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Hypothesis: Acetic acid, a common pollutant present in museums and art galleries, can irreversibly dam-
age works of art. Herein, a sustainable and scalable synthesis of zinc oxide-castor oil polyurethane
hybrids (ZnO/COPs), to be used as acetic acid removers in the preventive conservation of Cultural
Heritage, is reported.
Experiments: The adsorption capacities of ZnO/COPs were studied in saturated acetic acid atmosphere, at
low acetic acid gas concentration, and inside a wooden crate (naturally emitting acetic acid) representa-
tive of those used in the storage deposits of museums and art collections.
Findings: Upon exposure, acetic acid interacts with the castor oil polyurethane and diffuses to the surface
of ZnO particles where is stably fixed as zinc acetate crystals. Zinc acetate domains form homogeneously
on the surface and are distributed evenly within the ZnO/COPs, thanks to weak interactions between the
polyurethane matrix and acetic acid that favour the transport of the acid up to reach the zinc oxide sur-
faces, resulting in a synergistic effect. The ZnO/COPs composites showed significantly enhanced adsorp-
tion capacities of acetic acid surpassing those of the activated carbon benchmark, with the advantage of
being easily handled and movable, without the health issues and risks associated to the use of non-
confined micro/nano-powders.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The purification of air from volatile organic compounds (VOCs)
[1] prevents and limits the degradation of works of art and histor-
ical objects exposed or stored in museums, collections, and art gal-
leries.[2,3] Indeed, VOCs can damage sensitive materials and
irreversibly change the appearance and structural properties of
artifacts. In particular, acetic acid (AcOH), which mostly derives
from the degradation of cellulosic materials (i.e., books, frames,
wooden boxes, etc.) and restoration adhesives,[4] is one of the most
abundant VOCs present in museums and art galleries, and one of
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the most corrosive.[5–7] For example, alkyd resin, a commonly
used binder for paints, shows rapid degradation when exposed to
AcOH vapors, resulting in the formation of a white patina on the
surface of the paintings.[8] In addition, some historical inorganic
pigments (e.g., azurite, white lead, red lead and lead–tin yellow)
tend to form new crystalline phases when exposed to AcOH vapors,
lightening or darkening the paint colours.[9] For example, magnif-
icent skies in Raffaello’s ‘‘The Miraculous Draft of Fishes” or in
Rubens’ ‘‘Autumn Landscape with a View of Het Steen in the Early
Morning”, were painted with azurite and would be dramatically
altered if exposed to this VOC. Thus, the removal of AcOH in art gal-
leries, museums and storage deposits is crucial for the preventive
conservation of our artistic and historical heritage.

Different materials are employed as efficient VOCs removers,
ranging from activated carbons to zeolites, metal–organic frame-
works (MOFs), and hypercrosslinked polymeric resins (HPR). The
VOCs removal properties of these materials vary greatly, e.g., zeo-
lites have an average adsorption capacity (reported as mg of VOCs
per gram of adsorbing material) of 460 mg g�1; activated carbons
of 140 mg g�1; HPR of 380 mg g�1, and MOFs of 800 mg g�1.[10]
However, while the development of most state-of-the-art remov-
ers has so far focused on boosting adsorption properties, other cru-
cial factors have been overlooked, such as manufacturing costs, the
use of sustainable materials, and the overall up-scalability of the
production process. These have become critical aspects that must
be addressed to preserve, in a sustainable way, large collections
worldwide where thousands of objects are exposed and stored,
as an example MOMA (USA) has about 200,000 and Centre Pompi-
dou (France) more than 100,000 artifacts to be preserved. For
instance, MOFs are highly promising in terms of VOCs adsorption,
but their manufacturing costs considerably limit their use.[11]
Synthetic zeolites, such as SBA-15 or MCM-41, are employed as
catalysts in the chemical industry, and they can be quickly reacti-
vated and recycled, amortizing their costs over many production
cycles.[12–14] However, if considered as VOCs removers in art col-
lections, and in particular inside crates in storage deposit, their uti-
lization should last for years, and their usage would be too
expensive even considering recycling. Activated carbons, natural
porous materials and natural zeolites represent good compromises
between low manufacturing costs and environmentally friendly
characteristics.[15–18] Activated carbons are cost-effective thanks
to their biomass nature, since they can be produced from coconut
shells, walnuts shells, woods, and other sources.[19,20] Natural
porous materials such as diatomite, stellerite, and vitric tuff have
low environmental impact and could be used as VOCs remover
after some easy feasible activation steps.[21] Nevertheless, all
these absorbers come as micro/nano-powders, requiring the use
of filters, since they can be dispersed in air or on surfaces during
handling, potentially affecting the artworks, or causing health
issues.[22,23] Most importantly, these powders mainly adsorb
VOCs via physisorption, and can release them in a large amounts
when atmospheric conditions change (e.g., due to temperature
fluctuations), actually turning into sources of VOCs.[24,25]

