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Abstract

A platform of polymeric cryogels based on methacrylic acid (C-mA) meglumine (C-megl), lysine (C-
lys), and 2-hydroxy ethyl methacrylate (C-ph), as well as a combination thereof having both
negatively and positively charged moieties, have been synthesized and used to efficiently remove
emerging contaminants from water. Their peculiar properties in sequestering antibiotics
(Levofloxacin, Ampicillin, Doxycycline), anti-inflammatory (Piroxicam), antifungal (Fluconazole),
anti-parasite (Moxidectin), pesticides (2,4D) and dyes (Thymol blue, Methylene Violet) were tested
taking into account their ionic nature in solution. The adsorption experiments performed in batches
at different pH and pollutant concentrations have demonstrated the outstanding ability of these
macroporous soft systems in complexing molecules by the instauration of various binding forces,
also in the presence of inorganic species such as arsenic (as arseniate). In addition, it was
demonstrated as the novel dual-material, ad-hoc synthesized by using opposite charge cryogels can
simultaneously remove antagonist dyes in a single and fast cycle. Besides, a quasi-total release of
the target molecules was achieved by changing pH, allowing the regeneration of the macroporous
sponges for multiple re-uses without losing their performance. The latter peculiar feature may be
adopted for drug delivery applications since the release can be modulated and programmed by a

specific pH stimulus.

Keywords: cryogel, polymer, emerging pollutant, pharmaceutical, antibiotic, dye, 2,4 D, adsorption,

hydrogel, drug delivery.

1. Introduction
Removal of emerging pollutants from water, such as pharmaceuticals, pesticides, and dyes,

represents one of the most relevant challenges of this millennium. Among the emerging organic
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contaminants (EOCs), pharmaceuticals represent an insidious concern due to the insurgence of
multi-drug resistance microorganisms.? Diverse studies have been reported on the potential
toxicity of EOCs. Many belong to these matrices' antibiotic, analgesic/anti-inflammatory, antifungal,
In light of this, investigating their metabolisms and methods to avoid their contamination effects
has recently become a central topic for the scientific community.?

Indeed, pharmaceuticals and pesticides are the most common emerging pollutants introduced into
the soil and aquatic systems due to animal waste, freshwater aquaculture waste, and domestic,
hospital, and industrial waste.>

However, the wastewater treatment plants (WWTPs), designed to remove oxygen demand
pollutants, are only moderately effective in eliminating pharmaceuticals, with less than 10%
remediation efficiency.® As a result, such dangerous molecules are finally re-immitted into the water
bodies. As far as it is concerned, the complete removal of EOCs is still a "great challenge".”-8

The growing environmental awareness of protecting our ecosystem has significantly increased the
scientific efforts to envisage novel strategies for the remediation and prevention of contaminated
sites. Among these, technologies based on adsorption, advanced oxidation processes (AOPs),
biological technologies, separation processes, and multiple-treatment procedures have received
relevant attention.® Mainly, adsorption-based techniques are highly considered for removing EOCs
because of their flexibility, low cost, and easy application. 10-13

In the present study, we focused on the adsorption of EQCs, of selected contaminants reported in
Table 1, by using polymeric adsorbent cryogels based on functional acrylic and vinyl-benzylic

monomers (Table 2).



Table 1. Selected pollutants*
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Specifically, we selected as target molecules: lomefloxacin (Lome), ampicillin (Amp), and
doxycycline (Doxi), the non-steroidal anti-inflammatory (NSAIDs), piroxicam (Piro), the antimycotic
fluconazole (Fluco), the antiparasitic Moxidectin (Moxi). They are all commonly used and detected
in superficial waters.14-16

Lome belongs to the amphoteric class of fluoroquinolone (FQs).'” In some countries, it is used in
aquaculture to prevent disease in aquatic species, although, in Europe, it was no longer allowed.8
Amp is a representative of the B-lactam antibiotics that accounts for over 65% of the world antibiotic
market.’® In contrast, Doxi is a tetracycline released into the environment primarily through its use
as a veterinary antibiotic,?° and subsequently discharged via the animals’ excretion. Similarly, Moxi
is an antiparasitic drug used worldwide to treat cattle whose excretions are used as fertilizer.?! Its
toxicity to the marine environment was demonstrated over zebrafish embryos models.??

