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a b s t r a c t 

Low-temperature storage to slow down degradation is accepted by the film conservation community. 

Still, this solution prohibits public access, is price-sensitive, has high energy costs, and there are concerns 

about their effects on the physical stability and material lifetime. In this research, a smart solution is 

developed based on the selective capture of acetic acid produced by the cellulose acetate polymer. This 

innovative approach is based on Metal-Organic Frameworks (MOFs) for acetic acid adsorption, specifi- 

cally a highly selective porous iron(III) based MOF, MIL-100(Fe), which was synthesized using a green ap- 

proach. The stability of MIL-100(Fe), under acetic acid exposure, was demonstrated by accelerated aging 

experiments, with no noticeable changes in crystallinity and/or porosity as deduced from powder X-ray 

diffraction analysis, infrared spectroscopy, thermogravimetric analysis, nitrogen porosimetry, and electron 

microscopy. Compatibility tests with the artefacts were performed to prove the safety of the MIL-100(Fe) 

to the artefacts. A field application in a demonstration prototype ( smart box ) was performed at Institut 

Valencià de Cultura. A recently developed hybrid model provided recommendations on the quantity of 

adsorbents to use in the smart box . Good agreement was observed between the model predictions and the 

in-field experimental results, which validated the model application. The model predicted that the new 

adsorbent (5% of the film’s weight, replaced every 10 years, at 16 °C or 22 °C) extends the film’s lifetime 

equivalently to cold storage (5 °C). Finally, environmental impact assessment and life cycle analysis were 

performed to compare the two preservation approaches. The new approach based on this Fe-MOF yielded 

an average reduction of carbon footprint related to movie film preservation of about 50% considering the 

current European Union (EU) energy mix and about 40% considering the 2030 EU energy mix (where a 

transition towards renewable energy is expected). The proposed innovative technology represents a ro- 

bust solution towards efficient and more sustainable film preservation while significantly contributing to 

moving toward climate transition objectives in the culture heritage sector. 

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. MIL-100(Fe) structure with (a) a view of the large cage, (b) A close-up of the structure which is made up of iron trimers with open metal sites. Acetic acid adsorbs 

to MIL-100(Fe) in the presence of moisture due to its ability to displace coordinated water molecules [16] . Iron polyhedra, oxygen and carbon atoms are in orange, red and 

grey, respectively; hydrogen atoms have been omitted for the sake of clarity. 