Finally, hypercrosslinked polymeric resins are relatively inex-
pensive and have good VOCs adsorption capacities; however, they
are typically petroleum-based, and thus their use should be care-
fully evaluated according to sustainable environmental policies.
[26–31]

Overall, the development of reliable (non-powdery) VOCs
adsorption materials with low environmental impact, low produc-
tion costs, and high adsorption capacities, is still an open challenge.

In the present work, a novel environmentally friendly hybrid
(organic–inorganic) hypercrosslinked resin for the removal of
AcOH, composed of zinc oxide supported and incorporated into a
polyurethane structure derived from castor oil, is described. A
biomass-derived hypercrosslinked polyurethane of castor oil and
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poly(hexamethylene diisocyanate) was used as sustainable poly-
mer, while ZnO, opportunely confined in the matrix, was employed
as safe and almost non toxic AcOH remover, taking advantage of
the formation of zinc acetate. To the best of our knowledge, no such
approach has been reported yet for the design of environmentally
friendly, compact organo-inorganic systems for the efficient removal
of VOCs and in particular AcOH. A series of ZnO-castor oil polyur-
ethane composite systems (ZnO/COPs) was prepared using three
types of ZnO powders, with particles size distributions ranging
from 20 nm to 44 mm and different commercial availabilities. The
exploitation of the high surface area to volume ratios of zinc oxide
nanoparticles specifically aimed at increasing the overall perfor-
mances of the ZnO/COPs.[32–34] The adsorption capacities of
ZnO/COPs hybrids were studied in different types of AcOH atmo-
sphere, and the novel composites were fully characterized by infra-
red spectroscopy, thermogravimetric analysis, and scanning
electron microscopy, before and after the adsorption tests. The
high adsorption capacities of the novel composites and their ability
to retain AcOH were related to the diffusion of AcOH through the
COPmatrix up to reach ZnO particles, which was investigated map-
ping the formation of zinc acetate by 2D infrared imaging. Besides,
the color change of the ZnO/COPs hybrids was monitored after
exposition to AcOH, which could be possibly exploited in practical
applications to determine the saturation limit of the composites
and the need of their replacement.
2. Materials and methods

2.1. Materials

Castor oil (Pharma grade, 89.2%wt of ricinoleic acid) was pur-
chased from Gioma Varo Srl (Milan, Italy). Poly(hexamethylene
diisocyanate) (polyHDI, 1,300–2,200 cP), ZnO powder (<5 lm par-
ticle size, 99.7% calculated on calcined substance), ethanol (abso-
lute, reag. ISO, reag. Ph. Eur., �99.8% (GC)), and acetic acid
(glacial, ReagentPlus�, �99%) were purchased form Sigma Aldrich
(Milan, Italy). ZnO nanopowder (average particles size 20 nm,
>99% trace metals basis) was purchased from Ionic Liquids Tech-
nologies GmbH (Heilbronn, Germany). Commercially available
(for industrial purposes) ZnO powder (particle size < 44 mm,
>99.9%, Pharama grade ‘‘Gold”) was purchased from L’Aprochimi-
die Srl (Muggiò, Italy). Activated charcoal (Activated Charcoal
K48, from coconut shells) was purchased from Long Life for Art
GmbH (Eichstetten, Germany). All reagents were used without
any further purification. ZnO powders were dried at 393 K during
48 h before utilization, to remove all eventually adsorbedmoisture.

2.2. Synthesis of the ZnO/COPs composites

The ZnO/COPs were prepared by modifying and upgrading a
reported procedure for the preparation of cross-linked castor oil-
based adhesives.[35–37] In details, castor oil and poly(hexamethy
lene)diisocyanate (PolyHDI) were firstly vigorously stirred for 150.
Then, ZnO powders (10, 30 or 60%wt) were added and mixed for
other 150. Finally, the mixture was poured into silicone molds
and cured in oven (343–373 K). After the curing step, ZnO/COPs
were removed from the molds and used for characterization anal-
yses, as well as for VOCs adsorption tests, without any further
modification.

