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Abstract 

Two mass spectrometry (MS) methods, solid‑phase microextraction gas chromatography (SPME–GC–MS) and direct 
analysis in real time (DART‑MS), have been explored to investigate widespread efflorescence observed on exhibited 
objects at the Smithsonian’s National Museum of the American Indian in New York (NMAI‑NY). Both methods show 
great potential, in terms of speed of analysis and level of information, for identifying the organic component of the 
efflorescence as 2,2,6,6‑tetramethyl‑4‑piperidinol (TMP‑ol) emitted by the structural adhesive (Terostat MS 937) used 
for exhibit case construction. The utility of DART‑MS was proven by detecting the presence of TMP‑ol in construc‑
tion materials in a fraction of the time and effort required for SPME–GC–MS analysis. In parallel, an unobtrusive SPME 
sampling strategy was used to detect volatile organic compounds (VOCs) accumulated in the exhibition cases. This 
sampling technique can be performed by collections and conservation staff at the museum and shipped to an off‑
site laboratory for analysis. This broadens the accessibility of MS techniques to museums without access to instrumen‑
tation or in‑house analysis capabilities.
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Introduction
In 2015, five years after opening the exhibition Infinity of 
Nations: Art and History in the Collection of the National 
Museum of the American Indian at the Smithsonian’s 
National Museum of the American Indian in New York 
(NMAI-NY), staff observed a white crystalline efflores-
cence on objects in display cases manufactured for the 
exhibit (Fig. 1).

Other museums have described similar issues, observ-
ing efflorescence in exhibition cases from the same 

manufacturer installed between 2009 and 2014 [1–3]. 
While other museums have noted efflorescence on case 
sealing gaskets, glass door interiors, and occasionally on 
certain types of objects, at NMAI-NY the efflorescence is 
not observed on gasket materials but appears on a vari-
ety of component materials of collections items in these 
exhibit cases: ceramic, stone, wood, plant fibers and 
seeds, feathers, fur, textiles, and tanned hide. While the 
efflorescence is found mostly on archaeological materi-
als, it is also found on historic and contemporary objects. 
This was documented in an object-by-object survey con-
ducted in 2016 which concluded that about one quarter 
of the collection items displayed in Infinity of Nations had 
developed efflorescence. During a pilot cleaning cam-
paign on 15 artifacts in 2017, conservators described 
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different types of efflorescence depending on the nature 
of the object: ‘heavy crystal growth’ was found in archae-
ological ceramics and several organic materials. Painted 
surfaces presented ‘sparkling frost-like’ efflorescence. 
Though most crystals appeared ‘light and feathery’, they 
were described as ‘waxy and compacted’ when touched, 
causing suspicion that the substance might remain on the 
surfaces even after cleaning. Unfortunately, there is no 
related literature on the effect this type of efflorescence 
has on museum collections and no successful cleaning 
strategies have been published.

The first study focused on this issue, carried out by the 
Museum of Fine Arts, Boston (USA) and the University 
of Turin (Italy), suggested that the formation of this non-
volatile substance may have been caused by a reaction 
between the volatile 2,2,6,6-tetramethyl-4-piperidinol 
(TMP-ol) and an acidic compound, containing chlorine 
or sodium, also present in the case environment [1, 2]. 
In a recent publication by the Rijksmuseum, five types of 
crystalline deposits are described as a result of an acid-
basic reaction between TMP-ol and different carboxylic 
acids (2,4-dichlorobenzoic acid, formic acid, methacrylic 
acid, palmitic acid and an unknown carboxylic acid) 

emitted from peroxide-cured silicone gaskets, panels of 
medium-density fibreboard (MDF), UV adhesive, bees-
wax containing products, and from an unknown acidic 
conservation product or binding medium [3].

TMP-ol is a component of hindered amine light sta-
bilizers (HALS), such as Uvasorb HA 88, Cyasorb 
UV-3529, and Tinuvin® 770, widely used as additives 
during the manufacture of polymers to prevent thermo-
oxidative and light-induced degradation. Tinuvin® 770 is 
an additive of the structural adhesive (Terostat) applied 
by the casework manufacturer from 2009 through 2014. 
Tinuvin® 770 or bis (2,2,6,6,-tetramethyl-4-piperidyl) 
sebaceate is synthetized by the reaction of TMP-ol with 
an appropriate sebacic acid derivative such as dime-
thyl sebacate [4] or sebacic acid [5]. According to the 
case manufacturer, two different formulations of the 
structural adhesive were used during the installation at 
NMAI-NYC: Terostat MS 937 (white and grey) and Ter-
ostat 9220 (black). However, to date, only Terostat 937 
adhesive has been found in the cases at NMAI. Terostat 
is classified as modified silane polymer sealant with good 
capacity to bond various substrates together such as 
stainless steel, aluminum and other metals, glass, plas-
tics, wood, and painted surfaces.

