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Abstract
Microbubble disease observed in cellulose acetate micro�lm is accompanied by the production of vinegar
syndrome, which affects the image integrity. In the present study, samples of cellulose acetate micro�lm
with microbubble disease were selected to investigate potential treatment methods. Samples were
sourced from the Republic of China (AD 1912-1949) micro�lm collections held in the Second Historical
Archives of China. A combination of optical microscopy and a stainless-steel needle was used to remove
plasticizer exudation within microbubbles. The plasticizer was effectively removed by in�ltrating butan-1-
ol into the microbubble from a small hole made by the stainless-steel needle. SEM and confocal
microscopy were used to study the morphology and roughness of the internal surface of the
microbubbles. It was found that the blurry image could be attributed to light scattering from the rough
surface. Ethyl cellulose was used to �ll the interior of the microbubble to obtain a clearer image. To
determine the protective potential of this �lling material, the chemical and mechanical properties of
coated �lm after dry heat, hygrothermal and UV accelerated ageing were measured. Based on the above-
mentioned results, it is encouraging that a new microrepair method and its corresponding method are
offered in �lm treatment work.

Introduction
Cellulose acetate (CA) was regarded to be a versatile material, particularly at the beginning of the 20th
century, as it was a safer alternative to the highly flammable cellulose nitrate used in textiles, food, tool
handles, and so on [1-3]. Its most significant application was as a photographic film base [4-5]. The
stability of cellulose acetate �lm is affected by the chemical properties of the material and its
preservation environment, a major cause of deterioration attributed to hydrolysis of the ester side chain
leading to deacylation [6-7]. This process releases acetic acid, its concentration increasing within the
tightly sealed cases, the hydrolysis reaction becoming autocatalytic [8-10]. Another contributing
deterioration factor is plasticizer migration, the presence of white crystals on the substrate surface are
observed when the plasticizer moves towards the substrate [11-14]. The white spots, also known as
microbubble disease, are observed when the plasticizer moves towards the image layer.

Recently, we have studied the causes of microbubble diseases of cellulose acetate micro�lm located in
the collections of the Second Historical Archives of China [15]. The results showed that microbubble
disease is accompanied by the production of vinegar syndrome. Microbubbles of different shapes and
sizes are mainly produced between the protective and emulsion layers. The crystals inside the
microbubbles were found to be plasticizer and resulted in the image appearing blurry, signi�cantly affects
the integrity of the image. Therefore, it is essential to develop a new treatment method to improve the
integrity of the images for samples that have microbubble disease.

Conservation based on physics and chemical strategies is expected to be a solution for the protection of
cellulose acetate �lm. Melville et. al. has proposed the most basic theoretical knowledge of �lm
protection and has been broadly used in the archives, libraries, and museums [16-17]. In addition, digital
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restoration technology favored by �lm collectors is a safe and reliable repair method [18-20]. However, the
image and �lm lifetime will not be effectively protected if the disease is not treated prior to digital
restoration. In terms of this issue, our group has undertaken research into the vinegar syndrome of
cellulose acetate �lm [21-23], and found that the crystals on the surface of cellulose acetate �lm can be
effectively removed [24-25]. However, removal of plasticizer from within a microbubble is poorly
understood. The small size and closed nature of microbubbles means that they are unable to be repaired
by conventional methods.

The object of this study is to explore an effective method for treating microbubble disease to better
protect cellulose acetate �lm. Cellulose acetate �lm samples with microbubble disease were chosen from
the Republic of China (AD 1912-1949) micro�lm collections held in the Second Historical Archives of
China. This paper discusses a new methodology using optical microscopy combined with a stainless-
steel needle to remove plasticizer from microbubbles. Scanning electron microscopy (SEM) and confocal
microscopy are used to study morphology and roughness of the internal surface of microbubble.