The Piro treats inflammations associated with arthritis and other musculoskeletal conditions.?? The

consumption of this drug reaches a value of tons per year, so it is found in the wastewater in the



amount of ng/L or Ig/L, exhibiting a high environmental toxicity.?* Finally, Fluco belongs to fungicides
used in agriculture and human medicine.?®

Together with the emerging pharmaceutical pollutants, we also considered the contamination
the dyes methylene violet (M-Viol) and thymol blue (T-Blue).?”

Specifically, M-Viol is widely used in the textile industries and also known as crystal violet for medical
uses.

Polymeric hydrogels are widely studied for environmental and drug delivery applications?®=3 due to
the peculiar chemical and/or physical complexation properties that can be tuned to satisfy the
removal or release of specific species.

Among this class of adsorbents, we focused our attention on “cryogels” produced in various shapes
and sizes at subzero temperatures with a low cost and toxic-free procedure since water is used as a
solvent. Differently from the most renowned aerogels,333 cryogels are characterized by
macroporous connected systems with dimensions comprised from sub-micrometer to hundred
micrometers, with improved mechanical and osmotic stabilities. Such polymeric sponges, able to
restore their original form after compression, can make the difference in these application areas.
Indeed, the super-absorbent property allows rapid access to all active sites, therefore pollutants are
readily sequestered and stably linked to the soft-bulk.3437 If used with heterogeneous solutions, the
large pores allow limited flow resistance and pores obstruction. In this view, it was recently
demonstrated that cryogels can be an attractive freestanding platform for the removal of inorganic
pollutants in agueous media such as Cd, Ni, As and Cr.38-4051

However, literature lacks to report their use to remove emerging pollutants from water, and
particularly towards pharmaceuticals. In this view, benefits introduced by cryogels could be
proficiently extended to the adsorption of these class of contaminants directly at the output of
wastewater treatment plant of pharmaceutical industries.

To this aim, as novelty we proposed herein the use of cryogels based on meglumine (C-megl), lysine
(C-lys), methacrylic acid (C-mA), and 2-hydroxyethyl methacrylate (C-ph) for the capture of all
selected target molecules. Based on uptake results, a new dual sponge formed by C-mA and C-megl|
was specifically designed to adsorb different species present in water in a single and rapid step.
Adsorption capacity, selectivity, recyclability, and the release of the adsorbates as a function of pH

were herein reported and discussed.



To the best of our knowledge, cryogels able to adsorb pharmaceuticals and selectively remove
species with opposite charges (i.e. anionic and cationic drugs) from water, concentrating and

releasing the target species on demand, were not yet investigated.

Experimental

2.1 Materials

2-Hydroxyethyl methacrylate (HEMA), N, N’-methylene-bisacrylamide (MBAA), ammonium
persulfate (APS), tetramethyl-ethylene-diamine (TEMED), Ampicillin sodium salt, ethanol (99.9%),
hydrochloric acid (37%), DMSO (99.7%), methanol (299.9%), trifluoroacetic acid (TFA),
dimethylformamide anhydrous (DMF), N, N’'-diisopropyl carbodiimide (DIC), 4-dimethyl
aminopyridine (DMAP), 2,4-Dichlorophenoxyacetic acid solution (2,4D), Moxidectin, methylene
violet, and thymol blue sodium salt were all purchased from Sigma-Aldrich and used as received.
Boc-Lys(Boc)-OH DCHA was obtained from Novabiochem (Hohenbrunn, Germany). (4-Vinyl-
benzyl)-N-methyl-D-glucamine, pHEMA-lys, and metacrylic acid criogels were synthesized in our
laboratory. Lomefloxacin chlorohydrate, Fluconazole, Piroxicam, and Doxycycline Hyclate were
kindly obtained (assigned purity > 99%) from Medivis srl. A Milli-Q water purification system
produced the deionized water.

2.2 Synthesis of Cryogels

C-ph cryogel was obtained using a monomer (HEMA and MBAA) solution (10% w/w) in water with
a molar ratio of 6:1 and of APS/TEMED (1% (w/w) of the total monomer concentration).*!
Subsequently, it was functionalized with Boc-Lys(Boc)-OH DCHA using DIC and DMAP and washed
with DMF/CH,Cl, at a ratio of 2:1, 1:2, and finally with pure CH,Cl, to obtain pHEMA-N, N’'-di-Boc-L-
lysine. Deprotection of N-Boc was carried out using TFA to obtain C-lys.*?

C-mA has been synthesized by polymerizing and cross-linking methacrylic acid by N, N'-methylene
bisacrylamide (MBAA) in a molar ratio of 5/1 in water at subzero temperature.*?

