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ABSTRACT 

An investigation of insect control using non-toxic methods was carried out 
in museums, archives and herbaria in different climatic regions. The effi- 
cacy of using modified atmospheres including nitrogen, argon and carbon 
dioxide to eliminate insect families was evaluated. Analyses were 
performed on eight different species, and all their development stages, in 
the families Cerambicidae, Anobiidae, Dermestidae and Lyctidae in the 
Coleoptera. The modified atmospheres were used in several treatment 
systems, i.e. plastic bags of low permeability, a fumigation vacuum cham- 
ber and a fumigation bubble, and the most appropriate conditions for 
disinfestation of ancient objects were assessed. An argon atmosphere 
achieved the best results for insect elimination with a short exposure time. 
Different species of Coleoptera were found to be resistant to carbon diox- 
ide. From this study, a model of insect control was used in situ for art and 
historical collections. 

I N T R O D U C T I O N  

The use o f  non-toxic gases to preserve stored products such as food and 
grains has frequently been described since 1970 (e.g. Lindgren, 1970; 
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Ripp, 1983; Bokerhof, 1989). However, the application of modified 
atmospheres for the control of biodeterioration in museum collections has 
been investigated over the past five years only. 

Lindgren (1970), Jay and Cuff (1981) and Tunc (1982) showed the effi- 
cacy of controlled atmospheres, e.g, CO2 used alone or in combination, 
for the fumigation of rice and other grain in storage; CO2 has also been 
used by the food industry for disinfestation (Entwistle & Pearson, 1988). 
Smith and Newton (1991) also employed CO2 to eliminate Anobium 
punctatum in art objects by exposing them to the gas for 14 days at 35°C. 

Other gases such as nitrogen have been used to eliminate food pests, 
including all life stages of Tribolium castaneurn (Jay & Cuff, 1981). A 
nitrogen atmosphere for insect eradication and microbial control in 
historic objects has been described in different works (Valentin, 1989, 
1990; Valentin & Preusser, 1990). In previous research (Valentin, 1991), 
the efficacy of low oxygen atmospheres in controlling different museum 
and archive pests was demonstrated. The research was focused on the 
effect of the displacement of oxygen by nitrogen in a population of insects, 
Hylotrupes bajulus and Anobium punctatum, and noted 100% mortality 
(including eggs) after a treatment for 20 days for H. bajulus and 7 days for 
A. punctatum at 40% RH, 20°C and an oxygen concentration of 0.05%. 
Moreover, at 40% RH the same effect could be achieved with a shorter 
nitrogen treatment (10 days for H. bajulus and 5 days for A. punctatum) if 
the temperature was 30°C. Other authors (Gilbert, 1989, 1991; Rust & 
Kennedy, 1991; Hanlon et al., 1992; Koestler, 1992) have described 
the mortality among different insect species treated in a nitrogen atmo- 
sphere. 

Recent research (Valentin et al., 1992) showed that another inert gas, 
argon, could be even more effective than nitrogen in eliminating insect 
species in museum collections. In contrast, carbon dioxide caused a low 
mortality in species resistant to low oxygen levels, such as H. bajulus. 

In an extension of this work, comparative analyses have been carried 
out with all life stages of species of Coleoptera in cellulosic materials, 
including paper, wood and plants, exposed to various modified atmo- 
spheres. The gases were applied in plastic bags of low permeability, a 
fumigation chamber and a fumigation bubble that had been previously 
designed by industry for various fumigation treatments. The aims of the 
work were (a) to evaluate the efficacy of different modified atmospheres in 
controlling insect infestation in cellulosic materials, (b) to determine the 
appropriate environmental conditions and treatment systems for elimina- 
tion of developmental stages of insects commonly found in museums, 
archives and herbaria, and (c) to evaluate the effectiveness of a protocol to 
disinfest in situ different art collections using a low oxygen environment. 
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MATERIALS AND M E T H O D S  

An exhaustive search in museums, archives and herbaria was carried out 
to determine common insects in historic collections. The most representa- 
tive species isolated from ancient objects identified were H. bajulus 
(Cerambycidae), A. punctatum (Anobiidae), Stegobium paniceum 
(Anobiidae), Xestobium rufovillosurn (Anobiidae) and Attagenus piceus 
(Dermestidae) found in cellulosic materials in museums exposed to a 
continental or Mediterranean climate. A. punctatum, S. paniceum, Mico- 
bium castaneum (Anobiidae) and Lyctus brunneus (Lyctidae) were isolated 
from books and bundles of documents from archives located in Atlantic 
regions. Lasioderma serricorne (Anobiidae) was frequently found in plants 
from herbaria exposed to a continental and Mediterranean climate. 