The effect of �lling empty microbubbles with ethyl cellulose to obtain a clearer image will be investigated.
As a semi-crystalline cellulose polymer derivative, ethyl cellulose (EC) has the characteristics of being
odorless, non-toxic and physiological stable. EC is broadly used in a variety of industrial applications and
is generally regarded as being safe (Generally Recognized As Safe, GRAS) [26]. Commercial version of EC
has good solubility and superior performance, such as mechanical strength, light resistance, durability,
excellent elasticity over a wide temperature range [27-29]. The proposed use of EC as a �lling material is
also based on its functions of adhesion, �lling, �lm formation. To determine the protective potential of
this �lling materials, the tensile strength, folding endurance and optical density of coated �lm after dry
heat, hygrothermal and UV accelerated ageing will be assessed.

Experimental
Sample description

Two rolls of cellulose acetate micro�lms of the Republic of China (1946) in the collections of the Second
Historical Archives of China were selected in this study. These micro�lms recorded China's diplomacy
during the republic of China and are very valuable cultural relics. One roll exhibits no microbubbles and
serves as a reference, Fig. 1a, and in the second �lm the white microbubbles are observed throughout the
sample, Fig. 1b. 

Materials
All reagents used were of analytical grade from Aladdin (China) and used as received. 45 cP (ETHOCEL
Std 45 Premim) EC with ethoxy content of 48.0-49.5% (degree of substitution of ~ 2.5) was used as a
�lling material. Butan-1-ol was selected as the solvent. Stainless steel needles, acupuncture needles (0.18
× 25 mm), were bought at a drugstore.
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Removing plasticizers in microbubbles

In order to improve the integrity of the image, the crystals inside the microbubble were removed. The �lm
was placed in an optical microscope (XWY-VI Fiber analyzer) with the image layer facing up. The process
of removing the plasticizers from within a microbubble was as follows (Fig. 2): (1) the microbubble was
located and placed in the center of the �eld of view; (2) a cotton swab dipped into a butan-1-ol solution
was wiped over the surface [25]; (3) a stainless steel needle punctured the protective coating of the
microbubble, and the plasticizer removed from inside the microbubble by repeatedly dipping a cotton
swab into a butan-1-ol solution and swabbing and pressing the protective layer of microbubble; (4) the
cleaning agent was removed using �lter paper held next to the microbubble edge and dried in natural
conditions.

Conservation procedure and characterization methods

To prepare ethyl cellulose solutions of varying concentration: different masses of EC (3g, 5g, 7g and 10g)
were added to a round bottom three-mouth �ask containing different masses butan-1-ol (97g, 95g, 93g
and 90g), followed by heating re�ux (120 ℃, 2h). The butan-1-ol solutions with ω. 3%, ω. 5%, ω. 7% and
ω. 10% of EC were obtained and used as �lling materials to permeate into the microbubbles according to
method displayed in Fig. 2.

The edge of two pieces of �lm with microbubbles (~ 5 × 5 mm2) which contained no image were selected
for treatment. The plasticizer was removed from a microbubble and a w. 5% EC butan-1-ol solution was
applied to one �lm sampled as illustrated in Fig. 2. The protective microbubble layer was removed by a
scalpel and the internal surface morphology of the �lm was analyzed by scanning electron microscopy.
The sample was placed image layer facing up on aluminum SEM specimen holders and held in place
with sticky tape. Several coupons were examined using a Hitachi SU3500 SEM. Analyses were performed
at low vacuum (1-150 Pa), with an accelerating voltage of 5 kV and a magni�cation of 40×. Samples
were also placed on aluminum specimen holders using double-sided sticky tape with image layer facing
up for confocal microscopy (Keyence VK-X250K). The 3D morphology of the sample surface was
analyzed using a 20× optical lens. Surface roughness parameters were obtained using the software VK-
H1XAC according to ISO 25178-2: 2012, such as Sa, Sz, Str, Spc, Sdr. Re�ectance spectra of the internal
surface of the microbubble after cleaning and �lling were recorded in the range of 400-700 nm using a
multi-angle spectrophotometer (MA98, X-Rite, USA) with the colorimetric illuminant of D65.

