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41 Abstract

43 The design of new hybrid nanocomposites based on poly (2-hydroxyethylmethacrylate) (pHEMA)
45 graphene oxide (GO) cryo-sponges, wherein ZnO nanolayers have been deposited to induce
photocatalytic properties, is here reported. Atomic layer deposition (ALD) at low temperature is
50 specifically selected as deposition technique to stably anchor ZnO molecules to the pendant polymer OH
52 groups. Furthermore, to boost the pHEMA cryo-gel adsorption capability versus organic dyes, GO is
added during the synthetic procedure. The morphology, the crystallinity, and the chemical composition

57 of the samples are deeply investigated by scanning electron microscopy (SEM), Transmission electron
58 1
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microscopy (TEM), X-ray diffraction analyses (XRD), Fourier transform infrared spectroscopy (FTIR)
as well as thermogravimetric analysis (TGA). Swelling properties, mechanical performance and
adsorption kinetics models of the hybrid materials are also evaluated. Finally, the adsorption and
photocatalytic performance are tested and compared for all the samples by using methylene blue (MB)
as dye. Particularly, the adsorption efficiency of ZnO/pHEMA and ZnO/pHEMA-GO nanocomposites,
as well as their in situ regeneration via photocatalysis, render such devices very appealing for advanced

wastewater treatment technology.

Introduction

Due to rapid population growth and intensification of agricultural and industrial activities, a diverse
array of hazardous pollutants is progressively entering in the aquatic system, posing a great threat to
human health !. The current water purification methods are unable to meet the present needs; many of
the procedures used today, including sedimentation, filtration, chemical methods and reverse osmosis,
were already established in the beginning of the twentieth century failing to satisfy many requirements.
Furthermore, they involve high operating costs and could generate toxic secondary pollutants into the
ecosystem?.

From the technology point of view, adsorption methods hold many advantages being one of the most
feasible, efficient as well as low-cost approaches. Various adsorbents, such as carbon-based materials3#,
clay>®, natural and synthetic polymers’, and organic—inorganic composites'?, can selectively capture
water pollutants. Among them, super-absorbent polymers have been extensively studied and applied in
waste-water treatment 71112, Even though adsorption can efficiently remove pollutants from water, this
process presents a critical issue: whatever the adsorbing phase is, it is not able to eliminate in a permanent
way the adsorbed pollutants. Therefore, further disposal is required!3. An eco-friendly and definitive

approach to degrade contaminants through their complete mineralization exploits the photo-catalytic
2
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process'413. The latter is considered as one of the most promising and green strategy to improve the
quality of water available for use in our daily life. In this context, photocatalysis by using inorganic (TiO,
and ZnQ0)!26 and organic (photosensitizers and photoactive polymers)!®- 27-28 materials have attracted
huge attention, stimulating several synthetic strategies with the aim to boost photocatalytic and visible-
light active performances?®:2%-39,

By now, the major barrier prevening the use of such kind of photo-catalysts is their post recovery after
water treatment. In fact, the nanoparticles are applied in a slurry to obtain high volumetric generation
rate of Reactive Oxygen Species (ROS). At the end of the process, catalysts separation is needed. If
nanoparticles are not removed, they can exhibit serious toxicity in aquatic and human life 3!. With this in
mind, researchers have been drawing the attention to a practical and safe application of such kind of
nanomaterials by using polymers to support them 93233,

In the last decade, the scientific community who works in the field of water purification, has been
impressively influenced by the discovery of graphene and its derivatives 3+ 35. Among the materials
designed for both adsorption and photocatalysis, a key role is reserved to graphene-based polymeric
composites. In this context GO, produced by oxidation of graphite, was intensively investigated as an
effective low-cost polymeric filler. The peculiar property that makes GO an excellent candidate as
constituent of polymeric materials for water treatment consists principally in its high specific surface
area, that provides huge adsorption ability versus organic and inorganic contaminants4-38, Furthermore,
GO can improve thermal and mechanical stability, and add radical scavenger properties to the blended
polymer, allowing enhanced resilience during the recycle steps’*-#43. These properties might constitute

also fundamental requirements in the case of the polymer-supported photocatalysts.

In this paper, we report the formulation of a novel multifunctional material, combining in a single system
both adsorption and photo-degradation processes, fundamental to remove pollutants in a permanent way.

We have selected cryo-polymerization in water as a green method to produce sponges*!-#4, eventually
3
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adding GO during the non-frozen phase. As known, cryo-gelation allows preparing porous gels with high
toughness and superfast responsivity. In the last 15 years, due to their extraordinary properties, cryogels
have attracted intense attention resulting in several biotechnological and biomedical areas** 4. Here, we
explore their application in the water remediation field. With this aim, the synthesis of ad hoc super-
adsorbent polymeric composite was performed by using 2-hydroxyethyl methacrylate (HEMA) as
monomer and GO as filler.

Notably, taking advantage from the hydroxyl pendant groups on HEMA moieties, our strategy also
involves the covalent linkage of HEMA to the ZnO molecules by using atomic layer deposition (ALD)
4647 The use of ZnO, through a stable covalent linkage between the polymeric support and the
photocatalyst, provides a freestanding material, easily and safely removable from the polluted site and
able to degrade pollutants after each adsorption step as well. This represents a crucial advantage. Indeed,
nicely adsorbent devices reported in the recent literature, present excellent performance in terms of dyes
removal, even if their regeneration is still challenging#4°.