Although the possible interaction between Tinuvin® 
770 and other analytes such as acids has been docu-
mented [6], museum staff did not anticipate problems 
with the adhesive because it had been vetted via Oddy 
testing [7]. Although an extended length of time is 
required to obtain results, the Oddy test is still widely 
used in cultural institutions as a preliminary means to 
evaluate potentially reactive materials. The test has been 
criticized because the results are not representative of 
potential damage for the wide variety of materials repre-
sented in museum collections. In addition, as materials 
are tested individually, the test cannot provide informa-
tion on reactions between materials [8, 9]. Furthermore, 
evaluating the results of the Oddy test is subjective and 
cannot identify specific volatile organic compounds 
(VOCs) released by test samples. Since this test is insuffi-
cient to conclusively identify the long-term compatibility 
of materials, other strategies for material testing are being 
evaluated in cultural institutions. In order to fulfil this 
objective, several mass spectrometry (MS) approaches 
have been explored as faster and more comprehensive 
methods to detect off-gassing VOCs from museum con-
struction materials [10–13]. However, most studies have 
focused on laboratory experiments, which require a sam-
ple to be taken from the material (invasive analysis). For 
on-site detection of VOCs inside showcases the sampling 
setup of air sampling devices or sensors can be visually 
disruptive to the exhibition. Thanks to the miniaturiza-
tion of traditional sample preparation devices for MS this 

Fig. 1 Photographs of efflorescence on a a Nazca double spout 
ceramic vessel; 17/8902, b Paracas ceramic vessel; 23/5500, and c 
micrograph of efflorescence formed on cotton cordage knot of Inka 
quipu; 14/3866
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technique can become more suitable for the analysis of 
historic artifacts.

Solid-phase microextraction (SPME) was developed by 
Pawliszyn in 1989 [14] for rapid analysis in the laboratory 
and at a remote site. The sampling is performed using a 
fiber, housed in a stainless-steel needle, coated with dif-
ferent sorbent phases capable of extracting a wide range 
of analytes, from volatile to non-volatile and from polar 
to non-polar. After sampling the analytes are thermally 
desorbed and transferred to a mass spectrometer. The 
easy and compact SPME sampling approach presents a 
significant advantage over conventional sampling meth-
ods (e.g. Tenax® tubes, Drager® tubes), that may use a 
larger assembly kit and may require a mounting system 
in the display case.

In addition, the interfacing of SPME with an ambient 
mass spectrometry technique, such as direct analysis in 
real time mass spectrometry (SPME-DART-MS), is a 
potential tool for evaluating specific VOCs that are haz-
ardous to museum objects, such as small carboxylic acids 
[15]. DART uses a continuous heated flow of post-plasma 
gas to desorb and ionize analytes from the sample’s sur-
face at atmospheric pressure. By using the selectivity 
of high-resolution mass analysis or selected reaction 
monitoring to discern analytes, DART is operated with-
out chromatographic separation. The small volume of 
the SPME coating makes it well-suited to interface with 
DART [16] by using the high-temperature gas to desorb 
analytes from the fiber. Although DART has been used 
for qualitative characterization of polymers and polymer 

additives [17], the application of DART-MS to investi-
gate exhibition case materials has not previously been 
assessed.

The goal of this project was to optimize and evaluate 
two rapid and high sensitivity analytical mass spectrom-
etry approaches, SPME–GC–MS and DART-MS, with 
the aim to:

1. Characterize the (organic-based) efflorescence and 
its volatile components;

2. Develop rapid screening of construction materials in 
order to identify the possible sources of the volatile 
components deposited as efflorescence;

3. Perform on-site sampling of the VOCs accumulated 
within the exhibition cases to predict the formation 
of future efflorescence;

4. Optimize a reproducible and ‘user friendly’ sampling 
protocol and transportation methodology.

Description of the exhibition
Infinity of Nations is composed of 33 display cases: 32 
designed and manufactured by a contracted fabricator 
and one display case built in-house. Twelve are wall cases 
– ten with swinging door access and two with sliding 
doors; there are ten free-standing cases, nine semi-circu-
lar cases, and one horizontal hydraulic case distributed in 
604  m2 of gallery space (Fig. 2).

Major construction materials are glass and metal. 
All materials including glass front, sides, and tops, 

Fig. 2 a Infinity of Nations exhibition floor plan, the pink areas indicate cases with efflorescence on objects. Views of: b entrance of the exhibition 
and Headdresses wall case and c Andes wall case
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powder-coated steel, decks and case backs are Apple-
ply, a birch plywood (made without urea formaldehyde 
adhesives) covered with a barrier of aluminum sign 
blank which is painted with a low VOC paint (see SI for 
a detailed description of the construction materials). The 
cases seal tightly and are designed with desiccant drawers 
and fans to maintain air circulation within the cases.