In a second phase, the same species cultured in the laboratory were used 
to simulate insect infestation in paper and w o o d  samples exposed to 
different environmental conditions. 

Preparation of the samples 

According to the method described by Valentin et al. (1992), groups of  
wood samples (pine, 12 × 5 x 5 cm) and books made up from Whatman 
paper (4 x 11 x 8 cm) were used as experimental materials. Wood and 
paper samples were infested with insects at all stages of their life cycle, 
including H. bajulus, A. punctatum, S. paniceum, M. castaneum, L. brun- 
neus, X. rufovillosum and L. serricorne. These species had been allowed to 
develop in wooden and paper samples as a substratum. A. piceus was 
cultured in paper and textile samples. 

The number of adults, larvae, pupae and eggs treated depended on the 
specific physiology of the life cycle of  the species. The average number of  
insects tested in each development stage was 25-80. In the case of  
H. bajulus, a large population was used, i.e. 860 larvae, 40 adults, 26 
pupae and approximately 100 eggs obtained from mixed populations. 

Triplicate experiments were set up for each condition tested and the 
mortality of the insects was quantified for different environmental condi- 
tions and systems of treatment. 

Modified atmospheres using low permeability plastic bags 

Infested paper and wood samples were exposed to 99.9% nitrogen or 
argon, or 60% CO2, with air as control. For  these treatments, low 
permeability plastic bags (45 × 50 x 50 cm) polyvinylidene chloride 
(Saranex ®) were used. 
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The bags were purged with gas for 8 h at 2-5 litres min -1 . The effect of  
combinations of temperature (20-40°C), RH (20-60%) and exposure time 
(1-30 days) on each insect species was analysed. RH in the bags was 
controlled using humidified gas (Valentin & Preusser, 1990). 

In all cases, the oxygen level in the bags was maintained at 0.02-0.05%. 
After disinfection treatment, paper and wood samples were exposed to 
ambient air for seven months  to evaluate insect activity during the 
experimental process. Paper and wood samples infested with species of  
Coleoptera under ambient air at room conditions (20°C and 40% RH) 
were used as a control. 

The effect of RH on insect mortali ty was evaluated using resistant 
species such as H. bajulus (larvae). Groups of  larvae were exposed to 
modified atmospheres under different combinations of  temperature and 
RH, and the weight loss in the larvae was controlled for each condition 
tested. 

Modified atmospheres applied in a fumigation chamber 

To simulate disinfection treatments using a fumigation chamber, a proto- 
type vacuum chamber (80 cm 3) fitted with temperature, RH, vacuum and 
pressure controls was used. Paper and wood samples were infested with 
insect species as above, and placed in the chamber, which was evacuated 
to 1.5 g cm -2 vacuum and refilled with inert gas, nitrogen or argon, at 
1 kg cm -2 pressure. In this case, the temperature was maintained at 30°C 
and the RH at 40% RH for 1-5 days. The material was then exposed to 
ambient air for 10 months  and the mortality evaluated. In parallel 
experiments, a full-size fumigation chamber (7 m 3) was used to disinfect 
wood and paper samples under identical temperature and RH conditions. 
However, in this case the chamber was first evacuated and then refilled 
with the gas three times in order to achieve a low oxygen concentration in 
the cellulosic materials. 

Disinfestation treatment using controlled atmospheres in a fumigation 
bubble chamber 

To evaluate the efficacy of inert gases applied in a fumigation bubble, 
preliminary research was undertaken using a 6.2 m 3 bubble chamber made 
of  PVC reinforced with polyester and constructed by industry for disin- 
festation of  stored products and objects. The bubble chamber was sealed 
to the base with a gas-tight zip assembly. Wood samples infested with 
H. bajulus and A. punctatum populations were exposed to nitrogen or 
argon under different environmental conditions. The bubble was evac- 
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uated using a vacuum pump and then refilled with inert gas. The 
temperature was maintained at 25-30°C and the RH at 40-50% for 
12 days. The oxygen concentration was measured daily to evaluate the 
leakage rate from the bubble. Three packets (30 units) of an oxygen 
scavenger (Mitsubishi, Ageless ® Z-2000) were also used in each experi- 
ment. The changes in volume of the bubble were also measured. 

