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a b s t r a c t 

One of the most crucial subjects for cellulose acetate motion picture film conservation is associated with 

the so-called “vinegar syndrome”. This paper shows the set up of an innovative procedure for the artificial 

induction of this degradation process in both cellulose triacetate laboratory samples and real motion pic- 

ture films. Moreover, a multi-analytical approach based on optical microscopy, gravimetry, solubility, free 

acidity measurements and tensile tests, combined with acetyl content calculation through Heterogeneous 

Saponification Method (HSM) and Fourier Transform InfraRed Attenuated Total Reflectance spectroscopy 

(FTIR-ATR) was also defined to obtain a complete picture of the evolution of the “vinegar syndrome”. The 

procedures presented in this paper are preliminary to the set up of new materials specifically tailored 

for the inhibition of the “vinegar syndrome”. The idea is to artificially induce the de-acetylation on cellu- 

lose acetate samples in a controlled, reproducible and non-aggressive way for the tested inhibitors, and 

monitor the evolution of the process through the abovementioned multi-analytical approach. 

© 2024 The Authors. Published by Elsevier Masson SAS. 

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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. Introduction 

The history of using cellulose acetate polymers as support for 

otion picture films is an interesting topic. Because of the in- 

tability and flammability of celluloid (i.e. cellulose nitrate), the 

lm industry started to look for a safer alternative with similar 

hysicochemical properties: during the first half of the XIX cen- 

ury, cellulose acetate (CA, cellulose diacetate, CDA, from the 1920s 

nd cellulose triacetate, CTA, from the 1950s) was proposed as a 

ood substitute [ 1–5 ]. Thanks to its lower flammability (flash point 

f 430 °C versus 4.4 °C of celluloid), motion picture films made 

f cellulose acetate are called Safety Films . Unfortunately, also CA 

howed significant instability and degradation issues and, during 

he 1960s and 1970s, more stable polyesters gradually replaced it. 

Most chemical deterioration mechanisms affecting CA polymers 

an be ascribed to a phenomenon commonly known as “vinegar 

yndrome” [ 4 ]. The major chemical degradation reaction of CA con- 

erns the cleavage of the ester bonds between the acetate group 

CH3 COO) and the cellulose backbone through ester hydrolysis (de- 

cetylation), with the formation of hydroxyl groups and the release 
∗ Corresponding author. 
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f acetic acid [ 3 , 4 , 6–11 ]. Indeed, the “vinegar syndrome” gets this

ame because of the characteristic smell emitted by degraded CA 

lms. A model to describe the evolution of the “vinegar syndrome”

n both naturally and artificially aged films [ 9 , 11–17 ] was proposed

y the Image Permanence Institute [ 18 ] in the last decades of the 

X century. It was found that de-acetylation is strictly influenced 

y temperature, relative humidity (RH) and pH (acid or alkaline). 

n particular, the formed acetic acid acts as a catalyst itself for the 

e-acetylation reaction and induces an autocatalytic process [ 18 ]. 

ast studies proposed a threshold value of the concentration of 

cetic acid for the onset of this process [ 9 , 18 ] but recent publi-

ations pointed out that it could be more correct to describe the 

e-acetylation process as an autocatalytic process occurring at all 

cid concentrations [ 19 ]. Indeed, the presence of acetic acid sig- 

ificantly decreases the activation energy of the first step of the 

eaction (about 20 kcal/mol). This reduction is the reason for the 

igher rate of the acid-catalyzed reaction path [ 20 ]. Many studies 

 21 ] also investigated a second hydrolysis process taking place dur- 

ng the degradation pathway and involving depolymerization due 

o cleavage of the glycosidic bonds of the CA backbone [ 4 , 22 ] with

 consequent decrease in molecular weight. Moreover, to produce 

otion picture films, CA is typically modified with plasticizers that 

re commonly lost over time [ 23 ]. Then, the progressive depoly- 

erization and loss of plasticizers lead to embrittlement and con- 
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equent cracking of the material [ 22 ] compromising the usability 

f the motion picture film. 

Based on this knowledge of the chemical mechanisms involved 

n the “vinegar syndrome”, to prevent the trigger and promote the 

nhibition of this phenomenon, some possible methodologies have 

een studied [ 9 , 11–13 , 15–17 , 24 ]. Until today the most diffuse way

s to act on parameters that determine its kinetics, i.e. humid- 

ty, temperature, and acidity [ 18 , 25–27 ]. The results of such inves-

igations showed that the CA-based motion picture films should 

e stored at low temperatures and RH in a well-ventilated envi- 

onment to promote the removal of the degradation by-products 

hich can further catalyze the de-acetylation reaction of the back- 

one. Another promising approach concerns the subtraction of 

cetic acid from the environment to avoid the trigger of the au- 

ocatalytic process. For this purpose, two routes can be pursued: 

bsorbing it or neutralizing it. Many solutions have already been 

tudied, each with some positive and negative aspects [ 6 , 26–33 ];

he most promising systems seem to be the Metal-Organic Frame- 

orks (MOFs) [ 34–36 ] but the main drawbacks are the high costs 

nd the huge amount of time needed for their synthesis. On these 

ases, it would be interesting to pursue innovative routes, possibly 

xploiting new smart materials. 

The analysis of current normative [ 37 ] showed that, before set- 

ing up new methodologies, it was important and urgent to de- 

ne a proper protocol for the artificial induction of the “vinegar 

yndrome” to be used to test and evaluate the evolution of the 

yndrome with or without possible new inhibitors. Together with 

his new degradation procedure, it was mandatory to define also 

 multi-analytical protocol for monitoring both the induction of 

he “vinegar syndrome” and its subsequent evolution. From several 

tudies conducted between the eighties and nineties [ 9 , 13 , 38 , 39 ], it

as found that is possible to monitor the free acidity (i.e. the free 

cetic acid adsorbed inside the film) through an acid-base titration 

ethod [ 18 , 37 , 40 , 41 ] or through ion chromatography [ 22 , 23 ] and

olid Phase Micro Extraction – Gas Chromatography/ Mass Spec- 

rometry (SPME-GC/MS) [ 42–44 ]. 

Another approach to defining the conservation status of CA me- 

ia is based on the measurement of the substitution degree, which 

s the amount of the mass percentage of acetyl groups bound to 

he cellulose backbone. In the literature, some methodologies to 

uantify the acetyl content in motion picture films through differ- 

nt techniques (UV–vis spectrophotometry [ 10 , 45 ], Nuclear Mag- 

etic Resonance NMR [ 21 , 46–48 ]) are reported. The weak point of

hese latest methods, which require the use of liquid analytes, is 

he dependence of the solubility of cellulose acetate on the degree 

f substitution. It is well known that cellulose acetates with a very 

ow degree of substitution are very difficult to solubilize in most of 

he solvents commonly used for these analyses [ 49 ]. In addition, all 

he abovementioned methods are invasive and/or destructive. Re- 

ently, Infrared Spectroscopy, in particular ATR or μ-FTIR, has been 

sed to define the degree of substitution of cellulose acetate by 

eans of a non-invasive or micro-destructive protocol [ 46 , 49 ]. On 

he other hand, FTIR methods for analyzing the degree of substitu- 

ion can run into problems as spectral resolution diminishes as the 

A degrades, making quantitative analysis less accurate [ 47 ]. 