To date, efflorescence has been detected on a total of 
163 out of 694 examined objects in 21 of the 32 display 
cases designed and manufactured by a contracted fabri-
cator. No efflorescence has been detected in the display 
case built in-house.

Materials
A 75  µm carboxen-poly(dimethylsiloxane) SPME fiber 
(CAR/PDMS, 57344-U Supelco) was purchased from 
Sigma-Aldrich (USA).

PTFE/silicone septa (9301-0719), 10  mL headspace 
sample vials (5182-0838), and 20  mm aluminum crimp 
caps (9301–0718) were purchased from Agilent (USA). 
Deactivated glass inlet liners for capillary injection port 
(2637505, Supelco) and Thermogreen® LB-2 pre-drilled 
septa (23268) were purchased from Sigma-Aldrich 
(USA).

Experimental
Efflorescence
During four sampling campaigns (December 2018, Feb-
ruary 2019, March 2019, and February 2020), eleven 
efflorescence samples were collected from eight differ-
ent objects (see Additional file  1: Table  S1 for detailed 
description). The most effective methods for sampling 
crystals were by scraping, swabbing, or brushing the 
crystals onto a glass well-slide. Samples were trans-
ferred from the glass slide to glass vials and stored with 
no light exposure at room temperature until analysis was 
conducted.

Construction materials
Thanks to records compiled by museum staff during case-
work installation at NMAI-NY, it was possible to sample 
the different types of construction materials applied to 
specific components of each case type (Fig.  3). 26 sam-
ples of case construction materials were taken from the 
display cases, of which 18 were classified as structural 
adhesive (16 white samples and two grey samples, all 
Terostat MS 937), three as magnetic (door) gasket, three 
as silicone (desiccant drawer) gasket, one paint sample, 
and one silica gel sample from the desiccant drawer (see 
Additional file 1: Table S2).

Fig. 3 a Infinity of Nations exhibition case design. Green areas indicate surfaces where the structural adhesive was applied, red areas indicate 
the location of the magnetic (door) gasket and blue areas indicate the location of the silicone (desiccant drawer) gasket. Sampling locations of b 
structural adhesive, c magnetic (door) gasket and d silicone (desiccant drawer) gasket are indicated with arrows
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Construction materials collected at NMAI-NY were 
also compared with samples collected from the Cooper 
Hewitt Smithsonian Design Museum (CHSDM, New 
York) and the Smithsonian National Museum of African 
American History and Culture (NMAAHC, Washing-
ton, DC) exhibition cases. These cases were produced by 
the same manufacturer and installed in 2014 and 2016, 
respectively. One sample of structural adhesive from the 
CHSDM and one structural adhesive and two magnetic 
gaskets from NMAAHC were sampled in March 2019.

SPME sampling
Efflorescence and construction materials
Both the efflorescence and construction material sam-
ples were individually sampled in 10 mL headspace vials, 
where the SPME fiber (CAR/PDMS) was exposed to the 
sample headspace for 24  h at room temperature (aver-
age of 21.5  °C). The weight and dimension of each sam-
ple collected from the exhibition varied depending on its 
accessibility, and, therefore, the weight of each material 
was not considered.

Display cases and exhibition hall: on‑site sampling
The main purpose of the on-site analysis was to charac-
terize VOCs accumulated in exhibition cases with and 
without efflorescence to detect differences. 32 SPME fib-
ers were exposed for 24  h in different locations during 
the four campaigns between 2018 and 2020 (Additional 
file 1: Table S3). When cases are opened, VOC concen-
tration decreases. However, after 24  h the VOCs con-
centration is again sufficiently high to be detected by 
SPME–GC–MS [18, 19]. The selection of the sampling 
points was based on the visual observation of crystals 
made by the museum conservators and collection man-
ager in a first exploratory phase. In total, 11 exhibition 
cases were investigated; 8 exhibition cases where efflo-
rescence was observed and three where efflorescence was 
not observed. The sampling strategy was tailored for each 
display case (Fig. 4a, b), where SPME fibers were placed 
in the headspace of the case without touching any of the 
objects.

To record the background VOCs of the exhibition gal-
lery in contrast with the cases, SPME fibers were placed 
on top and below two exhibition cases (Additional file 1: 
Table S3).

Direct contact analysis of objects: on‑site sampling
In order to enhance the detection of the efflorescence 
without physical sampling (e.g., removing crystals by 
scraping or swabbing), direct-contact SPME analysis was 
performed on four objects (Additional file  1: Table  S3). 
For this the fiber was placed in contact with the surface 
of the object during the 24 h sampling period (Fig. 4c).

