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Abstract

The gelatine emulsions used in historical photographs can shrink and become brittle under alternating dry-wet
environmental conditions, which would result in curling and fracture of the gelatin paper photographs, thereby
degrading their quality and threatening the long-term inheritance of such cultural heritage. To improve the stability
and flexibility of gelatine films under dry-wet cycling, glycerol triglycidyl ether (GPE) was employed as a synergistic
crosslinking and plasticising agent. The plasticising effect of GPE on the dimensional stability and flexibility of gelatine
films in alternating dry-wet environments was firstly studied. Gelatine films with different contents of GPE were pre-
pared and their dimensional changes during dry-wet cycling were investigated. The results indicate that GPE greatly
enhances the dimensional stability of the films during cycling. By analysing the swelling behaviour, molecular struc-
ture, mechanical strength, fracture cross-sections, and other properties of the gelatine-GPE films, it was confirmed
that the addition of GPE greatly reduces the moisture absorption and swelling of gelatine and improves its moisture
stability. Furthermore, benefiting from GPE as a crosslinking agent, the mechanical strength and flexibility of the gela-
tine films were both enhanced. In this study, the modification of gelatin film by GPE provides experimental evidence
for the subsequent research on the application of restoration and conservation for the gelatin paper photographs.
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Introduction

Gelatine is an inexpensive protein with excellent film-
forming properties, which is widely used in coatings, medi-
cine, food, photography, and other fields [1-5]. Because
of its brittleness and sensitivity to hygrothermal environ-
ments, the application of gelatine is greatly limited [6, 7].
The brittleness and moisture/heat stability of gelatine can
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be controlled by a crosslinking reaction between the func-
tional groups of gelatine and some suitable crosslinking
agents. The crosslinking of gelatine with glycerol epoxy
resin to form a hyperbranched polymer was shown to
reduce its brittleness and increased its water resistance [8].
Other studies used glycerol triglycidyl ether to modify col-
lagen fibre scaffold materials and pigskin biological dress-
ings, which increased the hydrophilicity of the protein
dressing [9, 10]. The aggregation behaviour of gelatine in
aqueous solutions affects the grafting density of glycidyl
in the gelatine [11]. When the amount of added ethylene
glycol diglycidyl ether reaches a critical concentration, the
swelling rate of gelatine remains constant, and the amino
functional groups are completely consumed [12]. A study
of amino conversion in the grafting reaction of allyl glycidyl
ether using the van Sleek method proposed that the graft-
ing of epoxy compounds and gelatine mainly occurs via the
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free NH, group of gelatine [13]. These findings show that
the chemical crosslinking between epoxy resin and gela-
tine can control the brittleness, hydrophobicity, mechanical
properties, and stability of gelatine films.

Polyethylene glycol, glycerine, sorbitol, and other polyol
small-molecule plasticisers can be inserted into the gelatine
polymer chain to form a hydrogen-bond network, thereby
increasing the fluidity and flexibility of gelatine molecules,
which contributes to plasticising the gelatine film [14—16].
The epoxy group in polyol glycidyl ether opens the epoxy
ring and reacts with the amino group in the gelatine mol-
ecule to generate a hydroxyl group, forming structures sim-
ilar to the above polyol structures. Early research showed
that the aggregation of protein molecules of an emulsified
gelatine film under cyclic dry—wet conditions resulted in
the macroscale shrinkage of the film, which was identified
as the main cause of the embrittlement, curling, and frac-
ture of gelatin paper photographs [17]. As shown in Fig. 1,
the structure of the gelatin paper photographs is composed
of a paper base and a barium, emulsion and gelatin protec-
tive layer, and the main film-forming materials of the last
three layers are gelatin molecules. Therefore, ensuring the
stability and flexibility of gelatine films in a hot and humid
environment is an effective way to prevent the degrada-
tion of gelatin paper photographs. In addition to its role
as a crosslinking agent, polyol glycidyl ether would be a
plasticiser, which would further help protect gelatin paper
photographs. To date, there has been no report about the
plasticising effect of polyol glycidyl ether on gelatine films.