2.3. Characterization techniques of the ZnO/COPs composites

Thermogravimetric analyses were carried out with an SDT Q600
analyzer (TA Instrument Inc., USA) operating with aluminum pans.
The samples were heated from 298 up to 850 K at 10 K min�1 in
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nitrogen atmosphere (100 mL�min�1). Prior to analysis, the materi-
als were conditioned at 298 K under nitrogen flux (100 mL�min�1)
for 10 min. The analyses were performed under a nitrogen flux of
100 mL�min�1 for both the balance and the sample. SEM images
were recorded with a FEG-SEM Gemini scanning microscope (Carl
Zeiss Microscopy, Germany), working at 5–15 kV and a 3.7 –
4.4 mm working distance.

Attenuated total reflection Fourier Transformation Infrared
spectroscopy (FTIR-ATR) measurements were carried out with a
Thermo Nicolet Nexus 870 spectrometer equipped with a liquid
nitrogen-cooled MCT detector and a single reflection diamond
crystal ATR unit. The analyses were performed in an absorbance
mode, using a spectral resolution of 4 cm�1, and acquiring 32 scans
for each spectrum in the spectral range from 4000 to 650 cm�1.

2D FTIR imaging was performed with a Cary 670 FTIR spec-
trophotometer coupled to a Cary 620 FTIR microscope (Agilent
Technologies), using a 15x Cassegrain objective. Measurements
were carried out in reflectance mode over a gold-plated reflective
surface; background spectra were collected directly on the gold-
plated surface. The FTIR settings were as follows: 128 scans for
each acquisition, spectral resolution of 8 cm�1, open windows,
and spectral range of 3900–900 cm�1. A 128 � 128 pixels Focal
Plane Array (FPA) detector was used, where each pixel has dimen-
sions of 5.5 mm � 5.5 mm2 and produces an independent spectrum.

XRD patterns were recorded with a Bruker D8 Advance diffrac-
tometer (Bruker Corporation, Billerica, USA) with CuKa (k = 1.54
18 Å) radiation. Wide angle scanning patterns were collected over
a 2h range from 10� to 80� with a step size of 0.018� and counting
time of 2 s per step.

Color changes of the ZnO/COPs after adsorption tests in satu-
rated atmosphere of AcOH, were investigated by collecting macro
photographs with a professional camera (Canon EOS 60D 18 MP
camera equipped with a Canon EF-S 17–85 mm f/4–5.6 USM SLR
lens).

2.4. VOCs adsorption tests

The adsorption capacities of the ZnO/COPs were firstly deter-
mined by gravimetric analysis using sealed microchambers with
saturated atmosphere of AcOH.[38] In each experiment, a cylinder
of ZnO/COP (4 g, 36 mm diameter, 4 mm height) and a 10 mL vial
filled with 8 mL AcOH were closed and sealed in a 120 mL glass
sample container equipped with a screw cap, and placed in a ther-
mal chamber at 295.0 ± 1.5 K. Each ZnO/COP cylinder was regularly
weighted, stopping when a stable value (<5% difference with the
previous measurement) was observed for at least 100 h. Similarly,
4 g of pure ZnO powders or activated charcoal (used as bench-
mark), were placed in 10 mL vials, and their adsorption capacities
were studied in the same way as for the ZnO/COPs cylinders. After
more than 1500 h of adsorption, equilibrium was reached, and
adsorption capacities were calculated as the ratio between the
adsorbed acetic acid (mg) and the initial mass of the material.
[39] After adsorption tests in saturated atmosphere of AcOH, the
samples were placed in a drying chamber under vacuum (15mbar).
Samples were regularly weighted until a stable value (<2% differ-
ence with the previous measurement) was measured for at least
48 h.

Adsorption tests at low initial concentration of AcOH (in the
order of ppmv – volumetric part per million) were carried out by
placing the samples inside 54 L glass single neck flat bottom flasks
filled with 25 mL of 1M AcOH solution, and the atmosphere was
analyzed according to the analytical method OSHA PV2119 [40]
(see Supplementary Material section S1 for details).

