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Abstract ; Understanding the previous protection and restoration efforts and the current state of

cultural relics is essential before compiling a conservation and restoration plan. The lack of de-
tailed archival records for some early conservation operations, the identification of restoration
materials necessitates the use of scientific analytical methods. In this study, the composition
and spatial distribution of historical restoration materials on five iron relics were investigated
through pyrolysis-gas chromatography/mass spectrometry ( Py-GC/MS) and ultraviolet-induced
visible luminescence imaging (UVL). The relics studied were iron weight 20791, iron adze head
2335, and iron axe 2334 from the Gansu Provincial Museum, iron sword D0008 from the Zhao-
tong Municipal Museum, and iron sword 450 from the National Museum of China. All five relics
had undergone restoration without accompanying archival records. UVL revealed the
distribution of various conservation materials. Notably, two distinct layers of the conservation
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material were observed on iron axe 2334. Differences in the fluorescence color and intensity of
iron sword 450 provided information regarding the sampling strategy. The samples were collect-
ed under ultraviolet light emitting diode illumination to ensure representativeness and minimize
damage to the relics. Through Py-GC/MS, the coating materials for iron weight 20791 and iron
adze head 2335 were identified as boiled tung oil mixed with rosin resin. Iron axis 2334 had a
two-layer coating; a base layer of boiled tung oil and a top layer of shellac. The coating material
for iron sword D0008 was determined to be paraffin wax. The protective layer of iron sword 450
included multiple materials, including shellac, polystyrene, and bisphenol-A-type epoxy resin.
This study confirms that UVL combined with Py-GC/MS serves as an effective technique for an-
alyzing historical restoration materials. UVL guided the selection of representative samples for
Py-GC/MS, reducing the time and amount of sampling required and minimizing further damage
to the relics. This research provides valuable data for the restoration archives of five iron arti-
facts, offering a scientific basis for conservators to evaluate conservation methods, devise fu-
ture conservation strategies, and exclude ineffective conservation materials.

Key words; ultraviolet-induced visible luminescence imaging ( UVL) ; pyrolysis-gas chromatog-
raphy/mass spectrometry ( Py-GC/MS) ; conservation and restoration materials; iron relics
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Fig. 1 VIS and UVL images of iron weight 20791 ( The
circles indicated are sampling locations)
VIS. visible; UVL. ultraviolet-induced visible luminescence
imaging.
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Fig. 2 VIS and UVL images of iron adze head 2335 ( The
circles indicated are sampling locations)
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Fig. 3 VIS and UVL images of ion ax 2334 ( The circles indicated are sampling locations)
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Fig. 4 VIS and UVL images of iron sword 450 ( The circles indicated are sampling locations)
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Fig. 5 Total ion chromatograms (TICs) of samples and the shellac reference obtained by thermally assisted
hydrolysis-methylation ( THM ) -pyrolysis-GC/MS analysis
Conditions (method 1) ; The sample and 3 pL of tetramethylammonium hydroxide (TMAH) were put into the stainless-steel Eco-cup),
then placed in the pyrolyzer. The pyrolysis temperature, 550 C. GC column, Ultra ALLOY*-5; helium at 1 mL/min. GC oven program :
initial temperature 40 C, held for 2 min, 6 C/min to 320 C, held for 9 min. MS interface, 320 C ; scan range, m/z 33-600.
The peak numbers correspond to the numbers in Table 1.

# 1 #& TQ-1 1 THM-Py-GC/MS SR
Table 1 Compounds identified in sample TQ-1 obtained by THM-Py-GC/MS

Peak No. (z/min Compound Match score Formula RI-RI(lib) *
1 8.06  propane, 1,2,3-trimethoxy- 97 CeH,, 04 -1
2 8.51 hexanoic acid, methyl ester 81 C,H,,0, 8
3 9.23  2,3-dimethoxypropan-1-ol 95 CsH,0, -40
4 11.01 6-heptenoic acid, methyl ester 98 CgH,,0, -37
5 11.17  heptanoic acid, methyl ester 91 CgH,40, 6
6 12.17  2-hydroxyisocaproic acid, methyl ether, methyl ester 82 CgH,cO4 -42
7 13.43  3-octenoic acid, methyl ester, (Z)- 89 CyH,;cO, -8
8 15.97 8-nonenoic acid, methyl ester 83 CoH50, 10
9 18.25  4-decenoic acid, methyl ester 80 C,,H,,0, -18