c

e

d

s

f

a

p

a

c

p

f

s

t

a

w

i

a

i

z

a

i

c

p

i

c

e

a

M

t

c

s

t

p

s

p

m

l

n

c

a

s

a

v

i

u

a

o

t

i

d

t

[

N

l

h

t

f

t

a

s

p

s

f

t

l

w

o

l  

v

a

o

(

a

h

e

t

A

c

t

s

R

p

c

v

ellulose nitrate in the movie film industry in 1950s. It became 

vident that the presence of the acetic acid catalyzed the degra- 

ation of the films [1–5] . Recent quantum chemical calculations 

howed that the acid-catalyzed channel yielded about 108 times 

aster kinetics than the non-catalyzed water hydrolysis [6] (details 

re given in the SI - section 1). Since the degradation kinetics de- 

ends exponentially on temperature, the two main key parameters 

ffecting the degradation kinetics are the temperature and the con- 

entration of acetic acid. To conserve the artefacts, the approach 

racticed so far, the one that meets the International Organization 

or Standardization (ISO) recommendations for acetate films, is 

toring at cold temperatures, typically below 4 C ̊ [7] . Nevertheless, 

his solution comes with high energy consumption and costs, and 

dditionally, not all materials held in archives and collections can 

ithstand freezing, due to their chemical composition (e.g. binders 

n magnetic tapes [8] ). Searching for alternatives, clearing the 

tmosphere from acetic acid was considered before. A few studies 

nvestigated the commercial adsorbents such as activated carbons, 

eolites and silica gel as a general preservation strategy to remove 

cetic acid [9–11] . Nevertheless, these adsorbents, were deemed 

neffective [11] , as they fell short in responding to the sophisti- 

ated requisites of the field of preservation, particularly in films 

reservation. The activated carbons’ low selectivity made them 

nefficient in capturing trace amounts of acetic acid to meet the 

onservation objectives while the cationic zeolites, even if mod- 

rately selective toward vapors [12 , 13] , were too hydrophilic (high 

ffinity to water) which prevented their practical use. Hydrophobic 

etal-Organic Frameworks (MOFs) recently made their advent to 

he field of conservation [14] , nevertheless such MOFs are in most 

ases highly expensive, with scale-up feasibility and optimization 

till to be considered. In a search of an effective alternative solu- 

ion to improve the traditional storage, the NEMOSINE European 

roject, put together a multidisciplinary consortium with powerful 

ynergies composed of academic research scientists, industrial 

artners, preservation practitioners and end-users, all sharing the 

ain goal of making energy savings compatible with preservation 

ifetime extension [15] . Working on this objective, a significant 

umber of MOFs was developed and tested for the acetic acid 

apture in the presence of moisture. It revealed that MIL-100(Fe), 

 benchmark mesoporous iron(III) trimesate prepared at large 

cale and via a green scalable route [16] , exhibited an exceptional 

bility to clear the atmosphere from acetic acid and other noxious 

apors like formic acid and propionic acid. This was ascribed to 

ts very high concentration of open metal sites (or coordinatively 
237 
nsaturated sites) resulting in a high affinity for acetic acid even 

t trace concentrations in the presence of moisture. The structure 

f MIL-100(Fe) is presented in Fig. 1 . Noteworthy, it was shown 

hrough an extensive experimental and computational study, that 

n the presence of air moisture these sites are occupied by coor- 

inated water molecules, yet the acetic acid could easily replace 

hese water moieties due to their much higher affinity to the site 

16 , 17] . Another very well performant MOF was developed within 

EMOSINE, MIL-53(Al)-CF3 , constructed from a perfuorinated 

igand, where its high selectivity for VOCs was the result of strong 

ydrophobicity as well as optimal host-guest interactions [18] . The 

wo MOFs, MIL-100(Fe) and MIL-53(Al)-CF3 , were recommended 

or acetic acid adsorption, nevertheless, we moved forward with 

he former due to its exceptional performance, scalability and 

vailability (from the pilot scale synthesis at the lab) at the kg 

cale that was necessary for the validation tests. 

Despite the premises, prior to being considered in the field of 

reservation, several aspects still needed to be studied such as the 

tability and the compatibility of the MOF with the cultural arti- 

acts. Important is to note that, as it was not possible to perform 

he compatibility tests with MIL-100(Fe) in powder state, a cellu- 

ose composite paper membrane loaded with 75wt% MIL-100(Fe) 

as tested instead. The formulation, fabrication and performance 

f this membrane are described elsewhere in a very recent pub- 

ication [19] and have been filed in a patent [20] . For the in-field

alidation tests, 100 g of MIL-100(Fe) powder was packed inside 

 prototype (demonstration package) and tested with around 2 kg 

f film reels in Filmoteca Valenciana, Institut Valencià de Cultura 

IVC). The acetic acid concentration reduction measured in-field 

greed well with the predictions made using a recently developed 

ybrid model [21] . This model was applied in the current work to 

stablish the conditions in which the MIL-100(Fe) should be used 

o achieve the same life extension as that of cold storage (5 °C). 

 life cycle assessment analysis was finally made to compare the 

arbon footprint of the new proposed solution based on the pro- 

otypes, in comparison of that of cold storage, upon keeping the 

ame lifetime extension. 

esearch aim 

The aim of the current work is to validate an innovative ap- 

roach based on the use of highly performant iron-based MOF and 

ompare it to the classical conservation by cold storage (5 °C). To 

alidate such an innovative conservation approach, several aspects 
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Fig. 2. (a) PXRD patterns of the original MIL-100(Fe) in 2 ϴ range 1.6–30 ° before and after aging compared with the calculated pattern from the literature (CuK α radiation, 