Finally, to simulate the real case scenario of storage deposits in
museums and collections, adsorption tests were also performed in
a 630 L wooden crate (1.0 � 0.9 � 0.7 m) naturally emitting AcOH.
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[41] ZnO/COPs were prepared in the form of eight rectangular
strips of 40 � 80 � 5 mm, each weighting 12.5 g. The AcOH content
inside the wooden crate was measured before and after the addi-
tion of the ZnO/COPs (according to OSHA PV2119). The experiment
was run for 45 days, measuring the AcOH concentration weekly.
3. Results and discussion

The ZnO/COPs were synthesized by modifying and upgrading a
process previously reported for the preparation of cross-linked
castor-oil based adhesives, as schematically illustrated in Fig. 1.
[36]

The building of the polyurethane network took place through
the nucleophilic attack of the hydroxyl groups of ricinoleic acid,
the main component of castor oil (present in the form of triglyc-
erides composed by one, two or three ricinoleic acid chains, and
oleic/linoleic acid chains), onto different types of (poly) diiso-
cyanate groups.[42–45] The reported synthesis[36] produced cas-
tor oil-polyurethanes resins whose flexibility and stickiness
depended on the amount of unreacted castor oil incorporated in
the polyurethane network, which in that case was regulated to
control the adhesive properties of COPs. For the purpose of the pre-
sent work, the presence of free hydroxyl groups in unreacted oil
was deemed an important feature, as they were expected to inter-
act with AcOH. Thus, preliminary steps aimed at optimizing the
adsorption properties of COPs prior to the addition of ZnO. Poly-
HDI, rather than its monomer form, was selected to react with cas-
tor oil, due to its low volatility (<0.00003 hPa vapor pressure at
293 K) that made its use safer than HDI and other isocyanates such
as methylene diphenyl diisocyanate (MDI) or toluene diisocyanate
(TDI). COPs were then synthesized minimizing the amount of
employed PolyHDI (which is derived from petroleum) to maximize
the amount of free hydroxyl groups in the network and increase
the overall sustainability and affordability of the process. Two
important synthetic parameters were varied, i.e., the curing tem-
perature (343–373 K) and time (3–48 h), by monitoring the castor
oil-PolyHDI polymerization competition (i.e., the disappearing of
the isocyanate peak at 2274 cm�1 in the ATR-FTIR spectra of the
COPs, see also section S2 in the Supplementary Material)[46] and
investigating the adsorption capacities of the so-produced materi-
als. The initial castor oil:PolyHDI ratio of 82:18 (%wt) was selected
according to the literature.[35,36] Overall, the best curing parame-
ters were found to be 363 K for 24 h, as a balance between high
absorption capacity and low energy consumption. Several castor
oil:PolyHDI ratios were studied, finally selecting 83:17 (%wt) (cor-
responding to an approximatively NCO/OH ratio of ca. 0.4) as an
optimal compromise between raw materials costs, adsorption
capacities and handling properties of the COPs (the lower the
amount of PolyHDI, the stickier the material, due to higher amount
of free hydroxyl groups of unreacted castor oil on the surface). The
relative amount (%) of unreacted hydroxyls in the COPs was esti-
mated to be ca. 85%, which was calculated considering one mole
of –OH per mole of ricinoleic acid (89.2%wt in castor oil), and then
subtracting the isocyanate moles, considering a 1:1 stoichiometry
for the hydroxyl-isocyanate reaction, a � 23%wt isocyanate content
in PolyHDI (according to the producers), and a complete isocyanate
reaction (as per ATR-FTIR measurements, see above and section S2
of the Supplementary Material).

The optimized COP synthesis was then used to prepare a series
of ZnO/COPs, varying the ZnO content up to 60%wt and employing
ZnO powders with different particles size. The incorporation of
more than 60%wt ZnO made the COPs crumbling. Table 1 lists the
ZnO/COPs formulations selected for investigation in the present
work, along with the ZnO powders references used.



Fig. 1. Scheme of the preparation of ZnO/COPs.

Table 1
ZnO/COPs samples synthesized at 363 K, using a castor oil:PolyHDI ratio of 83:17 (%).

