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Common polymeric materials used in packaging, such as paper and plastics (e.g. zip-lock bags) 
rapidly adsorb organic vapors and can retain them for weeks to months after short-term exposures.
As a blind test, a piece of low-density polyethylene (LDPE) was placed into possession of an
individual for 7 days, returned to us after a few hours of open room-air exposure, solvent extracted,
and analyzed by gas chromatography mass spectrometry. Results revealed ~50 unique organic 
species not found in an unexposed LDPE. The tentative identification of these species was
consistent with ambient vapors common in the individual’s personal lifestyle (e.g., tobacco smoke). 
Dynamic and open system exposure characteristic of this example were quantified for 
tributylphosphate (Vp ~1e-6 atm) which reached steady-state accumulation onto brown paper and 
LDPE within 72 hours. After 50 days of passive desorption, >1% of the initial amount remained. 
Analyses have been extended to adsorbed compounds on high purity and technical grades of 
uranium and other metal oxides using solid phase micro-extraction techniques. Results show in 
almost all cases 10s to 100s of individual organic species are adsorbed to these materials. Boiling 
point range and tentative identification of these species indicate these compounds record vapor 
and solvent exposure in previous environments. The results of this work and previous literature 
support measuring organic chemicals adsorbed to various materials as a forensic tool. 

INTRODUCTION
Since 1995 there has been an increase in documented cases of interdicted nuclear material [1]. 
The severity of consequences from a potential act of terrorism using smuggled nuclear material 
have also given rise to international cooperation among law enforcement and nuclear agencies to 
develop methodologies and uniform investigative approaches to conducting a nuclear forensics
investigation. The primary goal is to attribute source of interdicted material and if possible gain 
clues to transport routes from the source to the point of interdiction [2]. The most developed 
methods of nuclear forensics focus on physical, elemental, and isotopic indicators of the interdicted 
material in order to derive source and time of production. Traditional forensics such as hair, fibers, 
fingerprints, and DNA are also applied, particularly on packaging materials, which was directly 
handled by those involved in the smuggling. 

However, it has also been suggested that trace organic chemical analysis of interdicted material 
using gas chromatography mass spectrometry (GC-MS) can also provide additional evidence of 
manufacturing process [2, 3]. With the exception of explosive compounds, to date little has been 
documented on the type, amount, and persistence of trace organics in these types of cases and 
how they can be used as a forensic signature. In this paper we show that trace organics can be 
used as a signature approach for both nuclear material and common packaging items such as 
paper and plastic. Furthermore, empirical data and a theoretical basis for adsorption and 
desorption of trace organics for indoor pollutants are already established for hundreds of various 
man-made chemicals, and these are complemented with over 30 years of documented outdoor 
pollutants in urban air. Together these represent a wealth of comparative data for forensic 
investigations for not only source attribution, but possibly route information as well.



METHODS
Three separate experiments and analyses are presented in this paper. The first are from an 
uncontrolled exposure of low-density polyethylene (LDPE). This was conducted by placing into an
individual’s (co-worker unrelated to this work) possession a pre-weighed sample (651 mg) wrapped 
in aluminum foil (foil pre-cleaned with dichloromethane). He was given instructions to unwrap the 
LDPE in his living environment and return it after a few days. A duplicate sample was kept in the 
laboratory as a control. The individual returned the sample after 7 days, but rather than given to us 
directly, he attached it to a magnetic dry erase board with a magnet, where it rest in the open room 
air of an office hallway for approximately 3 hours. When discovered, the sample and the control 
were immediately extracted for 24 hours in 40 mL septa vials with approximately 30 mL of high 
purity dichloromethane (Mallinckrodt) followed by concentration to ≤ 1 mL volume using a gentle 
stream of purified nitrogen and gently heating. An empty 40 ml VOA vial was extracted the same 
way in parallel as a process blank.