Transportation
Two different modes of transporting the SPME fibers 
between NMAI-NY (New York, USA) and the Museum 
Conservation Institute (MCI) (Maryland, USA) were 
evaluated to assess whether possible fluctuations in envi-
ronment and handling would affect the results. From the 
32 SPME fibers exposed at NMAI-NY, one set of two fib-
ers was shipped via express mail from the MCI analyti-
cal laboratories to the NMAI-NY museum (Additional 
file  1: Table  S3). A second set of two fibers were hand-
carried via train from the MCI to the NMAI-NY. The 
pairs of fibers, one shipped and one hand-carried, were 
exposed in the same location for 24 h on-site sampling. 
After sampling, the fibers were sent back to the MCI by 
express mail and hand-carried. When removed from the 
showcase the fibers were sealed with a Thermogreen® 
LB-2 pre-drilled septa with an extremely low bleed (what 
is used to seal the GC injector port). All fibers were ana-
lyzed by GC–MS within 24 h after sampling.

SPME–GC–MS
After sampling, SPME fibers were manually inserted 
into the injector port of the GC with a Supelco SPME 
holder (Sigma Aldrich, 57330-U). VOCs were thermally 
desorbed at 270  °C from the fiber and transferred onto 
the chromatographic column for separation prior to 
detection via the mass spectrometer. GC–MS analy-
ses were performed with an Agilent 6890 GC coupled 
to a 5975 MSD (Agilent Technologies, Wilmington, DE, 
USA). Chromatographic separation was performed on a 
30 m × 0.25 mm i.d., 0.25 µm-thick film of DB-5MS cap-
illary column (Agilent Technologies, Wilmington, DE, 
USA). The injector was used in pulsed-splitless mode 
with a total injection time of 4 min. The carrier gas was 
helium with a constant flow of 1 mL/min. The oven pro-
gram was as follows: initial temperature of 40  °C (hold 
for 10 min), ramp rate of 5 °C/min to 270 °C, which was 
held for 10 min. The temperature of the interface and the 
source were set at 280 °C and 230 °C, respectively. Mass 
spectra were acquired under electron ionization mode 
(EI) at 70 eV and recorded from m/z 40–300 with a scan 
time of 0.19 s. Data analysis was performed using Mass-
hunter® qualitative analysis software (version B.07.00, 
Agilent). Chromatographic peaks were identified using 
the NIST library 2011 Mass spectra Library V.2.0. The 
GC–MS data generated in this study were only used for 
qualitative interpretation.

DART‑MS
A DART-100 probe using helium discharge gas and oper-
ated by a standardized voltage and pressure (SVP) con-
troller (IonSense, Saugus, MA) was custom-mounted to 
interface to a Linear Trap Quadropole (LTQ) Orbitrap 
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Velos mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA). The ceramic transfer tube in the flange 
was replaced with a 64  mm o.d., 40  mm long stainless 
steel tube [15].

A small fragment of each construction material sample 
was held in place between the DART ionization source 
and the MS inlet using tweezers (Additional file  1: Fig. 
S1a). For the analysis of the efflorescence, a small amount 
of material was sampled with the end of a glass tip and 
placed between the source and the inlet (Additional file 1: 
Fig. S1b).

For all analyses, the temperature of the helium plasma 
was set to 200  °C. Mass spectra were acquired in posi-
tive mode from m/z 50 to 500 at a resolving power of 
30,000. Data analysis was performed using Xcalibur Qual 
Browser V.3.0 (Thermo Fisher Scientific). No quantitative 

DART-MS interpretation, e.g. using isotopically-labelled 
standards, was required for this study.

Results and discussion
Characterization of the efflorescence
During the exploratory stage, Scanning Electron Micros-
copy-Energy Dispersive X-ray Spectroscopy (SEM–EDS) 
analysis was used to investigate the elemental composi-
tion of the efflorescence (experimental details in SI and 
Additional file  1: Table  S1, Figs. S2 and S3) and high-
lights the presence of chlorine (Cl) reported by previ-
ous studies, where the efflorescence was described as 
a chlorinated salt [1, 2]. Additional analyses by XRPD 
and ATR-FTIR were made to further identify the com-
position of the efflorescence and its crystalline material. 
However, no positive identification could be made from 
the available databases (experimental details and results 

Fig. 4 On‑site sampling locations: a Eastern Woodlands wall case, SPME fiber mounted into internal Ethafoam® support of Oklahoma Shawnee 
coat; NMAI 02/0528, b Andes wall case, SPME fiber in back of shelf between two Moche stirrup spout ceramic vessels; NMAI 23/8958 and NMAI 
16/8980, c Northwest Coast focal point case, paired SPME fibers in direct contact with efflorescence on cotton ties of Kwakwaka’wakw headdress, 
wood, paint, cotton fabrics; NMAI 23/8252
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are described in Additional file 1: Table S1, Figs. S2 and 
S3).