The formulated multifunctional polymer nanocomposites were characterized by Fourier transform
infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), scanning and transmission electron
microscopy (SEM and TEM), and X-ray diffraction (XRD). Their adsorption capability, contact time,
mechanical performances, recyclability and photocatalytic efficiency versus MB removal, are here

reported and discussed.

Results and discussion

The pHEMA polymeric materials were synthesized via cryo-structuration method at a temperature below
the water freezing point (see the experimental section). In our synthesis, the polymerization yield ranges
from 80-85% for all the samples. GO was added as a filler to impart superior adsorption efficiencies

versus anionic and cationic organic dyes **and its final content into the polymer composite was estimated
4
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by TGA (see Table 1). Finally, in order to produce a photocatalytic activity, it was further chemically
modified by introducing ZnO through ALD (see experimental section). Given that, the cryo-sponges
obtained (pHEMA, pHEMA-GO, ZnO/pHEMA, ZnO/pHEMA-GO) were subjected to the
morphological and physico-chemical characterizations reported as follows.

SEM and TEM analyses

In Fig. 1 SEM micrographs of all typologies of synthesized samples are reported. The pHEMA

samples images (Fig. 1(a-d)), reveal typical structures consisting in microporous jagged surface, with a

random 3D network.
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Figure 1. SEM images of pHEMA (a), pHEMA-GO (b), ZnO/pHEMA (c), and ZnO/pHEMA-GO (d),

together with high magnification images reported as insets of figures (c) and (d).

Even if the images collected for samples containing ZnO (Fig. 1(c-d)) appear much more resolved,
they did not reveal any significant structural modifications if compared to the samples without ZnO. This
is likely due to the great conformability of the ALD process®. In the insets of Fig. 1, high magnifications
of the surfaces of pHEMA and pHEMA-GO coated with ZnO are reported on top. The images displayed
the typical morphology of ZnO, formed by small grains, uniformly distributed on the surface, showing a
regular shapes and sizes coating®.

Figure 2 reports the TEM analyses of the ZnO/PHEMA sample. In particular, the TEM image in plan-
view (Fig. 2 a) confirms the morphology of the ZnO/pHEMA already showed by the SEM analyses
reported in Fig. 1; the ZnO thin film is made of grains with an average diameters of ~ 10 £ 1 nm
(calculated by measuring the diameter of several grains, by Digital Micrograph 3.6.1 of Gatan Inc.). The
cross-section TEM image reported in Fig. 2 b) shows the great conformality of the ZnO film due to the

ALD technique, and indicates a mean film thickness of ~ 15 nm.

20 nm

Figure 2. TEM images of plan view (a) and cross section (b).
6
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XRD analysis

To further appreciate the presence of photoactive ZnO crystals on the pHEMA materials, XRD

oNOYTULT D WN =

analysis was performed before and after ALD procedure (Figure 3).

ZnO/pHEMA

~
Intensity [arb. unit]

pHEMA |

28 " 1 " 1 " 1 "
29 20 30 40 50 60

30 Diffraction angle 2 0 [degree]

34 Figure 3. XRD patterns of pHEMA, and ZnO/pHEMA (from the bottom to the top).

The large band observed for the pHEMA in Figure 3 is related to the amorphous structure of the polymer.
40 In particular, patterns for both samples showed very broad features consistent with the incoherent
42 scattering from an amorphous solid. Conversely, after ALD cycles of ZnO, the pattern of ZnO/pHEMA
shows well-defined Bragg peaks corresponding to the planes (100), (002), (101), (110), confirming the

47 wurtzite crystal structure of the thin deposited films (JCPDS 36-1451).

50 The average crystalline size is assumed to be the size of a coherently diffracting domain, and it was

52 calculated from the XRD peak width of (101), based on the Debye—Scherrer equation®!, reported below:

55 kA

D=——
57 IBhleOS 0
58 7

(1)
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where By is the integral half width, k is a constant equal to 0.90, A is the wavelength of the incident X-
ray (A = 0.1540 nm), D is the crystallite size, and 0 is the Bragg angle. The average crystalline size for

the ZnO thin film resulted 10 + 1 nm that is equal to the value calculated by the TEM analyses.

Thermal analysis

In order to quantify the inorganic content into the samples as well as their thermal stability, thermal

analysis by using TGA was also performed.

Table 1. Temperature at maximum rate of decomposition and residual masses of pHEMA samples as

estimated through TGA analyses.

1 — O,
SAMPLE Ty [°C] Res1du[eW ifor/l:,] 800°C
PHEMA 42542 2.8+0.8
PHEMA-GO 426+1 3.442.1
ZnO/PHEMA 418+2 10£1.5
ZnO/PHEMA-GO | 40442 14.9+0.8

In Table 1 the results of TGA performed by using N, as gas carrier up to 800 °C are summarized. The
temperatures at the maximum derivative of weight loss (Typ) range from 404 to 426 °C depending on
the material formulation. The low content of GO into the polymer did not significantly change the thermal
behaviour of the material, whereas the samples enriched with ZnO nanostructures produce a sensible
decrease of Typ of about 8-20 °C with a residue ranging from 10-15% depending on the ZnO samples.
Indeed, as reported in the literature for the poly methylmethacrylate (PMMA), a content in ZnO higher
than 0.15%, determines lower temperatures of polymer degradation3?. The TGA results also indicate a
4.9% of residue in ZnO/pHEMA-GO higher than in ZnO/pHEMA sample. This finding is more likely
attributed to the presence of = 0.6% of GO into the polymer specimen. As reported in the experimental
section, GO is constituted of aggregates containing 15-20 sheets with a 4-10 % of edge-oxidized. We

reasonably suppose that ZnO nucleated on the defect sites, reacting with the oxidised groups in a covalent

8
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mode, contributing to its increment into the final material®. For more details, the TGA and DTGA

(derivate of TG) curves are reported in the supplementary information (Figs S1-S4).