A second experiment conducted placed a series of ordinary brown wrapping paper samples (mean 
mass = 435 mg ±120 mg) into a 2 cm diameter, 15 cm long Pyrex tube resting at an angle over a 
7.5 cm diameter watch glass filled with liquid tributylphosphate (TBP; Baker). The tube and watch 
glass were inside of a chemical fume hood with a face velocity of 15 cm/s. The lower edge of the 
base of the glass tube made contact with the fume hood bench so that part of the incoming air flow 
passed over the TBP surface to continuously carry a portion of the small TBP vapor phase up the 
tube. After a given exposure time each sample was extracted with dichloromethane as described 
above. Neat TBP was serially diluted to 5 different concentrations and measured repeatedly for 
quantitative calibration. Linearity was demonstrated over an order magnitude concentration range 
with r2 >0.99. Variation in calibration slope over the course of the experiments varied <1%. 

A third experiment characterized trace organic compounds already present in uranium oxide 
reference material and other metal oxides. These materials were dispensed directly from their 
storage bottles (Table 1). Approximately 500 mg of material was placed in a 20 ml VOA vial with a 
3 mm thick septa lid and heated to 60°C on a heating block. A preconditioned solid-phase micro-
extraction (SPME) syringe needle pierced the septa and the internal fiber was exposed to the 
weighed material from 6 to 50.5 hours depending on the material. The SPME needle was coated 
Carboxen, which is optimized for hydrocarbon adsorption. After equilibration with the sample fibers 
were directly inserted into the GC-MS for analysis of adsorbed compounds. Fibers were 
preconditioned by exposing them into a helium-purged GC injector for 20 minutes at 280°C, 
followed by analysis as described below to verify initial blank conditions. Analysis blanks were also 
measured using two empty 20 ml VOA vials that were also exposed to the SPME fiber, one for 24
hours and the 48 hours.

Table 1. Samples Analyzed by SPME Fiber

Material Source Mass (mg) 
Analyzed SPME Exposure Time (hrs)

CUP-2 Canada (NRCAN) 497.6 21.5
BL-5 Canada (CANMET) 535 21
CRM129a Brookhaven National Lab 323 50.5
MnO2 99.9% Fisher Lot# 930449 1638 45
BaO 90% Aldrich Batch# 07026AC 1014 24
Fe2O3 gamma 99+% Alfa Aesar Lot# F24M39 494 6



All extracted samples were analyzed in full scan mode using a DB-5 capillary column on a HP5890 
GC and a 5972 quadrupole mass spectrometer. Liquid extracts were automatically injected into a 
split-splitless injector using an Agilent 7673 injection tower. Check standards were periodically run 
with batch analyses to verify instrument stability. Injection quality was monitored using the d8-
anthracene internal standard and samples were re-measured if internal standard peak areas 
deviated significantly from a running mean. Analysis conditions comprised a 250°C injection 
temperature, 8°C/min temperature ramp from 40°C to 300°C and held for 3 minutes. Detector 
temperature was 280°C. All data was processed using Agilent ChemStation and tentative 
compound identification with NIST08 MS 2.0 software. In order to calibrate hydrocarbon boiling 
point ranges, a standard was also analyzed that comprised C10 to C28 n-alkanes.

RESULTS AND DISCUSSION
The GC-MS analyses presented in this paper were all generated in full scan mode at a scan rate of 
1.8 scans/sec from m/z of 29-450 amu. Under these conditions, signal to noise provides ≤10% 
standard deviation and limits of detection for a tributylphosphate standard of ~5 ng. The ability to 
detect this and other compounds adsorbed to various materials under these conditions largely 
depends on the amount of material extracted, and in the case of metal oxides the total exposure 
time to the SPME fiber. More sensitive methods of detection are readily available in commercial 
instruments, but based on results shown below, the number and variety of compounds measured 
under these less sensitive conditions provide a surprisingly large amount of information.

LDPE Sample
GC/MS results for the extract from the LDPE sample given to an individual for 7 days were 
compared to results from the LDPE control. A total of 50 unique peaks were found in the sample
LDPE not found in the control. Each peak was tentative identified and assigned a match quality 
calculated from the NIST library. Only compounds positively identified as good to excellence 
matches are included in the 50, and an illustrative example of one spectrum is shown in Fig. 1. 
Percent relative abundance of each compound was calculated by normalizing each peak’s total ion 
count to the sum of all 50 peaks.  