Insect control in museums, archives and herbaria: fumigation procedure 

Following the experimental work carried out in the laboratory, an inert 
atmosphere in plastic bags (Saranex ®) was used for disinfestation of 
historic materials in museums, archives and herbaria. 

Contaminated objects, including furniture, panels, polychrome sculp- 
ture, musical instruments, bundles of documents and plants, in the plastic 
bags were treated with argon. The bags were purged with the inert gas for 
24 h, then 48 h and finally 36 h to decrease the oxygen concentration to 
0.05%. The bags were then maintained hermetically sealed for 1-4 weeks, 
depending on the size and structure of the objects and on the insect 
species. The temperature employed depended on the characteristics of the 
object, 25°C for disinfestation of wood, 30°C for paper and 40°C for 
plants. Species resistant to low oxygen environments, including H. bajulus, 
and A. punctatum larvae in wood samples, were used as controls to verify 
the efficacy of the treatment. The RH was maintained at 40% RH for 
paper and plants and 50% for wooden objects under different environ- 
ments with RH variation. In all cases, the oxygen level was maintained 
between 0.03 and 0.05%. A Zirconia cell oxygen analyser (Systech ZR 
8914S) was used to measure oxygen concentration in the bags. The oxygen 
scavenger Ageless ~H~ was used to maintain the oxygen concentration at 
very low levels. The objects were then exposed to ambient air for 10 
months and the insect mortality was evaluated. 

RESULTS AND DISCUSSION 

Efficacy of treatment systems using plastic bags of low permeability, 
a vacuum chamber and a fumigation bubble 

The efficacy of modified atmospheres using plastic bags of low perme- 
ability is shown in Figs 1 and 2. With argon at 40% RH and 0.03% 
oxygen it required 14 days at 20°C to achieve 100% mortality of H. baju- 
lus (Fig. 1). However, at 30°C only 7 days were required to eliminate a 
complete population of H. bajulus. The exposure time required to elim 
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Fig. 2. Effect of temperature on the minimum time of exposure to carbon dioxide required 
to achieve a complete insect mortality at 40% RH and 0.03% oxygen. 1. H. bajulus, 
2. L. serricorne, 3. A. punctatum, 4. L. brunneus, 5. X. rufovillosum, 6. S. paniceum, 

7. M. castaneum, 8. A. piceus. 

inate species of Anobiidae and Lyctidae was 3-6 days at 20°C. For species 
treated at 30 °, 40% RH and 0.03% oxygen, the exposure time was 
reduced to 2-4 days, depending on the species. Moreover, adults in the 
Anobiidae and Lyctidae were eliminated in 2 days of gas exposure. 
L. serricorne and A, punctatum were eradicated in 5 days with argon at 
50% RH, 30°C and 0.1% oxygen. These data show that argon as anoxant 
could be very effective for disinfestation, but using argon at 60% RH and 
30°C, 6-9 days was needed for a complete mortality of Anobiidae. 

A complete insect kill was obtained using a nitrogen atmosphere for a 
longer period. Nitrogen exposure for 10 days at 30°C and 40% RH 
(Fig. 1) was required to eliminate H. bajulus or 20 days at 20°C. It was 
observed that developmental stages from larva to pupa may develop 
under a nitrogen and/or argon atmosphere during the first week of expo- 
sure at 20°C, 50% RH and 0.05% oxygen. This effect could be explained 
by the very low oxygen concentration required during such a period. 
Control populations of H. bajulus exposed to ambient air, 20°C and 40% 
RH for 15 weeks showed < 5% mortality. All Anobiidae and Lyctidae, 
including eggs, were eliminated in 3-5 days by using nitrogen at 30°C, 
50% RH and 0-03% oxygen (Fig. 1), agreeing with Rust and Kennedy 
(1991), who found that for a range of insects, including Dermestes lardar- 
ius, Tribolium confusum and lncisitermes minor, exposure times < 72 h 
were required for a complete kill. However, these authors found that 
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L. serricorne was only eradicated after 8 days by nitrogen at 25°C and 
50% RH. The present author also found that long exposures were needed 
to eliminate L. serricorne, e.g. 9 days at 20°C and 40% RH. 