In this work, in addition to a degradation method to trigger 

he “vinegar syndrome” in motion picture films, a multi-analytical 

rotocol has been proposed to collect analytical data to define, by 

eans of several different measured properties, the real extent of 

he degradation processes in the various steps of the induction and 

volution of the syndrome. 

. Research aims 

According to the state of the art concerning the “vinegar syn- 

rome” in motion picture films made of CA reported in the Intro- 
185
uction section, two main research aims were individuated for the 

resent study. Bearing in mind that one of the main goals of the 

ctual research in this field is to develop innovative methodolo- 

ies for inhibiting and preventing the “vinegar syndrome” through 

he proposal of innovative smart materials, the first aim was to set 

p a new way to artificially induce this phenomenon, for evaluat- 

ng the performance of these new systems. With a view to test- 

ng smart materials – our team is working on polymeric systems 

ade of polyamines that could be potentially useful to stop the de- 

cetylation process and prevent further deterioration of cellulose 

cetate films –, it is fundamental to set up an innovative method 

o artificially induce the “vinegar syndrome”, that can be used in 

he presence of such inhibitors without damaging them and es- 

ecially without adopting high temperature (i.e. we need to work 

t room temperature or, in any case, below 30 °C). This goal was 

articularly complex since the methods commonly used to induce 

he “vinegar syndrome” are based on the conditioning of the sam- 

les at high temperatures for some days [ 9 , 17 , 20 , 37 ]. As indicated

n the literature, one of the methods commonly used to artificially 

nduce the “vinegar syndrome” in real motion picture films made 

y CA (RMPF), has been proposed by the Image Permanence Insti- 

ute [ 9 , 17 ] and subsequently reported in the ISO 18901:2010 [ 37 ].

his method involves heating up for 72 h at 100 ± 2 °C a certain 

mount of RMPF in a sealed metal-foil bag. Processing the films 

n this way shows an increase in free acidity and a loss in ten- 

ile properties and emulsion [ 41 ]. It is evident that these meth- 

ds which are based on conditioning the samples at high temper- 

tures for many hours can strongly compromise the chemical sta- 

ility and the performance of polymeric inhibitors like those above 

entioned. Therefore, the possibility to induce the de-acetylation 

rocess through a procedure that is realized at room temperature 

nd is able to successfully test the performance of polymeric in- 

ibitors by safeguarding their stability, at today is still not consid- 

red. Then, the first aim of this work is the set up of a room tem-

erature procedure to artificially induce the “vinegar syndrome”

n lab CTA-based film (LCBF) and then on RMPF. The artificial 

nduction of the de-acetylation process was set up by a method 

ble to achieve controllable and reproducible results. It is impor- 

ant to mention that a protocol to test possible inhibitors and pre- 

enting agents for the “vinegar syndrome” should consist of two 

teps: the first step, which can adopt also strong conditions, is the 

ne to induce the de-acetylation; the second step is used to re- 

tart the de-acetylation reaction after applying the inhibitor and 

eeds to be conducted at room temperature to avoid the chemi- 

al degradation of the polymeric system. We worked both on pure 

CBF and RMPF because examining pure LCBF allowed to anal- 

se the effects of the artificial induction of the de-acetylation pro- 

ess of pure CA, without considering the effects of plasticizers 

nd emulsion layer. Moreover, the protocol had to induce the de- 

cetylation process on samples with reasonable kinetics compati- 

le with lab timelines to appreciate and study its evolution and to 

e compatible with possible innovative thermosensitive inhibitors 

 4 , 18 ]. 

The second aim of this work was the setting up of a multi- 

nalytical protocol that allows following the evolution of the ar- 

ificially induced de-acetylation of the films by focusing the atten- 

ion on both their chemical (substitution degree of the polymers 

nd free acidity) and the mechanical properties (tensile stress re- 

istance). By comparing normalized results referred to the same 

henomenon (i.e. the de-acetylation process) but obtained by dif- 

erent methodologies and by proving their coherency, was pos- 

ible to demonstrate the occurrence of the de-acetylation reac- 

ion but also to validate our multi-analytical method. In addi- 

ion, a wide overview in terms of properties variation (both chem- 

cal and mechanical) induced by the degradation protocol was 

ollected. 
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. Experimental section 

Chemicals and materials are reported in Paragraph 1.1 of the SI 

Fig. SI1 and SI2). 

.1. The artificial induction of the de-acetylation process 

An innovative method for the artificial induction of the “vine- 

ar syndrome” based on the exposure of LCBF and RMPF to a 

igh-acidity atmosphere was proposed in this work and called the 

high acidity induction method”. It is well known that the deteri- 

ration of CTA films by de-acetylation can be induced by acid or 

asic substances [ 50 , 51 ]. Therefore, the effects of the exposure to

Cl-saturated atmospheres on both LCBF and RMPF were evaluated 

degradation protocol “HCl5”). The samples were exposed to a sat- 

rated atmosphere of HCl 5 M in airtight chambers (volume ca. 

30 mL) at different times at 25 ± 3 °C. The RMPF and LCBF were

ut into fragments of 50 × 16 mm (total amount for each cham- 

er ca. 1 g and hung at the top of the chamber with a Teflon wire,

paced out with glass marbles with a diameter of about 2 mm to 

void their mutual contact during the storage. A vial with 8 mL of 

Cl 5 M was placed at the bottom of the chamber (see Fig. SI3,

aragraph 1.2 of SI). LCBF were exposed to this HCl atmosphere for 

p to 16 days (with a sampling every two days), while for RMPF 

he degradation period lasted up to 30 days (with a sampling ev- 

ry 3, 6, 9, 12, 15, 20, 25, 30 days). In both cases, each sampling

orresponded to a different airtight chamber to avoid interruption 

f thermo-hygrometric conditions; this meant that for these ex- 

eriments the number of chambers corresponded to the number 

f samplings. The environmental conditions (temperature and rel- 

tive humidity) were monitored hourly with a data logger. 

A second degradation protocol to artificially induce the “vinegar 

yndrome” (degradation protocol “ATM2.X”) was set up by adding 

wo further steps after the HCl treatment: after the first step (ex- 

osure to a saturated atmosphere of HCl 5 M in 130 mL airtight 

hambers at 25 ± 3 °C for 3 days, LCBF and 9 days for RMPF), 

he samples were kept out of the chamber and left for 24 h un- 

er hood at 50 RH% at room temperature (25 ± 3 °C) to eliminate 

he excess of adsorbed HCl; then the samples were stored again in 

he same airtight chambers at 100 RH% and 25 ± 3 °C for 12, 24, 

6, 48 days to monitor the further evolution of the de-acetylation 

eaction. This protocol is labeled ATM2.X where X indicates the du- 

ation, in days, of the exposure to a saturated atmosphere of HCl 

 M (then we have ATM2.3 protocol for LCBF and ATM2.9 protocol 

or RMPF). 