Sample
name

Type of ZnO ZnO
%wt

Reaction parameters

COP / 0 83:17 (%wt) castor oil:
PolyHDI, 363 K10n 20 nm average particles size 10

30n 30
60n 60
10e EMPROVE� E. < 5 lm

particle size
10

30e 30
60e 60
10g <44 mm, particles for

industrial purposes
10

30g 30
60g 60
ZnO-n 20 nm average particles size 100 Used as pure powders
ZnO-e EMPROVE� E, <5 lm 100
ZnO-g <44 mm, particles for

industrial purposes
100
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The scalability and sustainability of the synthesis of ZnO/COPs
were evaluated through the determination of some green metrics,
specifically Reaction Mass Efficiency (RME) and Environmental fac-
tor (E-factor).[47,48] The value of RME (% of the ratio of the mass of
the desired product divided by the sum of the masses of all the
reagents) was � 100%, thanks to the complete reaction of castor
oil with PolyHDI, and owing to the complete incorporation of
ZnO in the polyurethane network with no detectable losses.

Because the reaction was solvent free, the only waste derived
from the use of a solution (50:50 (%wt) water:ethanol) for washing
the molds and the reactor. Accordingly, an E-Factor of 0.3 was cal-
culated for the process (i.e., the ratio of the total mass of waste (kg)
divided by the total mass of the product (kg)).[49] Such a low value
positioned the synthetic procedure in the bulk chemicals industrial
sector, close to oil refining, and remarkably below the fine chemi-
cal and the pharmaceutical sectors.[50] Moreover the ZnO/COPs are
made from castor oil, derived from the nonedible beans of the castor
plant (ricinus communis), a natural and renewable resource whose
crops have no ethical impact on human nutrition.[51,52] Finally, zinc
oxide, a non-toxic material, largely used in cosmetics, could be also
produced from zinc-containing waste, with no impact on zinc
reserves (i.e., ores).[53–55] These characteristics, in addition to
the simplicity of the process, classify the synthesis of ZnO/COPs
as easily up-scalable, sustainable, and environmentally friendly.
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ZnO/COPs composites were produced as white flexible materi-
als, where zinc oxide particles are distributed homogeneously
through the section and in the pores of the polyurethane network,
as shown by SEM images in Fig. 2 (see section S3 in the Supple-
mentary Material for additional images).

The COPs exhibited a compact morphology, both at the surface
(Fig. 2, A) and through their section (Fig. 2, B). Instead, when ZnO
was embedded in the polyurethane, bubble-like cavities of 10–
350 mm were formed in the network (Fig. 2, D, F, H and L), likely
owing to gaseous CO2 produced by the reaction of isocyanate with
water (dissolved in castor oil). According to the data provided by
the supplier, and as confirmed by TGA and DTG analyses (see sec-
tion S4 in the Supplementary Material), castor oil has moisture
content of approximately 0.1 %wt. The reaction was favored by
the presence of ZnO that acted as catalyst for the nucleophilic
attack of hydroxyl groups to isocyanate.

As illustrated in Fig. 3 A, the TGA and DTG curves of pure castor
oil showed three degradation steps. According to the literature, the
first step, between 550 and 680 K, corresponds to the decomposi-
tion and/or volatilization of highly volatile and unstable com-
pounds such as oxygenated compounds, hydroperoxides, and
poly unsaturated fatty acids; the second step, in the 680–720 K
range, corresponds to the degradation of monosaturated fatty
acids, while the third step, ranging from 720 to 760 K, corresponds
to the decomposition of saturated fatty acids.[56,57] These degra-
dation steps were also observed in the TGA and DTG curves of
COPs, with an additional degradation step between 530 and
630 K, ascribed to the degradation of urethane linkages. When
ZnO was added, the thermal decompositions of both pure castor
oil and COP were catalyzed, as shown in Fig. 3 B (‘‘castor
oil + ZnO” relates to the TGA and DTG curve of a 50:50 (w/w) mix-
ture of castor oil and ZnO powder), where the degradation of castor
oil and urethane linkages are observed at lower temperatures or as
peak shoulders.

Even though ZnO catalyzed the thermal degradation of castor
oil and urethane linkages between 543 and 753 K, the addition of
ZnO did not induce any chemical modifications in the COPs, whose
ATR-FTIR peaks matched those of the typical polyurethane net-
works. The detailed description of the ATR-FTIR analyses of the
COPs and ZnO/COPs as well as additional TGA and DTG are
reported in the section S5 of the Supplementary Material.