In order to better characterize the chemical composi-
tion of the efflorescence, SPME–GC–MS and DART-MS 
were applied in all efflorescence samples collected from 
the exhibition.

SPME–GC–MS analysis of the efflorescence sam-
ples presented a main peak at 20.2  min retention time 
(Fig. 5a) and confirmed the presence of TMP-ol (Fig. 5b, 
c). All efflorescence samples collected at NMAI-NY 
were also analyzed by DART-MS, showing the ion peak 
(m/z 158.1527) corresponding to the protonated TMP-
ol  ([C9H19NO + H]+) (Fig.  5d). No other peaks have 
been identified by both MS techniques, showing that the 
organic component of the efflorescence is a piperidinol-
based compound (Table 1).

With the organic component of the efflorescence char-
acterized, efforts were focused on determining the source 
of TMP-ol and the origin of chlorinated compounds that 
can form the chlorinated salt, reported in previous stud-
ies [1, 3] and detected in this study by SEM–EDS analysis.

Source of the efflorescence: analysis of construction 
materials
DART-MS analyses were performed on 26 samples iden-
tified as construction materials. A subset of 17 samples, 
comprising all types of sampled construction materials, 
were analyzed by SPME–GC–MS in order to obtain a 
comprehensive overview of the different VOCs emitted 
by these materials (Additional file 1: Table S2).

The main components released by both gasket materi-
als and the structural adhesive were found to be siloxane 
oligomers. As no siloxane oligomers have been detected 
in the efflorescence, no significance was ascribed to these 
compounds.

TMP-ol, which is a constituent of the efflorescence, 
was detected in 9 of the 17 analyzed materials, all of 
them classified as structural adhesive (Terostat MS 937) 
(Table 1). Interestingly, dimethyl sebacate was also identi-
fied in the structural adhesive (Terostat MS 937), while 
Tinuvin 770 (Fig. 5e), a combination of two molecules of 
TMP-ol and one dimethyl sebacate, was not detected in 
any of these samples.

Fig. 5 a GC–MS Total Ion Chromatogram (TIC) profile of efflorescence collected from Pueblo bowl (NMAI 12/8961) by SPME–GC–MS sampling. b 
GC–MS spectrum of the most abundant peak with retention time 20.242 min, with a 91% NIST library spectrum matching for 2,2,6,6‑tetramethyl‑4‑p
iperidinol (TMP‑ol) (CAS No. 2403‑88‑5). c Chemical structure of 2,2,6,6‑tetramethyl‑4‑piperidinol (TMP‑ol) d DART‑MS spectrum of the efflorescence 
collected from Pueblo bowl (NMAI 12/8961) with ion peak (m/z 158.1527,  [C9H19NO + H]+). e Chemical structure of Tinuvin® 770

Table 1 Main analytes detected by DART-MS and SPME–GC–MS analysis in the samples

*Terostat MS937

Sample TMP‑ol Dimethyl sebacate 2,4‑dichlorophenol Chloroprene 
derivatives

Efflorescence DART, SPME

Structural adhesive (white)* DART, SPME SPME SPME SPME

Magnetic (door) gasket SPME SPME

Silicone (desiccant drawer) gasket SPME
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On the other hand, TMP-ol and dimethyl sebacate were 
not identified by SPME–GC–MS in construction materi-
als classified as magnetic (door) gaskets, silicone (desic-
cant drawer) gaskets, paint and silica gel beads (Table 1).

In parallel, the 26 samples of construction material 
sampled at NMAI-NY were analyzed by DART-MS. 
The samples classified as structural adhesive showed 
a clear ion peak (m/z 158.1527) associated to TMP-ol. 
DART-MS results match with SPME–GC–MS findings 
that positively identified TMP-ol in the structural adhe-
sive (Terostat MS 937). However, while TMP-ol was not 
detected by SPME–GC–MS in any gasket materials, 
DART-MS shows the ion peak at m/z 158.1527 in two 
silicone (desiccant drawer) gasket samples. This could be 
due to: (i) the low concentration of this substance in the 
gaskets being undetectable by GC–MS and (ii) a cross-
contamination effect, in which VOCs released during 
the degradation of materials can be adsorbed by nearby 
material during the course of the exhibition [20].