Swelling Test

High absorption capacity, quick absorption equilibrium and/or swelling—deswelling properties are
fundamental parameters that have to be estimated, in order to establish the capture efficiency of the
formulated materials versus organic pollutants in water.

The dynamic adsorption behaviour of the prepared ZnO and GO samples was tested and compared with
the pHEMA reference!!> 3436, The equilibrium swelling degree can be calculated using the following

formula®’.

(mw - md)
swelling degree = —— (2)
mgq

where m,, is the weight of the wet cryogel and m, is the weight of the dry cryogel.

In Fig. 4, the equilibrium swelling degree (ESD) for each sample is reported. The column graph shows
similar ESD values for pHEMA, ZnO/pHEMA, and pHEMA-GO: ~ 9.5 + 0.2 g/g, while a lower value
was measured for ZnO/pHEMA-GO: ~ 6.0 + 0.2 g/g. This clearly means that the ZnO/pHEMA-GO
samples is able to adsorb a smaller amount of water. This result is supported by TGA analyses, that reveal
an higher content of ZnO in ZnO/pHEMA-GO if compared with ZnO/pHEMA samples, and consistent
with data reported in the literature indicating a not relevant water adsorption for ZnO films*?; as a

consequence, higher ZnO content would induce a lower swelling capacity.

9
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Figure 4. Equilibrium swelling degree of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO.

Figure 5 reports the normalized swelling degrees in water as a function of time. All the samples took

only 2.5 s to reach ~ 95% of the equilibrium swelling capacity, achieving the equilibrium-swollen state

in less than 10 s. In this case, the presence of the ZnO into the material formulations did not influence in

a relevant manner the swelling rate of the composites. Furthermore, the ZnO nanocomposites exhibit

superfast and stable oscillatory swelling—deswelling up to 5 cycles (Fig. 6) without any significant loss

in the swelling degree and water recovery, similar to the results reported by Wang et al. in the literature!?.

Although the swelling performance of ZnO/pHEMA-GO samples reported in Fig.s 4 and 6 appears to be

slightly affected by the higher amount of the ZnO (see Table 1), we suppose that its contribution certainly

could make the difference in terms of pollutants removal.

10
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24 Figure 5. Dynamic swelling profiles of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO.
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56 Figure 6. Swelling/ deswelling degree cycles of all pHEMA samples
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The porosity of the dried samples was calculated as percentage by measuring the absorbed volume of

cyclohexane versus the total volume of each sample (see experimental section). The data displayed in

Figure 7 evidenced as the porosity of pHEMA was not altered by the addition of GO, as well as of ZnO

molecules. In particular, ZnO nano-structuration by ALD could determine the shrinkage of the pores

size, affecting the final access to the surrounding medium. Our results (Fig. 7) do not show any significant

differences in cyclohexane uptake for all samples, suggesting that any shrinkage of pores size occurs after

ZnO deposition.

90

[N
()
T

Porosity [%]

W
(e}
T

pHEMA

Figure 7. Porosity of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO cryogels.

Mechanical characterization

ZnO/pHEMA

pHEMA-GO ZnO/pHEMA-GO

The curves displaying the stress-strain behavior of the cryogels subjected to compression tests are

shown in Figure 8.

ACS Paragon Plus Environment
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Figure 8. Stress-strain curves of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO wet

cryogels subjected to compression test.

All the samples could bear compression strain of 50% without permanent deformation or mechanical
destruction. As expected, all the curves exhibited an elastic deformation region at low strain values
followed by a non-linear stage at compression values above 30%°%. It is noticed that pHEMA-GO
displayed slightly lower values of compressive stress all over the deformation range investigated, likely

due to its higher equilibrium swelling degree.

In addition this can also arise from a slightly lower crosslinking density due to the interference of GO
during the polymerization step. ZnO deposition on pHEMA-GO resulted in increased compression stress,
while ZnO/pHEMA did not show significant differences in comparison with pHEMA. The Young’s
modulus values calculated from the elastic region (< 20% strain) were found to be 12.5 +1.8 kPa
(pHEMA), 109+0.5kPa (pHEMA-GO), 10.7+2.1kPa (ZnO/pHEMA) and 11.7+1.0kPa

13
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(ZnO/pHEMA-GO). These values are comparable with those reported for other HEMA based cryogels™,
and demonstrate the though and elastic nature of the cryogels which is appropriate for the envisaged

application.

In order to get insight into the recyclability of the cryogels, 10-cycle compression tests were carried
out, which provided information on the mechanical stability of the samples (Figure S5). All the samples
showed very good mechanical reversibility upon compression cycling, as after 10 cycles at 50% strain
the cryogels maintained 97.3% (pHEMA), 87.2% (pHEMA-GO), 92.8% (ZnO/pHEMA), and 88.0%

(ZnO/pHEMA-GO) of the initial compression stress.
Kinetic adsorption studies

Kinetic adsorption studies were carried out at room temperature to provide information concerning the
interaction mechanisms that occur between dye and our functionalized pHEMA materials.