C-megl was obtained by cryo-polymerization of meglumine-based monomer using MBAA as
crosslinker (molar ratio 1/6 compared to the moles of monomer) as reported by Mecca et al..3°
The dual polymeric cryogel containing both C-megl and C-mA was synthesized as follows: a solution
of meglumine based monomer and MBAA as crosslinker with a molar ratio of 6/1 and APS/TEMED
as radical initiators was mixed and cooled down to —15°C allowing the solution to freeze for about

4 minutes. A freshly prepared solution of methacrylic acid and MBAA in a molar ratio of 5/1 was
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then cooled down to 0°C and a mixture of APS/TEMED was added to start the polymerization. The
solution was pre-cooled at about T = -10°C then added to the frozen sample and allowed to freeze.

After 24 hours, the sample was tawed to obtain the “dual” cryogel. The procedure is schematically
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Figure 1. Schematic representation of synthesis employed for the ‘dual’ systems.

2.2 Cryogels characterization

The polymers were characterized by various techniques to determine their physico-chemical
properties as well as their adsorption and release abilities.

FTIR analyses in the 4000-400 cm™ region were obtained using FTIR System 2000 (Perkin-Elmer,
Waltham, MA, USA) and KBr as media.

The UV-VIS spectra were acquired by a Spectrometer Lambda 45 (Perkin-Elmer, Waltham, MA, USA
The thermal stability of the samples was investigated by thermogravimetric analysis (TGA) using a
thermogravimetric apparatus (TA Instruments Q500) under a nitrogen atmosphere (flow rate
60 mL/min) and a heating rate of 10 °C/min, from 40 °C to 800 °C. Samples weighted ca 5 mg. The
weight loss percentage was determined by TGA.

Scanning electron microscopy (SEM) Phenomenex microscope was used to study the morphology
of the macroporous gels. Dried samples were cut into thin discs (1-2 mm thick) and sputtered with
gold (<10 nm) to confer conductivity. The data were acquired and processed using Phenom
Porometric 1.1.2.0 (Phenom-World BV, Eindhoven, The Netherlands).

Swelling tests were performed to estimate the water uptake capability of prepared sponges as
described in a previous paper.323> Inductively coupled plasma mass spectrometry (ICP-MS) Nexion
300 X was used to determine the chelating properties versus Arsenic of C-Megl in presence of an

organic dye. The standard procedure was reported previously.**



The pH at the point zero charge (pHzc) of C-mA, was calculated by pH zero drift method as reported
in literature.*> The carboxyl and amine chlorohydrate contents were determined by titration as
reported by Yuan et al. obtaining 8.55 mmol/g and 2,59 mmol/g of active monomers for C-mA and
Compression tests of synthesized cryogels were performed using a Thermo Scientific RS6000

rotational rheometer in uniaxial compression mode.

2.3 Adsorption experiments

Batch experiments were performed to study the sorption and desorption kinetics of the selected
pharmaceuticals. Stock solutions with a concentration of 500 ppm of ampicillin, lomefloxacin, M-
Viol and Fluco were prepared by using Milli-Q water. The Piro and Moxi solutions with a
concentration of 1000 ppm were prepared in DMSO, whereas the 2,4D and T-Blue 10.000 ppm
solution were prepared in methanol. Solutions were then diluted with the appropriate amount of
water and the pH was adjusted to 6.5, prior to their use for the adsorption tests. To this purpose, 5
mg of each adsorbent was added to 5 mL of adsorbate solutions and shaken in an incubator shaker
at 150 rpm at 25 + 0.5 °C for 24h. Solutions of Piro, Lome and Moxi at 25, 50 and 100 ppm were
prepared to this purpose. After contact (5, 10, 15, 30, 60, 180 min, 24 h), a fixed aliquot of the
solution was filtered. For the soluble compounds T-Blue and M-Viol, concentrations up to 900 ppm
were tested. Whereas solutions up to 800 ppm were prepared to study Langmuir and Freundlich
isotherms model of 2, 4 D adsorption. The residual contaminant concentration was measured by
UV-Vis spectrophotometer at the characteristic Ao reported in Table 1. UV Calibration curves for

all samples were reported in the Fig S1.

2.4 pH effect on the desorption

In order to evaluate drug release, materials were placed in a solution whose pHs were adjusted to
the desired pH value (1, 3, 4.5 and 9) by adding the appropriate amount of 1M HCl or NaOH. UV
measurements were carried out at a fixed time intervals (15, 45, 120, 245 min, and 24h) to check
the effectiveness of the pH-responsive release of the drugs.