The detection of TMP-ol in the modified silicone 
(MS) polymer Terostat by SPME–GC–MS and DART-
MS, is in agreement with previous studies from the 
Museum of Fine Arts (Boston, USA) and the Rijksmu-
seum (Amsterdam, The Netherlands) carried out in 
similar display cases [1–3]. These studies also linked the 
efflorescence with the presence of Tinuvin® 770, used as 
an additive in the structural adhesive (Terostat) applied 
during the manufacture of their display cases. The prepa-
ration method of Tinuvin® 770 describes the amount 
of substance ratio of sebacic derivative and TMP-ol as 
1: (2–2.2), confirming the excess of TMP-ol in the ini-
tial mixture [5]. This excess of TMP-ol gives rise to free 
TMP-ol in the final composition of Terostat [3]). In the 
Infinity of Nations exhibition casework, the free TMP-
ol has migrated from the structural adhesive (Terostat 
MS 937) to the case environment. Regardless of the low 
amount of HALS (concentrations range between 0.1 and 
1.0%) present in the structural adhesive used within the 
NMAI-NY cases, the airtight cases allowed the accumu-
lation of TMP-ol, promoting undesirable reactions and 
leading to efflorescence formation over time.

However, the mechanism of formation of the efflores-
cence is still unclear. On one hand, the molecular con-
figuration of TMP-ol will determine its reactivity with 
other molecules; the nitrogen atom of the amine mole-
cule is partially shielded by the methyl groups (Fig. 5c), 
preventing larger molecules from approaching easily 
to react with the nitrogen [21]. Therefore, the reactiv-
ity of this compound will be limited to small molecules. 
In addition, the reactivity of HALS has been thoroughly 
studied, showing that they cannot be used with halo-
gen-containing compounds, such as PVC or halogen-
ated materials, due to the fast generation of unwanted 

side reactions [22]. For example, the interaction of 
brominated flame retardants with alkaline hindered 
amines produces the deactivation of hindered amine by 
hydrogen bromide [23].

On the other hand, other authors have recently con-
templated an acid–base reaction between TMP-ol and 
different acid substances. The acid donates a proton to 
the TMP-ol resulting into a positive ammonium cation 
and a negative carboxylic anion [3].

In the NMAI-NYC cases, TMP-ol seems to react with 
a chlorinated compound giving rise to a chlorinated 
salt. Although the presence of chlorine in the efflores-
cence has been detected by SEM–EDS, the potential 
source of chlorinated compounds is not clear. Previous 
studies have highlighted that museum artifacts may be 
one of the sources of chlorine [1]. The identification of 
a chlorinated efflorescence suggests that the crystals 
are associated with residues on the objects displayed at 
NMAI-NYC, such as chlorides in archeological ceram-
ics, tidelines on wood and deposits such as sweat or 
body oil on textiles, likely from use. In addition, our 
analysis of construction materials by SPME–GC–MS 
revealed four chlorinated compounds (2,4-dichloro-
phenol and three chloroprene products) not originating 
from the objects. This illustrates that other potential 
sources of Cl should be taken into account in further 
research in order to elucidate the formation of the 
efflorescence.

2,4-dichlorophenol, detected in 13 materials (both 
types of gaskets and the structural adhesive Terostat) 
(peak 1, Fig.  6 and Table  1) has been cited among 11 
priority pollutants by the US Environmental Protec-
tion Agency (EPA) list [24]. Chlorophenols are widely 
used as intermediates during the manufacturing of dyes, 
wood products, plastics, pesticides, and disinfectants 
[25]. A literature review shows the affinity between chlo-
rophenols and amine compounds. Amines affected the 
hydrodechlorination (Cl loss) reactivity or selectivity of 
chlorophenols [26]. This is possibly due to the alkaline 
and acid interactions among the amine functional groups 
and chlorophenols [27].

Additionally, three chloroprene products 
( 1 - c h l o r o - 5 - ( 1 - c h l o r o e t h e n y l ) - c y c l o h e x e n e , 
1-chloro-4-(1-chloroethenyl)-cyclohexene, and 
1,6-dichloro-1,5-cyclooctadiene) were detected in mate-
rials classified as magnetic (door) gasket and structural 
adhesives (peaks 2, 3 and 4, Fig.  6 and Table  1). These 
products have been classified as dimerization products of 
chloroprene (2-chloro-1,3-butadiene), a monomer used 
during the production of rubber materials [28]. Chloro-
prene can polymerize spontaneously at room tempera-
ture in a process catalyzed by light, peroxides, and other 
free-radical initiators, generating the three compounds 
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identified (among others). No chloroprene products were 
detected in silicone (desiccant drawer) gasket samples.