λ = 1.5418 Å) [22] (b) FTIR spectra of MIL-100(Fe) before and after aging in the region 40 0 0 cm−1 and 435 cm−1 (c) Thermogravimetric analysis (air atmosphere, 3 °C/min 

heating rate) of MIL-100(Fe) before and after aging (5 °C per min under O2 ). (d) Nitrogen adsorption isotherm, at −196 °C, for the MIL-100(Fe) before and after aging. (e) and 

(f) SEM images for the MIL-100(Fe) before and after aging respectively. 
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uch as compatibility, stability, preservation forecasts and quantity 

ecommendations along with an in-field application were studied 

nd understood while, in order to evaluate the carbon footprint of 

reservation, a life cycle assessment of the new solution was ana- 

yzed and compared to the classical way. 

aterials and methods 

ynthesis and characterization of the MOF samples 

MIL-100(Fe) was synthesized using a recently reported proto- 

ol [16] . The structure was confirmed by powder X-ray diffraction 

 Fig. 2 (a)) which fits well with the calculated pattern [22] . The

bsence of free linker was verified by Fourier-transform infrared 

pectroscopy ( Fig. 2 (b)). Thermogravimetric analysis, Fig. 2 (c), con- 
238 
rmed the expected decomposition of the material. The surface 

rea was confirmed by nitrogen porosimetry ( Fig. 2 (d)), where the 

esults were in good agreement with the previously reported data 

16] . To perform the compatibility tests, an adequate shaping pro- 

ocol that is simple, cheap and doesn’t hamper the MOF’s adsorp- 

ion properties was required; we selected a flexible high MOF load- 

ng cellulose based composite paper membrane, containing up to 

5% in mass of MOF, prepared according to a recent in house pro- 

ocol [20] . 

hermal aging under acidic conditions 

The MIL-100(Fe) samples were placed in a desiccator with an 

8.57 mL solution of 2% V/V acetic acid in water, following the pro- 

edure proposed by Cruz.et al. [10] . The desiccator was then placed 
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nside an oven at 70 °C. The prepared solutions correspond to a mo- 

ar fraction of 0.0064 in the liquid phase which gives a concentra- 

ion of 1.7899 × 10−5 mmol/cm3 in the gas phase. More details on 

he concentration calculation are given in a recent study [6] . The 

cetic acid solution was replaced each week, and the acidic aging 

hamber was cleaned to maintain constant conditions. A total ag- 

ng of 17 weeks was performed within the framework of this study. 

ompatibility tests 

Two artificial aging procedures were performed with MIL- 

00(Fe) powder in order to: (1) evaluate possible airborne cross 

ontamination that could damage cellulose-based artefacts, and 

2) verify the innocuousness towards photographic materials. The 

hemical compatibility between the MOF and cellulose-based arte- 

acts was assessed using ISO 23404:2020 standard method [23] , 

nd adapting it to the specific characteristics of the MOF mate- 

ial under test. This standard method allows to evaluate through 

apillary viscosity measurements if volatile compounds formed and 

mitted by a given material - to be used for the preservation and 

torage of cellulose based items – have an impact on paper sta- 

ility. In order to perform the tests, the MOF was shaped in a 

aper-based membrane [19] at ca 75 wt% loading. All experimen- 

al details are available in the Supplementary Information (SI - 

ection 2). 

heoretical methods: predictive model 

A hybrid model to provide accurate prediction of the long life- 

ime behavior of the cellulose acetate-based movie films was de- 

eloped within the NEMOSINE project and reported recently [21] . 

he problem was addressed by coupling data-based models to a 

rst-principles model. That latter described the degradation kinet- 

cs of the pure cellulose diacetate polymer [6] . Brief description 

f the hybrid model along with all the input parameters are pre- 

ented in Section 3 of the SI. 

alidation tests procedure 

150 g of the synthesized MIL-100(Fe) were used to fill a pouch 

ade from TyvekTM (Fig. S6). These bags were inserted into the 

emonstration propylene NEMOSINE package container lid, the lid 

as then sealed in MarvelsealTM enclosures (Fig. S6) and sent for 

urther testing under real conditions. 