The use of HCl in the first step of the artificial degradation pro- 

ocol proposed in this study with respect to the traditional ones 

consisting of keeping the samples at high temperature for many 

ours) introduces a strong chemical agent that for the purpose of 

his paper (see Research Aims section) does not create any prob- 

ems. It is obvious that the approach proposed in this study is not 

imed to substitute the traditional methods, but has the great ad- 

antage, as we will show, of being considered an optimum method 

o test possible inhibitors for the “vinegar syndrome”. 

.2. Analytical techniques 

.2.1. Optical microscopy 

Optical microscopy analyses were performed in transmission 

ode with a Reichert optical microscope (Austria) coupled with a 

ikon Digital-Sight DS-U3 camera; images were acquired at two 

ifferent magnifications with the epi 5.5 (20x) and epi 11 (40x) 

enses and were digitized with the NIS-Elements software. 
186
.2.2. Solubility tests 

A first, rough evaluation of the variation in the acetyl content 

uring the artificial induction of the de-acetylation was carried out 

hrough solubility tests. Table SI1 (Paragraph 1.2 of SI) shows the 

olubility of cellulose acetate in different solvents by varying its 

cetyl content [ 4 , 52 , 53 ]. 60 mg of sample was cut into little frag-

ents in the order of a few mm2 and dispersed in 3 mL of the 

hosen solvent. The extent of solubilization was assessed qualita- 

ively after 48 h. 

.2.3. Ion chromatography (IC) 

Samples of LCBF and RMPF were cut into little fragments and 

aintained in water under stirring for 24 h at 38 °C. The ex- 

racts were analyzed with an ICS-90 Ion Chromatography Sistem 

Dionex), using Na2 CO3 and NaHCO3 1.8 mM solution as buffer and 

2 SO4 10 mM as suppressor and working at 8 bar pressure. 

.2.4. Gravimetry tests 

We investigated if the variation in weight during the artifi- 

ially induced “vinegar syndrome” could be associated with the de- 

cetylation process. Weight loss in percent (WL%) was calculated as 

ollows: 

L ( %) = [ ( Wt − Wo ) /Wo ] × 100 (1) 

here Wo is the initial weight of the sample (g) and Wt is the 

eight of the sample at time t of the artificial aging. Since the 

amples adsorbed water during the storage in the chambers, the 

t -values reported in the graphs as a function of aging time were 

aken 24 h after their removal from the chambers keeping them 

nder the hood at 25 ± 3 °C and 50 ± 5 RH% to reach equilibrium.

he reported results were the average values calculated between 

hree samples with the corresponding standard deviations. 

.2.5. Free acidity measurements 

To estimate the free acidity (which corresponds to the free 

cetic acid that was adsorbed onto the support, i.e. the unesteri- 

ed organic acid in the ester) a method reported on the ASTM D 

71-96 normative [ 40 ] was used with some modifications. More 

etails are reported in Paragraph 1.3 of SI. The percentage of acid- 

ty as free acetic acid has been calculated as follows: 

ree acidity ( %) = [(A − B ) × N × 0 . 06 × 100] /W (2) 

here: A = volume of NaOH solution used to titrate the sample 

mL), B = volume of NaOH solution used to titrate the blank (mL), 

 = normality of the NaOH solution, and W = weight of sample 

g). The reported results were the average values calculated be- 

ween three samples with the corresponding standard deviations. 

.2.6. Combined acetyl or acetic acid content calculation through the 

eterogeneous saponification method (HSM) 

A method based on Heterogeneous Saponification and reported 

n the ASTM D 871-96 normative [ 40 ] was used with some modifi-

ations (more details are reported in Paragraph 1.4 of SI). This pro- 

edure allowed to measure the total amount of acetyls bound to 

he cellulose backbone and the free acidity adsorbed by the poly- 

eric network. The percentage of combined acetyl or acetic acid 

ontent was calculated as follows: 

cetyl or acetic acid ( %) = [(D − C) × Na + (A − B ) × Nb + P ] 

×(F /W ) (3) 

here: A = volume of NaOH solution required for titration of the 

ample (mL), B = volume of NaOH solution required for titration of 

he blank (mL), Nb = normality of the NaOH solution, C = volume 

f HCl required for titration of the sample (mL), D = volume of 

Cl required for titration of the blank (mL), Na = normality of the 

Cl solution, F = constant 4.305 for acetyl, W = weight of sample 

g). The reported results are the average values calculated between 

hree samples with the corresponding standard deviations. 
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.2.7. Acetyl content with FTIR-ATR spectroscopy 

To evaluate the decrease in the acetyl content on RMPF in 

 non-invasive and non-destructive way, we performed FTIR-ATR 

pectroscopy before and after the de-acetylation induction. The 

TIR spectra were collected with an IRAffinity-1S Fourier Transform 

nfrared Spectrometer (Shimadzu) by using the MIRacle Single Re- 

ection Horizontal ATR Accessory equipped with a Diamond/ZnSe 

erformance flat tip Crystal Plate. The resolution was 2 cm-1 , the 

umber of scans was 64 and the range 40 0 0–60 0 cm-1 . For com-

arison, the spectra were adjusted to the same baseline and nor- 

alized on the peak at 1030 cm-1 [ 46 , 49 ]. 

The following ratio was calculated: 

Intensity of a diagnostic peak 
(
arbitrary units 

)]
/ 

[
Intensity of the 1030 cm−1 peak 

(
arbitrary units 

)]
(4) 

The peak at 1030 cm-1 was chosen as the reference peak (i.e. 

nternal standard): it is assigned to the C–O–C stretching vibration 

f the anhydro-glucose ring and it was assumed not to vary dur- 

ng the degradation protocol [ 46 , 49 ]. As probe peaks, able to moni-

or the evolution of the de-acetylation, the following peaks, whose 

ntensity is assumed to change during the de-acetylation process 

see Fig.SI4, Paragraph 1.5 of SI), were selected: (i) the peak at 

220 cm-1 assigned to the C–O stretching of the acetyl group; (ii) 

he peak at 1730 cm-1 assigned to the C= O stretching of the acetyl 

roup; (iii) the peak at 3330 cm-1 assigned to the O–H stretching. 

or each sample of LCBF film and RMPF, five spectra were collected 

n different areas; the average values and the standard deviations 

ere reported. 

.2.8. Tensile tests 

Tensile tests were performed on RMPF (5 × 1 cm) before and 

fter the induced degradation process to evaluate how mechani- 

al properties varied during this test. Measurements were carried 

ut using a Discovery HR-3 rheometer (TA Instruments) in a ten- 

ion fixture mode, setting a loading gap of 2 cm and applying an 

xial force up to 40 N with a rate of 94 μm/s. The maximum ax-

al force applied to the films was 40 N because this value cor- 

esponded to the upper limit of the tensile stress of the instru- 

ent. For each sample, the measurements were performed in four 

eplicas and the calculated media and standard deviation were re- 

orted. More details about the asset of the measurement and the 

alculation of Young’s Modulus are reported in Paragraph 1.6 of SI. 

ensile tests were carried out only on real motion picture films be- 

ause they had uniform shape and thickness (125 ± 3 μm), while 

tandard cellulose acetate laboratory films showed a strong vari- 

bility in both the shape and the thickness (130 ± 20 μm), which 

trongly affected the significance of the results associated with this 

est. 