These 50 compounds can be readily categorized into classes, with 16 being identified as either 
known markers of second-hand smoke or additives to tobacco products [4]. The most abundant at 
25% of the total integrated peak area was menthol (Fig. 1), followed by squalene (4%) and 
nicotine. No attempt was made to compare these peaks to neat standards. At least 13 tentatively 
identified compounds are glycol ethers. Most abundant is 2,5,8,11-tetraoxadodecane (Triglyme), 
which is commonly used in a range of applications, such as brake fluids to cleaning products. 
Several other glycol ethers are identified by their characteristic base peaks m/z = 45 or 59, but 
exact identification is difficult due to repeating mass fragment patterns. However, a homologous 
series of glycol ethers would be consistent with residues of solvent-based cleaning products. Also 
identified was 1-chlorododecane, another common component of cleaners. The last class of 
compounds identified were fragrances or flavor enhancers. For example, penta- hexa- and 
heptanoic acid were found, and they are typical flavorings added to impart a sour cheesy smell. 
Two additional compounds observed were decanal and lilial (lily of the valley), which would be 
commonly used in floral bouquet fragrances. 



Figure 1. Portion of the total ion count spectra comparing LDPE sample in the possession of an individual for 7 days 
(black) to the LDPE control (red). In this part of the chromatogram menthol was clearly detected at high concentration, 
whereas it was not in the control.

The individual who had possession of the LDPE for 7 days is a daily tobacco-smoker, and the 
identification of 16 tobacco markers are a clear confirmation. Furthermore, when asked he
confirmed that he also smoked a mentholated brand. Upon further questioning, it was verified that 
he had recently cleaned his car interior with common commercial upholstery cleaner. Many of 
these cleaning products contain various glycol ether solvents. The flavor enhancer compounds 
detected suggest that the LDPE was handled during or following a meal containing these 
compounds and most likely transferred to the sample directly from touching, since the individual 
stated that he never eats in his car. The fragrances were possibly residue from the cleaning 
products. In summary, the detected compounds in the LDPE provide a chemical profile of an 
individual’s lifestyle who is a smoker that eats processed food with flavor enhancers and was 
residing in a recently cleaned environment. The LDPE provided an excellent collection substrate 
for fugitive compounds detected in this experiment.

The transport and accumulation of gases and vapors in and through organic polymers is a mature 
area of research, and methods for carefully quantifying permeability, diffusion, and solubility in 
them are well established. Furthermore, solubility and diffusion in LDPE have been quantified for



dozens of organic compounds since the 1950s [e.g., 5,6]. The intent of our LDPE example was to 
show that materials such as zip-lock bags readily adsorb and retain organic compounds prevalent 
daily in our local environment, but when measure for forensic purposes provide a chemical profile 
indicative of that environment. 

Dynamic Adsorption
In our work we have begun to address experimentally the rate material adsorbs passing organic 
vapor pulses. Ultimately the vapor-solid partitioning and rate of adsorption from the vapor phase 
needs to be determined for any given compound. Related and extensive work for occupational and 
residential exposure to regulated substances adsorbed and desorbed from heterogeneous 
surfaces has resulted in bulk partitioning coefficients and rate constants for many compounds [e.g., 
7,8]. We provide here a summary of an experiment carried out for TBP adsorption to ordinary 
brown wrapping paper, such as used for lunch bags. The experimental approach has already been 
discussed earlier. Figure 2 shows accumulated vapor on paper measured after different lengths of 
exposure under dynamic conditions. A sharp increase in adsorbed TBP occurs in the first 100 
hours and maximizes at ~6 ug/g, but subsequently the amount dropped significantly after one day 
additional exposure. This was followed by a much smaller decrease after 260 hours of exposure. 

Figure 2. Simultaneous adsorption and desorption couple to form increasing, followed by decreasing, trends in TBP 
adsorption to ordinary brown wrapping paper. Data represents liquid TBP slowly evaporating in a constant air stream and 
passed over a paper sample at constant velocity.