There was very little mortality in H. bajulus, especially among old larvae 
and pupae, with 60% CO2 at 30°C for 3 weeks. To achieve a complete kill 
in populations of Coleoptera, exposure for 10--25 days to 60% CO2 at 30- 
35°C was needed. Similar results for A. punctatum have been recorded by 
Entwistle and Pearson (1988). However, food pests such as T. confusum 
have been eliminated in a shorter CO2 exposure time (Navarro & Jay, 
1987). Valentin et al. (1992) showed that gas mixtures such as 90% 
N2:10% CO2 did not confer great advantages for insect elimination, 
especially in the case of H. bajulus or old larvae and pupae of A. puncta- 
tum. 

A temperature of 40°C drastically decreased the exposure time required 
for complete insect eradication (Figs 1 and 2). At temperatures between 20 
and 30°C, different modified atmospheres achieve different results for the 
same species. Moreover, the same gas has different effects on different 
insects and on their developmental stages. Above 35°C, an exposure time 
of 24 h was required to eliminate Coleoptera with either argon or nitro- 
gen. It has been found that at low temperatures, e.g. 10-20°C, inert gases 
caused a similar lethal effect on insect mortality (exposure for 4 weeks). 
Control populations exposed to room temperature and air for 15 weeks 
showed a mortality of < 6%. 

The work with the fumigation chamber, which was evacuated and 
refilled with the inert gas twice to decrease oxygen levels, showed that at 
30°C and 50% RH exposures of less than 3 days were required to elim- 
inate Anobiidae (Fig. 3). Complete mortality of H. bajulus was achieved 
after 5 days. Preliminary results using a full-size fumigation chamber 
(7 m 3) were identical. However, in this case, to decrease the oxygen level 
in the materials, the chamber was evacuated and refilled with the gas three 
times. The number of times this refilling process is repeated depends on 
the vacuum used and the volume of the infested objects. A fumigation 
chamber of large volume consequently requires a particularly large 
volume of gas. The results achieved with argon were similar to those with 
nitrogen. 

Reference to the literature indicates that 60% CO2 applied in a fumi- 
gation bubble has been effective in eliminating insects in a range materials, 
e.g. textiles, wood and books. For example, Smith and Newton (1991) 
described successful fumigation of textiles and wooden furniture using 
CO2 in the Rentokil&reg; bubble. However, the present author found that 
over a period of 15 days at 20°C H. bajulus larvae and pupae, as well as 
larvae, pupae and eggs of A. punctatum and L. serricorne were resistant to 



Insect control in museum, archive and herbarium collections 271 

22 
A 

I t  20 :M 
I 18 "o 

16 
14 

E 
= 12 

9 10 

m 
0 6 "  
IL 

" it 
i u  

-L 

m 
-, E "5 " 

t -  

< 

Bags Fumigation chamber 

Treatment systems 

Fig. 3. Time required to achieve a complete kill of H. bajulus and A. punctatum exposed to 
nitrogen at 50% RH and 30°C in plastic bags and a fumigation chamber. 

CO2 in the bubble. To eliminate Anobiidae larvae, exposure for 14-20 
days to 60% CO2 at 35°C was required. 

A significant increase in the oxygen leak rate in the bubble was indi- 
cated 3 days after the begining of the treatment (Fig. 4). When nitrogen 
was used, the oxygen leak rate after 11 days was 2.3%, and 1.6% with 
argon. The oxygen leak rate for Saranex ® plastic bags containing argon 
for one year was 0.5%, and for bags filled with nitrogen 0.6%. The higher 
leak rate with nitrogen could be explained by its chemical and physical 
properties. Nitrogen has a low molecular weight, density and specific 
weight. A low leak rate in the bubble was observed when argon and the 
oxygen scavenger Ageless ® were used (Fig. 4). 