Adsorption tests in saturated atmosphere of AcOH showed that
all ZnO/COPs were able to absorb AcOH more effectively than acti-



20 µm(C) (D) 200 µm
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Fig. 2. SEM images of a COP (A, B), and of ZnO/COPs 10g (C, D), 30g (E, F, G, H) and
60g (I, L) composites. Images of the surfaces and sections are on the left and on the
right columns, respectively. White spots correspond to ZnO particles.

Fig. 3. TGA and DTG of: (A) castor oil and COP; (B) castor oil mixed with ZnO
powder and 60g.
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vated carbon, the most used adsorber for AcOH, as evidenced by
Fig. 4.

The zinc oxide particles reacted with AcOH to produce zinc
acetate at the particle-gas interface; the formation of the acetate
was confirmed by XRD and ATR-FTIR analysis of the ZnO powders
before and after adsorption tests (see section S6 in the Supplemen-
tary Material for details). Accordingly, the AcOH adsorbed
increases as the surface area of the particles increases (e.g., passing
from ZnO-g to –e and –n).

Noticeably, also the COP had higher absorption capacity than
the same mass of activated carbon benchmark, even before the
addition of the ZnO particles. Its ability to remove AcOH could be
explained in terms of polar interactions of the AcOH molecules
with the unreacted hydroxyl groups (�85%) in the polyurethane
network. This hypothesis agreed with the preliminary tests where
COPs made with higher amounts of PolyHDI, i.e., the resulting COP
has less free hydroxyl groups, showed lower adsorption capacities
(see section S2 in the Supplementary Material).

The addition of 30%wt or 60%wt ZnO to the COPs further
enhanced AcOH absorption, and the increase was more evident
when nano-sized particles were used. The adsorption capacities
of the ZnO/COPs were compared with the balanced sum (green
bars in Fig. 4) of the capacity of pure COPs and of the corresponding
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ZnO powder, e.g., sample 30g was compared with the sum of 30%
the adsorption capacity of ZnO g-powder and 70% the capacity of
a COP (being composed by 30%wt of ZnO powder and 70%wt of
COP). It was evident that the absorption capacities of the ZnO/COPs
were almost comparable with those of powdery zinc oxide, except
in the case of nano-sized particles. In this latter case the lower
adsorption capacities of the ZnO/COPs ‘‘n” samples could be
ascribed to partial aggregation of the particles during the prepara-
tion of the composites. However even in this case, the ZnO/COPs
composites retain the advantage of being easily handled and mov-
able, with no risk of dispersing particulate into display cases/crates
or on the surface of neighboring works of art, whereas free, non-
confined ZnO powders or activated charcoal can be easily dis-
persed in display cases/crates.

After the adsorption tests in saturated atmosphere of AcOH, all
samples were placed under vacuum (15 mbar), and adsorption
capacities were recalculated to evaluate the amount of chemi-
sorbed, or at least strongly physiosorbed, AcOH.[58] Results are
shown in Fig. 5.

The ZnO/COPs (30%wt or 60%wt ZnO content) retained signifi-
cantly larger amounts of AcOH than the activated carbon bench-
mark, as the acetic acid was stably fixed into zinc acetate.
Instead, AcOH retention by pure COPs was very low, indicating that
the polyurethane network interacted with the acid through weak
physisorption. Strikingly, the adsorption capacities of the compos-



Fig. 4. Adsorption capacities of ZnO/COPs (blue bars: 10n, e, g; 30n, e, g; 60n, e, g),
COP (dashed bar) and commercially available activated charcoal (gray bar, ‘‘Ac.
Char.”) at the equilibrium in saturated atmosphere of AcOH (after 1530 h
adsorption at 293 K). Powdery ‘‘n”, ‘‘g” and ‘‘e” ZnO adsorbed 1451 ± 45,
1015 ± 21 and 931 ± 28 mg of acetic acid per g of powder, respectively. For each
ZnO/COP, the green bar shows the calculated capacity of a balanced sum of COP
(70–90% contribution) and non-confined ZnO powder (10–30% contribution), for
comparison with the experimentally measured capacities of the composites. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. Adsorption capacities of ZnO/COPs (blue bars: 10n,e,g; 30n,e,g; 60n,e,g), COP
(dashed bar) and commercially available activated charcoal (gray bar, ‘‘Ac. Char.”)
after adsorption tests in saturated atmosphere of AcOH and 350 h desorption under
vacuum (15 mbar). Powdery ‘‘n”, ‘‘g” and ‘‘e” ZnO adsorbed 1164 ± 37, 880 ± 14 and
814 ± 22 mg of acetic acid per g of powder after adsorption tests, respectively. For
each ZnO/COP, the green bar shows the calculated capacity of a balanced sum of
COP (70% contribution) and non-confined ZnO powder (30% contribution), for
comparison with the experimentally measured capacities of the composites. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. SEM images of a COP (A, B), and of ZnO/COPs 10g (C, D), 30g (E, F, G and H-
backscattered electrons SEM), 60g (I, L) composites. The images of the surfaces and
sections of the samples (except for H) are on the left and on the right columns,
respectively.