.2.9. Thermogravimetric analysis (TGA) 

Tests were performed on RMPF in a nitrogen atmosphere at a 

eating rate of 10 °C/min over a temperature range of 25–500 °C, 

ith an initial sample weight of approximately 5 mg using an SDT 

50 thermal analyzer (TA). 

. Results and discussion 

.1. The induction of the “vinegar syndrome” by the high acidic 

nduction method (HCl5M) on lab CTA-based films 

The samples subjected to this degradation protocol were first 

xposed to a saturated atmosphere of HCl 5 M for 2, 4, 8, 10, 12,

4, 16 days for the LCBF and for 3, 6, 9, 12, 15, 2, 25, 30 days

or the RMPF. The longer times adopted for RMPF were selected 

o have comparable effects with LCBF (vide infra). The results ob- 

ained for the LCBF and RMPF will be discussed separately. 
187
.1.1. Gravimetry tests and free acidity measurements 

Gravimetry data are reported in Fig. 1 A and indicate a progres- 

ive weight loss of the samples during the test. For the first six 

ays of exposure to HCl 5 M atmosphere, the decrease in weight 

s low (2.97 ± 0.01 wt%) and started to increase more rapidly af- 

er the sixth day (9.1 ± 0.4 wt%) up to a loss of 32 ± 2 wt% after

ixteen days. Concerning the free acidity, it was possible to appre- 

iate an increase of the free acidity ( Fig. 1 B) from 0.06 ± 0.01 %

not degraded) up to 3.2 ± 0.2 % (16 days). Obviously, it was an 

pposite trend compared to both the weight loss ( Fig. 1 A) and the

cetyl content ( Fig. 1 C). 

.1.2. Acetyl content via HSM 

As discussed in the Experimental section, a protocol based 

n ASTM D 871–96 was used to measure the acetyl content for 

ach sample [ 40 ]. This procedure cannot discriminate between the 

cetyl content (the acetic acid esterified onto the cellulose back- 

one of the polymer) and the free acidity (given by the unesterified 

cetic acid physisorbed by the film). Therefore, to better evaluate 

he actual acetyl content, the free acidity values reported in Fig. 1 B 

ere subtracted from the acetyl content values obtained via HSM. 

n Fig. 1 C, acetyl content with (red line) and without (black line) 

he subtraction of the free acidity is reported: it was evident that 

he correction is more important for samples exposed to the HCl 

tmosphere for longer periods. It was interesting to notice that the 

cetyl content change had the same trend of the weight loss: the 

cetyl content decreased very slowly from 45 ± 1 % (not degraded) 

o 37.5 ± 0.3% in the first six days and more rapidly afterward up 

o 4.9 ± 0.5% after 16 days of contact with the HCl atmosphere. 

omparing the correct acetyl content obtained with the HSM with 

he values reported in Table SI1 (Paragraph 1.2 of SI), it was possi- 

le to make the following considerations: 

� Before the degradation protocol the value of the acetyl content 

is 45 ± 1 %, which is typical of CTA (range of acetyl content 

44.8–43.0 %); 

� the samples at 2 (41.4 ± 0.2 %), 4 (37.84 ± 0.03 %), and 6 days 

(37.5 ± 0.3 %) were classifiable as CDA (range of acetyl content 

42.9–34.9 %); 

� the samples at 8 (29.8 ± 0.7 %) and 10 days (23 ± 2 %) were 

ascribable to CMA (range of acetyl content 34.9–21.1 %); 

� the samples at 12 (13.1 ± 0.2 %), 14 (11.2 ± 0.4 %), and 16 

days (4.9 ± 0.5 %) were classifiable as “0′′ -CA (acetyl content 

≤ 21.1 %) [ 52 ]. 

Moreover, the solubility trend of the samples (Table SI1 in Para- 

raph 2.1 of SI) was coherent with the correct acetyl content cal- 

ulated via HSM. 

.1.3. Acetyl content with FTIR-ATR spectroscopy 

Even if the HSM method was able to provide useful information 

bout the decrease in the acetyl content induced by the degrada- 

ion protocol, the sampling of the film was mandatory. For this rea- 

on, we proposed also a non-destructive and non-invasive method 

o monitor the de-acetylation process based on the use of FTIR- 

TR Spectroscopy. In Fig. SI5 (Paragraph 2.2 in SI) the spectra of 

ll the LCBF subjected to the HCl5M degradation protocol are re- 

orted. Coherently with the data obtained from the previous analy- 

es ( Fig. 1 ), the intensity of all the peaks associated with the acetyl

roup bound to the cellulose backbone of the CA (at 1220, 1340 

nd 1750 cm-1 attributed to the C–O stretching, the C–H bending 

f the CH3 and the C= O stretching, respectively [ 49 , 54 ]) tended to

ecrease by increasing the duration of the exposure to the HCl at- 

osphere (Fig. SI5B of Paragraph 2.2 in SI). Moreover, a light shift 

f the peak at 1030 cm-1 , associated with C–O–C stretching of the 

lycosidic ring [ 49 , 54 ] to lower wavenumbers (1018 cm-1 ), was ob-

erved after 16 days together with the formation of two shoul- 
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Fig. 1. (A) Weight loss (%), (B) free acidity (%), and (C) acetyl content measured via HSM (%) with (red) and without (black) the correction through free acidity data, for LCBF 

film as a function of the time of exposure to HCl 5 M saturated atmosphere. The results of each measurement are expressed as the average value and the corresponding 

standard deviation calculated for three fragments of the same film subjected to the same degradation protocol. (D) FTIR-ATR ratios I1220 /I1030 (black), I1750 /I1030 (red) and 

I3330 /I1030 (blue) as a function of degradation time; the results of each measurement are expressed as the average value and the corresponding standard deviation calculated 

from five spectra acquired in different areas of the film subjected to the same degradation protocol. 
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ers at 1064 and 1108 cm-1 [ 55 ], indicating an alteration also of 

he cellulose backbone. At the same time, the broad peak associ- 

ted with the OH stretching at 3330 cm-1 tended to increase with 

he duration of the test (Fig. SI5C of Paragraph 2.2 in SI). On these 

ases, the evolution of the de-acetylation process induced by high 

cidic exposure was followed by studying the trend of the ratios 

1220 /I1030 , I1750 /I1030 and I3330 /I1030 as a function of time (1220, 

030, 1750, and 3330 indicate the position of the diagnostic peaks 

n cm-1 , Fig. 1 D). The progressive decrease of the intensity of the 

eaks at 1220 and 1750 cm-1 is evidence of the de-acetylation pro- 

ess induced by the HCl atmosphere. Whereas for the trend of the 

ntensity of the 3330 cm-1 peak (whose increase is coherent with 

he occurrence of the de-acetylation reaction) is not possible to ex- 

lude a contribution of the moisture adsorbed by the film due to 

he high RH of the environment (i.e. the airtight chambers where 

he degradation test was carried out). Indeed, the water absorption 

ould affect the intensity of the peak at 3330 cm-1 , which is associ- 

ted with the stretching of the O–H group. In addition, the increase 

n the polarity of the system with the progress of de-acetylation 

ncrease also the capacity to absorb water, which is very high for 

ure cellulose. 
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.2. The induction of the “vinegar syndrome” by the high acidic 

nduction method (HCl5M) on real motion picture films 

The most important differences in the effects of the HCl5 degra- 

ation protocol on the RMPF, in comparison with the LCBF are ev- 

dent in the images reported in Figs. SI6 and SI7 (Paragraph 2.3 of 

I). 