Against such a background, this study employed glyc-
erol triglycidyl ether (GPE) as a representative plasticiser to
investigate its effect on the dimensional stability and flex-
ibility of photographic gelatine films during dry—wet envi-
ronments. The size change and shrinkage of GPE—gelatine
composite films were investigated under cyclic dry—wet
environmental conditions and the effect of GPE on reduc-
ing the shrinkage of gelatine films was analysed macro-
scopically. The plasticising and flexing effects of GPE on
gelatine films were further studied by analysing the swell-
ing, molecular structure, mechanical strength, and frac-
ture cross-sections of the composite films. Research results
provide theoretical support for further research on the
prevention and treatment of gelatin paper photographs to
overcome embrittlement, curling, and fracture.

Gelatin protective layer
Silver halide salts and gelatin
Baryta and gelatin

Paper-based

Fig.1 The schematic diagram of the structure for gelatin paper
photographs
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Experimental Section

Sample preparation

An appropriate amount of gelatine powder (photographic
grade, Aladdin Chemical Reagent Co., Ltd.) was weighed
and soaked in distilled water. After complete swelling, the
gelatine was heated at 65 °C for 40 min under stirring to
produce a transparent and uniform solution with a con-
centration of 5wt%. Then, a pipette gun was used to add
an appropriate amount of GPE (biological grade, Alad-
din Chemical Reagent Co., Ltd.) to prepare gelatine—GPE
solutions with concentrations of Owt% (control), 0.5wt%,
1wt%, 1.5wt%, and 2wt%. After adding GPE, the mixed
solution was heated at 65 °C with stirring for 90 min,
then transferred to a culture dish and tape-casting was
used to form a composite film, which was naturally dried
at room temperature. The preparation process of blank
and composite films is controlled at the same condition,
thereby the thickness values of the blank and composite
films are almost same (about 80 um) after drying.

Characterisation methods
To study dimensional stability, the prepared pure gela-
tine control film and gelatine films containing various
fractions of GPE were cycled many times between dry
and wet environments until the dimensions of the sam-
ple became stable. The high-humidity environment had
a relative humidity (RH) of 85% and temperature (T) of
23 °C, while the dry environment had a RH of 15% and T
of 50 °C. The sample was placed 24 h at each condition,
and 48 h for one cycle. The effects of different fractions of
GPE on the shrinkage of the gelatine films were analysed.
To study film swelling, all film samples were cut into
3.0 cm x 7.0 cm pieces and placed in a desiccator con-
taining silica gel for 24 h. The samples were weighed to
obtain W, and then immersed in a container with deion-
ised water. After 5 min, full swelling was achieved and
the wet film from removed from the container, wiped
with filter paper to remove excess water, and weighed to
obtain W,. The degree of swelling was calculated from
the water uptake indicated by the weight change after
immersion, as shown in Eq. (1).

Swelling (%) = (W3 — W1)/W1 x 100% (1)

To study surface structure, the molecular structure
of the gelatine films with different fractions of GPE was
characterised by Fourier transform infrared spectros-
copy (FTIR; Perkin Elmer Spectrum 2, Vertex70, Bruker,
Karlsruhe, Germany) in total reflection mode at room
temperature and ambient humidity. The measurements
were performed over a wavenumber range of 500-
4000 cm™! with a step size of 4 cm ™. To reduce the influ-
ence of CO, and water vapor on the infrared spectra, the
background was deducted from all spectra. The crystal
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structures of the GPE—gelatine films were analysed using
X-ray diffraction (XRD; Smart Lab, Rigaku Corporation,
Japan) using a voltage of 45 kV, current of 200 mA, scan
speed of 5°/min, and 20 scan range of 2—50°.

To study mechanical properties, the various films
were cut into 12 cm x 1.5 cm rectangles and their film
thicknesses were measured. A universal material test-
ing machine (RGT-10, Xi’an Mingke Testing Equipment
Co., Ltd.) was used to measure the mechanical properties
of the films at room temperature. Tensile tests to obtain
the tensile strength, Young’s modulus, and elongation at
break were performed at a speed of 10 mm/min.

To study fracture cross-sections, the films were bro-
ken in half by an external folding force, and the fractured
samples were attached to aluminium sample holders with
conductive tape. The sample cross-sections were sprayed
with gold for 80 s with an ion-sputtering device (SCD005,
Baltek, Liechtenstein, Germany) and the surface mor-
phology of the samples was observed by scanning elec-
tron microscopy (SEM; Hitachi, TM3030).