A. Zuliani, D. Bandelli, D. Chelazzi et al. Journal of Colloid and Interface Science 614 (2022) 451–459
ites were in this case higher than those of the balanced sums of
separated COPs and ZnO powders, especially for ZnO/COPs with
30%wt and 60%w ZnO content. This behavior is further highlighted
considering the quantity of ZnO converted into zinc acetate (see
Table S7 in the Supplementary Material), which in the ZnO/COPs
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was 15–20% higher than in the ZnO micropowders (ZnO-e and
ZnO-g), and comparable (or slightly higher) than in the nanopow-
der (ZnO-n). The fact that the oxide conversion into acetate never
surpasses 55% was explained considering that the formation of zinc
acetate layers at the surface of the particles likely hinders further
diffusion of AcOH in their inner core; thus, the higher the surface
area of the particles, the higher the amount of converted ZnO.

While no morphological alteration of the COPs is observable
after adsorption and desorption of AcOH (see SEM images in
Fig. 6 A, B), the surface and section of ZnO/COPs samples were pop-
ulated with zinc-containing 10–100 mm tetragonal pyramid micro-
crystals, (for additional SEM images and for TGA and DTG analysis,
see sections S9 and S10 in the Supplementary Material), which
were assumed to be zinc acetate. The crystals also surface out of
the COP structure, likely due to the diffusion of zinc ions through
the polyurethane matrix, driven by concentration gradients, when
ZnO reacted with AcOH; the diffusion of the zinc ions in the COP
was expected to compete with the surface passivation of the ZnO
particles, favoring their conversion into acetate.

ATR-FTIR measurements (Fig. S10 in the Supplementary Mate-
rial) and 2D FTIR Imaging (Fig. 7) confirmed the formation of zinc
acetate in the composites. The IR spectra show peaks at 1595 and
1542 cm�1 (doublet), 1430 cm�1 and 1380 cm�1 corresponding,



Fig. 7. (A, B, C) 2D FTIR Imaging maps showing the intensity of the zinc acetate IR band at 1595 cm�1 (COO– asymmetric stretching) on the surface and across the section of a
ZnO/COP after exposure to AcOH. The IR maps are related to different portions of the COP, as illustrated in panel A. The band appeared as strong derivative shaped peak in the
reflectance spectra (B); each spectrum was related to a pixel (5.5 � 5.5 mm2) of the maps. The negative part of the peak is imaged as blue-green pixels in the false color IR
maps, whereas the polyurethane matrix appears as yellow–red pixels. (C) Surface map of a pristine ZnO/COP 30 g sample. (D, E) Surface and section maps of the same sample
after adsorption and desorption tests in saturated atmosphere of AcOH. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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respectively, to the COO– asymmetric and symmetric stretching
vibrations and to the CH3 symmetric bending of the salt.[59,60]
The absorption at 1595 cm�1 appeared in the reflectance spectra
as a strong derivative shaped peak (Fig. 7 B), whose negative part
was imaged as blue and green pixels in the IR false color maps,
so as to visualize the distribution of zinc acetate domains on the
surface and through the section of the polyurethane network
(red-yellow pixels background in Fig. 7 C-E). The acetate domains
had dimensions consistent with those of the crystals observed with
SEM, and were distributed across the entire length of the COPs sec-
tion (Fig. 7 C), proving the homogeneous diffusion of AcOH through
the matrix during adsorption of the VOC. The weak and largely
reversible physisorption of AcOH into the polyurethane network
might play an important role in promoting the transport of the acid
to the surface of the ZnO particles embedded in the COPs, which
could explain the higher conversion into acetate inside the com-
posites with respect to oxide powders simply packed into a vial.