In order to study durability of �lling materials, the treated specimens (Cellulose acetate �lm from the
China Film Archive) were prepared as follows. The �lm was dipped into a 5% sodium hypochlorite
solution for 1 min, then the image layer of the �lm was removed by rinsing with distilled water, and placed
it at ambient temperature until dry. The �lling material was evenly coated on the surface of the substrate,
then left to dry at room temperature, a 5% aqueous gelatin solution was coated on the surface of the
�lling agent and allowed to air dry. Comparative study with uncoated samples were performed. The
mechanical properties of the specimens were investigated using a control universal material tester �tted
with a 50 N load cell for tensile testing, equipped with pneumatic grips with 25 mm gauge length,
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operating at a cross head speed of 250 mm/min, alongside with long axis in the �lm transverse direction.
Film samples were cut into 22 × 200 mm strips as per the ASTM D882 test method. Folding endurance
tests on specimens were performed using a Schopper type folding endurance tester and the applied force
was 7.5 N according to GB/T 9858-1988. The �lm optical density was tested using a table type
transmission density meter. All mechanical testing was performed at least 20 samples and the reported
values were calculated as average ± 1 standard deviation.

Arti�cial accelerated aging tests were performed using Shanghai Huitai Aging Test Chamber BH0-402A at
105 oC for 21 days. Hygrothermal accelerated aging of the specimens was undertaken using the
following parameters: 40 oC, 60% relative humidity (RH) for 21 days. The UV accelerated aging was
performed at 50% RH and 25 oC for 21 days in a self-made UV aging box which used eight UV �uorescent
lamps (UVA-340) as light sources according to ISO 4892-3:1994. The rated lamp was 40 W, and its
irradiance range was 0-1.0 w/m2. Then the specimens were kept at (23 ± 1) °C, RH (50 ± 2) % for at least
24 h until the moisture equilibrium according to ISO 11093-2: 1994.

Results And Discussion
Removing of plasticizers in microbubble

Fig. 3 presents the optical images of a microbubble in a cellulose acetate �lm sample before and after
the plasticizer was removed and its corresponding SEM image. It can be seen from Fig. 3a and 3b that
once the plasticizer is cleaned using the combination of optical microscopy and the stainless-steel
needle, the original image is revealed. Although the plasticizer was removed in some microbubbles, the
image was not always clear and well de�ned. SEM was used to investigate the morphology of internal
surface of the microbubble after removing the protective layer and plasticizer (Fig. 3c). The internal
surface was observed to be rough likely due to the formation of microbubble.

Previous literature has con�rmed that shortening the incident light pathway is the fundamental factor
leading to blurring of the image [30]. From Fig. 3b, a number of small dark spots are observed inside the
microbubble. The uneven interface in the microbubble increases light scattering as light passes through
the �lm. Filling materials were selected to permeate inside the microbubble to reduce the scattering
attributed to the rough interface and to investigate if this would improve the image quality.

Conservation applications of EC

Polymer materials are commonly used for the protection of cultural heritage objects [31]. Ethyl cellulose
is the most commonly employed �lling material and typically prepared as a solution by dissolving in
butan-1-ol. As shown in Table 1, the 3% butan-1-ol solution of EC has the shortest permeation time. The
permeation time can be seen to increase with increasing concentrations of EC. Fig. 4 presents the optical
images of the interface using different concentrations of EC solutions. The clarity of the image improves
with the application of the lower concentrations of EC solutions (Fig. 4b-c), and notably decreases with
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EC concentrations of more than 5% due to increased viscosity and decreased permeability (Fig. 4d-e).
Based on these results, the 5% butan-1-ol solution of EC was selected as the �lling material.

