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Contemporary consolidation treatments for tempera paintings on wood substrates, particularly

those found in the Qajar-era ceilings of Shiraz, predominantly employ water-based acrylic pol-

ter content in these emulsions poses a risk to the wooden support and the delicate tempera
paint layer, potentially causing damage such as paint layer wrinkling, creep, and moisture-related
degradation within the wood. This necessity motivates the search for a more suitable and effec-
tive alternative consolidant for these specific artifacts. In this research, polyvinyl butyral (PVB)

was evaluated for its efficacy in consolidating the surface of these Qajar-era paintings. The study . :
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analyses with quantitative and qualitative assessments. Ethanol was selected as the solvent for under the terms and conditions of the Cre-

the PVB consolidant. It offers key advantages over water-based acrylic systems, including a ative Commons Attribution Noncommer-

significantly faster evaporation rate of the solvent, desirable penetration depth, and better re- cial 4.0 International (CC BY-NC 4.0 Ii-
cense)

versibility. Experimental samples, modeled after artifacts sourced from the Zinat al-Molk
House, were prepared to investigate the consolidation effects. We evaluated the impact of PVB https://creativecommons.org/li-
solutions at concentrations of 1%, 3%, and 5% (w/v), as well as a binary mixture of 1.5% PVB censes/by-nc/4.0

and 1.5% Paraloid B-72 in ethanol, on the consolidation of the Qajar-era paint layers. The treat-

ments were assessed before and after accelerated aging to determine their long-term stability.

Characterization techniques included measuring penetration depth and both gross and net ab-

sorption of the consolidants. Furthermore, we performed pH measurements (Sithole method),

colorimetric analysis, hardness testing, FTIR, and SEM evaluation. The experimental results

collectively demonstrate that polyvinyl butyral is a suitable and effective consolidant for the

conservation and preservation of tempera paint layers on wooden supports.
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Introduction resulting in the loss or severe degradation of many wooden art-

Painting on wooden panels can be regarded as one of the oldest works over time. These paintings have been affected by various

artistic techniques in the history of visual arts. Howevet, due to environmental stressors, and today, different consolidants—such
the organic nature of wood, these materials are highly susceptible ~  as acrylic polymers—are employed to reinforce the support struc-
to deterioration caused by environmental and natural factors,  ture and re-adhere flaking paint layers. A significant limitation of
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such materials, however, is their low reversibility and limited pen-
etration depth in comparison to vinyl-based adhesives. Vinyl ad-
hesives, in contrast to acrylic ones, are alcohol-soluble, exhibit
faster solvent evaporation rates compared to water-based systems,
and offer both greater reversibility and adequate penetration
depth. In this study, polyvinyl butyral (PVB) was evaluated as a

consolidant material for tempera paintings on wooden supports.

Methodology

Polyvinyl butyral (PVB), under the brand name C.T.S (Italy), was
selected as the consolidant material for this research. The polymer
was prepared at a concentration of 5% (Jelle, Ruther, Hovde,
2012), while lower concentrations of 3%, 1%, and a mixture of
1.5% PVB + 1.5% Paraloid B-72 were also formulated to assess
the penetration capacity. Ethanol (Scharlau, Spain) was used as the
solvent for the PVB solution. The solutions were prepared using
a weight/volume (w/v) method and left undisturbed at room tem-
perature for 24 hours to ensure complete dissolution.
Considering the nature of the experiments and the limited availa-
bility of original historical samples, mock wooden panels were pre-
pared in three different dimensions: 10X10X12 mm, 20X20x12
mm, and 30x30X12 mm (length X width X thickness), with a con-
sistent thickness of 12 mm for all samples. The treated samples
were placed in a climate-controlled aging chamber (Behdad,
model RVACO024, Iran) for a duration of 20 days, under controlled
conditions of 63 £ 2 °C temperature and 50 £ 5% relative humid-
ity.

Discussion

The experiments conducted in this study included: measuring the
depth of penetration and net/gross absorption of the treatment,
pH-metry (using the Sithole method), colorimetry, hardness test-
ing, Fourier-transform infrared spectroscopy (FTIR), and scan-
ning electron microscopy (SEM) evaluation.

Depth of Penetration: The penetration depth of 1% PVB polymer
was measured as 2.3 mm; for the 1.5%, 1.5% mixture of polyvinyl
butyral and Paraloid B-72, the penetration depth was 0.8 mm; for
3% PVB, the depth was 1.0 mm, and for 5% PVB, it was 0.8 mm.
Therefore, the highest penetration depth was observed in the 1%
PVB solution, while the 5% PVB and the 1.5%, 1.5% mixture of
polyvinyl butyral and Paraloid B-72 showed equal penetration
depths. The paint layer thickness was measured as 146.50 um.
Pure and Impure Absorption The highest pure absorption value
of 0.6064 and the highest impure (apparent) absorption of 2.3612

were observed in the sample treated with 5% polyvinyl butyral.