This trend is atypical for diffusion and rather reflects a simultaneous adsorption/desorption process 
of the TBP on the paper surface. A similar trend has been measured and modeled for trace organic 
compounds accumulated on silicon wafers in clean room conditions [9]. The amount of TBP vapor 
passing over the paper during dynamic exposure can be estimated using a simple solvent 
evaporation model to calculate vapor flux F from the TBP liquid

� = 0.002���
���

where u is the wind speed, P is the vapor pressure, m is the molecular weight, R is the universal 
gas constant, and T is the evaporative temperature [10]. Using a wind speed of 0.15 m/s (i.e., fume 



hood face velocity) and vapor pressure of 1x10-6 atm [11], a vapor flux of ~3x10-3 ug/m2-s is 
calculated. The surface area of the evaporating TBP was approximately 7x10-4 m2, and 
consequently the total mass that flowed over a 100 hour exposure is estimated at 1530 ug. When 
taking into account the mass and surface area of paper sample exposed, a rate of TBP adsorption 
to paper was ~5x10-4 ug/m2-s and the vapor-paper partitioned about 10:1. This computed result 
suggests that even for low vapor pressure compounds, such as TBP, and relatively short exposure 
times, a significant amount is detectable. Additional experimental results not shown here 
demonstrated that TBP will persist in the paper at >1% of the original adsorbed amount after 50 
days of passive desorption [12].

Uranium and Other Metal Oxides
Our goal of measuring organic compounds adsorbed to uranium and other metal oxides was to 
evaluate the presence of persistent residues of solvents or chelators used in extraction and 
purification processes, or the presence of fugitive vapors acquired after final synthesis. These 
fugitive compounds could be acquired either prior to original packaging or during opening and 
closing of reagent bottles used in our initial analyses, particularly since the containers of metal 
oxides we measured had been in use for several years. Initial attempts in detecting organic 
compounds adsorbed to the oxides using dichloromethane extraction and pre-concentration failed 
to show any results. Consequently, longer exposure times, gentle heating, and the inherently high 
capacity of SPME fibers proved crucial in detecting an abundance of various compounds, albeit at 
very low concentration.

Uranium Ore – The sample BL-5 is a low-grade uranium ore mined from Beaverlodge, 
Saskatchewan. The ore was crushed and sieved to <74 um particle sizes, followed by 9 hours of 
tumbling in a conical blender and dispensed as a certified standard [13]. There is no indication 
whether solvents were used in the preparation process. The sample was stored in an amber glass 
bottle with a paper-lined cap. Interestingly enough, SPME extraction of BL-5 yielded over 50 
detectable compounds after a 21 hour exposure. In highest abundance was n-butanol, followed by 
a mixture of aliphatic ketones, and branched and linear hydrocarbons (e.g., n-tridecane). Traces of 
benzaldehyde and acetophenone were also found.

Uranium Ore Concentrate – Uranium ore concentrates commonly are formed from soluble uranium 
liberated in acidic or caustic liqueurs of crushed uranium ore. The uranium is concentrated by 
either passing the solution through an ion exchange column specific to uranium or the uranium is 
extracted using a chelating agent such as TBP [14]. In both cases, a kerosene-like solvent is used 
as a carrier and diluent. It is therefore anticipated that at least residue of this solvent would be 
present in the CUP-2 uranium ore concentrate reference material that we measured. Like the BL-5 
it was stored in an amber glass bottle. Not surprisingly, our SPME measurement has revealed over 
50 individual compounds. Most abundant was 2-ethylhexanol, which is widely used as a low 
volatility solvent. In addition, n-butanol and methylisobutylketone (MIBK) were abundant along with 
other aliphatic ketones. Also notable were a series of branched and linear alkanes whose most 
abundant peaks were C13-C15 compounds. This latter group of compounds would be consistent 
with a kerosene range carbon number. There was also a notable peak that we tentatively identified 
as camphor. Camphor is a terpenoid compound derived from plants, but is known to be used as a 
rust inhibitor.

CRM-129a – This reference material is derived from UO2 pellets that were crushed and dissolved 
in nitric acid followed by precipitation and calcination at 900°C. The sample was milled and screen 
and then bottled. Almost certainly firing at 900°C would eliminate all organic components in the 
sample and any substances detected would be acquired after the sample had cooled. It is with no 



great surprise that after a 48 hour SPME extraction, only three peaks were detected using our full 
scan method. Among the three the most abundant was 2-ethylhexanol, which was also observed in 
abundance in CUP-2.