Results and discussion

Dimensional stability

The expansion and contraction of the control film and
GPE-plasticised films varied during environmental cycles
(Fig. 2) and the final shrinkage is shown in Fig. 3. During
cycling, all samples experienced expansion (swelling by
the uptake of moisture) and contraction (drying shrink-
age), and irreversible shrinkage generally occurred in
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Fig. 3 Shrinkage of gelatine films after humidity cycling as a function
of the GPE fraction in the films

the length by the end of cycling. The dimensions of the
control film fluctuated greatly during cycling, and the
final shrinkage rate was 5.54% after 17 cycles. However,
the magnitude of the changes in expansion/shrinkage
of the composite gelatine—GPE films decreased during
cycling, and the final shrinkage decreased to 1.68% with
increasing 2.0wt% of GPE. These experimental results
show that the addition of GPE as a plasticiser reduces
the dimensional changes that the gelatine film experi-
ences during environmental cycling to some extent. This
indicates that GPE could provide a solution for the stable
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Fig. 2 Change in the length of plasticised gelatine films under dry-wet cycling: a control, b 0.5% GPE, ¢ 1.0% GPE, d 1.5% GPE, and e 2.0% GPE
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preservation of the gelatine emulsion in crimped histori-
cal photographs.

Film swelling

Figure 4 shows that the swelling rate of the film decreases
significantly with the addition of GPE. The maximum
swelling rate of the pure gelatine control film is~707%,
while that of the gelatine film containing 2.0wt% GPE
is~197%. It is interpreted that GPE belongs to the class
of amphiphilic small molecules, which contains hydro-
philic epoxy groups and hydrophobic alkyl chains. The
hydrophobic chains reduce the water absorption of
hydrophilic compounds, thereby reducing their swelling
capacity. Although the water absorption of the gelatine
film was lower with the addition of GPE, the ductility
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Fig. 4 Effect of GPE concentration on the swelling rate of gelatine—
GPE films
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of the film after water absorption and swelling increases
with increasing GPE concentration (Fig. 5), which may be
due to reduced intermolecular forces in the gelatine mac-
romolecular system after the addition of GPE. The results
discussed so far indicate that GPE acts as a plasticiser in
the gelatine system.

Structural properties

To characterise the chemical interactions between GPE
and gelatine molecules, FTIR spectra of the films were
analysed (Fig. 6a). The characteristic FTIR spectrum of
gelatine includes a stretching vibration peak of the car-
bonyl group in the amide I band of the gelatine molecule
at 1650 cm™!. Peaks related to C—N stretching vibrations
and N-H in-plane deformation vibration of the amide II
band of the gelatine molecule are observed at 1525 cm ™.
In addition, the peak at 1238 cm™! is the C—N stretch-
ing vibration peak of the amide III band of the gelatine
molecule [18]. Figure 6a shows that the intensities of the
absorption peaks related to the amide I, amide II, and
amide III bands in the gelatine molecule do not change
with increasing GPE fraction. In addition, compared
with the pure gelatine control film, the C—O-C stretch-
ing vibration of the gelatine—-GPE composite films at
1010 cm™! gradually increases with increasing GPE frac-
tion; this is related to the ether bonds in the GPE mol-
ecule. However, the cross-linking reaction between the
epoxy group of GPE and the side chain amino group
of gelatine was not detected, which may be related to
the small amounts of GPE used in this study. The FTIR
results prove that physical intermolecular interactions
occur between the GPE and gelatine molecules. GPE acts

Fig.5 Photographs of gelatine—-GPE composite films during immersion tests. (a—e) Before and (a1-e1) after swelling. (a, a1) control, (b, b1) 0.5%

GPE, (¢, c1) 1.0% GPE, (d, d1) 1.5% GPE, and (e, e1) 2.0% GPE
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Fig.6 a FTIR spectra and b XRD patterns of GPE-gelatine films

as a plasticiser in the gelatine system but does not change
the chemical structure or properties of gelatine film itself.