Other VOCs released by the case materials such as 
acetic acid, benzene derivatives, oximes, aldehydes, and 
alcohols were also identified by SPME–GC–MS. The 
presence of these substances in the museum environ-
ment can initiate undesirable reactions causing damage 
to the collection [7, 18, 29, 30]. The monitoring of these 
compounds will be investigated in a later phase of the 
project, which will focus on developing mitigation strate-
gies to reduce the VOCs accumulated in the cases.

It is important to note that in the materials sampled at 
NMAAHC and CHSDM, TMP-ol was not detected by 
either MS technique. This finding corroborates the case 
manufacturer’s claim that a different structural adhesive 
was used after 2014.

On‑site headspace analysis inside the museum gallery 
and exhibition cases.
The detection of TMP-ol in the exhibition cases can help 
indicate the presence (or future formation) of the efflo-
rescence even when it is visually hard to notice. For this 
reason, 32 locations including airtight showcases and 
open exhibition areas were analyzed over a period of 
15 months by SPME–GC–MS. The selection of the loca-
tions was based on the presence or absence of visible 
signs of efflorescence on objects observed during previ-
ous on-site condition surveys.

SPME fibers were placed inside the cases for 24  h. 
A recent publication has shown a good compromise 
between sensitivity and prolonged exposure times of 
SPME fibers, allowing the accumulation of sufficient ana-
lyte onto the fiber within a reasonable timeframe [18, 19]. 
However, it should be emphasized that long exposure 
times can create fluctuations on the extraction yield of 
the analytes. The time needed to reach the equilibrium 
on the SPME fiber directly relies on the physicochemical 
parameters of each analyte; while some VOCs can take 
less than a few minutes, others will need a few hours to 
adsorb. Thus, under non-equilibrium conditions, quan-
titative analysis can be erroneous [31]. In addition, due 
to the large variation in volume between the exhibi-
tion cases (between 16–53  m3 wall cases and between 
0.3–3  m3 freestanding and focal points cases) no com-
parison of the peak intensity was possible in this study. 
It should be noted that replicate sampling of this type of 
analysis (exhibition area or object) may provide widely 
variable results due to the fluctuations in the case envi-
ronment and the passive nature of the SPME sampling 
strategy. For the above reasons, the current study focuses 
on qualitative interpretation of the results.

Total ion chromatograms of exhibition area, Head-
dresses, Andes, Eastern Woodlands and Con-
temporary wall cases are plotted in Fig.  7a–e for 
comparison. Although no significant differences were 
observed between the exhibition cases, some VOCs, 

Fig. 6 Peaks in a total ion chromatogram of the structural adhesive. Corresponding mass spectra for the identified peaks associated to chlorinated 
compounds emitted by the structural adhesive at room temperature
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such as 2-butoxuethanol, 2-ethyl-1-hexanol, 2,2,4-tri-
methyl-1,3-pentanediol-diisobutyrate and propanoic 
acid-2-methyl-3-hydroxy-2,4,4-trimethylpentyl ester, 
were notable in the background of the gallery outside 
the cases (Fig. 7a). Identifying the potential sources of all 
VOCs detected in the exhibition cases can pose an ardu-
ous task and was not the primary goal of this study. For 
example, acetic acid detected in all sampling points can 
be either emitted by the construction materials analyzed 
in the previous section or by the objects [18, 31, 32]. The 
presence of aldehydes can be associated to the degrada-
tion of textiles or cellulosic materials [33]. The detection 
of naphthalene, especially in the cases containing organic 
objects, may be due to its historic use as pesticide during 
the twentieth century in many museum collections [34]. 
Alkylbenzene derivatives are known to be commonly 
present in the atmosphere and are considered indoor 
pollutants [18].

Notably, the detection of TMP-ol in two exhibition 
cases, where the efflorescence had not previously been 
visually identified, encouraged the conservators to look 
more closely for the formation of new efflorescence, find-
ing it in both cases.

On‑site direct‑contact SPME analysis in the exhibition 
cases
To improve the detection of TMP-ol, direct-contact 
SPME sampling, inside the exhibition cases, was inves-
tigated to characterize the efflorescence directly on the 
surface of the objects on display, without the need to col-
lect a sample (Additional file  1: Fig S4a). Results shown 
in Additional file  1: Fig. S4b confirm that the detection 
of TMP-ol is possible via the on-site direct-contact SPME 
sampling methodology, thus avoiding sampling the efflo-
rescence in future research campaigns. Although direct 
contact SPME improved the efficiency of the detection 
of TMP-ol with respect to the analysis of the exhibition 
case (see Fig.  7d, e), the chromatogram profile showed 
more peaks than when the fiber was exposed solely to the 
efflorescence inside a vial (Fig. 5a). Indeed, other VOCs 
present in the exhibition case are also adsorbed onto the 
fiber.