In order to evaluate the amount of MB adsorbed at equilibrium, the cryogels were immersed in a solution
of MB overnight, until the equilibrium was reached. At time ¢z, the adsorption capacity Q; (mg g -!), was

determined by the following equation®:

(Co—CIV
Q=% — 3)

Where C) (mg L) is the initial concentration of MB, C; (mg L-!) is the concentration of MB at time ¢, V'
(L) is the volume of the solvent, W (g) is the amount of adsorbent used in the adsorption process. The

results of this experiment are reported in Fig. 9.

14
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Figure 9. MB adsorption capacity versus time for pHEMA, pHEMA-GO, ZnO/pHEMA, and

ZnO/pHEMA-GO.

To further achieve information on distribution of MB molecules between the solid and liquid phase at
the equilibrium, the adsorption kinetics and the capacity of the cryogels at the equilibrium were
monitored by using the adsorption isotherms. The adsorption capacity at the equilibrium, O, (mg g!),
was computed by the following equation:

_ (CO_Ce)XV

0, —

(4)

where C) (mg L) is the initial concentration of MB, C, (mg L) is the concentration of MB at the
equilibrium, ¥ (L) is the volume of the solution, /¥ (g) is the amount of adsorbent used in the adsorption

process.
15
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In Table 2 the values of Q, for each sample were reported. As predictable, the samples containing GO
(PHEMA-GO and ZnO/pHEMA-GO), exhibited higher adsorption capacities if compared to the unfilled
GO samples 31

Table 2. Equilibrium adsorption capacity of the tested cryogels at room temperature.

SAMPLE Q. [mg/g]
pHEMA 0.73 £0.01
pHEMA-GO 0.97+ 0.02
ZnO/pHEMA 0.82+0.02
ZnO/pHEMA-GO | 0.94+0.02

Adsorption reaction models are widely utilized to describe and discriminate among the different kinetic
process of adsorption phenomenon. In static conditions the most applied models are the pseudo-first-
order, pseudo-second-order, and intraparticle diffusion®!-®2. The pseudo-first-order model presented by

Lagergren is based on the solids capacity to adsorb and is given by Eq. (5)%:

Q.
—r = k.- @) 5)

where O, and Q, (mg g -!) are the adsorption capacities at equilibrium and time # (min), respectively, and
k; (min') is the pseudo-first-order rate constant of the kinetic model. Integrating Eq. (4) using the initial

conditions of O, = 0 at =0 leads to Eq. (6) %

n(gog) =kt ©
which can be rewritten as
In (Q.— Q) =In Q. — kit (7)
This model is normally used when the adsorption operation is fast, attaining the equilibrium within 20—

30 min.

16
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In the second-order model the driving force (Q.-Q,) is proportional to the available fraction of active

sites, and it can be written as:

dQ. ,
a2 = ke(Qe—0Q0) ()
and integrating Eq. (8)
1 1 " 9
_ t
Q-0 0. " ©

This last equation can be rewritten as follows:
t
—=— 4+ = (10)

The second-order rate equation has been successfully applied to the adsorption of metal ions, dyes, and
organic substances from aqueous solutions. Several studies for adsorption of divalent metals reported
that the majority of the sorption kinetics follows pseudo-second-order mechanism®463.

A functional relationship common to most of the treatments of intraparticle diffusion is that uptake
varies almost proportionately with the half-power of time (z%7), rather than 7. Good linearization of the
data is observed for the initial phase of the reaction in accordance with the expected behaviour if
intraparticle diffusion is the rate-limiting step®.

The intraparticle diffusion model is expressed by the following equation:

Q=knft+C (11

where k; is the intraparticle diffusion rate constant (mg g-'h-0-).

The k; values are calculated from the slope of the straight line of the respective plots. The plot of O, versus
*° may present multi-linearity, which indicates that two or more rate controlling steps occur in the

adsorption process.

17
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Based on three discussed models, several fittings of the experimental data were performed. In Table
3 the values of R? for all samples are reported. The comparison of R? for the three different models clearly

shows that our experimental data fit more closely to the pseudo-second-order law (Figure 10).

Table 3. R?values for the different kinetic models of MB adsorption on the tested samples.

R2 | II Intraparticle
Order order diffusion
pHEMA 0.929 0.999 0.923
pHEMA-GO 0917 0.998 0.912
pHEMA/ZnO 0.918 0.998 0.928
pHEMA-GO/ZnO 0.814 0.997 0.956

As reported in the literature®®, the pseudo-second-order kinetic model assumes that a chemisorption
process occurs. As desirable, we can conclude that the MB adsorption performed by our pHEMA

cryogels is mainly driven by chemical interactions.

18
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32 Figure 10. Adsorption kinetic of MB for pHEMA (squares), pHEMA-GO (circles), ZnO/pHEMA (up
34 triangles), and ZnO/pHEMA-GO (down triangles) fitted with the pseudo-second-order model (dashed
37 lines).

39 Adsorption/photocatalytic test

41 To verify the efficacy of the regeneration process accomplished by the ZnO polymer coating,
adsorption followed by photocatalytic process for all the samples was executed by using MB solution as
46 organic pollutant reference. Three adsorption processes were performed; between them, all samples were
48 irradiated by an UV lamp to regenerate the material via the photocatalytic action of ZnO.