In detail, Fig. SI6 shows macroscopic signs of degradation: the 

lm started to deform and curl because of the reduction in the size 

f the cellulose acetate support (the so-called “channeling” phe- 

omenon) [ 1 , 2 ]. At the same time, the emulsion started to be very

ticky and detached easily from the support [ 56 ], as it was pos- 

ible to appreciate from the optical microscopy micrographs re- 

orted in Fig. SI7B. Micrographs reported in Figures SI7C, SI7D, 

nd SI7E collected from the surfaces of the samples treated 15, 

0, and 30 days showed the presence of needle-shaped crystals 

nd microbubbles, probably due to the exudation of plasticizers 

 57 ] and/or low molecular weight fragments or other film com- 

onents aggregating/crystallizing. In particular, the needle-shaped 

rystals could be associated with triphenyl phosphate, while the 

icrobubbles with phthalates [ 57 , 58 ]. The presence of plasticizers 
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Fig. 2. (A) Weight loss, (B) free acidity and (C) acetyl content with (red) and without (black) the correction with the free acidity calculated via HSM for the HCl5M RMPF as 

a function of time exposure. The results of each measurement are expressed as the average value and the corresponding standard deviation calculated for three fragments 

of the same film subjected to the same degradation protocol; (D) FTIR-ATR ratios I1220 /I1030 (black), I1750 /I1030 (red) and I3330 /I1030 (blue) as a function of degradation time; 

the results of each measurement are expressed as the average value and the corresponding standard deviation calculated from five spectra acquired in different areas of the 

film subjected to the same degradation protocol. 
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both triphenyl phosphate and phthalates) was confirmed in the 

TIR spectrum reported in Fig. SI9 (A) and commented in the Sup- 

orting Information (Paragraph 2.4). 

.2.1. Gravimetry tests and free acidity measurements 

The weight loss during the degradation process was monitored 

nd the results are shown in Fig. 2 A. The decrease in weight was

ot visible for the first 12 days of exposure to the HCl atmo- 

phere, while in the following 18 days, the weight decreased up 

o 25 ± 1 %. So, comparing the results of the gravimetry tests 

f LCBF and RMPF, it was evident that the weight loss was both 

ower and slower for the latest ones. The explanation of this phe- 

omenon could be traced back to what has been reported in pre- 

ious studies on the properties of the emulsion in real motion 

icture films [ 50 , 51 ]. It has been highlighted that the emulsion

cts as a protective barrier being able to partially neutralize the 

cetic acid [ 50 ] and therefore slow down the de-acetylation kinet- 

cs in the cellulose triacetate-based support. Moreover, it has been 

hown [ 51 ] that the gelatin emulsion layer imparts some degree 

f stability to CA film base due to its ability to scavenge and neu- 

ralize the acetic acid and partially prevent the diffusion of oxy- 
189
en into the film. Finally, it is well known [ 2 , 32 ] that the gelatine-

ased emulsion is strongly hygroscopic and is able to absorb mois- 

ure; then, it is reasonable to assume that a part of the weight 

ecorded post-exposure, especially for the more degraded samples, 

as attributable to the presence of retained water in the residues 

f the emulsion layer. Concerning the free acidity (see Fig. 2 B), it 

ncreased during the degradation protocol, starting from a value 

f 0.02 ± 0.01 at time 0 days up to a value of 3.25 ± 0.2 after 30

ays of storing in the HCl 5 M atmosphere. This value was equal to 

he one reported for LCBF after 16 days (3.23 ± 0.2 %, see Fig. 1 B),

howing that the amount of free acidity emitted by LCBF was iden- 

ical to the one emitted by RMPF after being exposed to the same 

onditions twice as long. This was probably due to the stabiliza- 

ion effect of the emulsion layer. In the case of free acidity too, a 

ariation in the emission rate of acetic acid is detected on the 9th 

ay of the experiment. 

.2.2. Acetyl content via HSM 

The acetyl content calculated through the HSM and corrected 

y the free acidity is reported in Fig. 2 C. If we compare this graph

ith that shown in Fig. 1 C for LCBF, the trend of the slope of the
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urve indicates that the de-acetylation process starts after 9 days 

vs 6 days of the LCBF). Moreover, afterward, the degradation pro- 

ess is slower as indicated by the slope of the curve of RMPF which

s much lower than the one of LCBF. In detail, it was possible to ap-

reciate that the time needed to reach the same degree of acetyl 

ontent was almost double (30 days versus 16, Figs. 1 C and 2 C). A

imilar trend was observed also for weight loss (see Figs. 1 A and 

 A). 

.2.3. FTIR-ATR spectroscopy 

The FTIR-ATR spectrum of RMPF before the HCl5 treatment (see 

ig. 8SI and 9SI in Paragraph 2.4 of SI) provided information about 

he chemical nature of both the support (made of CA) and of the 

mulsion layer that is composed of a protein, probably collagen. A 

ore detailed comment in this sense is reported in Paragraph 2.4 

f SI. To follow the degradation treatment by HCl5, the FTIR-ATR 

nalysis was carried out only on the back side of the RMPF (i. e. 

he support side) in order to avoid interferences given by the sig- 

als of the emulsion layer. Using the same approach as reported 

or LCBF in Fig. 1 D, the results obtained for RPMF were collected 

n Fig. SI10 (Paragraph 2.5 of SI) and 2D. Also in this case, the re-

ults matched those obtained with other analytical techniques re- 

orted in Fig. 2 A, B and C, confirming that the treatment HCl5 was

 good way to artificially induce the “vinegar syndrome” also in 

MPF, even if with different kinetics and a longer induction period 

n comparison with LCBF. 