SPME transportation methods
Because the exhibition (the sampling site) was located 
in New York and the analytical laboratory was in Mary-
land, the impact of transportation methods on the 
SPME results was studied. Two different transportation 

methods were evaluated: hand-carrying and commercial 
express mail.

Two different objects were sampled in duplicate by 
direct contact (Kwakwaka’wakw headdress (NMAI 
23/8252) and Paviotso (Northern Paiute) duck decoy 
(NMAI 13/4190), Additional file  1: Fig. S5a, b). In this 
study, the fiber was retracted inside the needle and 
sealed with a pre-drilled septum. During the transpor-
tation, the temperature did not exceed the 20  °C within 
either transportation protocol. All fibers were analyzed 
with the same instrument on the same day to avoid day-
to-day fluctuations. Although it has been shown that 
transportation under refrigeration improves the pres-
ervation of the fiber [35], transportation without refrig-
eration was selected based on the results of previous 
publication [18, 34]. A qualitative comparison of the two 
modes of transportation shows that the overall qual-
ity of the chromatogram obtained for the duck decoy 
was not affected (Additional file  1: Fig. S5c-d). Similar 
results were obtained for the headdress. We have dem-
onstrated here that the SPME fibers can be easily exposed 
in the exhibition by the conservator or collections man-
ger. In addition, the third party shipping method poses 
a good alternative for those museums without access to 
advanced analytical instrumentation.

Conclusions and future perspectives
In this study, two mass spectrometry approaches, 
SPME–GC–MS and DART-MS, were used to investi-
gate the efflorescence detected in a quarter of the objects 
exhibited in Infinity of Nations at the NMAI-NY. This is 
the first time these techniques have been used for the 
analysis of efflorescence formed on historically and cul-
turally valuable objects. Both techniques showed great 
potential for the analysis of: (1) the efflorescence, (2) the 
exhibition cases materials, and (3) VOCs accumulated 
in display cases that could lead to the formation of the 
efflorescence.

Both SPME–GC–MS and DART-MS identified TMP-
ol as the (organic) component of the efflorescence. MS 
methods linked the presence of TMP-ol to the struc-
tural adhesive (Terostat MS 937) used for construction 
of the exhibition cases. Additionally, SPME–GC–MS 
provided a qualitative identification of the various chlo-
rinated VOCs, released by the exhibition case materials 
at room temperature, that can lead to formation of the 
efflorescence.

Fig. 7 Gas chromatogram profiles of: a background of gallery area, b Eastern Woodlands wall case, c Andes wall case, d Headdresses wall case and 
e Contemporary wall case

(See figure on next page.)
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While several hours of operating time are needed for 
SPME, including sampling, thermal desorption in the 
GC, chromatographic separation, MS detection, and 
data analysis, DART-MS drastically reduced the time for 
analysis. Incorporating DART-MS as a routine method 
for material screening could greatly reduce the time for 
analysis, from the 28  days for the Oddy test or two or 
three hours for SPME–GC–MS to only a few minutes for 
DART-MS. However, DART does not have a very large 
spectrum database or software platform as well-devel-
oped and/or commonly used as the NIST EI mass spec-
trum database and matching algorithm, when compared 
to GC–MS. Nevertheless, the combination of both tech-
niques provides a full understanding of the main VOCs 
released by the materials (via GC–MS), followed by a fast 
detection of TMP-ol (via DART-MS).

The main drawback of the application of MS tech-
niques in cultural heritage projects is that these tech-
niques require access to advanced laboratory facilities. 
In order to broaden the application of MS to museums 
with limited resources, the potential of SPME as a port-
able and easy-to-operate sampling technique in muse-
ums is shown in this study. The SPME sampling protocol 
proposed here allows conservators to receive and expose 
the SPME fibers in the display case without the presence 
of a conservation scientist. After sampling, the fibers can 
be shipped overnight to the laboratory for analysis on the 
following day.

However, in the current study we were not able to give 
concentration levels of TMP-ol. A quantitative analytical 
protocol will be developed in the next phase of this pro-
ject to determine the levels of TMP-ol at which the crys-
tallization occurs in the exhibition cases. The research 
presented here is the preliminary phase of a large scien-
tific and conservation project. The rapid identification of 
the source of the efflorescence and its volatile compound 
by SPME–GC–MS and DART-MS allowed to better 
understand the phenomena occurring in the Infinity of 
Nations display cases. The outcome of this investigation 
will culminate in the development of a robust protocol 
for the rapid detection of volatiles from case interiors and 
a method for measuring the efficacy of mitigation strate-
gies used to reduce the VOCs accumulated in the display 
cases. In addition, these MS methods can be imple-
mented during the selection process for new materials to 
limit future unwanted reactions in the display cases.
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