The adsorption results collected in each cycle (420 min for each cycle) were summarized in Fig. 11,
53 reporting a column graph with the percentage of adsorbed amount of MB for the different samples. The
55 MB dye adsorption was performed in the absence of adsorbent materials, in the presence of pHEMA,

58 19
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pHEMA-GO, ZnO/pHEMA, and ZnO/pHEMA-GO. As expected, no variations in adsorbance
percentage values were revealed in the MB reference experiment. During the first cycle, pHEMA adsorbs
~37% of MB, while pHEMA-GO is able to adsorb ~ 57% of the dye. The higher value obtained from the
latter sample is due to the excellent capability of GO to capture pollutants’?. ZnO/pHEMA and
ZnO/pHEMA-GO samples absorb ~ 41% of MB (see Fig. 11). This finding can be reasonable ascribed
to the ZnO coverage of the GO sheets that, hindering the interactions between dye molecules and GO
surface, decrease the peculiar GO sequester performance. After the second and third cycles, pHEMA and
pHEMA-GO exhibit a sensible decrease in the adsorption capacity, indicating that the merely UV
exposure was not able to photodegrade the adsorbed MB. Consequently, the materials after the 3t
adsorption cycle were not regenerated. As evidenced in the figure, the values decrease from the first to
the third cycle in both pHEMA and pHEMA-GO up to ~ 22%, and ~ 35%, respectively. Differently, the
corresponding samples coated with ZnO showed a nicely comparable adsorption capacity during the
three cycles, proving as these devices can be efficiently regenerated by UV light irradiation. Figure S6
reports the evolution time up to 420 min of the MB residual concentration during the adsorption processes
for the three cycles. The anchorage of the photocatalyst to the polymeric sponges, that is able to produce

ROS in water, clearly play a decisive role in this experiment.

20

ACS Paragon Plus Environment



Page 21 of 56 ACS Applied Materials & Interfaces

1

- [l | Cycle
B 11 Cycle
10 B 111 Cycle

oNOYTULT D WN =

O
=N
o
T
]

I
tn

L2
<

Adsorbed MB [%]

N
o
—
wh

MB pHEMA pHEMA-GO  ZnO/pHEMA ZnO/pHEMA-GO

30 Figure 11. Recyclability after three adsorption cycles of MB, pHEMA, pHEMA GO, ZnO/pHEMA
32 and ZnO/pHEMA-GO.

To corroborate the effective photo removal of MB after UV light exposure, FTIR analyses were
37 performed of the pHEMA and ZnO/pHEMA samples. Fig. 12 shows the spectra of pHEMA as-prepared
39 (the first from the top), after the first cycle of the adsorption process (the second from the top), and, after
H the photocatalytic process (the third from the top). The pHEMA diagnostic bands at 3400-3100, 2895-
2854, 1722, 1162 and 1022 cm ~ !, corresponding to O-H, C-H, C=0, C-C-O group stretching vibrations,
46 and O-H bending, respectively appeared in the IR profile®®. The FTIR spectrum of MB in Fig. 11 reported
48 as reference, clearly showed the typical peaks of the dye. In particular, the peak at 1600 cm™!' related to
the C=C stretching of aromatic ring and the two peaks at 1354, and 1340 cm!, associated with two
53 different C-N bonds of MB (see vertical dashed lines in Fig. 12)%°. As expected, after MB adsorption, the

35 IR spectra of both pHEMA and ZnO/pHEMA revealed the appearance of aforementioned MB peaks
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(drawn lines) among the signals, while, from the inspection of the identical samples subjected to the UV
irradiation up to 5 hrs, their disappearance was evident. Accordingly, in the IR spectra of irradiated virgin

pHEMA, peaks belonging to MB remained visible.

4000 3200 2400 1600 800

pHEMA a)

as prepared

= .
*é after adsorption
=
2 . aﬁ.er.
= irradiation
5
=
7]
=
3
=
[
'l l 'l l 'l l 'l l
/nO/pHEMA b )
= as prepared
=
=
"sg after adsorption
I
é‘ after
2 irradiation
3
,E 1
MB

4000 3200 2400 1600 800
Wavenumber [cm ']

22

ACS Paragon Plus Environment



Page 23 of 56 ACS Applied Materials & Interfaces

Figure 12. FTIR spectra measured on pHEMA (a), and on ZnO/pHEMA (b), as prepared (first

spectrum from the top), after MB adsorption (second spectrum from the top), and after regeneration by

oNOYTULT D WN =

UV light irradiation. The spectrum of pure MB is shown as reference. The spectra were vertically shifted

10 for clarity. Vertical dashed lines indicate the typical stretching peaks of MB.

15 FTIR analysis of ZnO/pHEMA-GO sample was also performed, showing a similar trend (S7). To
17 verify the chemical stability of the samples after the regeneration by the photocatalytic process SEM and
XRD analyses of ZnO/pHEMA after the regeneration have been performed and reported in Fig. 13 (a-
2 b). In particular, SEM images (Fig. 13 a) show the same morphology of the ZnO/pHEMA before the
24 adsorption process (Fig. 1). The diffractogram of ZnO/pHEMA after the photo-regeneration (Fig. 13 b)
26 presents the peaks related to the wurtzite structure at 31.8 ©, 34.5° and 36.5°. The grain size, calculated
by the Scherrer’s law, resulted 10 = 1 nm, not showing any substantial variation with respect to the size

31 calculated before the photocatalytic regeneration.
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Figure 13. a) SEM analysis of ZnO/pHEMAafter the regeneration, and high magnification (inset); b)

XRD diffractogram of the regenerated ZnO/pHEMA.

