNP-decorated TCNF cryogel 6 Ambient Sips 91 This study
Tramadol Sodium smectite clay mineral 7-7.5 20 Langmuir 210" Thiebault et al.
(2015)
cLNP-decorated TCNF cryogel 6 Ambient Sips 150 This study
NaOH treated algal biomass (Scenedesmus obliquus) NA Ambient Langmuir 140 Alj et al. (2018)
? Value in the reference was converted from mole/g to mg/g.
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Fig. 7. The wet T0.6 cryogel that keeps its structural integrity after repeated soaking and compression and its FESEM micrograph after 5 cycles of adsorption-
desorption (a), the comparison of different modes of desorbing metoprolol after adsorption (b) and the removal efficiency of T0.6 cryogel for five cycles of
adsorption-desorption experiments with metoprolol (c). Error bars represent + standard error of the mean of at least three measurements.

4. Conclusions and future outlook

The feasibility of adsorption in mitigating the impacts of pharma-
ceutical pollution relies on the development of reusable adsorbents with
high affinity towards various types of pharmaceuticals. With the aim of
developing such adsorbents, different types of LNPs and nanocelluloses
were combined to prepare nanocellulose-based cryogels as adsorbents
for pharmaceuticals in a multi-component adsorption system. The
pharmaceuticals were carefully selected such that they encompass a
wide range of chemical variability to assess the selectivity and efficiency
of the cryogels during simultaneous adsorption.

The LNPs act as functionalizing agents, and the type (cationic or
unmodified), amount and morphology of the LNPs anchored to the
nanocellulose affect their adsorption potential towards different phar-
maceuticals. Anchoring cLNPs to TCNF only improved the capacity of
TCNF to adsorb cationic aromatic pharmaceuticals such as TRA and
MPL. The cLNPs had no significant effect in adsorbing other types of
pharmaceuticals (aromatic anionic, aromatic neutral, or aliphatic
cationic). Anchoring unmodified LNPs to cCNF widened the adsorption
potential of the cCNF-based cryogels resulting in improved removal of
cationic, anionic and neutral aromatic pharmaceuticals. However, to
achieve such improvement in adsorption potential, the ratio of LNPs or

10

cLNPs to nanocellulose must be higher than 0.6:1 and spherical lignin
nanomaterials must be used.

The LNPs also act as crosslinking agents. The crosslinking between
the nanofibrils aided by electrostatic attraction improved the firmness
and decreased the water absorption of the cryogels. More importantly,
the crosslinking enhanced the resistance of the cryogels towards disin-
tegration with repeated exposure to water, enabling the reusability of
the cryogels. However, the extent of improvement brought by cross-
linking depends also on the nanofibril length, thus it is important to
consider the aspect ratio of the starting nanocellulose in order to achieve
sufficient stability with repeated exposure in water.

Overall, the study highlighted the challenges in developing reusable
nanostructured wood-based adsorbents that can remove a wide array of
pharmaceuticals. Several aspects were taken into account but some
limitations are worth considering for future investigations. For instance,
the concentration of pharmaceuticals in this study was way higher than
those found in real wastewaters, and the removal efficiency could be
different at very low concentrations. Furthermore, increasing the sur-
face area by using different drying techniques, such as supercritical
drying, would be worth exploring. Aside from pH, other adsorption
parameters, such as temperature or adsorbent dosage, could be varied to
study the adsorption kinetics.



M.B. Agustin et al.

While there were limitations, the most important finding this study
revealed is the greater potential of unmodified LNPs than cLNPs in
expanding the adsorption potential of the nanocellulose cryogels. This
implies that designing bio-based adsorbents without further chemical
modification is feasible if the LNPs are paired with naturally occurring
cationic polymeric matrices such as chitin. This paves the way for
creating greener and more sustainable adsorbents.
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