The author found that to decrease the oxygen level in the bubble it was 
essential to evacuate the inert gas and refill the system with argon or 
nitrogen 3 days after the begining of the treatment. Using the bubble, 
100% mortality was achieved in H. bajulus and A. punctatum at 30°C and 
40% RH with argon exposure for 8 days. 

Mechanism of  insect mortality 

Atmospheres with a low oxygen concentration produce in insects hyper- 
ventilation, asphyxiation, paralysis of the nervous system and collapse of 
the tracheae. In addition, desiccation was also found in all the larvae 
exposed to the gas regimes tested in this study. These effects can be 
enhanced using appropriate environmental conditions. An increase in 
temperature produces an increase in insect respiration and therefore 
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Fig. 4. Leak rate of the fumigation bubble chamber expressed as the oxygen level at 40% 
RH, 30°C and 11 days. 

enhances the lethal effect of the gas. Jay and Cuff (1981) have shown that 
a decrease in RH increases insect mortality. The present results agree here, 
although it was found that all H. bajulus larvae exposed to air at 40°C and 
20% RH for 10 days were still alive. An oxygen concentration of < 0.05% 
was required to eliminate them. 

The significant weight loss in H. bajulus larvae exposed to modified 
atmospheres (Fig. 5) was attributable to desiccation, which occurs espe- 
cially during the replacement of the atmosphere in the bags and depends 
on the RH changes during such periods. This effect was more marked in 
larvae located in holes and tunnels close to the surface of the objects. Less 
weight loss was noted in larvae located 4 cm deep in hygroscopic objects 
such as book samples. These results are in agreement with the report of 
Jay and Cuff (1981) on water loss in T. castaneum. 

Air replacement with argon produced higher weight loss than with 
nitrogen in all the larvae treated (80% loss for larvae treated with argon, 
and 72% with nitrogen). The higher molecular weight, density, and solu- 
bility in water of argon may be involved in a higher water loss in the 
treated insects. It was observed that the water loss is a significant addi- 
tional factor inducing insect death in a shorter time. 

A lower weight loss was also found in larvae exposed to a CO2 atmo- 
sphere (60% weight loss). These data can also be explained by the high 
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Fig. 5. Weight loss of H. bajulus larvae in cellulosic materials exposed to modified atmo- 
spheres at 40% RH, 30°C and 0-03% oxygen. 

tolerance of H. bajulus and other insect species to this gas. These results 
agree with Bokerhof (1989), who considers that the presence of CO2 may 
facilitate the use of the oxygen available in the environment. 

Insect control using argon in museum, archive and herbarium collections 

Species in the Cerambicidae, Anobiidae, Lyctidae and Dermestidae 
showed high activity in works of art made from different kinds of wood. 
H. bajulus was basically found in pine, cedar and walnut wood. Species in 
the Anobiidae were found in pine, cedar, cypress, oak, walnut, mahogany 
and chestnut wood artifacts. However, no relationship between the type of 
wood and the efficacy of the disinfestation treatment was observed. 

The specific conditions required to eliminate insect infestation in a 
selection of historic collections using an argon atmosphere are shown in 
Table 1. The length of exposure to the gas required for disinfecting each 
object was determined by the nature and size of the material, the insect 
species and the environmental conditions in the museum or archive. 
Depending on the object, a complete insect kill in polychrome sculptures 
required 10-15 days at 20-25°C and 50% RH. In contrast, books and 
bundles of documents were disinfested using an argon atmosphere at 30°C 
and 45% RH for 4 days. 



274 Nieves Valentin 

TABLE 1 
Environmental Conditions Used to Achieve a Complete Insect Mortality in Different 

Historic Objects Exposed to an Argon Atmosphere 

Infested object Insect species T RH [02] Exposure 
size (cm} (°C) (%.) (%) time (days} 

Books S. paniceum 30 40 0.02 4 
35 x 25 x 16 L. brunneus 

Bundles documents S. paniceum 30 65 0.02 4 

30 x 25 x 15 M. castaneum 
Sculpture a A. punctatum 25 45 0-04 10 

200 x 80 x 52 

Sculpture ~ A. punctatum 25 45 0.03 10 
130 x 30 x 60 

Piano ~ A. punctatum 25 40 0.03 14 
200 x 100 x 100 

Panel ~ X. rufovillosum 20 50 0.02 7 
80 x 30 x 15 

Sculpture a M. castaneum, 20 50 0.02 10 
34 x 25 x 20 A. punctatum 

Textiles A. piceus 30 45 0-03 7 
135 x 87 x 43 

Panel ~ H. bajulus 20 50 0.04 15 
175 x 64 x 35 

Frame a H. bajulus 25 45 0-03 l0 
75 x 45 x 15 

Plants L. serricorne 40 35 0.03 1 
35 x 25 x 16 

aPolychrome. 