ife cycle assessment 

Life cycle assessment (LCA) is a technique to assess the envi- 

onmental aspects and potential impacts associated with a product, 

rocess or service through all stages of its life cycle. The life cycle 

mbraces all the activities from raw material extraction, through 

anufacturing, distribution, use, as well as final disposal or recy- 

ling. Energy, material and water resources are used in creating, 

ackaging, transporting and using a product whilst the associated 

rocess generates emissions to air, land and water, causing strong 

nvironmental impacts. More details on this analysis is found in 

ection 5 of the SI. 

esults and discussion 

OF aging 

MIL-100(Fe) was exposed to acetic acid at a vapor concentration 

f 1.7899 × 10−5 mmol/cm3 , i.e. an order of magnitude higher than 

he highest archival acetic acid concentrations [24] . Visually no 
239 
olor change was observed in the MOF sample (Fig. S7 (a)). Differ- 

nt characterization techniques were used to understand the pos- 

ible evolution in the MOF structure after aging. The MIL-100(Fe) 

aintained its crystallinity as shown in Fig. 2 (a), where the PXRD 

atterns of the original sample and that of the thermally aged un- 

er acidic conditions are comparable. A slight peak widening is 

bserved which very likely to be caused by the presence of the 

cetic acid captured during the aging procedure. Important to note 

hat the crystallinity is sensitive to the pore content particularly 

n the case of mesoporous MOFs such as MIL-100(Fe). FTIR spec- 

ra of the aged MIL-100(Fe) along with the non-aged sample are 

hown in Fig. 2 (b) (Fig. S7 (b) shows the FTIR spectra with em- 

hasis on wavenumbers from 400 to 20 0 0 cm−1 ), indicating no 

lear sign of potential deterioration; only a tiny increase in the 

700 cm−1 peak was observed possibly indicating the presence of 

races of free linker or AA, thus ruling out the release of carboxylic 

cids into the environment. An increase of the OH band (30 0 0–

500 cm−1 ) was, as expected, observed due to the capture of the 

cetic acid in agreement with a slight increase of the band at 1690 

m−1 which corresponds to the acetic acid bounded to the Lewis 

cid sites through the oxygen lone-pair electrons of the carbonyl 

roup [16] . Some variations in the region between 1300 and 1200 

m−1 are also observed which could be a result of the acetic acid 

hysisorption as well. The thermogravimetric analysis is shown in 

ig. 2 (c), with a first weight loss between 25 and 100 °C being at-

ributed to the departure of the adsorbed water molecules inside 

he pores or on the surface of MOFs. The second weight loss be- 

ween 100 and 300 °C is attributed to the loss of water molecules 

oordinated to the Fe(III) trimers. For the aged sample, the sec- 

nd step also involves the desorption of the adsorbed acetic acid 

olecules (2–3%). This latter occurs at temperatures around 200 °C, 

s shown in previous temperature programmed desorption studies 

16] . The last and third weight loss at 300 °C is due to the collapse

f the structure, with the loss of linker, followed by the decom- 

osition of the material into Fe2 O3 , and the same mass was ob- 

ained for both samples as expected. Important to note that the 

eight loss related to linker is similar to the theoretical weight 

oss expected before and after MOF aging. Nitrogen porosimetry 

easurements are shown in Fig. 2 (d), a decrease in nitrogen up- 

ake was measured for the aged sample. Nevertheless, after wash- 

ng the aged sample and removing all the adsorbed acetic acid the 

erformance was fully recovered with a slight increase that may be 

ttributed to some minor amounts of defects or eventually a more 

horough washing compared to the starting material. SEM images 

re shown before aging ( Fig. 2 (e)) and after aging ( Fig. 2 (f)), the

article shape and size seem to be maintained. As a preliminary 

onclusion, based on the performed tests, MIL-100(Fe) proved to 

e stable enough under the used conditions of accelerated aging. 

his casts out a major risk of contamination of the artefacts due 

o organic molecules being released as a result of the adsorbents 

egradation. In the future, further tests will be carried out to as- 

ess its safety fully. 