Overall, even though the ZnO/COPs with 60%wt ZnO showed the
highest AcOH retention, these materials tend to be crumbling,
owing to the high content of ZnO powder. The ZnO/COPs with
30%wt ZnO can be thus considered as the best performing formula-
tions in the series, having almost twice the adsorption capacities of
activated charcoal, in addition to optimal mechanical properties
and compactness. In particular, ZnO/COP 30g was deemed as the
ideal candidate for possible large-scale production and applica-
tions to art preventive conservation, as this composite had compa-
rable performance to its 30e and 30n analogues while employing
affordable ZnO micropowder (<44 mm), and considering some pos-
sible toxicity issues related to ZnO nanoparticles.[61] This type of
ZnO/COP was thus selected for further adsorption trials, either in
the 54 L glass reactors at low initial AcOH concentration, and in
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a real case scenario where the composites were placed in a wooden
crate (where AcOH is continuously emitted [62]), such as those
commonly used in the storage deposits and display cases in muse-
ums and art collections. In the first case, the ZnO/COP 30g
decreased AcOH concentration from 6240 ± 15 down to 155 ± 21
ppbv (>97% reduction), i.e., below the standard limit of 400 ppbv
typically suggested for the preventive conservation of Cultural
Heritage objects in museums and display cases.[63] Instead, a
COP with no zinc oxide decreased it to 321 ± 9 ppbv. Absorption
of AcOH by the ZnO/COP 30g in the wooden crate was tested over
45 days (see Fig. S11 in the Supplementary Material for details). In
the first week, the composite reduced the concentration of AcOH
down to<250 ppbv from an initial concentration of almost 600
ppbv and in the following weeks the concentration of acetic acid
was kept constantly below the limit of 400 ppmv. Finally, the color
changes of the ZnO/COP 10, 30 and 60g were monitored as the
composites were being exposed to AcOH. The newly formed trans-
parent crystals of zinc acetate replaced white ZnO, revealing the
original slightly yellowish hue of the COPs. Such discoloration of
the composites upon exposure to AcOH could be feasibly exploited
in practical applications as an indicator to replace the adsorbers in
display cases (see Fig. S11 in the Supplementary Material for a pic-
ture of the materials prior and after exposure to acetic acid).
4. Conclusions

Novel inorganic–organic composite systems for the efficient
removal of acetic acid were prepared combining a polyurethane
derived from castor oil with ZnO micron- or nano-sized powders,
through an easy, sustainable, and up-scalable procedure.
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The adsorption properties of the composites were verified oper-
ating in saturated as well as in ppbv-scale atmosphere of acetic
acid, also considering the real case scenario of a wooden crate such
as those typically employed in the storage deposits of museums
and art collections. In saturated acetic acid atmosphere, the ZnO/
COPs were proved to be more effective in the adsorption and reten-
tion of the acid (after desorption in vacuum) than commonly
employed activated charcoal,[64–66] removing up to 750 mg of
acetic acid per g of ZnO/COPs. When exposed to ca. 6000 ppbv of
acid, the ZnO/COPs decreased the pollutant concentration of 97%,
and placing the composites in a wooden crate (continuously emit-
ting acetic acid) lowered the acid concentration below the 400
ppbv limit recommended for Cultural Heritage preservation.[63]
In addition, the compact structure of ZnO/COPs prevents the dis-
persion of material inside display cases or crates, which could
occur with non-confined powders, avoiding possible contamina-
tion of artworks or health issues.[22,63]

It was demonstrated that the adsorption capacity of the com-
posites is due to the effective transport of acetic acid inside the
COP matrix, up to reach the surface of the ZnO particles, where
the acid is neutralized to zinc acetate. The surface area of the
ZnO particles affected the amount of oxide converted into acetate,
as expected considering that the reaction with acetic acid took
place at the interface between the particles and the polyurethane.
Weak interactions between the polyurethane matrix and acetic
acid likely favoured the transport of the acid up to reach the sur-
face of the oxide particles, producing a synergetic effect in the
ZnO/COPs and better performances than non-confined ZnO simply
packed in containers.

Further investigation of such synergic effect could act as a
springboard for additional applications of the composites not lim-
ited to the removal of acetic acid but also to other types of volatile
organic compounds, while future perspectives involve the study of
adsorption kinetics and case-study applications of the novel com-
posites in museums, art galleries and whenever the adsorption of
volatile organic compounds is requested.
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