Iron Oxide – Iron oxy-hydroxide can be synthesized readily in high purity from oxidation of ferrous 
chloride or sulfate [15]. The sample we analyzed was high purity maghemite, which is also known 
as -form of iron(III) oxide. The SPME extract of this sample also yielded over 50 detectable 
compounds. Chief among them were an abundance of branched aliphatics and methylated mono-
aromatics. Carbon numbers were predominantly below C13, suggesting the hydrocarbon mixture 
was derived from a low-end kerosene or high-end gasoline distillation blend. MIBK was also 
present.

Barium Oxide – Barium oxide is typically prepared by high temperature roasting BaCO3 with 
charcoal or thermal reduction of barium nitrate. Our sample was only technical grade, 
approximately 90% purity. Its vigorous reaction with water suggested a high content of NaOH was 
present. SPME extraction of the BaO yielded a significantly different group of compounds than for 
the uranium oxides and iron oxide. In particular, the detectable compounds were dominated by the 
presence of 2,3-dihydro-1,1,3-trimethyl-3-phenyl-1H-Indene (>1e-6 counts). This compound has 
been commonly observed in controlled burn experiments of various substrates [16] along with a 
number of other aliphatics and mono-aromatics. In our analysis of the BaO, this indene compound 
is accompanied by a large unresolved backbone of hydrocarbons between 25 and 30 min retention 
time. The few peaks that stood out above this backbone were substituted cyclic alkenes. The types 
of compounds observed and the unresolved backbone in the chromatogram suggest combustion-
related sources, which would be consistent with roasting operations.

Manganese Oxide – MnO2 is typically purified from native ores by converting it to either a nitrate or 
carbonate followed by high temperature oxidation. The sample we analyzed comprised <0.5 mm 
crystalline precipitates indicating their likely formation from solution. The 45 hour SPME extraction 
yielded approximately 30 detectable compounds of very low abundance. With the exception of an 
aliphatic ketone and alcohol, most detected compounds have retention times over 20 minutes. 
Most of these proved difficult to tentatively identify using NIST library matches and at this point are 
largely categorized as unknowns. Nevertheless, many have aliphatic character with possible 
ketone substitutions.

The large number of individual compounds in most of the metal oxides measured and the diversity 
of molecular classes among the samples, combined with the low-sensitivity of our analysis method 
and at best tentative identifications, limits the extent of interpreting the results in the context of 
forensics. However, one of the distinguishing characteristics uniquely separating these six samples 
is the boiling point range represented by retention times of each detected compound. For example, 
in each sample we can normalize the peak area counts of each detected compound to the total 
integrated peak area of all compounds in the spectra. If we furthermore calculate the cumulative 
peak area as a function of retention time for each sample, this can provide a means of gross 
comparison among the samples we analyzed. This has been done in Figure 3 below, which shows 
that each sample has a unique range and relative abundance of boiling points represented among 
their compounds. CRM129a is not included because only three compounds were detected. For 
reference, the boiling point range represented by a separate n-alkane standard analysis is plotted 
on the top axis. Interestingly, the uranium ore and uranium ore concentrate samples had the lowest 
boiling point range among all the samples analyzed with 50% of their adsorbed compounds having 
boiling points below 175°C. The iron oxide had a higher range and shows that a series of closely 
related compounds formed a near-linear continuum of boiling points from approximately 175-
300°C. The MnO2, and particularly the BaO, demonstrate that boiling points of adsorbed 



compounds are significantly higher. In the case of the BaO, the inferred combustion source of the 
adsorbed compound classes clearly set it apart as unique.  

Figure 3. The cumulative peak area counts of organic compounds adsorbed to different metal oxide show clear 
separation as a function of retention time as determined by their GC-MS analysis. The inferred boiling point ranges are 
illustrated by the top axis, which was established running an n-alkane standard under the same GC conditions. 