ompatibility tests 

For MIL-100(Fe) to be used as a preventive preservation ma- 

erial in cultural heritage institutions, it was important to en- 

ure that it could be safely placed in the vicinity or in contact 

ith the artefacts. Among possible adverse effects, materials can 

mit volatile compounds (such as acids, sulfur or nitrogen con- 

aining compounds, etc.) that can enhance the depolymerization 

f cellulose-based historic artefacts and artwork, and therefore 

horten their lifetime [25 , 26] . One compatibility evaluation test 

onsisted of measuring the airborne cross-contamination impact 

hat volatile compounds emitted by the material under test has 

n cotton linters filter paper (Whatman no.1) placed in its vicinity. 
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Table 1 

Storage recommendations of MIL-100(Fe) amounts to be added to a film storage 

container to achieve a shelf life equivalent to storage at 5 °C. Values are given for a 

2 kg film, at 40% RH with the adsorbent renewal every 10 years stored at T = 22 °C 
and T = 16 °C. 

T = 22 °C T = 16 °C 

Film condition: 

degraded? 

MIL-100 (Fe) 

amount (g) 

Film condition: 

degraded? 

MIL-100 (Fe) 

amount (g) 

No 100 g (5%) No 50 g (2.5%) 

Yes 200 g (10%) Yes 100 g (5%) 
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his is done by comparing the DP of cellulose of Whatman no.1 af- 

er artificial aging in the same vial as the material in question, to 

hat of a reference paper exposed only to pure cellulose paper in 

he same T/RH artificial aging conditions. 

The DPv results are shown in Fig. S8. From the initial value of 

bout 2706 ±49, the DPv of cellulose dropped after 21 days of ag- 

ng to 2079 ±10 in the Control vials and to 2100 ±17 in the test

ials, meaning that the presence of MIL-100(Fe) paper membrane 

id not impact the kinetics of degradation of cellulose. This re- 

ult allows to conclude that MIL-100(Fe) did not emit volatile com- 

ounds during aging that could be detrimental to cellulose based 

aterials. 

The Photographic Activity Test (PAT) aims to assess the compat- 

bility of materials used for preservation with photographic mate- 

ial. However, the PAT is often used to evaluate many other types 

f materials used in cultural institutions for storage and display 

f non-photographic media and inks. After the aging, the colloidal 

ilver detector in contact with the Whatman no.1 paper (control 

ample) was evaluated by subtracting the mean value of its blue 

iffuse transmission density before and after the aging (Fig. S9). 

or the test with MIL-100(Fe) composite paper to pass, any density 

hange must fall within + /- 20% observed on the detectors in the 

ontrol stack, i.e. in this case between 0.86 and 1.29. The density 

hange observed due to MOF paper sheet being 1.08, a value well 

ithin the limits, indicates that it passed the test. The performance 

f the stain detector in contact with the Whatman no.1 paper con- 

rol was also assessed by subtracting the blue reflection density 

efore and after aging. Any staining caused by the tested material 

ust be below the stain limit determined as: blue reflection den- 

ity of control sample + 0.08. The density change of MIL-100(Fe) 

as 0.18, while the stain limit was 0.19, indicating that the test 

assed. These compatibility tests demonstrate that the MIL-100(Fe) 

omposite paper membrane appears as a suitable candidate to be 

sed for the preventive preservation of cellulosic and photographic 

aterials. 

odel predictions and recommendations 

The current section is providing answers based on the hy- 

rid model predictions [21] upon including the effect of the MIL- 

00(Fe). Nevertheless, there is no single answer as there are a 

umber of parameters like the initial film degradation state, the 

ype of available storage (22 °C, 16 °C, 5 °C), the type and quantity 

f the adsorbent that is used as well as the adsorbent replace- 

ent time in addition to the film type. The film type contributes to 

ccelerated kinetics, the acceleration coefficient is considered con- 

tant in the current work for simplicity. Relative humidity (RH) is 

et to 40%, the periodic MOF replacement time (pmrt) of 10 years, 

he mass of the film 2 kg (film reels) and the considered life span

s 100 years. These values are reported in table S1. 

