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Conservation of cellulose 
derivatives-based artifacts 

1. Study of the degradation mechanisms of 
cinematographic film

1. Make up novel methodologies for remote monitoring of 
film degradation

1. Develop nanosensors for high-sensitivity monitoring of 
degradative gases involved in CH deterioration



Volatiles involved in films 
deterioration

Water-dependent reaction:

Cellulose n-acetate + water → cellulose (n-1) acetate + acetic acid

Autocatalytic reaction:

Cellulose n-acetate + acetic acid → cellulose (n-1) acetate + 2 acetic acid



Conservation of cellulose 
derivatives-based artifacts 

Detection methods targeting acetic acid

Fig.1 AD strip

Conventional solution

❏ AD STRIP with a LOD of 0.75ppm

Innovative solutions

❏ Photoluminescence-based 

ZnO nanorods/PANI 

❏ Metal oxide semiconductor 

(MOS) resistance-based 

sensors



Photoluminescent detection 
based on nanostructured ZnO-
Polyaniline

Fig.2 Components and 
assembly of the sensor 
(Turemis et al., 2020)

Fig.3 Linearity range (1-10 ppm) 
(Turemis et al., 2020)



PANI Nanostructured Sensors

Good selectivity, reversibility, works at RT, linearity 1-10ppm

Does not overcome sensitivity of AD strip

Miniaturization Power demand               Cost



Metal oxide semiconductor-
based sensors

FIG.5 Representative 

interdigitated 

electrode surfaceFIG.4 MOS sensor



MOS board array

FIG. 6 Final sensor arrangement



Data interpolation
Algorithm written and applied to integrate data coming from the 

two sensors.

Accurate determination of Acetic Acid concentration, 

independently from other interferent gasses 

FIG. 7 Code extract



Sensor functionality

FIG. 8 AA sensing levels

Overcome 

sensitivity of AD 

strip

Fast degradation

Slow degradation



Wireless Sensor Network (WSN)



Wireless Sensor Network (WSN)

WSN Electronics size optimization

AA&NO2 PCB
43mm

Modified PCB 
(size reduction)

36mm



Wireless Sensor Network (WSN) 
Endurance and Acceptance tests

WSN Testing and Calibration



1- Power Source
2- Local Network Modem
3- AA/NO2 Node
4- Master Node
5- Ambient T&H Node

Wireless Sensor Network (WSN) 
Deployment preparations

3 4 5
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2

Power Source

Local Network Modem



Wireless Sensor Network (WSN) 
Validations set-up

IRIS

Local Network Modem

Master Node

Ambient T&H Node

Premium Package



Control platform development

As a Film user in desktop app:

● Register and edit a Media

● Assign media to a shelf or to a SPU

● Simulate the degradation of media

● Calculate the degree of substitution
to be used by the prediction model

● Analyse AA and NO2 data in chart

● Export sensors data to CSV file



Control platform development

As Technician user in desktop app:

● Register rooms

● Register shelves

● Register SPUs

● Assign sensors to rooms and SPUs



Control platform development

As Film Store user in desktop app:

● List of medias previously registered

● Send measurements from sensors 
anonymously to the cloud

● Automatic download of models 
uploaded by Film Makers in the
cloud application



Control platform development

As Model Maker user in cloud app:

● Download anonymized measurements 
from the data submitted by archives 

● Upload updated models to be used
in the desktop application by archives



First-principles Model – Cellulose 
acetate pure polymer

✓ Molecular modelling to determine the Gibbs free energy of activation for the two 

main degradation channels [1]: 

• Water-hydrolysis under neutral conditions.

• Acid-catalysed hydrolysis.

Acid catalyzed degradation channel is > 8 orders of 

magnitude faster than that of deacetylation under 

neutral conditions

[1] A. Al Mohtar, S. Nunes, J. Silva, A. M. Ramos, J. Lopes, 

and M.L. Pinto. "First-Principles Model to Evaluate 

Quantitatively the Long-Life Behavior of Cellulose Acetate 

Polymers." ACS omega 6, no. 12 (2021): 8028-8037.



First-principles Model – Cellulose 
acetate pure polymer

✓ Transition state theory to calculate the kinetic 

behaviour of the cellulose acetate polymer as 

function of ambient conditions (T, RH, acetic 

acid concentration,..)

✓ Account for the acetic acid volatility:

• Measure the Henry's constant of the cellulose 

acetate polymer and use the mass balance 

equation

✓ Accelerated aging experiments to validate the 

model.



Hybrid Model – Cellulose 
acetate-based movie films 

✓ Models built with a 29-film-

database

✓ Model to predict the degree of 

substitution based on gas data 

and user input information [2]. 

✓ Model to predict how much 

faster each movie film is 

degradation based on user 

input information [2].
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✓ Models validated upon 

introducing a new set of 

known films, accuracy > 

85%.

[2] Abeer Al Mohtar, et al. “Decision making based on hybrid modeling approach applied to 

cellulose acetate based historical films conservation”. Scientific Reports. 2021. 
https://doi.org/10.1038/s41598-021-95373-0

https://doi.org/10.1038/s41598-021-95373-0


User interface



Results

Realization of platform that answer to cost-effectiveness, 
miniaturization, low power-demand and long-term stability for the 
accurate detection of Acetic Acid at much lower levels when compared 
to AD STRIPS

Real-time monitoring allows intervention in real time to prevent film 
loss and to allow conservation intervention

Arrays are suitable for integration in conservation boxes and were 
tested both in laboratory and in conservation institutes part of the 
consortium
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