.2.4. Tensile tests 

In RMPF we also evaluated the progressive alteration of the me- 

hanical properties of the film induced by the degradation proto- 

ol. This is a key point, being the usability of the film strictly re-

ated to its mechanical resistance and elasticity. In Fig. SI11A and 

 (Paragraph 2.6 in SI), the trend of the Axial Force versus Strain 

nd the Young’s Modulus (E, eq. SI1, Paragraph 1.6 in SI) versus 

ime (in days) of exposure to HCl were plotted. A well-defined 

rend was evident: as the exposure time increased, the slope of the 

urve Axial force versus Strain decreased and, consequently, also 

he value of E (from 15 ± 1.5 MPa at time = 0 up to 9.8 ±.8 MPa

t time = 25 days); this meant that samples subjected to the same 

tress underwent greater deformation as the degradation process 

ent ahead. Further confirmation of the loss in tensile strength 

as the fact that the sample after 15 days underwent permanent 

lastic deformation at 39.5 ± 3 N, while specimens after 20 and 

5 days broke at about 35 ±3 N and 32 ±4 N, respectively. This

oint confirmed that, after 20 days of exposure to the HCl atmo- 

phere, the films reached an advanced state of degradation, with a 

onsequent strong reduction of the tensile strength. The decrease 

n mechanical resistance could be due to the depolymerization of 

he support. In fact, the formed acetic acid and the adsorbed HCl 

robably induced the hydrolysis of the glycosidic bonds between 

he monomeric units of the polymeric backbone with a consequent 

owering in the average molecular weight. This effect is clearly in- 

icated by the profile of the differential thermogravimetric analysis 

DTG) curves of the RMPF shown in Figure SI12 (Paragraph 2.6 in 

I) where a shift of the pyrolysis from ca. 400 °C (sample P0) to 

ower values is observed (P20 and P25) [ 59 ]. 

Moreover, recently [ 20 ] it was found that CA films that in- 

lude plasticizers, triphenyl phosphate or diethyl phthalate, de- 

rade 2.5x and 3x times faster than the pure polymer, respectively. 

n our study, an opposite trend is observed by comparing LBCF and 

MPF but it is important to point out that the degradation protocol 

dopted by Mohtar et al. (2021) is different and includes exposure 

f the films to high temperature (70 °C) for several weeks. In ad- 

ition, they conducted artificial aging tests on laboratory samples 

ithout an emulsion layer, which has a stabilization effect [ 50 , 51 ]

nd plays an important role in the degradation process due to its 
190
apacity to retain both acid and moisture. Anyway, more detailed 

nd in-depth studies will be needed to better evaluate the effect of 

lasticizers on the kinetics of the degradation protocol proposed in 

his work. 

.3. The evolution of the “vinegar syndrome” induced by HCl 5 M by 

toring at room temperature and high RH for both LCBF and RMPF 

ATM2.X degradation protocol) 

As reported in the Research aims section, once ascertained that 

he HCl 5 M atmosphere succeeded in inducing the de-acetylation 

rocess, it was fundamental to set up an innovative procedure to 

top and re-start the “vinegar syndrome” in order to follow its 

volution after the addition of an inhibitor. In order to safeguard 

he chemical-physical stability of a polymeric inhibitor, it is funda- 

ental to split the degradation protocol into two steps: the first 

ne, more “aggressive”, to induce the de-acetylation of the support 

hrough the exposition of the films to HCl vapors, and the second 

ne, more “soft”, to promote the evolution of the de-acetylation 

rocess with and without the inhibitor in order to test its effi- 

acy. First of all, two main problems had to be solved: (i) deciding 

hen stopping, in terms of days of exposure, the HCl5 treatment 

o have only the induction of the “vinegar syndrome”, without a 

oo-boosted de-acetylation, and (ii) avoiding possible excess of ad- 

orbed HCl onto the LCBF and RMPF. The criterion for solving the 

rst problem was to stop the HCl5 after 3 days for LCBF (see Fig. 1 )

nd 9 days for RMPF (see Fig. 2 ). The duration of HCl5 exposure 

or RMPF was calculated considering the change in the slope of 

he curve in Fig. 2 B and C; for LCBF we chose 3 days as duration

f HCl5 exposure in order to have a CA film with a starting acetyl 

ontent similar to the one calculated for the initial RMPF. This dif- 

erence was adopted due to the already observed slower kinetics 

or RMPF compared to LCBF, considering also the higher rate of 

ree acidity emission of LCBF than RMPF. 

.3.1. Ion chromatography 

The amount of CH3 COOH and HCl adsorbed onto both LCBF and 

MPF samples was determined by IC, measuring the concentration 

f chloride and acetate ions before and after the exposure to HCl 

tmosphere (lasted 3 days for LCBF and 9 days for RMPF): the re- 

ults are reported in Table 1 . The presence of these species in both 

he LCBF and RMPF also before the degradation protocol is prob- 

bly due to residues of the casting solvent (chlorides) and to an 

ncipient de-acetylation process (acetates). An increase in both ac- 

tate and chloride ions is detected after the exposure, demonstrat- 

ng the presence of free HCl and CH3 COOH into the RMPF. To elim- 

nate these volatile compounds, both LBCF and RMPF were stored 

4 h under hood at room temperature (RT) and RH ca. 50 %. The 

ata reported in Table 1 indicate that the concentration of chlo- 

ides and acetates strongly decreased. The greater desorption of 

Cl compared to CH3 COOH during equilibration at room temper- 

ture and RH ca. 50 % for 24 h was due to the higher vapor pres-

ure of the HCl that is > 2700 times the one of the acetic acid (i.e.

200 kPa versus 1.54 kPa at 21 °C). 

By comparing the IC data obtained for the RMPF and the LCBF 

t was possible to observe that the concentration of chlorides and 

cetates was higher for RMPF, probably because of the presence 

f the emulsion layer that acts as an adsorber for both HCl and 

H3 COOH. The above-described equilibration procedure was con- 

idered sufficient to eliminate the most of HCl. The fact that both a 

onsistent amount of acetic acid and a much lower quantity of HCl 

see last two columns of Table 1 ) remained in the samples could 

e considered a positive aspect, in the view that it could be a trig- 

ering factor for the subsequent re-starting and evolution of the 

vinegar syndrome”. 
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Table 1 

Concentration of chloride and acetate anions in LCBF RMPF as a function of HCl exposure and subsequent equilibration for 24 h at room temperature and RH ca. 50%. 

[Cl- ] and [CH3COO- ] (mg/L) 

Samples No exposure HCl 3 (CTA) or 9 (RMF) days of 

exposure to HCl 

After 24 h RT and RH ca. 50 % [Cl- ]tc∗∗ / 

[Cl- ]fc∗

[CH3 COO- ]tc∗∗ / 

[CH3 COO- ]fc∗

LCBF [Cl- ] = 2.53 

[CH3 COO- ] = 0.98 

[Cl- ] = 24.79 

[CH3 COO- ] = 291.78 

[Cl- ] = 11.32 

[CH3 COO- ] = 220.10 

4.5 224.6 

RMPF [Cl- ] = 9.32 

[CH3 COO- ] = 12.88 

[Cl- ] = 71.49 

[CH3 COO- ] = 306.57 

[Cl- ] = 25.78 

[CH3 COO- ] = 252.88 

2.8 19.6 

∗fc: first column ∗∗tc: third column. 