To verify the regeneration efficiency, C-megl and C-lys were poured into pollutants solution at a

concentration of 25 ppm for 245 min. Then, they were washed with a solution of HCl 1 M. The pH



was restored to its initial value by washing the adsorbents with Millipore water. This procedure was

repeated for four times measuring the adsorption capacity after each regeneration cycle.

This work aims to design a cryogel platform that can be used to effectively adsorb organic
contaminants, eliminating them from water bodies. In light of this, depending on the nature of
pollutants, this study can help to solve environmental issues derived from emerging contaminants.
Since electrostatic interaction is the main driving force governing adsorption and release, cryogels
were synthesized to interact both with positive and negative charges. In addition, the 2-
hydroxyethyl methacrylate (C-ph) based cryogel was polymerized as a neutral reference. Indeed,
interactions such as hydrogen bonds and m-it staking may also influence the adsorption process.
Cryogels based on meglumine in its ammonium chloride form (C-megl) and lysine (C-lys) possess
basic properties at neutral pH due to the presence of the amine group.3®4! Megl is characterized by
a pKa close to 9.5 and an ammonium content of 2.59 mmol/g; this implies that amine groups are
almost entirely protonated near neutrality. The same also applies to Lys that has a pKa of 8.95. Thus,
from acid to neutral regions, both cryogels likely attract negatively charged molecules. A pH increase
is paralleled by a significant decrease of the adsorption; the progressive loss of positively charged
sites resulting from the deprotonation of active sites weakens the attractive interaction between
the cryogel and the molecules of interest that are negatively charged. Interestingly, a reversal of the
attractive interactions may be exploited to release pharmaceuticals and other pollutants from
loaded cryogels; this may be achieved simply by controlling the pH of the solution.

The methacrylic based cryogel (C-mA) with a content of carboxylic moieties of 8.55 mmol/g, is
negatively charged at pH 6.5 since the pKa of anchoring sites are lower than 5 and the pHz herein
calculated is 5.9. This means that at pH values in the conditions used by us, the active sites are
deprotonated and mainly interact with positively charged molecules.*®4” Our value for the C-mA is
higher than that obtained for similar polymers with carboxylate moieties (45); the data obtained
for C-Megl cannot be compared with literature data since, to the best of our knowledge, no data for
polymers with ammonium pendants have been reported in literature so far.

Obviously, also in the case of C-mA, the adsorption and release of the molecules can be triggered
and fine-tuned by changing the pH values of the solution. Following the desorption, the cryogel

may be used for a new cycle.



Table 2. Cryogels investigated.

Reagent Yield Charge’

H.C

C-megl EP 70/80% Positive
OH OH
OH

by
CH, OH OH

2
C'!M% H c)Hro\/\o)H/\lNHl 85% Positive
o]

NH,

C-mA HSC\IHLOH 80% Negative

CH,

C-Eh H’C%O’\/OH 73% Neutral

* Charge at pH=6.5

All cryogels were characterized from the chemical-physical point of view. FT-IR spectra (Fig. S2)
supports the formation of entities whose thermal properties are reported in Tab S1 (thermograms
in Fig S3). FT-IR spectra of the four polymeric materials were compared with the parent monomers
in Tab. 2.3248-50 Our results show the disappearance of the pattern of the typical signal ascribed to
methylene (-C=C) groups of the monomers in the range 1000-800 cm™ (see SI, Figure S2) and
support the formation of the polymeric sponge. The polymerization yields range from 73 to 90%
depending on the monomer used (Table 2).

The interconnected macroporous structures of cryogels entailed the formation of fast water
diffusion pathways allowing a rapid achievement of the equilibrium adsorption process. 3°4! The
swelling tests revealed high water uptake for all materials (Fig. S4a), although C-mA is characterized
by a higher swelling value than other samples. After squeezing, cryogels release the retained water
and can be subjected to re-adsorption. Adsorption properties did not change over the number of
cycles (usually not less than five) tested in the present work (Fig. S4b).

Morphological analyses are shown in Figure 2 (a-d). Micrographs show that all materials have the
typical macroporous structure; pore dimensions range from 24-98, 23-72, 24-84 and 24-134 um for
C-lys, C-megl, C-mA and C-ph, respectively. The pore distribution, average pore area ratio and circle

equivalent diameters are reported in the figure S5 and Table S2.