odel predictions 

We discuss the effect of temperature and the MIL-100(Fe) ad- 

orbent presence for the two extreme cases of a fresh film and a 

everely degraded one, since the current state of the film affects its 

uture behavior. The degradation state of the film is represented in 

he model by either no initial AA concentration in the atmosphere 

fresh film) or 19 ppm initial AA concentration (severely degraded 

lm). These values were meant to represent the AD-strip value of 

 and 2.5 respectively [27] . Important to note that, when possible, 

he concentration of AA can be measured accurately using highly 

ensitive sensors [28] . Fig. 3 (a) shows the cellulose acetate-based 

lm stored under controlled room temperature of 22 °C, where for 

 fresh film (0 ppm – AD-strip 0) an eventual decay happens in 

0 years if no actions are taken, i.e. accumulation of acetic acid in- 

ide the films’ storage containers. Lowering the temperature would 
240 
xtend the film’s lifetime to at least 100 years. Interestingly, in- 

roducing 100 g (5% of film’s weight) of MIL-100(Fe), along with 

 replacement of the MOF every 10 years, at 22 °C would lead to 

he same preservation extension as that storing at 5 °C without any 

OF. Important to note that, the MOF can be supported inside the 

lm package by a Tyvek bag (like in the validation tests) or any 

ther support, like paper membrane [19] , that doesn’t impede or 

he deteriorate the performance of the MOF (NB: it doesn’t impact 

he Henry’s constant of the MOF – initial slope of the acetic acid 

dsorption isotherm). For the severely degraded film with signifi- 

ant acetic acid concentrations (19 ppm – AD strip 2.5), the pres- 

nce of 200 g (10% of film’s weight) of MIL-100 (Fe), at 22 °C, shows

o do an equivalent effect to storing at cold temperature of 5 °C. 

Fig. 3 (b) shows the degradation kinetics upon using a stor- 

ge temperature of 16 °C, where with no adsorbent, for a fresh 

lm (AD = 0), an eventual decay would take off in 75 years. Stor- 

ng this film at 5 °C temperature would not allow any degrada- 

ion, at least within 100 years. Interestingly placing 50 g (2.5%) 

f MIL-100(Fe), along with a replacement time of 10 years, would 

ead to the same effect, not allow any degradation at least within 

00 years, at a temperature of 16 °C. As a comparative scenario, 

or a film with 19 ppm initial acetic acid in the atmosphere, the 

egradation kinetics are so fast at 16 °C that the film would last 

ess than 20 years. Lowering the temperature to 5 °C would slow 

own the degradation and extend the lifetime of this film. Never- 

heless having 100 g (5%) of MIL-100(Fe), with 10 years replace- 

ent time, at 16 °C would attain better preservation than that at 

 = 5 °C. It is important to note that for the cases where the degra-

ation started and/or there is acetic acid in the atmosphere, cou- 

ling controlled temperatures at 16 °C and tackling the AA concen- 

ration accumulation by the presence of adsorbent proves to be the 

ost efficient strategy in extending the films lifetime. Special at- 

ention must be given to the truncated scale of 96% non-degraded, 

n Figs. 4 a) and b) since we are focusing on the early onset of

egradation. 

Fig. 3 (c) and (d) show the AA concentration in the atmosphere 

s function of time at storage temperature of 22 °C and 16 °C re- 

pectively, where one could easily correlate the effect of AA ac- 

umulation on the acceleration of degradation kinetics. It is no- 

iced that lowering down the temperature to 5 °C retain the AA 

roduction, while the use of MIL-100(Fe) limits the AA accumula- 

ion. In other words, MIL-100(Fe) is predicted to be highly efficient 

n keeping the AA concentration to a very low limit and doesn’t 

llow the acceleration of degradation to happen. 

odel recommendations 

Recommendations on the usage of MIL-100(Fe) adsorbent are 

iven in Table 1 based on the model predictions provided in the 

ection above. It is important to note that intermediate degrada- 

ion cases of AD-strip values of 1, 1.5 and 2 were studied upon 

onsidering the respective equivalent initial concentrations of 1.5, 4 

nd 7 ppm. The amount of MIL-100(Fe) to be present is similar to 

hat of AD-strip value of 2.5. In other words, the recommendations 

re given based on a binary condition of fresh film or degraded 
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Fig. 3. Effect of temperature and MOF presence on a fresh film (AD = 0, or initial acetic acid = 0) as well as severely degraded film (AD = 2.5, or initial acetic acid = 19 ppm). 