Conversely, the lowest pure absorption was recorded as 0.1997,
and the lowest impure absorption was 1.1743, both corresponding
to the sample treated with 1% polyvinyl butyral.

However, the three samples treated with the 1.5%, 1.5% mixture
of polyvinyl butyral and Paraloid B-72 exhibited higher absorption
values compared to the sample treated with 3% polyvinyl butyral
alone.

pH Measurement: The greatest pH reduction was observed in the
untreated sample (CW), with a decrease of 8.58%, while the lowest
pH reduction was 1.96%, observed in the sample treated with 3%
polyvinyl butyral, indicating the highest stability and resistance to
acidic degradation.

Colorimetry: The greatest decrease in lightness (increase in dark-
ness) was observed in the 1.5%, 1.5% mixture of polyvinyl butyral
and Paraloid B-72, whereas the lowest decrease in lightness was
recorded in the 1% polyvinyl butyral-treated sample. However,
the difference in lightness reduction between the 1% treatment
and the 3% and 5% polyvinyl butyral treatments was minimal. In
all samples, a noticeable increase in redness was observed.
Hardness Testing: The untreated sample showed a greater de-
crease in hardness after accelerated aging compared to the treated
samples. The 1% polyvinyl butyral-saturated samples and those
treated with the 1.5%, 1.5% mixture of polyvinyl butyral and Pa-
raloid B-72 exhibited a decrease in hardness after aging. In con-
trast, the 3% polyvinyl butyral-treated sample maintained con-
sistent hardness before and after aging. The 5% polyvinyl butyral-
treated sample, however, showed an increase in hardness after ag-
ing.

FTIR Spectroscopy: Based on the acetal structure of polyvinyl bu-
tyral, which is a polymeric resin, it can be inferred that the signifi-
cant increase in the absorption peak in the range of 3200 cm™ to
3600 cm™ corresponds to the out-of-plane stretching vibrations
of O—H bonds. These O—H stretching vibrations are not typical
of conventional O—H bonds, but rather indicate the formation of
hydrogen-bonded O—H groups. According to theoretical predic-
tions, these O—H stretching vibrations should increase progres-
sively from 1% to 5% butyral concentration. However, it should
be noted that this increase occurs only to a certain extent, as the
unstable nature of the O—H groups prevents their excessive for-
mation in the environment. Hence, it can be interpreted that the
variation in butyral content from 1% to 5% follows an optimal

trend rather than a linear increase.

Conclusion
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The results obtained from the application of PVB polymer on the
studied samples indicate that, since the penetration depth of all
tested concentrations exceeds the thickness of the paint layer,
these concentrations not only reinforce the paint layer but also
enhance the adhesion between the paint layer and the wooden
supportt, and to some extent, improve the mechanical stability of
the wooden substrate.

Furthermore, it was observed that higher concentrations of PVB
polymer result in higher absorption rates, while lower concentra-
tions lead to reduced absorption. This correlation may be at-
tributed to the molecular weight of the polymer and the viscosity
of the solution.

Colorimetric analysis before and after accelerated aging reveals
that the untreated sample exhibited the highest color change,
whereas the lowest color variation was observed in samples
treated with 1% and 3% polyvinyl butyral. However, in the 1.5%,
1.5% mixture of polyvinyl butyral and Paraloid B-72, a more no-
ticeable color change was observed compared to the 3% polyvinyl
butyral-treated sample. This color shift is primarily due to the
higher refractive index of Paraloid compared to polyvinyl butyral.
Hardness testing results indicate that polyvinyl butyral increases
the hardness of the paint layer. Moreover, higher polymer concen-
trations result in greater hardness stability after accelerated aging.
The 1% polyvinyl butyral-treated sample showed the highest re-
duction in hardness, while the 5% treated sample demonstrated
an increase in hardness, likely due to cross-linking. In contrast, the
3% treated sample exhibited no significant change in hardness be-
fore and after aging.

In general, the acidity levels of the samples tend to increase over
time; however, treatment with polyvinyl butyral helps reduce acid-
ification, thereby contributing to the preservation of the material.
The analysis of FTIR spectra confirms that lower concentrations
of butyral provide greater structural stability to the paint layer, in-
dicating the presence of an optimal butyral content for conserva-
tion purposes. Specifically, in the comparison of 1% butyral-
treated samples before and after aging, an increase in the absorp-
tion peak around 1400 cm™ — corresponding to the carbonyl
group of the green verdigris pigment — was observed. This in-
crease suggests enhanced pigment stability. It is also worth noting
that the 3% butyral-treated sample showed similar structural sta-
bility to the 1% butyral sample

A comparison of the untreated sample, the 1% butyral-treated
sample, and the 1.5%, 1.5% mixture of polyvinyl butyral and Pa-

raloid B-72 clearly demonstrates that the mixed treatment is more

effective in preserving the paint structure. This is because the
combined polymeric structure of Paraloid and polyvinyl butyral
forms a complex, porous network, which facilitates the formation
of polymer patches that protect the functional groups within the

paint layer.
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Table 1. Information related to the studied samples