Figure 2. SEM images of the Cryogels: (a) C-lys; (b) C-mA; (c) C-megl; (d) C-ph.

ADSORPTION TESTS

To evaluate the adsorption properties versus the selected contaminants, C-megl was soaked in the
ad hoc ‘contaminated’ water at pH 6.5 (see experimental section), and the pollutants uptake was
measured by UV-Vis. Megl derivatives have been previously employed to remove different inorganic
components such as Cr (VI), As (IV), and Boron (l11).39°152 |n the present work we have used the
same derivatives to remove the selected polluting organic chemicals listed in Table 1. The % of
adsorption of the target molecules are reported in Figure 3 for all the investigated cryogels. C-megl|
adsorbed Piro, 2,4 D, Moxi and T-blue with outstanding efficiency though C-mA removed Moxi even

more efficiently. Since all cryogels (see structures in Table 1) adsorbed Moxi, independently from
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their charge or structure, it can be reasonably assumed that hydrogen interactions. are the main

driven forces involved in the process.

Piro presents both acidic and basic properties with pKa, values ranging from 5.3- 5.7.53 At the pH

R e i o R R

megl.

Similarly, both 2,4 D (pKa = 2.73) and T-Blue ( pKa = 1.6 and 8.9) are sequestered from C-megl since
they are negatively charged at the pH used.>*

In particular, the maximum adsorption capacities (Qm) calculated with Langmuir isotherms showed
surprising value for 2,4 D (420.45 mg/g) if compared to data reported in the literature for other
adsorbent materials (Figure S10, Table S4).3>

As predictable, the other compounds tested were not adsorbed since they are not negatively

charged under the conditions employed (Figure 3).
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Figure 3. Percentage of adsorption of the target molecules starting from solutions of 25 ppm as a

function of cryogels type. (a) C-megl, (b) C-mA. (c) C-lys, (d) C-ph.

Since C-lys is positively charged its performance is expected to be similar to that of C-megl. Indeed,
if compared with the latter, C-lys adsorbs the same set of molecules (Figure 3c). It is worth

emphasizing that the Lysine content within the sponge is only 25% whereas the remaining part was
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constituted by HEMA. Thus, its chelating ability turns out to be much higher than the meglumine
moieties constituting C-megl. Most importantly, C-lys revealed an affinity towards ampicillin sodium
salt which is not detected for C-megl, and performance better than the one detected for C-ph. In
including hydrogen bonding and/or Van der Walls, accomplished by steric factors that cannot be
excluded. Indeed, we can speculate on a preferential affinity of Moxi versus the less bulky C-lys in
forming H-bonds. Although highly relevant, the studies of other chemical/physical interactions
among the adsorbate and adsorbent lie outside this work's scope.

Adsorption tests were also executed by using cryogel based on methacrylic acid (C-mA). The pKa of
acrylic and methacrylic acid-based polymers is less than 5. This implies that the anchoring sites are
deprotonated in this region and thus can attract positively charged molecules as also shown by the
pHz reported in the $11.4346:56

Figure 3b shows that this material can effectively remove positively charged molecules such as M-
Viol and Lome molecules. Indeed, in its chlorohydrate formulation, Lome is positively charged at
neutral and acid solution, thus allowing for the instauration of electrostatic interactions with the C-
mA sites. Interestingly, up to 90% of Moxi was removed from the water. Sequestering may result
from different and synergistic phenomena. Due to Moxi low solubility in water, pKa values may be
used only in mathematical models.>’

As to C-ph cryogel, excellent uptake values were registered for M-Viol. As reported by Fouzia
Mashkoor et al.,*8 this property likely results from hydrogen bonds between the HEMA -OH group
and the amine of M-Viol.

The adsorption tests carried out with all the cryogels showed that Fluco was not removed.

Taking advantage of their spongy properties, after the adsorption all samples can be squeezed to
release decontaminated water, whilst the target molecules are trapped within the macroporous
structures. Specifically, C-megl and C-mA were loaded with solutions containing 10 ppm of Piro and
Lome, respectively, until they reached full swelling. Following the loading, cryogels were squeezed
and the released water was analyzed.