10 21.10  octanedioic acid, dimethyl ester 98 C,oHi50,4 10
11 21.39  dimethyl phthalate 93 CioH,Oy4 2
12 23.19  nonanedioic acid, dimethyl ester 99 C, H,, 0, 7
13 25.09  decanedioic acid, dimethyl ester 93 C,,H,,0, 11
14 26.92  undecanedioic acid, dimethyl ester 88 C,;H,,0, 12
15 28.66  dodecanedioic acid, dimethyl ester 80 C4,Hy Oy 16
16 29.84  hexadecanoic acid, methyl ester 98 C;H5,0, 20
17 32.57 10-octadecenoic acid, methyl ester 92 C,yH;0, 26
18 32.67  9-octadecenoic acid, methyl ester, (E)- 93 C,oH;0, 25
19 32.99 methyl stearate 95 C,yH350, 22
20 33.33  nonanoic acid, 9-( o-propylphenyl)-, methyl ester 82 C,oH;,0, 39
21 34.77  sandaracopimaric acid methyl ester 80 C, H;,0, 25
22 35.86  methyl 18-methylnonadecanoate 85 C, H,,0, -12
23 36.22 methyl dehydroabietate 92 C,,H;,0, 7
24 37.76  tetradehydroabietic acid, 7-methoxy-, methyl ester 87 C,,H3, 04 -25
25 39.62  7,15-dimethoxytetradehydroabietic acid, methyl ester 80 C,;H;, 0, -15

* RI-RI(lib) is the retention index variation.
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Fig. 7 Mass spectra and chemical structures
of compounds of sample TF-2
a. butolic acid, methyl ester, methyl ether; b. aleuritic acid,
methyl ester, trimethyl ether; c. laccishellolic acid, dimethyl
ester, methyl ether; d. shellolic acid, dimethyl ester, dimethyl
ether.
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Table 2 Compounds identified in sample TF-2 obtained by THM-Py-GC/MS
Peak No. tr/min Compound Match score Formula RI-RI(lib)
1 4.48 toluene 88 C,Hg 11
2 8.23 propane, 1,2, 3-trimethoxy- 81 C¢H,, 04 -8
3 8.34 5-hexenoic acid, methyl ester 88 C,H,,0, -36
4 11.03 6-heptenoic acid, methyl ester 97 CsH,,0, -37
5 13.47 3-octenoic acid, methyl ester, (Z)- 81 CyH O, -10
6 20.20 longifolene 94 CsHy, 9
7 21.11 octanedioic acid, dimethyl ester 96 C0H;50, 9
8 21.39 dimethyl phthalate 96 C,oH,,0, 2
9 23.14 nonanedioic acid, dimethyl ester 94 C,,H,,0, 10
10 26.08 methyl myristoleate 92 C,sHyx0, 25
11 26.38 methyl tetradecanoate 94 Ci5H3 0, 18
12 28.80 butolic acid, methyl ester, methyl ether 95 CH3, 04 13
13 29.56 9-hexadecenoic acid, methyl ester, (Z)- 95 C,,H;,0, 9
14 29.85 hexadecanoic acid, methyl ester 97 Cy;H;,0, 19
15 32.69 11-octadecenoic acid, methyl ester 82 C,yH;0, 29
16 32.84 laccishellolic acid, dimethyl ester, methyl ether 97 CgHysO5 18
17 32.97 methyl stearate 95 CoH3 O, 23
18 34.85 shellolic acid, dimethyl ester, dimethyl ether 95 CoHy5 04 14
19 36.26 methyl dehydroabietate 94 C,, H;,0, 3
20 36.85 aleuritic acid, methyl ester, trimethyl ether 95 C,0HyoO5 5
21 37.78 tetradehydroabietic acid, 7-methoxy-, methyl ester 83 Cp,H;,04 -26
22 44.44 1-methoxyoctacosane 96 C,yHg, O 28
23 46.52 methyl triacontyl ether 94 C; Hg, O 37
24 48.48 dotriacontyl methyl ether 93 C3;3Hgg O 37
25 50.52 methyl tetratriacontyl ether 84 CysH,, 0 41
C23
C22
=
3; Paraffin wax Cz?ﬁl
=
C23
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. of}
L L I B B B T I R B L IR I
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Retention time / min

E 8 #dm TJ-1 M EFY] 5 BEE Py-GC/MS B & FiE
Fig. 8 TICs of sample TJ-1 and paraffin wax using Py-GC/MS
Conditions are the same as in Fig. 5 (method 1).
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Fig. 9 Detailed images and TICs of samples GBTJ-1-6
Conditions ( method 2) : The pyrolysis temperature was 600 C. GC column, Ultra ALLOY*-5; helium at 1 mL/min. GC oven program
initial temperature 40 °C , held for 2 min, 20 C/min to 320 C, held for 13 min. MS interface, 320 C, scan range, m/z 29-600.
Sty. styrene; Ph. phenol; IP. 4-isopropylphenol; IP’'; 4-isopropenylphenol; BA. bisphenol A; «S: alpha-methylstyrene; DI .
bibenzyl; D2. 1,2-diphenylpropane; SS: styrene dimer; D3. 2,5-diphenyl-1,5-hexadiene; SSS: styrene trimer.
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Fig. 10 Detailed images and TICs of samples GBTJ-7-10
Conditions are the same as in Fig. 5 (method 1).
1. styrene; 2. butolic acid, methyl ester, methyl ether; 3. laccishellolic acid, dimethyl ester, methyl ether; 4. aleuritic acid, methyl

ester, trimethyl ether.
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