Experimental Section

Materials

2-hydroxyethylmethacrylate (HEMA), N,N-methylenebisacrylamide(MBAA), ammonium persulfate
(APS), N,N,N’,N’-tetramethylethylenediamine (TEMED) and graphene oxide (GO) in water solution
Img/mL containing aggregates of 15-20 sheets with a 4-10 % of edge-oxidized were purchased from

Sigma Aldrich.
24
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Preparation of pHEMA and pHEMA-GO

The pHEMA cryogel was obtained following the described procedure previously 7°, using 10% w/w
monomers (HEMA and MBAA) solution in water with a molar ratio of 6:1, HEMA:MBAA, and 1% w/w
APS/TEMED of the total monomers. Each cryogel was synthesized in 0.5 mL solution in a glass tube, 6
mm in diameter, and frozen overnight at -16 °C. The cryogels were then washed with water, ethanol and
diethyl-ether and left to dry at room temperature under nitrogen flux. At this stage, the unmodified
pHEMA cryogel represents the plain cryogel used as a reference. To obtain the GO cryo-composite, a
sonicated 0.2 % water solution of GO was used as medium to synthetize HEMA and then treated as
reported above. The samples used for ALD, TGA and photocatalytic experiments, were cut in pieces of

0.4 cm using the same section eliminating the top and the bottom part of the specimens.

Atomic layer deposition of ZnO on pHEMA and pHEMA-GO
ZnO films were deposited by ALD using the Picosun R-200 Advanced reactor. During the deposition the
temperature was fixed at 80 °C. The ZnO was deposited on cylinders of pHEMA, pHEMA-GO, and in
pieces of silicon as reference. Diethyl zinc (DEZ, purity 99.9999%) and de-ionized water were used as
precursors, while N, was used as carrier and purge gas (purity > 99.999%). The pulse and purge time
were kept constant at 0.1/3/0.1/5 s for DEZ/N,/H,O/N,, by using three-times pulses for both DEZ and
H,0 precursor, for a total of 110 cycles. The flow rate for DEZ and H,O were 150 sccm and 200 sccm,
respectively, while the flow in the other lines was 40 sccm. The pressure of the reactor was ~ 10 hPa.
The precursor’s temperatures were fixed at 22 °C. The film thickness was evaluated thanks to ZnO
deposited on silicon, by the Woollam M-2000 spectroscopic ellipsometer, by applying a Cauchy model

in the 400—1700 nm range. The film thickness resulted ~ 15 nm. The pHEMA, and pHEMA-GO used
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for this study had a weight of ~ 5 mg. The synthesized materials after the ZnO deposition will be hereafter

called: “ZnO/pHEMA” and “ZnO/pHEMA-GO

Characterization

All the synthesized materials were deeply characterized. The morphology of the sponges were
investigated by SEM, with a field emission Zeiss Supra 25 microscope. The pHEMA and ZnO/pHEMA
samples, were previously coated, by sputtering, with a 10 nm thick gold film, in order to prevent electron
beam charging of the insulating polymer.

TEM analyses were performed with a JEOL ARM200F Cs-corrected operated at low current and low
voltage, 60keV, in order to avoid specimen damaging and charging. All the images have been acquired
in Conventional TEM (C/TEM) mode and Bright Field (BF). Inelastic scattering contribution of the
electrons has been removed by inserting the energy filter, a GATAN Quantum ER, with a 10eV energy
slit tuned on zero loss in order to improve the contrast and better localize the nanoparticles.

As for the specimen preparation, the processed specimen has been gently scratched on an ultra thin
Carbon TEM grid, and transferred to the microscope.

The structure of the samples was evaluated by XRD analyses, with a Bruker D-500 diffractometer,
operating with a parallel Cu-Ka radiation at 40 kV and 40 mA, 26 from 20° to 60°, in 6 /20 mode. The
XRD spectra were analysed by the Bruker software suite, including ICSD structure database.

The thermogravimetric analyses of the samples were performed using a thermogravimetric apparatus
(TGA, TA Instruments Q500) under nitrogen atmosphere (flow rate 60 mL/min) at 10 °C/min heating
rate, from 40 °C to 800 °C. Sample weights were approximately 6 mg. TGA sensitivity is 0.1ug with a
weighting precision of £ 0.01%. The isothermal temperature accuracy is = 1°C.

The swelling properties were determined by gravimetric analyses. For the determination of the

swelling profile, dried samples in the form of cylinders, ~5 mm in diameter and 4 mm in height, were
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swollen in de-ionized water. Excess of surface water was gently wiped off using filter papers before any
measurements of the mass of the swollen sample.