The degradation kinetics are reported where the film is stored at (a) T = 22 °C, (b) T = 16 °C. The acetic acid concentration in the atmosphere is reported for (c) T = 22 °C, 

(d) T = 16 °C. 

Fig. 4. Validation test at IVC (a) without MOF and with MOF (MIL-100(Fe)). (b) Model predictions with IVC storage conditions as input with and without MOF. 
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a

lm. The recommended amount is given to lead to either equiva- 

ent or better results than cold storage ( T = 5 °C). The best scenario

s when a combination between lowering down the temperature 

nd having MIL-100(Fe) powder are used to tackle the two main 

rivers of the degradation kinetics (temperature and acetic acid 

oncentration). Thus, in these conditions, the autocatalytic point 

r accelerated kinetics does not happen in at least 100 years. The 

ass of the adsorbent is indicated in grams as well as percentage 

f the movie weight. 
241 
alidation tests 

Validation tests were conducted to verify the MIL-100(Fe) per- 

ormance under real conditions. For this, 150 g of MIL-100(Fe) 

ere placed inside the prototype using a Tyvek pouch as shown 

n Fig. S6. The acetic acid gas concentration was detected by an 

cetic acid selective sensor developed by BIOSENSOR [29] . The IVC 

alidation test storage conditions were fed to the predictive model 

s shown in Table 2 . 
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Table 2 

Institut Valencià de Cultura validation test storage conditions (same conditions were 

used as input to the hybrid model). 

Condition Value 

Free box volume 2000 cm3 

Mass of the film 1.956 kg 

Storage temperature 5 °C [4 – 6 °C] 

Relative Humidity 40% [38 – 42%] 
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Fig. 4 (a) presents the acetic acid concentration recorded before 

nd after the introduction of the MOF. An average of 2120 ppb is 

ecorded. Remarkably, the acetic acid concentration dropped to an 

verage value of about 340 ppb after the introduction of 150 g of 

IL-100(Fe). Note that this concentration was maintained over the 

eriod of the trial, which was 10 days. To obtain the model predic- 

ions of the effect of MOF, the IVC storage conditions as well as the 

easured acetic acid concentration of the film prior to the MOF 

ntroduction were implemented as input in the model ( Table 1 ). 

ig. 4 (b) presents the outgas predictions over a period of one year 

ith and without the MOF. The model predicts a decrease from 

250 ppb to 337 ppb. The decrease recorded by the IVC archive 

rom an initial average value around 2250 ppb to an average value 

round 300 ppb that agrees very well with the expected reduction 

o be induced by the Fe-MOF in the powder form validating the 

odel predictions. Note that during an initial period of time ven- 

ilation along with the adsorbent presence was tested and a later 

eriod only the adsorbent presence was tested with no ventilation 

 Fig. 4 (a)). No significant difference was measured, demonstrating 

hat the presence of the adsorbent established the gas phase equi- 

ibrium between the gas phase and the adsorbed phase of acetic 

cid. 

ife cycle assessment 

As a first step of the LCA study, the scope of the study was de-

ned as the assessment of the carbon footprint of the proposed 

nnovative solution in respect with the state-of-the-art with a cra- 

le to grave approach, to guide the further development and use of 

OF in movie film preservation. The functional unit was defined as 
Table 3 

The scenarios considered in the LCA to obtain an equivalent lifetime extension. 

Scenarios 

Scenario 0 Scenario 1 (fresh film) Scenario 2 (degraded film

No MOF 1 kg MIL-100(Fe) 2 kg MIL-100(Fe) 

T = 5 °C T = 22 °C T = 22 °C 

Fig. 5. Carbon footprint predictions of the five considered scenari

242 
 package unit stored for 100 years, and the 5 scenarios described 

n Table 3 were analyzed, upon considering the MOF replacement 

ime of 10 years (for the case of fresh film, scenario 1, 100 g of

IL-100(Fe) is needed, this amount needs to be replaced every 10 

ears this yields a total of 100 ×10 g of MOF). The as-synthesized 

dsorbent come in powder shape and a supporting matrix is usu- 

lly needed for better handling. Different support matrixes types 

ere studied and reported [19 , 30] . In the NEMOSINE prototype the 

IL-100(Fe) powder was supported in a Tyvek bag pouch, which 

as protected in an inner cavity; for more details see the NEMO- 

INE video [31] . The mass of the used Tyvek bag was 11 g. In

able 3 , in addition to the MOF, 110 g of Tyvek bag was consid-

red as the bag is to be changed with the MOF every 10 years. 