Building  Building Lo- Wood Sampling Registration
name cation Location Number
Zinat-al- Bala Keft negh-  Western Side Roof 038
Molk borhood Wood
aslllas 550 (gladiges ()35 05 .Y Jgan
Table 2. Coding of the Studied Samples

Code Specification
CW Control Sample (Painting)
ACW Aged Control Sample (Aged Painting)

Aged painting sample treated with 1% Polyvinyl Bu-
ACLV ged p g samp o Folyviny

tyral

Aged painting sample treated with a 1.5% + 1.5% =
AC1.5-V-P

3% mixture of Polyvinyl Butyral and Paraloid

Aged painting sample treated with 3% Polyvinyl Bu-
AC3-V ged p g samp o Folyviny

tyral

Aged painting sample treated with 5% Polyvinyl Bu-
AC5-V ged p g samp W o Folyvinyl bu

tyral

Painting sample treated with 1% Polyvinyl Butyral
BC1-V

before aging

Painting sample treated with a 1.5% + 1.5% = 3%
BC1.5-V-P mixture of Polyvinyl Butyral and Paraloid before ag-

ing

Painting sample treated with 3% Polyvinyl Butyral
BC3-V )

before aging

Painting sample treated with 5% Polyvinyl Butyral
BC5-V

before aging
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Figure 1. a: Separation of the paint layer at Zinat al-Molk House; b:

Band-shaped cracks at Sabar House; c¢: Cupping cracks at Sabar House; d:
Network cracks at Mohtasham House
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Figure 2. Penetration depth of 1% polyvinyl butyral (a), penetration
depth of a mixed treatment of 1.5% polyvinyl butyral and 1.5% Paraloid
B-72 (b), penetration depth of 3% polyvinyl butyral (c), penetration
depth of 5% polyvinyl butyral (d).
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Figure 5. Cross-section of the untreated sample (a), cross-section of the
treated sample and penetration of the treatment material into the pores
and texture of the sample (b).
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Figure 6. Net and gross absorption rates in grams for the 1% polyvinyl
butyral treatment (a), net and gross absorption rates for the mixed treat-
ment of 1.5% polyvinyl butyral and 1.5% Paraloid B-72 (b), net and
gross absorption rates for the 5% polyvinyl butyral treatment (c), net and
gross absorption rates for the 5% polyvinyl butyral treatment (d).
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Figure 3. Penetration depth of polyvinyl butyral treatment in millime-
ters: Penetration depth with 1% polyvinyl butyral treatment (a), penetra-
tion depth with a mixed treatment of 1.5% polyvinyl butyral and Pa-
raloid B-72 (b), penetration depth with 3% polyvinyl butyral treatment
(), penetration depth with 5% polyvinyl butyral treatment (d).
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Figure 7. Changes in colorimetric components for the untreated sample
before and after aging (a), the sample treated with 1% polyvinyl butyral
(PVB) before and after aging (b), the sample treated with a mixture of
1.5% polyvinyl butyral (PVB) and 1.5% Paraloid B-72 before and after
aging (c), the sample treated with 3% polyvinyl butyral (PVB) before and
after aging (d), and the sample treated with 5% polyvinyl butyral (PVB)
before and after aging (e).
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Figure 8. Total color changes: untreated sample before and after aging
(a), sample treated with 1% polyvinyl butyral (PVB) before and after ag-
ing (b), sample treated with a mixture of 1.5% polyvinyl butyral (PVB)
and 1.5% Paraloid B-72 before and after aging (c), sample treated with
3% polyvinyl butyral (PVB) before and after aging (d), and sample
treated with 5% polyvinyl butyral (PVB) before and after aging (e).
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Table 3. pH measurement data of the studied samples

S pH of pH
ample pH After  pH Decrease
Code Treatment IZC;(I’I‘; Aging %)
Material
CW - 5.71 5.22 8.58
C1-v 6.7 6.42 6.23 2.95
C1.5-V-P 6.75 6.59 6.45 2.12
C3-V 6.8 6.63 6.5 1.96
C5-V 6.89 6.76 6.59 2.51
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Figure 9. Hardness levels: untreated sample before (0) and after (20) ag-
ing (a), sample treated with 1% polyvinyl butyral (PVB) before and after
aging (b), sample treated with a mixture of 1.5% polyvinyl butyral (PVB)
and 1.5% Paraloid B-72 before and after aging (c), sample treated with

3% polyvinyl butyral (PVB) before and after aging (d), and sample

treated with 5% polyvinyl butyral (PVB) before and after aging (e).
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Figure 11. Sample treated with 1% butyral: before aging (a), red:
after aging (b).
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Figure 12. Sample treated with 3% butyral: before aging (a), after aging
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Figure 13. Sample treated with 5% butyral: before aging (a), after aging
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Figure 10. Untreated sample: before aging (a), red: after aging (b).
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Figure 14. Green sample treated with a mixture of 1.5% polyvinyl bu-

tyral (PVB) and 1.5% Paraloid B-72: before aging (a), after aging (b).
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