Fig. 3. (A) Weight loss, (B) free acidity and (C) correct acetyl content calculated via HSM reported for LCBF subjected to the degradation protocol ATM2.3 (i.e. first treated 

by HCl 5 M for 3 days, then equilibrated for 24 h at room temperature and RH ca. 50 %, and finally exposed to room temperature and RH = 100 %). On the x-axis the 

time of exposure to RH = 100% and room temperature during the third step of the treatment. The results of each measurement are expressed as the average value and the 

corresponding standard deviation calculated for three fragments of the same film subjected to the same degradation protocol. 
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Remembering to adopt soft conditions to follow the evolution 

f the syndrome and to safeguard possible tested inhibitors, the 

hird step of the protocol developed in the present study was ad- 

usted in the following way: samples were put in airtight cham- 

ers at room temperature with a 100 % RH for different periods 

12, 24, 36, 48 days) to further carry on the de-acetylation thanks 

o the acetic acid formed during the first step (and the residual 

Cl), which acted as a catalyst for the reaction. The times were 

onger than for the first step of HCl exposure due to the weaker 

nvironmental conditions. 
e

191
In all the kinetic curves reported in Figs. 3-6 the time 0 corre- 

ponds to LCBF and RMPF subjected for 3 and 9 days to the degra- 

ation protocol HCl5 and 24 hrs at RT and RH ca. 50 %, respec- 

ively. 

.3.2. Gravimetry tests, free acidity measurements and acetyl content 

ia HSM 

The results of the monitoring of weight loss (%), the free acid- 

ty (%), and the acetyl content measured via HSM (%) during the 

volution of the degradation process induced by HCl 5 M and 
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Fig. 4. (A) Weight loss, (B) free acidity and (C) correct acetyl content calculated via HSM reported for RMPF subjected to the ATM2.X (exposure to a saturated atmosphere of 

HCl 5 M for 9 days, then equilibrated for 24hours at room temperature and RH ca. 50 %, and finally exposed to room temperature and RH = 100 %). The x-axis indicates the 

time of exposure to RH = 100% and room temperature after the previous two steps of the treatment. The results of each measurement are expressed as the average value 

and the corresponding standard deviation calculated for three fragments of the same film subjected to the same degradation protocol. 
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y storing at room temperature and high RH (ATM2.X degrada- 

ion protocol, where X indicates the duration, in days, of the 

Cl5 treatment) are reported in Figs. 3 and 4 for LCBF and RMPF, 

espectively. 

It was evident that, after an induction period of about 24 days, 

he de-acetylation process starts again although at a much slower 

peed than the one induced by the HCl5 treatment ( Fig. 1 ). This

s confirmed by both the slower increase of free acidity (from 

.46 ± 0.08 % for F24_ATM2.3 to 2.28 ±0.04 % for F48_ATM2.3) 

nd by the slower decrease of the total acetyl content (from 

8.0 ± 0.5 % for F24_ATM2.3 to 29 ±1 % for F48_ATM2.3). This 

esult indicates that we succeeded in inducing the “vinegar syn- 

rome” in a controllable and soft way. This is a very important 

esult in the view of the application of this degradation protocol 

o degraded RMPF in the presence of potential inhibitors, whose 

tability can be affected by the high acidity of the atmosphere typ- 

cal of the HCl5 treatment. Similar results were obtained also with 

MPF ( Fig. 4 , increase in the free acidity from 0.81 ±0.07 % for

24_ATM2.9 to 1.85 ±0.09 for P48_ATM2.9 and a decrease in the 

cetyl content from 37.9 ± 0.6 % for P24_ATM2.9 to 30.5 ± 0.4 % 

or P48_ATM2.9). 
i

192
.3.3. FTIR-ATR spectroscopy 

Similar results were also obtained by the analysis via FTIR-ATR. 

ndeed, for both LCBF ( Figs. 5 A and SI13, Pragraph 2.7 of SI) and

MPF ( Figs. 5 B and SI14, Paragraph 2.8 in SI), it is evident that

he degradation protocol ATM2.X induces a de-acetylation process 

haracterized by an induction period of ca. 25 days as also ob- 

erved for the data reported in Figs. 3 and 4 . For both the supports,

fter 24 days of treatment, a decrease in the intensity of the peaks 

f the acetyl group (1220 and 1730 cm-1 ) is observed together with 

he increase of the peak at 3330 cm-1 due to the increase of the 

olarity of the polymer and to the absorption of moisture. 

.3.4. Tensile tests 

Finally, tensile tests were carried out on RMPF and Fig. SI15A 

nd B (Paragraph 2.9 in SI) show the obtained results. The RMPF, 

s already observed for the exposure to HCl 5 M, were subjected 

o a decrease of the Young’s Modulus (from 14.6 ± 0.9 MPa for 

9_HCl5M to 7.3 ± 0.2 MPa for P48_ATM2.9). A very interesting 

nding was that when the RMPF had already been degraded by 

Cl 5 M, the re-starting of the degradation process produced an 

mmediate decrease in Young’s Modulus without any induction pe- 
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Fig. 5. FTIR-ATR ratios I1220 /I1030 (black), I1750 /I1030 (red) and I3330 /I1030 (blue) as a function of time during the third step of ATM2.X degradation protocol for LCBF (A) and 

RMPF (B). The results of each measurement are expressed as the average values and the corresponding standard deviations calculated from five spectra acquired in different 

areas of the film subjected to the same degradation protocol. The x-axis indicates the time of exposure to RH = 100% and room temperature after the previous two steps of 

the treatment. 
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iod, as observed in Fig. SI11B (Paragraph 2.6 in SI, P12_ATM2.9 

hows a Young’s Modulus of 9 ± 1 MPa). In addition, plastic defor- 

ation before 40 N is observed in all the samples after the third 

tep of the ATM2.9 degradation protocol. 

As indicated in Paragraph 4.2.4, even in this case, the TGA anal- 

sis (Fig. SI16 of Paragraph 2.9 in SI) indicates a decrease in the 

yrolysis temperature with the increase of the degradation time. 

his effect could be attributed to the formed acetic acid and the 

esidual HCl. 

.4. The validation of the multi-analytical method 

To validate the multi-analytical method, the kinetics data de- 

cribing the progress of the degradation process obtained through 

ifferent analytical approaches through the procedures reported in 

he previous paragraphs (weight loss, acetyl content via HSM, free 

cidity and ATR-FTIR ratio), were normalised between 0 and 100 

ccording to Eq. (5) and compared. 

ormal ised V al ue( NV ) = [(x − xmin ) /xmax − xmin )] × 100 (5) 

here x is the value of the investigated parameter at time t, xmin 

nd xmax are the minimum and the maximum value of the param- 

ter x respectively. 

The normalised curves of the weight loss, correct acetyl con- 

ent, ATR-FTIR ratios and free acidity data are reported in Fig. 6 , for

CBF ( Fig. 6 A) and RMPF ( Fig. 6 B) subjected to the HCl 5 M degra-

ation procedure. Data between weight loss, correct acetyl content, 

TR-FTIR ratios and free acidity within a sample set are in appre- 

iable agreement with each other: both the duration of the induc- 

ion period of the de-acetylation process, equal to approximately 

 days for LCBF ( Fig. 6 A) and 9 days for RMPF ( Fig. 6 B), and the

lope of the subsequent segment (6–16 days range for LCBF and 

–30 days range for RMPF) of the curves describing the trend of 

he weight loss, the correct acetyl content and the ATR-FTIR ratio 

ere very similar for each class of samples (between - 8.2 and - 

.9 ca. for LCBF and between - 4.5 and - 5.6 for RMPF). Tables SI3

nd SI4 (Paragraph 2.10 in SI) report all the linear regression pa- 

ameters. 