UV-Vis data clearly show that the aqueous solution thus obtained did not contain detectable
amounts of the target contaminants that remained instead adsorbed within the sponges.
Compression tests were also performed for all samples (Figure S12). As expected, all curves
exhibited an elastic deformation region at low strain values followed by a nonlinear stage at

compression values above 30%.5%%9 C-megl displayed slightly lower values of compressive stress
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over the entire deformation range investigated if compared to other samples. Young’s modulus

values calculated from the elastic region (<20% strain) were found to be 12.5 + 1.8 kPa (C-ph), 10.9

+ 0.5 kPa (C-ma), 10.7 £ 2.1 kPa (C-lys), and 11.7 + 1.0 kPa (C-meg).
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( )100 q 9 ( , 80 - c-megl
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Figure 4. Adsorption studies of selected pollutants a) Piro, b) Moxi, c) 2,4D, d) T-Blue) at different

concentration (25, 50, 100 ppm) and contact times with the C-megl cryogel.

Pollutants concentration effects of target molecules were also studied as a function of the contact
times with cryogels (Figures 4, and S9). About 4 mg of each material were immersed into the
solutions performing the experiments in batch. Figure 4 shows that, for all concentrations studied,
75% of contaminants adsorption took place within 15 min, reaching a plateau with higher immersion
times. These experiments were used to evaluate the adsorption kinetics models governing the
process. To this purpose, two different models (pseudo first and pseudo second order) were

considered.
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Figure 5. Adsorption kinetics models (pH: 6.5) of Piro for C-megl fitted with a) 1° order and b) 2° order and
of Lome for C-mA fitted with c) 1° order and d) 2° order.

In the pseudo-first-order model developed by Lagergreen, the rate-limiting step involves only
diffusion process, consequently the reaction rate depends only on the concentration of the
adsorbed specie. For this reason, according to the pseudo-first-order kinetic model physisorption is
the main adsorption mechanism. Lagergren’s pseudo-first-order kinetic model for heterogeneous
solid-liquid systems can be represented be the following formula:

Inin(Q.— Q) =minQ,— Kt (1)

where Q. and Q; (mg/g) are the amounts of contaminants adsorbed at equilibrium and time t (min),
respectively, assuming Q;=0 at t = 0 as the initial condition. The adsorption equilibrium capacity (Q.)

may be calculated by the following equation
_ (CO - Ce)x 14

Qe=—w — (2)

where Cy (mg/L) is the adsorbate initial concentration, Ce (mg L) is the adsorbate concentration at

the equilibrium, V (L) is the volume of water, W (g) is the weight of adsorbent used for the
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adsorption experiment. Plotting In(Qe-Q;) versus time (min) (Figure 5(a)), the slope value obtained
through a linear data fitting allows estimating the constant rate k, (min) for the adsorption process.
In the pseudo-second-order kinetic model the adsorption mechanism is considered to be similar to
to as chemisorption. In these conditions, the adsorption capacity depends on the adsorbent rather
than on the adsorbate concentration.5263

The following equation can describe the pseudo-second-order model:

t_t .t 3
Q: ~ K,0% + Q. (3)
and allows for the calculation of the reaction rate k, (g mg'min?t) and Q. by plotting the
experimental data t/q versus t, where Q. and k, can be extrapolated from the slope and intercept

of the best linear data fitting (see Table 3 and Table S3).

Table 3. Kinetic parameters calculated from pseudo-first order, pseudo-second order Q., K; and k;)

extrapolated from plots in Figure 5.

a-b Piro/ C-megl

Co (mgg?) 25 50 100
Qexp (Mg g1) 23.5 47.1 94.2
Pseudo | order

Ky (min-t) 0.029 0.030 0.028
Qe (Mg g?) 14.9 22.2 60.3
R? 0.942 0.839 0.943
Pseudo Il order

K,x 103 (min-l) 7.2 5.7 1.8
Qer (Mg g?) 24.0 47.6 96.2
R2 0.998 0.999 0.999
c-d Lome / C-mA

Co(mgg?) 25 50 100
Qexp (Mg g2) 21.2 43.1 89.0
Pseudo | order

Ky (min) 0.022 0.028 0.035
Q.r (Mg g?) 12.1 24.0 63.9
R2 0.884 0.863 0.972
Pseudo Il order

K, 103 (min) 7.0 6.3 1.9
Qe (Mg g?) 21.4 43.5 90.9
R? 0.998 0.999 0.999
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As a result, the adsorption process for all materials and adsorbates used in this work is well
represented by the pseudo-second-order kinetic model (Figure 5, Table S3 a-e). Indeed, the R?
values of extrapolated curves indicated an excellent fit over the entire concentration range
The adsorption process can be represented as chemisorption in which strong intermolecular
interactions (electrostatic or multiple hydrogen bonds) between the adsorbent and the adsorbate
were involved. In particular, the protonated amine of C-megl at pH 6.5 attracted the negative
charged Piro, whereas the -OH groups are likely responsible for hydrogen binding. Similarly,
carboxylic groups drive the electrostatic interactions with Lome and other positively charged
molecules. The significant divergence from the linearity from the pseudo-first-order model may
result from the strong adsorption that takes place at the beginning of the process.