To calculate the equilibrium swelling degree, each sample was soaked in water for 30 minutes and
then it was carefully placed on the weight scale. A small amount of water was added to rectify any loss
during sample collection and transport, any excess of water was removed by absorbent paper. The
calculation of water adsorption kinetic was estimated by placing each sample in contact with a slight
excess of water for the selected time, therefore the excess of not absorbed water was quickly removed by
absorbent paper. The wet sample was weighted and the value of water absorbed at time # was normalized
with respect to the value of the water absorbed after 30 min. For the determination of swelling-deswelling
cycles performances, after the first determination of equilibrium swelling, all the wet samples were
placed between two sheets of absorbent paper and squeezed with a 50 g weight for about 5 min. The
squeezed samples were weighted, then immersed again in water and prepared for a new swelling degree

determination. This operation sequence was repeated 5 times.

The porosity of the dried samples was calculated as percentage by measuring the adsorbed volume of
cyclohexane versus the total volume of each sample. The porosity of the cryo-gel samples was measured
according to Archimedes’ principle using an adapted gravity bottle and determined by the following

equation,

|4 ores w
Porosity % = x 100 = 7=~ x 100 (11)

Vsample my +m,y,

where m, is the mass of the dried cryogel, m,, is the mass of the cyclohexane-saturated cryogel, m; is
the mass of the gravity bottle filled with cyclohexane, m; is the mass of the gravity bottle containing
cyclohexane and cryogel. To remove residual gas into the cryogels, the samples were immersed in
cyclohexane under reduced pressure before their transfer inside the gravity bottle.
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Compression tests of wet pHEMA-based cryogels were performed using a Thermo Scientific RS6000
rotational rheometer in uniaxial compression mode. Equilibrium swollen cryogel samples were cut in
pieces of 6 mm height, and placed in between the rheometer plates (20 mm diameter) at 25 °C. The
rheometer gap were reduced until the sample was firmly kept between the plates, then a pre-strain of 0.4
mm was imposed. The samples was then compressed up to 50% of the initial height with a speed of 15
mm/min.

The adsorption properties of all the samples were examined through the adsorption of MB dye in
aqueous solution. In a typical experiment, ~ 5 mg of sponges were added in 2 mL of MB solution with a
starting concentration of 1.5 x 10 M (4.8 mg/L), at room temperature and with a neutral pH. The
adsorption tests were run in parallel for each sample. Every 30 minutes, the solutions were collected, and
the adsorption of MB onto materials was evaluated measuring the variation of the dye absorbance at 664
nm. The dye adsorption on the vial walls was also checked, as a reference, in the absence of the adsorbent
materials.

With the aim of regenerating the sponges, they were immersed in de-ionized water and irradiated by
an UV lamp, centered at 368 nm, with an irradiance of 4 mW/cm?, for a total time of 5 hrs.

FTIR characterization was performed by a Perkin-Elmer Spectrum 1000 spectrometer. The analyzed
samples, in the form of tablet, were obtained by mixing ~1 mg of milled sponge with 300 mg of KBr
powders in an agate mortar and pressing with a press. In order to evaluate the adsorption and the eventual
photodegradation of the adsorbed dye under UV light irradiation, after the absorption process and after
the UV light irradiation a portion of each sample was dried, at 100 °C overnight and analyzed by FTIR

spectroscopy, as reported before.

Conclusion
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We have presented the formulation of innovative nanocomposites based on pHEMA polymeric
cryogel containing GO and ZnO nanostructures. The formulated materials displayed a noteworthy
adsorption aptitude versus MB dye. Particularly, sponges enriched with ZnO by ALD have acquired
photocatalytic properties, allowing recyclability after their irradiation by UV light. The amount of
adsorbed MB at equilibrium of 0.73, 0.97, 0.82, and 0.94 mg per g of materials, for pHEMA, pHEMA-
GO, ZnO/pHEMA, and ZnO/pHEMA-GO, respectively, clearly indicate as GO plays an important role
during adsorption. Nevertheless, while pHEMA and pHEMA-GO lose their adsorption capability after
several cycles, the samples coated with ZnO are able to preserve it, thanks to the regeneration via UV
light irradiation. The recyclability and mechanical tests revealed as ZnO/pHEMA materials can be easily-
reused, explicating an effective remediation action versus organic pollutants. These results can open a
new route in the formulation of materials for wastewater treatment and purification. Furthermore, the
adsorption process can be modulated and/or addressed to different emerging pollutants (drugs and

pesticides), by changing the polymer nature, architecture and/or composite formulation.
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Figure 1. SEM images of pHEMA (a), pHEMA-GO (b), ZnO/pHEMA (c), and ZnO/pHEMA-GO (d), together
with high magnification images reported as insets of figures (c) and (d).
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23 Figure 2. TEM images of plan view (a) and cross section (b).
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Figure 3. XRD patterns of pHEMA, and ZnO/pHEMA (from the bottom to the top).
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Figure 5. Dynamic swelling profiles of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO.
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Figure 8. Stress-strain curves of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO wet cryogels
30 subjected to compression test.
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Figure 9. MB adsorption capacity versus time for pHEMA, pHEMA-GO, ZnO/pHEMA, and ZnO/pHEMA-GO.
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Figure 10. Adsorption kinetic of MB for pHEMA (squares), pHEMA-GO (circles), ZnO/pHEMA (up triangles),
and ZnO/pHEMA-GO (down triangles) fitted with the pseudo-second-order model (dashed lines).