In Fig. 7 the NV curves of the weight loss, correct acetyl con- 

ent, ATR-FTIR ratios, and free acidity data relative to LCBF and 

MPF subjected to the ATM2.X protocol (to promote the re-starting 

nd the evolution of the degradation process) were reported. The 
193
raphs in Fig. 7 A show that the data for LCBF were in apprecia-

le agreement with each other. Conversely, for RMPF ( Fig. 7 B), the 

ormalized gravimetry data were not superimposable to the ones 

elative to acetyl content and the ATR-FTIR ratio. This behavior 

ould be ascribed to the presence of the emulsion layer (that is 

ot present in the LCBF) which, during the third step of the degra- 

ation protocol, may adsorb part of the environmental moisture 

as also confirmed by the FTIR-ATR data, Fig. SI14 and Fig. 5 B) or

an be lost due to solubilization of the gelatine at high RH. Never- 

heless, apart from this datum, the duration of the induction pe- 

iod of the de-acetylation process measured was around 24 ±12 

ays for both LCBF and RMPF. Furthermore, the slope of the subse- 

uent segment (24–48 days) of all the curves is quite coherent and 

anged between −3.4 (weight loss), −3.0 (correct acetyl content), 

3.5 (ATR-FTIR ratio) and 3.0 (free acidity)-for LCBF and between - 

.1 (weight loss), - 3.7 (correct acetyl content), - 3.6 (ATR-FTIR ratio 

nd 3.2 (free acidity) for RMPF (see Tables SI5 and SI6, Paragraph 

.10 in SI). 

On these bases, it was possible to conclude that all the tech- 

iques used to monitor the evolution of the de-acetylation process 

f both LCBF and RMPF gave similar and coherent results. 

Finally, in Fig. SI17 and Table SI7 (Paragraph 2.11 in SI) the 

rends of the correct acetyl content measured for both LCBF and 

MPF subjected to the different degradation protocols were re- 

orted and commented for comparison. For all the protocols, it was 

ossible to observe that the process was characterized by an ini- 

ial “induction period” followed by a faster stage where the slope 

f the curve increased. Fig. SI17A and B show that the faster de- 

cetylation process was registered for LCBF samples subjected to 

he HCl 5 M degradation protocol, while the same protocol ap- 

lied on RMPF induced a slower de-acetylation, as indicated by the 

lopes of the curves equal to - 3.5 (R2 = 0.96) in the ranges 6–16

ays and - 1.6, (R2 = 0.99) in the range 9–30 days, for LCBF and

MPF, respectively (Table SI7). This difference was probably due 

o the presence of the emulsion layer, which acts as a stabilizer. 

oreover, probably for the same reason, the induction period was 

onger for RMPF than for LCBF (9 days versus 6 days). Concern- 

ng the degradation protocols for the re-starting of the “vinegar 

yndrome” (ATM2.X), Fig. SI17C and D indicate that, in both these 

ases, the de-acetylation in LCBF and RMPF occurred at a lower 

ate than for LCBF and RMPF subjected to the HCl 5 M degradation 

rotocol, because the exposure to the acid catalyst was limited to 
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Fig. 6. Normalized values (Eq. 7) of weight loss (black), correct acetyl content (red), ATR-FTIR ratios (blue) and free acidity (magenta) data for (A) LCBF and (B) RMPF 

subjected to the HCl 5 M degradation protocol. The solid lines represent the best linear fitting of the segment of the curves after the induction time (6–16 days range for 

LCBF and 9–30 days range for RMPF). The fitting parameters are reported in Tables SI3 and SI4 (Paragraph 2.10 in SI). 

Fig. 7. NV (Eq. 7 weight loss (black), correct acetyl content (red), ATR-FTIR ratios (blue), and free acidity (magenta) data for (A) LCBF and (B) RMPF subjected respectively 

to the ATM2.3 and to the ATM2.9 degradation protocol. The x-axis indicates the time of exposure to RH = 100% and room temperature after the previous two steps of 

the treatment. The solid lines represent the best linear fitting of the segment of the curves after the induction time (24–48 days range for LCBF and RMPF). The fitting 

parameters are reported in Tables SI5 and SI6 (Paragraph 2.10 of SI). 
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he first step of the test. This was confirmed by the slope of the 

urves in the range 24–48, which, is −0.4 for LCBF and −0.3 for 

MPF (Table. SI7). 

. Conclusions 

A new way to artificially induce the “vinegar syndrome” to eval- 

ate the performance of smart materials for the inhibition of this 

egradation phenomenon was set up. We succeeded in inducing 

he “vinegar syndrome” to a certain extent, stopping it, and re- 

tarting it in a soft way to not damage the inhibitors that should 

e tested after the stop. The first step of the “vinegar syndrome”

nduction, which had to be strong enough to produce a consistent 

mount of acetic acid, was developed by submitting both the LCBF 

nd the RMPF to an HCl-saturated atmosphere for a defined period. 

 consistent de-acetylation in both LBCF and RMPF was observed. 

fter stopping the process, when the degradation reached a certain 
194
xtent, the way of re-starting the “vinegar syndrome” was achieved 

y a two-step procedure: first, conditioning the samples to RH ca. 

0% and room temperature for 24 h, and then curing the samples 

t room temperature and 100 % RH. Due to the very soft conditions 

RH 100 % and room temperature) for triggering the re-starting 

nd evolution of the degradation processes, no relevant physico- 

hemical alterations are expected on possible polymeric inhibitors 

ubjected to this degradation protocol. 

The multi-analytical method based on the calculation of the 

cetyl content through HSM (corrected with free acidity), of the 

atios between the intensities of some ATR-FTIR diagnostic peaks 

eems to be a powerful and useful tool to follow the evolution of 

he artificially induced de-acetylation process that simulates the 

vinegar syndrome” on both LCBF and RMPF. Indeed, comparing 

he linear fittings calculated on the normalised data, the equations 

f the curves that describe the correct acetyl content, the ATR-FTIR 

atio, and the free acidity were coherent. The use of ATR-FTIR spec- 
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roscopy was considered a great alternative to HSM because it is 

 non-invasive and non-destructive technique that allows the col- 

ection of many spectra onto a film sample. Moreover, tensile tests 

ave precious information about collateral degradation pathways in 

MPF which are promoted by de-acetylation (i.e. variation in the 

olecular weight of CA chains). 

According to the above remarks, we can conclude that both 

he artificial induction of the “vinegar syndrome” and the multi- 

nalytical protocol for its monitoring developed in the present 

tudy offer new bases for the evaluation of the performance of 

ossible inhibitors of the “vinegar syndrome” in motion picture 

lms, on time scale compatible with the laboratory timelines. The 

ext step of our study will be the application of the results of the 

resent paper on the evaluation of some inhibitors set up for pre- 

enting the “vinegar syndrome” in real motion picture films made 

f cellulose acetate. 
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