Their kinetic constants values obtained by fitting the experimental data sets are summarized in
Table 3. It is worth emphasizing that K, values decreased as the concentration of the drug in the
solution increased. This behavior likely indicates that a higher concentration of contaminant in
solution might affect the adsorption process at the surface due to saturation phenomena.

From an industrial point of view, removing different types of organic or inorganic pollutants in a
single step is an attractive option. In this context, we also tested the ability of one of the cryogels
(C-megl) owing to its well-known ability to chelate metal oxyanions. Specifically, we focused our
attention on the removal of arsenate and thymol blue from an aqueous solution having an initial
concentration of these contaminants equal to 10 and 25 ppm, respectively.4°

C-megl efficiently removes both contaminants, reducing their concentration in water to 3 ppb and
0.9 ppm for arsenic and thymol blue, respectively (Figure S7). As mentioned above, the material can
be squeezed causing the release of decontaminated water whilst leaving both contaminants
trapped within the sponge structure.

To further implement the range of material applicability in water remediation, a dual sponge was
synthesized, taking advantage of the versatility of cryo-polymerization techniques.

Accordingly, a ‘dual’ sponge was obtained (see Experimental section) that allows for removing
contaminants with acidic and basic properties. Specifically, C-megl was left in the reactor after the
synthesis letting the reactant solutions to form the additional C-mA cryogel (see experimental

section Figure 1).
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Figure 6a-c. SEM image (a) of the C-mA portion, (b) the C-Megl portion, and (c) their interface.

The SEM images of the ‘dual’ cryogel show that the procedure adopted results in a stable C-megl/C-
mA linkage at the interface (Figure 6c). All micrographs exhibit a porosity change as described for
the single cryogel (see Figure 2). The material exhibits continuous connections without revealing
separation phases and/or cracks.

The ‘dual’ sponge (Figure 7) was kept in contact with the purple solution containing both dyes (T-
Blue and M-viol) at a concentration of three ppm for 24 hours; after this period, the solution became
colorless. The sponge regions consisting of C-megl and C-mA were colored in yellow and purple,
respectively, evidencing the adsorption of both T-Blue and M-viol with a removal efficiency higher
than 96% for both contaminants. It is worth highlighting that Qm calculated by Langmuir isotherms
for T-Blu and M-Viol for each single sponge are 791.37 and 712.70 mg/g, respectively (Figure S10 e
Table S4).

L] T-Blue
(] M-Viol

M-Viol T-Blue

Figure 7a-b. (a) Dual sponge picture after dyes adsorption and (b) Removal efficiencies towards M-

Viol and T-Blue after 24h of contact time
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RELEASE AND REGENERATION TESTS

Such materials may also find applications as medical devices to release the selected pharmaceuticals
under pH stimuli.

values of both the adsorbent and the adsorbate. Thus, for given adsorbents and adsorbates a
change of pH after adsorption may result in the partial or total release of the drugs in the
surrounding media. In case of a complete contaminant release, the cryogel is fully regenerated and
ready to be used again as an adsorbent or to be loaded as a drug delivery system.

C-megl (=10 mg) and C-lys (= 12 mg) were treated separately with a solution of 25 ppm of Piro until
the adsorption plateau was reached. Similarly, two portions of C-mA (= 12 mg) were immersed in
solutions of Lome or Doxi (25 ppm). Cryogels were removed from the ‘contaminated’ solutions,
washed with water, and kept in clean water in the dark for seven days. Spectroscopical analyses
showed that cryogels did not release the drug throughout the week. To demonstrate the ability in
regenerate/release under pH stimuli, the sponges were re-immersed in solutions and the pH was
adjusted to 3. Similarly, a set of experiments were carried out by immersing the cryogels in solutions
at pH 4.5 and 9 and monitoring the drugs released from each cryogel over a 400 minute period. The
acidic condition induced drugs release as a function of immersion times, as well as the nature of the

cryogel and the drug load (Figure 7).

a) b)

) k-1
b Piro c-megl @
& Piro c-lys ©
@ @
° Lome c-mA °
© Doxi c-mA o
2 ES

-50 0 50 100 150 200 250 300 350 400 -50 0 50 100 150 200 250 300 350 400
Time (min) Time (min)