After defining the scope, the second step regarded the collec- 

ion of data about the processes to be compared. The environ- 

ental impacts of the state-of-the-art preservation processes are 

ainly related to the electricity consumption for the refrigeration 

f the rooms at 5 °C. To calculate the annual energy consumption, 

everal locations were considered having different climate condi- 

ions (Athens, Valencia, Marseille, Milan, Paris, Prague and Birm- 

ngham). On the other side, for the 4 scenarios using MOF, besides 

he energy consumption for refrigeration at 16 and 22 °C respec- 

ively, calculated for all the locations indicated above, the study 

onsidered the impacts of MOF preparation, from raw materials to 

anufacturing and end-of-life: data regarding the materials used 

nd energy consumption as well as final disposal of MOF were col- 

ected. 

Based on the defined Life Cycle Inventory, the environmental 

mpacts of the state-of-the-art as well as of the new proposed so- 

ution using MOF were calculated. The impacts of raw materials, 

aste and emissions associated with the preparation and disposal 

f MOF were taken from recognized databases, such as Ecoinvent. 

s for the emissions associated with the electricity consumption, 

e considered the carbon footprint of current EU energy mix as 

ell as the carbon footprint of the expected EU energy mix in 2030 

32] that, thanks to the higher use of renewable energy sources, 

ill have reduced CO2 emissions. 

Finally, the impacts of the 5 analyzed processes were compared. 

he results are reported in Fig. 5 , that shows how the use of MOF

nables an average, very significant, reduction of carbon footprint 
) Scenario 3 (fresh film) Scenario 4 (degraded film) 

0.5 kg MIL-100(Fe) 1 kg MIL-100(Fe) 

T = 16 °C T = 16 °C 

os, for (a) current and (b) 2030 EU energy mix respectively. 
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elated to movie film preservation of about 50% considering the 

urrent EU energy mix and about 40% considering the 2030 EU en- 

rgy mix. 

onclusion 

The stability of a promising benchmark MOF material (MIL- 

00(Fe)) for preservation cinematographic and photographic films 

ased on cellulose acetate was demonstrated. The safe use of the 

ew adsorbent with the artefacts was evaluated and proved to be 

ompatible with a variety of culture heritage items, since this Fe- 

ased MOF was shown to be stable under accelerated aging. The 

erformance of the MIL-100(Fe) to capture acetic acid in the pres- 

nce of moisture was estimated to significantly extend the life of 

he of movie films based on cellulose acetate by considerably slow- 

ng down their degradation kinetics. The recommendation to use 5 

o 10% of this MOF (by weight in comparison to the movie film 

eight) for a fresh film and severely degraded one respectively, 

as given so that a life-extension at room temperature (22 °C) is 

quivalent to cold storage (5 °C). A real demonstration of the new 

aterial performance was carried out proving that the material 

as effective in purifying the air from acetic acid, with a decrease 

n the acetic acid concentration from around 2120 ppb to 340 ppb, 

n perfect agreement with the model predictions. The acetic acid 

oncentration was maintained at low levels during the demonstra- 

ion test of two weeks. It was also shown that using a ventilation 

trategy does not reduce further the acetic acid concentration. In 

ther words, the reduction of the concentration is dictated by the 

dsorbent rather than the ventilation process. Cradle to grave life 

ycle assessment was finally performed upon considering an exten- 

ion of the lifetime for the movie films to 100 years as the func- 

ional unit, obtained either by cold storage or by the presence of 

IL-100(Fe). Remarkably, the use of this MOF enables an average 

eduction of the carbon footprint related to movie films preserva- 

ion of about 50% considering the current EU energy mix and about 

0% considering the 2030 EU energy mix, where a transition to- 

ards renewable energy is expected. 
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