201x140mm (300 x 300 DPI)

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

75
- I [ Cycle
60 1 B 11 Cycle ]
I 1] Cycle

Adsorbed MB [%]

MB pHEMA pHEMA-GO  ZnO/pHEMA ZnO/pHEMA-GO

Figure 11. Recyclability after three adsorption cycles of MB, pHEMA, pHEMA GO, ZnO/pHEMA and
ZnO/pHEMA-GO.
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45 Figure 12. FTIR spectra measured on pHEMA (a), and on ZnO/pHEMA (b), as prepared (first spectrum from
46 the top), after MB adsorption (second spectrum from the top), and after regeneration by UV light irradiation.
47 The spectrum of pure MB is shown as reference. The spectra were vertically shifted for clarity. Vertical
dashed lines indicate the typical stretching peaks of MB.
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Figure 13. a) SEM analysis of ZnO/pHEMAafter the regeneration, and high magnification (inset); b) XRD
diffractogram of the regenerated ZnO/pHEMA.

102x152mm (96 x 96 DPI)

ACS Paragon Plus Environment



Page 49 of 56 ACS Applied Materials & Interfaces

oNOYTULT D WN =

Sample: pHEMA File: CATA\Data\TGA\Carroccio\PHEM.
Size: 6.3970 mg TGA Operator: Daniela Zampino
9 Method: Ramp Run Date: 19-Dec-2017 14:57

100 Instrument: TGA Q500 V6.7 Bu"I%ZOS

10 — 425.21°C
11 233.18
12 95.02%

804

1.0

60

394.95°C
4.281% min/°C 409.03°C 0.5

50.36%

3
Weight (%)

19 40

Deriv. Weight (%/°C)

88.53°C
0.0

22 20 ,
23 794.47°C|
24 2822% |

_ I
-0.5

0 200 400 600 800
26 Temperature (°C) Universal V4.5A TA Instruments

28 Figure S1. TG and DTG profiles of PHEMA sample.
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Figure S2. TG and DTG profiles of PHEMA/GO sample.

124x92mm (220 x 220 DPI)

ACS Paragon Plus Environment

File: C:\TA\Data\TGA\Carroccio\PHEM,

Page 50 of 56



Page 51 of 56

oNOYTULT D WN =

ACS Applied Materials & Interfaces

Sample: pHEMA/ZNO

File: C:A\TA\Data\TGA\Carroccio\PHEM

Size: 4.3540 mg TGA Operator: Daniela Zampino
Method: Ramp Run Date: 19-Dec-2017 11:11
100 Instrument: TGA Q500 V6.7 BLQI%ZOS
417.88°C |
80 F15
o
~ 60- F108
=
= 409.03°C %
= — 50.53% g
7} 0 i o r
= 40- 3.962%-min/°C 105 =
— 5]
499.37°C =
13.21% H
204 0.0
795.31°C |
0 : ‘ . 10.08% 05
0 200 400 600 800

Temperature (°C)

Universal V4 5A TA Instruments

Figure S3. TG and DTG profiles of PHEMA ZnO sample.
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Figure S4. TG and DTG profiles of PHEMA/GO ZnO sample.

130x96mm (220 x 220 DPI)

ACS Paragon Plus Environment



Page 53 of 56 ACS Applied Materials & Interfaces

oNOYTULT D WN =

9 v 1 L ) U 1 = 1 ' L) v ) g )
10 —=— pHEMA
—e— pHEMA-GO
4 ZnO/pHEMA
v— ZnO/pHEMA-GO

®
Compressive stress [a.u.]

100 150 200 250 300 35
28 Time [s]

Figure S5. Compressive stress versus time curves of pHEMA, ZnO/pHEMA, pHEMA-GO, and ZnO/pHEMA-GO
32 wet cryogels subjected to a 10-cycle compression test. The curves were vertically translated to improve
33 readability.
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represent the MB concentration after t, and TO adsorption times, respectively.

ACS Applied Materials & Interfaces

0.6F

a) " First Cyéle

—————— 0=

b) Second Cycle

P S

GGG Bl

f;\ "“iﬁn-.-
k"“q\":“{ \!‘i_"'-_!‘~i——i
I S A D
‘\% .

::lhx_-_‘h'h’

¢ Thnd Cy clc

B B T BB e e B B3
SN
e
ti“‘i\.-_i

“x\‘: S
—0O—MB l-—-.:z__;;;
—&—pHEMA
—e— pHEMA-GO
| —A— ZnO/pHEMA
—¥— /n0O/pHEMA-GO

0 60 120 180 240 300 360 420

Time [min]

201x338mm (150 x 150 DPI)

ACS Paragon Plus Environment

Page 54 of 56



Page 55 of 56 ACS Applied Materials & Interfaces

oNOYTULT D WN =

9 4000 3200 2400 1600 800

! ] = ] ® 1 ! 1
PHEMA-GO
12 As prepared

After adsorption

After
photocatalysis

MB

o
Intensity [arb. unit]

26 PHEMA-GO/ZnO

As prepared

After adsorption

After
photocatal ysis

Intensity [arb. unit]

36 MB

" L "
41 4000 3200 2400 _15{}0 800
Wavenumber [cm ]

45 Figure S7. FTIR spectra measured on pHEMA-GO (a), and on ZnO/pHEMA-GO (b), as prepared (first

46 spectrum from the top), after MB adsorption (second spectrum from the top), and after regeneration by UV
47 light irradiation. The spectrum of pure MB is shown as reference. The spectra were vertically shifted for
48 clarity. Vertical dashed lines indicate the typical stretching peak of MB.
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