Figure 7. Cumulative releases of target pharmaceuticals as a function of immersion times at a) pH

3, b) pH 4.5.
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Specifically, at pH 3, about 200 min were enough to find again ca 90% of the contaminant in water.
As to C-megl and C-lys, low pH values the retention of the positively charged tertiary amine groups
occurred. It may be reasonably assumed that the charge of Piro molecules changed from negative
For both C-megl and C-lys based sponges Piro was released more slowly than with other selected
systems. This means that for these materials, a slower level of Piro release can be achieved by
modulating the pH of the solution. Given that, higher pH values (Figure 7b) determined a slower
Piro release. Only 18% of Piro was detected in solution at pH 4.5 after 30 min of soaking and reached
80% after 200 min. Piro could only be removed from the C-megl and C-lys using stronger acidic
conditions (pH 1). At least five cycles of Piro adsorption were tested for the C-megl sponge without
any significant loss of its sequestering capability (see experimental section and Fig S8). Regarding
the release of Lome and Doxi, we are prone to consider that C-mA, played a key role in the
desorption process. C-mA is mainly protonated at pH<5 (Fig S11) and this thwarts the electrostatic
attraction towards positively charged molecules. At pH = 9, the desorption of Piro and Lome
experienced different behavior. Indeed, both C-Megl and C-Lys at such pH are partially protonated.
This status should involve a decrease in interactions with Piro molecules resulting in progressive
release of the drugs. However, at pH 9 Piro remained negatively charged whereas the adsorbents
positive sites are still enough to entrap the drug molecules. So, no release were registered.
Conversely, Lome was totally released from the C-mA due to the neutralization of the positive
charges of the hydro-chlorohydrate drug formulation.

The regeneration of the ‘dual’ sponge was also achieved by following two different procedures. In
the two-step method, the material was firstly soaked in a basic solution (=pH 12) for 60 min. This
time was enough to regenerate the C-megl part. After then, the sponge was washed with water and
soaked again at pH 1. In this case, the regeneration of C-mA portion proceeded more slowly. Indeed,
more than 150 min were needed to desorb the M-viol from the cryogel. Alternatively, a one-step
washing method with ethanol can be used to remove both dyes simultaneously. Following such a
procedure more than 90% of both dyes were removed from the treated materials in less than 30

min of immersion at room temperature.
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CONCLUSIONS

In this work, novel cryogel-based adsorbents were investigated to meet specific remediation needs
arising from emerging contaminants in the industrial sectors.

since water may be used for polymerization and natural derivatives are selected as sequestering
groups.

Similar to other hydrogel adsorbents, their use entails overwhelming advantages such as
sustainable production, effective removal, and low energy consumption while in-service.

On the other hand, the macroporous morphologies whose forms and dimensions can be controlled
with a low cost and easy procedure confer to cryogels additional benefits such us elasticity, limited
pores obstruction, and fast diffusion pathways of the medium.

Based on the above, materials having both acid (C-mA), basic (C-lys and C-megl), and neutral (C-ph)
functional groups were synthesized to remove a wide range of pharmaceuticals. It was
demonstrated that every single cryogel possesses outstanding adsorption efficiencies towards
target molecules having opposite charges. C-megl works efficiently up to a concentration of 100
ppm of Piro, 2,4 D and T-blue, eliminating more the 95% of molecules present in water. Similarly, C-
mA can eliminate more than 90% of Lome, Moxi, and M-Viol at the same concentration and in
presence of arsenate anions. Interestingly, the pHEMA cryogel functionalized with 25 % of lysine is
the only material among those tested able to adsorb discrete amounts of ampicillin. Finally, a novel
‘dual’ sponge containing acid and basic sites was synthesized and used to effectively sequester
antagonist species present in the same solution. Regeneration and releasing tests were performed
by washing both C-megl and C-mA with acidic solutions. A tunable drug release was obtained, and
the drug was entirely removed at pH 1.

The materials were tested up to five adsorption/regeneration cycles without a significant loss of
efficiency. It is relevant to highlight that the production of materials that covers different markets

can be economically advantageous from the industrial point of view.
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e New dual cryogel were designed by using cryo-polymerization.
e Macroporous structures provide an remarkable complexation of emerging pollutant in water.
e Pharmaceutical sorption capacity and release can be tuned by changing pH.

e The material can be regenerated and reused preserving its uptake efficiency.
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