One possible approach to interpreting distributions seen in Fig. 3 is to assume that similar and 
overlapping curves represent classes of compounds residual from the sample preparation process. 
This would suggest that the bulk of compounds detected in the uranium ore and uranium ore 
concentrate are residue of the same or similar preparation process. The similarity in their linear and 
branched hydrocarbon profiles is consistent with this interpretation and both suggest kerosene-like
boiling point ranges. Furthermore, they both had relatively abundant butanol peaks and other 
oxygenated solvents with retention times <10 min that give similarly steep rises in their curves. The 
interpretation would be consistent with a processing step that first used a kerosene-like solvent 
(e.g., extraction diluents for CUP-2 and grinding/blending for BL-5), followed by low boiling point 
solvent wash prior to packaging. In the case of the iron oxide, a general lack of low boiling point 
solvents (except for a small amount of MIBK) does not give a similar early rise in its curve in Fig. 3. 
Its curve instead is defined by the gasoline-kerosene range of hydrocarbons and mono-aromatics 
constituting the majority of compounds detected for this sample. In terms of processing, the sample 
may have been exposed to these compounds as a washing step before packaging, since this 
hydrocarbon profile is consistent with a substance such as a decreasing agent.

For the MnO2 and BaO samples, the relatively high boiling point ranges detected in their adsorbed 
compounds suggest they acquired these through atmospheric exposure. The BaO was likely 
prepared by a roasting process that would remove any organics present prior to its formation. 
Therefore, the combustion-related compounds detected on the BaO were likely acquired during 
and after cooling from exposure to partially combusted organic material in the surrounding air. In 



the MnO2, detected compounds were of very low abundance, requiring >2 days of SPME
extraction. In addition to their relatively high boiling points, many of the compounds were difficult to 
tentatively identify. However, m/z base fragments of 43 and 57 in the mass spectra of many 
suggest branched and linear alkanes, but there are also many unknowns with unrelated base 
fragments. Unrelated compounds on the same sample could suggest acquisition from vaporous 
fugitive compounds from different sources. 

It should be pointed out that the relative abundance of low versus high boiling point compounds in 
any given sample may also be controlled by differences in their volatility and off-gassing rates. In 
this case, relative abundance would be controlled by the total atmospheric exposure time of the 
material prior to packaging, and in addition for the case of the metal oxides the length and number 
of bottle openings.

Lastly, it should be pointed out that with improved detection limits and verification of compound
identities that are unassociated with bulk classes (i.e.,solvents), this forensics approach can be 
enhanced.. Resolving these individual compounds may provide additional clues on the local 
environment or associated activities which the material was exposed. The detection of camphor in 
the CUP-2 standard could be such an example.

CONCLUSIONS
This paper addressed the potential for detecting trace chemical evidence associated with 
interdicted material and its packaging. The hypothesis tested is whether fugitive vapor-phase 
compounds can adsorb to and persist in these materials and provide a potential fingerprint of the 
types of environments they had previously resided. Trace chemical evidence has not been 
extensively used in this context, yet many forensic methods currently mainstream in fire residue 
analysis, chemical weapon signatures, high explosives detection, and illegal drug residue rely on 
the very same physiochemical processes that govern the incorporation and retention of these 
fugitive compounds on common materials. Furthermore, man-made vaporous chemicals are 
abundant in indoor environments, vary in type and concentration depending on location, and are 
known to adsorb to various room furnishings and only slowly off-gas [7,8]. Adsorption-desorption 
models have been developed and tested for many indoor environments. Both the experimental and 
theoretical basis has already been developed to support the use of vaporous chemicals as 
potential fingerprints. 

We have shown that in LDPE used in zip-lock bags that a chemical profile can be obtained from a 
specific environment, whereas in brown wrapping paper that low volatility chemicals can rapidly 
accumulate to detectable concentrations and persist for days to weeks following passive 
desorption. We furthermore show that organic compounds with a wide range of boiling points exist 
on reagent and technical grade metal oxides, including standard reference material. Initial 
interpretations of these compounds and their classes suggest that they can be separated into 
those derived from residues related to sample processing versus those that were acquired from 
fugitive emissions in the surrounding air of their original environment. Further work will focus on 
increasing specificity of these interpretations using improve detection instrument limits and 
verification of tentative compound identification.
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