To further investigate the effect of GPE on the crystal
structure of gelatine molecules, we obtained the XRD
patterns of the composite films. Figure 6b shows that
the control film has two major characteristic diffraction
peaks at 20 positions of 7.5° and 21.6°. The diffraction
peak at 7.5° is the triple helix characteristic peak of gel-
atine [19, 20], while the peak at 21.6° is the amorphous
characteristic peak of gelatine [21]. With the addition of
GPE, the intensity of the triple helix characteristic peak
decreased significantly, while that of the amorphous
characteristic peak decreased only slightly. It is specu-
lated that this structural change is due to the electro-
static adsorption and hydrogen bonding between GPE
small molecules and hydroxyl or amino groups on the
side chain of gelatine molecules. This hinders the orderly
arrangement of the triple helix structure of gelatine, thus
reducing the brittleness (increasing the flexibility) of the
composite films.

Mechanical properties

To study the effect of GPE on the mechanical proper-
ties of gelatine films, the tensile strength, Young’s mod-
ulus, and elongation-at-break of the various samples
were tested, and the results are summarised in Table 1.
These data show that the tensile strength and elonga-
tion-at-break of the plasticised film increase significantly
with increasing GPE fraction, increasing by 80.91% and
135.77%, respectively. Furthermore, the Young’s modu-
lus decreases with increasing GPE content, with a final
decrease of 33.95% for the film with 2.0% GPE. It is
inferred from these results that the increased tensile
strength may be due to the partial chemical crosslinking
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Table 1 Mechanical properties of gelatine-GPE films
Film sample Tensile strength  Young's Elongation
(N/mm?) modulus (GPa) at break (%)

Control 11.47 15.55 1.23

0.5% GPE 15.90 19.96 117

1.0% GPE 16.78 12.21 227

1.5% GPE 18.18 11.50 2.33

2.0% GPE 20.75 10.27 290

between GPE and gelatine molecules. In addition, the
plasticising effect of GPE in gelatine resulted in an
increase in the elongation-at-break and a decrease in
Young’s modulus of the composite films compared to the
control film. The high tensile strength and excellent flexi-
bility of gelatine-based emulsion films are very important
for their long-term stability and application. The strength
and flexibility of the gelatine film were modified synergis-
tically by adding GPE.

Fracture cross-sections

To further verify the toughening effect of GPE on gelatine
films, the micro-morphology of the film fracture cross-
sections was observed. Figure 7 shows the cross-sectional
morphology of the gelatine control and GPE-plasticised
gelatine films after dry—wet cycling. The fracture pro-
file of the pure gelatine film after cycling showed regu-
lar curved features (Fig. 7a), indicating brittle fracture
behaviour [22]. In contrast, the cross-section of a GPE-
plasticised gelatine film (1wt% GPE, Fig. 7b) is rough
with a wire-drawing phenomenon. Therefore, we believe
that the addition of GPE converts the fracture mode of
the gelatine film from brittle to ductile fracture. This
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indicates that the introduction of GPE plasticiser can
avoid the brittle fracture of gelatine films during the long-
term preservation of cultural gelatin paper photographs.

Conclusion

Based on the previous research about the disease causes
of curling and fracture in the gelatin paper photograph
relics, this work focusses on studying the GPE physical
modified gelatin films, which is the preliminary experi-
ment and demonstration of the practical application of
real photographic objects. We propose a new strategy for
increasing the stability of the gelatine film during humid-
ity and temperature changes in the surrounding environ-
ment by modifying the gelatine film with GPE molecules,
which provides synergistic crosslinking and plasticising
functions. The following conclusions are drawn from the
experimental findings.

First, the GPE can greatly minimise the shrinkage of
gelatine films during environmental changes, thereby
improving the dimensional stability of the film. Second,
GPE greatly reduces the hygroscopicity and swelling
behaviour of gelatine, thereby increasing its moisture sta-
bility. Finally, GPE increases the strength and flexibility of
the gelatine film, which is favourable for the application
of gelatine emulsions. In summary, GPE is a suitable plas-
ticiser for modifying the physical and chemical proper-
ties of gelatine films. The initial findings imply that the
addition of GPE to gelatine could be a useful method for
controlling the brittle fracture and curling of historical
photographs. This study provides theoretical support for
the application of GPE in the actual restoration and pro-
tection of gelatin paper photograph relics, and the appli-
cation research work is in progress.

Abbreviations
GPE Glycerol triglycidyl ether
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