Table 1 The concentration selection of �lling material

  concentration

EC w. 3% w. 5% w. 7% w. 10%

Permeation time(s) < 30 30-50 >60 >100

Accelerated ageing tests are used to study the long-term behavior of a variety of �lling materials.
Hydrolysis and oxidation are the main pathways for the degradation of �lling materials [32-36].
Temperature, humidity and ultraviolet light were chosen as parameters to investigate the �lling material
durability (Fig. 5). Folding endurance and tensile strength are important indicators that characterize the
mechanical properties of �lm [32]. The effects of dry heat, UV and hydrothermal aging on tensile strength
and folding endurance of samples before and after treatment are shown in Fig. 5a and 5b. It can be seen
that the tensile strength and folding endurance of treated samples increased by 1.5% and 2.8%,
respectively. The tensile strength of untreated samples decreased by 28.6%, 16.9% and 40.3% after dry
heat, UV and hydrothermal ageing 21 days, while treated samples decreased by 12.4%, 3.4% and 23.9%
respectively. The folding endurance of untreated samples decreased by 46.7%, 33.6% and 56.1% after dry
heat, UV and hydrothermal ageing after 21 days, while treated samples decreased by 30%, 12.7% and
45.4% respectively. The tensile strength and folding endurance properties of untreated samples
signi�cantly decreased after ageing compared to the treated samples. The effect of hydrothermal aging
was greater than that of dry heat and ultraviolet exposure, implying that relative humidity and
temperature are the main factors that in�uence aging. The treated samples exhibited a high level of
stability to humidity, temperature and UV and a smaller loss of �lm strength compared to untreated
samples. From Fig. 5c, it can be seen that the optical density did not changed before and after treatment
with �lling materials. The transmittance of the untreated samples decreased more than the treated
samples with increasing aging. The result indicates that the �lling materials have good durability over
this time frame.

As outlined in the method displayed in Fig. 2, about 0.2 ml of a 5% EC in butan-1-ol was used as a �lling
material and was in�ltrated into the interior of the cleaned microbubble to obtain a clearer image (Fig.
6a). The SEM image of the interface shows a uniform and �at surface (Fig. 6b). It is proposed that the
�lling materials form an EC �lm that adheres to the rough surface of the microbubble. In addition, the
difference between the refractive index of the rough interfacial particles and �lling materials decreases
leading to less light scattering and enhancing the clarity of the image [30].

The Keyence VK-X250K shape analysis and confocal microscope were used to characterize the internal
surface morphology and roughness of the microbubbles before and after the addition of �lling materials.
Surface geometric features are described by morphology parameters. The most commonly used
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parameter is surface roughness, which is represented by the contour curve of a section on the surface
[37]. The smaller the surface roughness value the smoother the surface. As shown in Fig. 7, the internal
surface of the microbubble after cleaning had a morphology with signi�cant �uctuations with the height
varying from 18.51-45.52 µm, while it was relatively uniform and smooth after �lling with the height of
-2.46-8.13 µm. The sample surface roughness parameters were measured using Keyence software VK-
H1XAC and after corrections the measured area was ~ 268 × 358 µm as shown in Table 2. The measured
mean surface arithmetical height (Sa) of the internal interface of microbubble after cleaning was 0.971
µm, which was found to reduce to 0.367 µm after it was �lled. Sa decreased by 62.2% in treated samples
compared to those untreated samples. The maximum height (Sz) at the internal surface of microbubble
was 27.014 µm after cleaning, while it decreased to 10.589 µm after �lling. The ratio of height to width of
surface properties (Str) of the microbubble interface was 0.612, decreasing to 0.172 after �lling. Str is
closer to 0, indicating the smoother surface, while it is closer to 1, indicating that the rougher surface. The
experimental results are further con�rmation that the internal surface of microbubble is not uniform. The
arithmetic means peak curvature (Spc) of the internal surface of microbubble was 4167.165 mm-1 after

cleaning, whereas it was reduced to 1299.603 mm-1 after �lling, indicating that the sharpness of surface
peaks is reduced. The area ratio of interface expansion (Sdr) of microbubble interface is 0.455 after
cleaned, whereas it decreases to 0.076 after �lling. Based on the above �ndings the results con�rm that
the internal surface of the cleaned microbubble is more uniform and smoother.