No colour changes in polychrome cellulose samples exposed to nitrogen 
at room conditions for different exposures were reported by Koestler et al. 
(1991), and in the present study neither chemical nor physical alterations 
were found in the argon-treated materials. Indeed, argon was the most 
stable atmosphere used in the work. 

Both nitrogen and argon atmospheres were useful for disinfesting 
herbarium collections. Complete eradication of  L. serricorne was observed 
in plants treated with inert gas at 2.5 litres min -1 and 40°C for 24 h 
(Table 1). Previous analyses carried out on different plant species showed 
no colour changes in materials exposed to inert gases at 40°C for 72 h 
(Valentin e t  al., 1992). Identical rates of  insect kill were obtained by 
exposing infested plants exposed to either gas at 40°C. 

The use of  any of the three gases produced similar RH changes in the 
objects during a treatment. In the plastic bags, during disinfestation of 
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paper involving dry gas and gas humidified at 50% RH, purging with dry 
argon at 2-0-2.5 litres rain - l  decreased the RH by 6-8% relative to the 
room RH (Fig. 6). However, during incubation, in a non-flushing system, 
the RH in the bags rose by 5-7% over the room RH. From these results it 
can be seen that cellulosic objects such as books, textiles or plants exhib- 
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Fig. 6. RH change in plastic bags during a treatment of paper in which the material was 
purged with dry and humidified argon (50% RH): (a) low RH environment, (b) high RH 

environment. 
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ited in museums at low RH (30-40%) can be easily disinfested using dry 
gas. In contrast, works of art exposed to high RH in museums should be 
disinfested using humidified atmospheres due to the drastic RH decrease 
produced by dry gas over the whole treatment. In this case, the environ- 
mental conditions should be controlled, because a decrease in temperature 
could produce condensation in the bags during the period of incubation 
required. Delicate objects such as musical instruments, panels or poly- 
chrome wood should be disinfested with preconditioned gas in order to 
maintain the same RH in the bags as in the room. 

In conclusion, it can be said that these studies confirm that argon and 
nitrogen atmospheres are effective in controlling insect populations, with the 
exposure required to give a complete kill in all the species treated being 
shorter for argon. Under identical conditions, a CO2 atmosphere was inef- 
fective in controlling populations of Cerambycidae, and elimination of 
species in the Anobiidae and Lyctidae by it required longer. The efficacy of 
transformed atmospheres clearly depends on the gas used, the species and the 
developmental stage of the insects, and the combination of temperature, RH 
and oxygen concentration in the environment of the contaminated objects. 

Plastic bags of low permeability have been found to provide a useful 
and inexpensive means for disinfesting historic objects in situ. An oxygen 
scavenger could be useful for maintaining the oxygen concentration at low 
levels in large bags, i.e. > 4 m 3. Both a fumigation vacuum chamber and a 
fumigation bubble were effective for disinfestation of collections of large 
objects. However, in order to achieve a low oxygen level in the chambers, 
air should be evacuated and the system refilled with the inert gas repeat- 
edly during the treatment. The number of times that this is done will 
depend on the volume and characteristics of the materials. 

As noted earlier, significant desiccation was observed in all insects 
exposed to modified atmospheres, with an argon atmosphere producing the 
greatest weight loss in H. bajulus larvae. At any given temperature, desic- 
cation of insects will depend on the physical properties of the gas used, the 
flow rate, the moisture content of the objects, the depth at which the insects 
are located in the materials, and the length of the treatment. An argon 
atmosphere applied in barrier plastic bags has been found effective for 
disinfesting historic objects of different characteristics in situ. The system is 
now being used by the author as a routine fumigation method for historic 
collections in museums, archives and herbaria in humid climatic regions. 
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