Table 2 Surface roughness test results of �lm performed before (a) and after (b) the addition of �lling
materials

  Sa (µm) Sz (µm) Str (1/mm) Spc Sdr

a 0.971 27.014 0.612 4167.165 0.455

b 0.367 10.589 0.172 1299.603 0.076

relative decrease (%) 62.2 60.8 71.9 68.8 83.3

The light scattering characteristics of the rough inner surface of the microbubble are directly related to
re�ectivity, which can be measured by surface re�ectivity using visible light [38]. Fig. 8 shows that the
re�ectivity of the internal surface of the microbubble after cleaning is greater than that of the �lled
surface. The combined results shown in Fig. 7 and 8, reveal that the internal surface of microbubble is
very rough after cleaning, promoting the diffuse re�ection of visible light.

On the basis of this analysis, the following mechanism of action of the effect of the �lling materials is
proposed and is supported by the corresponding schematic illustration in Fig. 9. The image when
observed using optical microscopy is effected by transmission of light. The typical diameter of a
microbubble is 0.5-2 mm and it is �lled with plasticizer crystals. The observed black dots results because
visible light is being re�ected by the microbubble. The inner surface of the microbubble is rough after the
plasticizer cleaned, leading to increased diffuse re�ection and resulting in blurred images. This
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phenomenon can be explained by the theory of light scattering whereby the rough surface scatters the
incident light [39]. The scattering shortens the pathlength of the incident light and weakens the
transmitted light, resulting in an unclear image and black spots [40-41]. The refractive index difference
between the space and �lling material is decreased when �lling materials of higher refractive index are
used to treat the microbubble. The light scattering is decreased signi�cantly, increasing the amount of
transmitted light.

Conclusion
In summary, a method to treat microbubble disease was investigated using a combination of stainless-
steel needle and optical microscopy for the �rst time. This method was successfully used to allow
in�ltration of butan-1-ol into the microbubble. Plasticizer crystals were effectively removed during
repeated physical pressing of the outer protective microbubble layer with a cotton swab dipped in butan-
1-ol. The morphology and roughness of the microbubble surface were characteristic using SEM and
confocal microscopy and it was found that the unclear image was caused by light scattering from the
rough surface interface. A 5% butan-1-ol solution of ethyl cellulose was used to �ll the microbubble
interior to obtain a clearer image. The age resistance of the ethyl cellulose �lling material was evaluated
using dry heat, hygrothermal and UV accelerated aging. The degradation of the �lm mechanical
properties after arti�cial aging was measured by tensile strength, folding endurance tests and optical
density, and it was found that the �lling material had good durability. Findings from a comparative study
on the roughness and re�ectivity of the internal surface of the microbubble before and after �lling, allows
us to propose that the light scattering phenomenon of the rough interface inside the microbubble is the
main reason for the blurry image. The high refractive index of the �lling liquid reduces the light scattering
phenomenon to obtain a clear image information.
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Figures

Figure 1

Cellulose acetate micro�lm of the Republic of China (1946) in the collections of the Second Historical
Archives of China: samples (a) without and (b) with microbubbles disease
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Figure 2

The process of cleaning plasticizers in microbubbles

Figure 3

Optical images of a microbubble before (a) and after (b) plasticizer was removed, as viewed with an
optical microscopy using transmitted light; (c) SEM image of the internal surface after removal of the
gelatin protective layer and plasticizer
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Figure 4

Photos of the internal surface viewed with an optical microscopy using transmitted light: (a) un�lled
rough interface; (b) �lled interface with 3% EC; (c) 5% EC; (d) 7% EC; (e) 10% EC
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Figure 5

(a) Tensile strength; (b) Folding endurance; (c) Optical density

Figure 6
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Optical images showing the effect of �lling material viewed with an optical microscope using transmitted
light: (a) image of microbubble after being �lled with a 5% EC solution; (b) SEM image of the internal
surface of the same microbubble

Figure 7

3D morphology viewed with confocal microscopy of microbubble after cleaning (a) and after the addition
of �lling material (b)
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Figure 8

Visible light re�ectance of the internal surface of the microbubble after cleaned (a) and after �lled (b)

Figure 9

Schematic illustration outlining the mechanism of action and how the addition of �lling materials reduce
diffuse scattering of light


